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INTRODUCTION

The degree of success of a plant engineer will be measured not by his or her ability to recite
equations, balance budgets, complete capital projects, or maintain equipment, but by the abil-
ity to lead others in the face of insufficient personnel, resources, and time to do the job com-
fortably. In years past, internal workloads determined our pace of progress. Today, external
information and customer demands drive behavior and pace. In order to successfully manage
information and lead people, plant engineers must:

¢ Be a part of the management team

¢ Know the workforce culture

¢ Understand and implement strategic planning
e Thrive, not survive

How one goes about addressing and prioritizing these concepts will determine the success or
failure of the organization.

THE MANAGEMENT TEAM

The term management is misleading because it implies that one is managing people. In fact,
people don’t follow people (managers), they follow vision. Therefore, the key to a successful
management team is not in its ability to tell people what to do but in its ability to help them
align their vision with that of the overall organization.

It has been said that organizations are much like people. Both have five senses: purpose,
community, urgency, responsibility, and commitment. A sense of purpose refers to mission and
vision. As a plant engineer, you need to ask yourself why you are there. Do your personal
goals align with those of your organization? If not, one of three things is apt to happen: you
will either convert your goals to those of the organization, comply with them because they
allow you to remain in your “comfort zone,” or you will eventually leave.

A sense of community simply means don’t reinvent the wheel! Many others have gone
before us. How did they do it? Cross-functional teams are a great way of accelerating the
learning process. Having access to the Internet or to intranet web sites is another great way of
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creating a sense of community. The success of any engineering or maintenance organization
hinges on its ability to communicate through crucial windows of opportunity. D. Edward Dem-
ing once said, “There’s no such thing as instant pudding!” Developing a sense of community
is absolutely crucial and essential to long-term survival and growth. It doesn’t happen
overnight, as a result of a promotion, or with a change in top management.

Probably the most important of the five senses is the sense of urgency. The leaders among
our ranks must have a sense to act, not to wait. We’ve all heard that there are three types of
people: those who make things happen, those who watch things happen, and those who won-
der what happened. The speed at which engineering organizations advance will be measured
not by the number of computer programs or software packages employed, but by the speed at
which people learn and apply new technologies and concepts.

Simply stated, priorities change. Therefore, we must be flexible. We must be willing to “get
out of the box,” yet stay within the realm of reality. The concept of breakthrough thinking
comes to mind. Paraphrasing what Joel Barker once said, “We will live out the remainder of
our working lives in a state of change.” In many cases, there is no longer time to adapt our
processes to new demands; rather, we should adopt new processes and concepts.

One definition of insanity is “doing the same thing over and over yet expecting different
results.” If we expect or desire different results, we must do things differently. Said another
way, if you don’t like what you’re getting from others, change what they are doing. Most peo-
ple naturally resist change; therefore, a sense of urgency is essential to identifying the sources
of resistance to change so progress can begin. Don’t spend all your time trying to manage
change. Instead, plan for change. None of us has a crystal ball, but time spent thinking about
the future is better spent than thinking about the past or present. It’s much easier to plan for
change than to change plans.

The word responsibility brings to mind two words: leadership and accountability. A sense
of responsibility is accepting accountability for your actions and the outcome of your work. It
matters not whether you are a process engineer, project engineer, plant engineer, engineering
manager, engineering team leader, or corporate vice president of engineering. We all are lead-
ers at various times. Engineers often lead bid meetings, frequent project reviews, periodic
budget reviews, safety briefs, and postproject completion reviews.

Leadership should be an enabler to success, not a push to get things done. Enabling lead-
ers do two things well—they both create and sustain an environment where people can grow
professionally and personally. Enabling leaders don’t focus on doing just the right things, but
on doing things right! Success is a shared responsibility.

Last, but not least, is creating a sense of commitment. Commitment is cooperation with
communication. As you communicate with others, ask yourself these three questions: why are
you here, what do you want, and what have you learned? We are all in the business of lifelong
learning. So, if your answers to these three questions are not consistent with your personal
mission statement and aligned with the organization’s vision, you’ve got an important deci-
sion to make.

It’s often been said, “You are what you do, not what you say!” Leading by example is the
best measure of commitment. Vince Lombardi once said, “It’s not whether you get knocked
down, but whether or not you get back up.” Commitment and continuous improvement go
hand in glove. Not unlike encouragement, commitment is a gift we give each other.

THE WORKFORCE CULTURE

Plant engineers must know the culture of the workforce. How do things get done around
here? Many hierarchical organizations of the past are gone, replaced by flatter and more flex-
ible relational organizations. Today, many plant engineers effectively get their work done hor-
izontally rather than vertically. Successful engineering organizations have commonly shared
values (at all levels within the organization), identified key-results areas, and dynamic metrics
to track performance.
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Values tell us how to accomplish our mission. In short, values govern behavior. Unfortu-
nately, all organizations have embedded cultural filters that filter ideas, information, and data.
Once filtered, ideas yield action and drive results. Proactive plant engineers want ideas (based
on sound values) governing future operations. It has been said that managing an operation
from behind a desk is a dangerous thing. To be understood, your values must be seen on the
shop floor by your actions and involvement in day-to-day activity, not by your title or level of
education.

Values also provide a common language for aligning leadership with rest of the organiza-
tion. It is the plant engineer’s sole responsibility to define and document the values of the
engineering organization. Typically, these values include such things as involvement and par-
ticipation, continuous improvement, a focus on people, maintaining levels of quality, exceed-
ing customer expectations, and maintaining an awareness of costs. Once understood by all,
values not only govern behavior, they also define “organizational north.”

Organizations that base their vision on values seldom fail. With a clear vision, values lead
to ideas and results. Without a clear vision, values aren’t important and outcomes are uncer-
tain or unpredictable. Do your homework. Share your values and ideas with others. Admiral
Hyman Rickover, renowned as the father of the nuclear Navy, once said, “Simple minds dis-
cuss people, average minds discuss events, great minds discuss ideas.”

STRATEGIC PLANNING

Within the past 5 to 8 years, there has been a tremendous amount of activity within industry
centered on the concept of strategic planning. The concept is not new, but getting the entire
organization involved in the process is a change from the past. It’s often referred to as “genius-
level thinking”—that is, no one person is smarter than the collective experience and knowl-
edge of a group of people. Collectively, we are smarter than any one of us alone. The success of
strategic planning is attributable to just that—genius-level thinking at the group level.

Organizations without strategic plans are at risk. Topics typically addressed in strategic
plans include such things as safety, revenue, facilities, infrastructure, information systems,
competition, and customers. The key to successful strategic planning lies in the timely execu-
tion of related tactics, but each of these topics is important for the following reasons:

e Safety. People are still getting hurt.

e Revenue. Long-term price declines are prevalent.

e Facilities. Older plants cost more to sustain and maintain.

e Infrastructure. Reliable equipment is essential to profitability.
e Competition. It’s global and getting tougher.

e Customers. They are demanding more for less.

The bottom-line purpose of strategic planning is to ensure long-term viability and growth,
the cornerstones of which are quality to customers, returns to owners, and opportunities for
employees. None of these happen in a vacuum and none should be a strange concept to a
plant engineer. In short, plant engineers must be actively engaged in strategic planning, not
stereotyped as just a technical resource when needed.

THRIVING, NOT SURVIVING

Successful plant engineers of the twenty-first century will be those who are regarded as
thrivers, not survivors. Survivors tend to stay out of sight and do only what is asked. Although
strong technically, they are not change agents and tend to do things the way they have always
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done them. Thrivers, on the other hand, typically bring energy, insightfulness, concern for the
future, and recognition to individuals and groups. They work to become part of the manage-
ment team that adds value to the bottom line. Their contribution to profitability is by design,
not coincidence. Thrivers aren’t consumed by process changes—they invent them.

In the absence of good reliable information, perception becomes reality. Perceptions are
not right or wrong, but they are good and bad. Too often plant engineers are looked at as being
comfortable, passive, and unimaginative. None of these conditions is remotely related to real-
ity in a progressive organization. We operate in a worldwide competitive market governed by
four Cs: continuously changing, competitive climate. The plant engineering organization must
keep ahead of the game or get out of the way. An engaged plant engineering group can see the
direct relationship between what it does daily and the financial impact on the company’s bot-
tom line.

Plant engineers must understand the business case for action. Again, why are we here?
Determine the current condition. How are things done around here? Are there opportunities
for improvement? If so, define the target condition. What’s possible and achievable? The key
to this improvement process is developing a realistic action plan to get from the current to the
target condition. Timing is everything.

Successful plant engineers know and understand the following very clearly:

e The current and desired state of the engineering function
¢ The bottom-line impact on plant profitability

e Their internal vision of the future
e Their mission, vision, and organizational values

Don’t underestimate the power of values. Values govern behavior (“walk the talk”).
Behavior defines your work ethic (what gets measured gets done). Work ethics enable prof-

itability (continuous improvement). Profitability drives survivability (carried out by thrivers).
And survivability overcomes the competition (benchmark the best).

SUMMARY

In summary, folks on the floor want leadership by example, not leadership lip service. The
folks in the front office want acceptable returns on investment, not cost overruns. The folks
under your charge want a caring, consistent, enabling leader who can create a sense of
urgency when needed, understand and share concerns, communicate up and down the line,
energize folks for broad-based action, focus on short- and long-term results, and never lose his
or her sense of humor. Engineering organizations that thrive are characterized by the follow-
ing six attributes:

e Work is interesting and challenging.

¢ People, not events, make the decisions.

e Management sets the direction, and then gets out of the way.
¢ Paradigms are allowed and encouraged to shift.

¢ Success is a shared responsibility.

¢ Confidence, not comfort, is sought.

Where will you be when margins are close? The challenge is real, and the choice is yours.
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In 1983, when the first edition of the Standard Handbook of Plant Engineering was published,
a discussion of the structure of the plant engineering organization would have been straight-
forward. Organizational design parameters would have centered on the size of the plant, the
relative size of the maintenance organization in relation to the other departments, and the
complexity of the equipment and processes to be maintained. Alternative designs would have
been limited to variations of a traditional, functionally oriented structure.

Today, however, it seems that all organizations, large and small, are replacing traditional
organizations with multiskilled teams working together. Self-directed work teams are taking
over the responsibilities formerly given to the first-line supervisors, who, by the way, have
now become team resources. Empowerment has been the management buzzword since the
1990s.

Plant engineering organizations are not immune to the changing roles of workers, first-
line supervisors, and even upper management. Service organizations, like plant engineering,
are frequently caught in the middle between the movement away from recognition of func-
tional excellence (and the resulting organizational structure), and the functional expertise
required to keep equipment and processes running at ever-increasing levels of quality and
reliability.

ORGANIZATIONAL DESIGN ALTERNATIVES

Before discussing plant engineering organizations in detail, it is necessary to begin with an
overview of organization design in a broader sense. The three basic ways to organize will be
discussed, and the effect on each of these of the changing role of the first-line supervisor will
be analyzed.

1.7

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THE PLANT ENGINEERING ORGANIZATION

1.8 THE PLANT ENGINEER AND THE ORGANIZATION

Three Types of Organizations’

Organizations can be structured by grouping together individuals with the same general work
specialty (functional organization), collecting them by the output of the organization (prod-
uct or project team organization), or a mixture of both types (the matrix organization). Each
type of organization has its strengths and weaknesses.

Functional Organization. This is the traditional structure for plant and plant engineering
organizations. All of the technical personnel (engineering and maintenance) are grouped
together. Although within the plant engineering organization there may be some small pro-
ject teams, for the most part the organization is structured functionally. Figure 1.1 shows an
example of a plant functional organization.

Plant Manager

]

Warehouse Production Engineering
—-Supervisor —Supervisor —-Supervisor
—-Supervisor —Supervisor -Supervisor
—Supervisor Supervisor —Supervisor
—~Supervisor -Supervisor —-Supervisor

FIGURE 1.1 Functional plant organization.

Common characteristics of the functional organization are as follows:

¢ The division of labor, promotions and demotions, compensation system, and operating
budgets are based on the functional competence of the organization and the individuals
within the organization.

e Managers of the functional organizations have the most influence within the plant.

e Each function strives, and is rewarded for, maximizing its own goals; the goals of the orga-
nization as a whole are secondary.

Strengths of the functional organization are as follows:
¢ There is organizational support for technical competence; members all “speak the same

language.”

¢ Organization members can specialize in their technical area of competence and let others
be responsible for the big picture.

¢ Individuals are secure within the walls of their own stable environment.
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Weaknesses are as follows:

¢ Conlflict between different functional organizations is unavoidable.

e The vertical hierarchy mandates decision making at the top; decisions are, therefore, slow
in being made.

¢ Most of the organization members never see the big picture.

e Changing outputs of the organization take a long time to accomplish; bureaucracy is a fre-
quent attribute of a functional organization.

Product Organization. This type organization is a popular one for companies wanting to
move away from the inherent bureaucracy of a functional organization. This structure is well-
suited to a rapidly changing environment. Under this form of organization, plant engineering
personnel are combined into various product teams. Team members do several tasks to max-
imize the quality and quantity of the output of the team. Figure 1.2 shows an example of a
product organization.

Plant Manager

] 1
Widgets Whatnots Things
--Supervisor -Supervisor ~Supervisor
-Supervisor Supervisor ~Supervisor
—-Supervisor --Supervisor —~Supervisor
—Supervisor -Supervisor —~Supervisor

FIGURE 1.2 Product organization.

Common characteristics of the product organization are as follows:

e There is a minimal need to coordinate with other teams.

¢ Promotions and demotions, monetary compensation, and influence depend on the mem-
bers’ ability to work together as a team to produce the desired output.

e Team leaders have the most influence in the organization.
Strengths of the product organization are as follows:

¢ The organization is responsive to rapidly changing conditions.
¢ Conflicts with other teams are minimized.
e Team members all can easily see the big picture.

e Team members have an opportunity to develop additional skills and obtain more responsi-
bility.
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Weaknesses of this organization are as follows:

e Technical competence of individual team members decreases as individuals attempt to
learn additional skills. Generalists are rewarded; specialists are not.

¢ It can become difficult to attract technical specialists.
¢ Innovation is restricted to the specific product or products of the team.
e Teams compete for pooled staff resources.

Matrix Organization. This organization is a combination of the functional and product
organizations. The matrix organization attempts to combine the strengths of the other two
types and eliminate, or at least minimize, the weaknesses of each. To some extent the matrix
organization successfully accomplishes this, but not without some drawbacks of its own.

In a matrix organization, some parts of the plant are organized functionally and others by
product. While plant engineering is typically one of the functional organizations, many mem-
bers are assigned to the product teams. These people usually have dual reporting relation-
ships; they are responsible to the product team leader for their normal day-to-day team
activities, but are also responsible to the plant engineering organization for proper mainte-
nance of their equipment and processes. Figure 1.3 shows a matrix organization.

Plant Manager

[ ]
Warehouse Whatnots Engineering
Supervisor
Supervisor
Supervisor
Supervisor

FIGURE 1.3 Matrix organization.

Strengths of the matrix organization are as follows:

¢ This type of organization provides maximum flexibility.
e Multiple career paths are provided; both generalists and specialists are rewarded.

Weaknesses are as follows:

¢ Conlflict management is difficult because two bosses must be dealt with.
¢ Dual compensation systems are necessary to reward both generalists and specialists.

¢ Few people have the experience and training to work within this type of complex environ-
ment.
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THE ROLE OF THE FIRST-LINE SUPERVISOR

As organizations have changed from the traditional functional structure to the product or
matrix structure, the role of the first-line supervisor is changing too. Since this position has the
most impact on attempts to move toward participative management and empowerment of the
workers, an understanding of the supervisor’s role is necessary.

The relationship of the first-line supervisor to the workers in the organization undergoes a
natural transition as the organization develops and workers obtain more and higher skill lev-
els. Some roles to be discussed will occur naturally; others must be formally introduced to
encourage the transition.

Factors Affecting the Supervisor’s Role
The factors that have had a major influence on the changing supervisor’s role are as follows:

¢ The movement from specialized to generalized jobs

¢ The merging of line and staff positions with fewer levels of management

¢ Decision making being pushed to the lowest level possible

e Movement toward group instead of individual accountabilities

¢ Increased emphasis on team problem solving instead of individual problem solving

A Developmental Model

A developmental model of the first-line supervisor’s changing role is shown in Fig. 1.4 and
described as follows.?

The Leadperson. The leadperson has a dual role of supervisor and worker. Typically, the
individual chosen for the position is the highest qualified from a technical standpoint and
serves as a role model for the group. As the individual workers develop higher skill levels, the
leadperson can assign specific jobs and, if the organization permits, move to the role of a one-
on-one supervisor.

One-on-One Supervisor. This is the traditional role of the first-line supervisor. The supervi-
sor is responsible for directing and controlling a group of workers. He or she is totally respon-
sible for the group’s output, but gets others to do the work. The supervisor’s interpersonal
skills are more important in this role than technical skills.

As workers further develop their skills they require less direct supervision. In addition, the
workers tend to form their own informal subgroups. The supervisor then, often without real-
izing it, becomes a subgroup supervisor.

Subgroup Supervisor. 1In this role the supervisor manages by communicating with the sub-
group leaders. The worker who does not become a part of a subgroup must still be managed
individually. Some organizations tend to discourage the formation of informal subgroups,
thinking that the authority of the supervisor will be challenged. This attempt to discourage
subgroups usually fails and is a waste of time. More enlightened organizations recognize the
process and attempt to use this role to their benefit.

As the subgroups develop, the supervisor may recognize the groups formally and create
the position of group (or team) leader.

Team Leader. The team leader is responsible for the activities and output of a group of
workers who share the same values, goals, and other common characteristics. The team leader
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Leadperson

One-on-One Supervisor

Subgroup Supervisor

Team Leader

Team Coordinator

Team Boundary Manager

Team Resource Person

Stage

Vi

VIl

FIGURE 1.4 First-line supervisor’s changing role.
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manages the group by facilitating group interaction, problem solving, and decision making.
Social skills of the team leader are much more important than technical skills. As team mem-
bers develop production, troubleshooting, and problem-solving skills and become more adapt
at leadership, the team leader becomes a team coordinator.

Team Coordinator. A team coordinator shares many leadership functions with other team
members. Individual team members accept specific management-type activities. The team
gradually develops the ability to manage its own responsibilities. When this happens, the
team coordinator is free to become involved in other activities outside the team. As close con-
tact with individual team members becomes less and less frequent, the supervisor assumes the

role of team boundary manager.
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Team Boundary Manager. The team boundary manager is removed from daily individual
contact with team members. The manager still maintains responsibility for the team’s activi-
ties and output, however, and must rejoin the team, as necessary, to ensure the quality and
quantity of production. As the need to rejoin the team becomes infrequent, the boundary
manager moves to the final supervisory role of team resource.

Team Resource. A team resource serves as a consultant to several work teams that are held

accountable for their own work. At this point, the teams are truly self-directed, and the first-
line supervisor’s position no longer exists.

DESIGN OF THE PLANT ENGINEERING ORGANIZATION

The changing role of the first-line supervisor has many implications for the design of the plant
engineering organization. No one type of organizational structure is ideal for all situations;
each depends to a large extent on the role of the first-line supervisor or the organization’s
goal for what that role should become. Another primary factor influencing organization
design is the relative maturity of the organization.

Plant Start-Ups

Plant start-ups are best managed by having the first-line supervisor function in the leadperson
role. In these situations, the technical expertise of the workers is low. Supervisors should be
selected, therefore, primarily for their technical abilities. Team training should be provided,
however, to all workers and managers when possible to prepare them for an eventual transi-
tion into a team organization. Some organizations have attempted start-ups with self-directed
work teams, usually with disastrous results. A functional organization works best for start-ups.

As the start-up is completed and workers gain in technical skills, the leadperson becomes
a one-on-one supervisor. Many organizations remain at this stage of development for the
duration of their existence. Since greater participation of workers usually leads to improve-
ments in productivity and quality, however, further organization development is recom-
mended. A one-on-one supervisor works best in a functional organization.

The subgroup supervisor usually functions in this role informally. As mentioned earlier,
some organizations try to eliminate subgroups, usually without much success. Subgroups can
exist in a functional organization and are typically the last stage of development before a for-
mal transition into a team organization.

Transition to a Team Organization

Organizations that want to move from an authoritative to a participative type of management
frequently do so by changing their structure from a functional type to a team organization.
Unfortunately, calling a group a team does not make it so. As discussed, a real team exists
because of the changing role of the first-line supervisor. Calling a supervisor a team leader
accomplishes nothing. Real teams can exist in a functional organization just as well as in a
team organization.

Creating a Real Team Organization

Creating effective work teams requires a high level of commitment by the organization. Both
workers and managers need extensive training in team skills, social skills, technical skills, and
problem-solving skills. In addition, changes in attitudes are required for individuals to effec-
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tively work in the new environment. Finally, management must be prepared to provide
workers with the tools they will need to eventually become true self-directed teams.

Pseudoteams

Plant engineering organizations are affected by the movement to pseudoteams in two ways.
First, the plant engineering organization is affected itself, just like any other organization.
Second, since it is a service organization, plant engineering must function within the parame-
ters set forth by the larger organization of which it is a part.

Plant Engineering in a Matrix Organization

Plant engineering organizations work best as part of a matrix organizational structure. The
weaknesses of a product team organization eventually lead to major issues with effective
maintenance. This is due to two primary factors. First, maintenance must be managed by using
tools not normally a part of the production-oriented manager’s toolbox. Second, a significant
portion of the maintenance effort is more efficiently performed by a core team of specialists.
Examples are major repairs and overhauls, master preventive maintenance scheduling, plan-
ning and estimating of maintenance work, and operation of a computerized maintenance
management system (see Section 2).

As organizations develop and mature, work teams become truly self-directed and supervi-
sors are replaced by team resource persons. The key elements here are develop and mature.
This type of organization is not created by outside influences. It is created from within with
support from the outside.

REFERENCES

1. Raab, A., “Three Ways to Organize,” unpublished manuscript, 1986.
2. Bramlette, C. A., “Free to Change,” Training and Development Journal, March 1984, pp. 32-39.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Source: STANDARD HANDBOOK OF PLANT ENGINEERING

SECTION 2

EFFECTIVE MAINTENANCE
MANAGEMENT

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.




EFFECTIVE MAINTENANCE MANAGEMENT

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Source: STANDARD HANDBOOK OF PLANT ENGINEERING

CHAPTER 2.1
PRINCIPLES AND PHILOSOPHY

William N. Berryman
Engineering Consultant
Morgan Hill, California

Condition-based maintenance (CBM) programs are established based on information col-
lected, such as equipment failure and adjustment points, and determination of mean time
between failure (MTBF) of equipment. This information can be gathered in many ways,
through data collection processes in the program architecture, predictive technologies (e.g.,
vibration analysis, ferrography, and thermography), and building automated systems that pro-
vide input based on the various adjustments that take place.

This information is compiled and, through either software or statistical analysis, the condi-
tion of the equipment can be established at a point in time or a prediction of when equipment
maintenance should be performed (in terms of frequency or run time) can be made.

This is one of the most cost-effective methodologies of maintaining equipment, because
only required maintenance is performed. Establishing criticality of the equipment plays a
large part in these cost savings.

Reliability-centered maintenance (RCM) is a common application of time-based sched-
uled preventive maintenance procedures, and of predictive maintenance technologies applied
to a specific application that allows for equipment life optimization.

RCM is a very effective methodology for many maintenance programs and, if the program
architecture is designed appropriately, could provide cost savings and cost avoidance oppor-
tunities.

The keys to an effective RCM are the following:

1. Identifying a delivery method—that is, computerized maintenance management system
(CMMS) procedures

. Ensuring that all equipment is identified

. Establishing criticality of all equipment

. Deciding what equipment to target for predictive maintenance
. Deciding what equipment to target for preventive maintenance
. Deciding what equipment should be run to failure

. Deciding how data should be collected in the field

. Selecting data and determining how the data should be used

0N SN A WN

With these tools, an effective RCM program can be established. Sustaining any mainte-
nance program can be a challenge, but can be accomplished by utilizing processes and proce-
dures that establish the core of the program.

Time-based and task-based maintenance has been an effective methodology for many
businesses, especially businesses whose budgets do not allow for implementation of costly
software and hardware. Although not as effective as RCM and CBM programs, these pro-
grams do have their place in today’s environment, but there are risks.

Time-based programs, without the use of predictive tools, will only extend the life of
equipment, but all rotating equipment will fail in time. However, time-based programs could
be improved by allowing for data collection. There is additional cost involved based on the
time spent on the equipment, but some other costs are deferred (CMMS software, etc.). Using

2.3
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a simple spreadsheet, this program could be effective for small preventive maintenance (PM)
programs.

Run-to-failure methodology is generally the most costly method of maintenance for the
following reasons:

1. When rotating equipment does fail, it is usually catastrophic, causing more damage and
raising the cost of repairs.

2. If the failure event is on a critical piece of equipment, bringing the equipment or system
back on line will usually take more time and be more costly.

3. To reduce the downtime in a run-to-failure program, additional spare parts must be avail-
able.

4. All failures using this methodology are unplanned events and in many cases have other
consequences that usually equate to some additional cost or customer impact.

Many environments still utilize this methodology, but not all in these categories: office
environments, restaurants, and warehouses. In many cases, there is no business impact if
equipment fails. It is just an inconvenience
due to its catastrophic nature.
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COMPUTER-BASED MAINTENANCE

The following list shows the steps required to implement an effective computerized mainte-
nance management system (CMMS).

Verify File Server Functionality. This refers to testing communication between the file
server and the database server.

Verify Database Functionality. This is to ensure that the database is functional and acces-
sible by client PCs—for example, by launching the software from a client PC and testing basic
transactions.

Review Organization Mission Statement. This is suggested for documenting and ana-
lyzing how the CMMS supports the maintenance management philosophy and overall main-
tenance program to ensure the two are in synch. Understanding this should impact the project
scope and degree of CMMS utilization.

Review Current Maintenance Processes. This activity is the start of a very important
phase. This can be an opportunity to modify workflow processes for optimal efficiency.
Review how maintenance is done currently before modifying existing processes. Deliverables
information from this step includes the following:

¢ Enumerating tasks performed by maintenance staff (planners, supervisors, techs, etc.)
¢ Defining data flow and how, when, and why it is entered into the existing CMMS

¢ Establishing the reports that will be used by staff, their frequency of generation, how the
reports will be used, and so on.

¢ Defining how users interact with the current CMMS, security and access rights, and work-
order distribution

Review Existing Policies and Procedures. Examples of policies to be documented
include the following:

25
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e Work request policy. This is for customers and maintenance personnel to request work
orders. This includes call-center requests and field personnel work orders.

e Work-order priority policy. This establishes standard priorities for work orders based on
criticality, delinquency of planning and scheduled work orders, and location.

o Work-order status policy. This records the status of every work order in the system. Exam-
ples include parts and materials, waiting authorization, work in progress, closed, and can-
celled.

e Work-order types policy. This is used to define categories of maintenance work orders.
Examples include preventive maintenance, predictive maintenance, projects, and call center.

e [nventory policy. 'This provides accountability for budgets, spare parts, and materials. Order-
ing policies (just-in-time delivery, min/max levels, auto reorder, etc.), cover critical equip-
ment, cycle counting, and establishing and maintaining critical spare parts, among others.

e Service contracts policy. See “Contract Maintenance” later in this chapter.

Document All New Processes and Policies. New maintenance processes and policies
that are to be adopted and implemented should be documented, and close management is
recommended for all policies and procedures. Examples include the following:

e Tasks performed by maintenance staff (planners, supervisors, techs, and others)
¢ Definition of the dataflow process for the CMMS

¢ Types and distribution of reports

e Interaction with the CMMS; security and access rights

¢ Policy manual covering the following policies: criticality, work request, work-order priority,
work-order status, work-order types, inventory, and service contracts

Review Location Hierarchy Structure. A recommended approach for multicampus fa-
cilities is geographic location, campus, building, floor, and room or grid. This allows for the
exact equipment location to be identified; by using general ledger (GL) accounts, you can
track cost of maintenance at a specific location or department. For single buildings, use indi-
vidual building, floor, or room, as this allows for expansion if another facility is entered into
the database.

Analyze Asset ID Number Scheme. This provides an opportunity for standardization on
an equipment identification convention when there is more than one site and each is using a
different naming convention. Using the location hierarchy as part of this equipment identifi-
cation will allow crafts personnel to easily locate equipment by asset number.

Define Craft Codes. Use a consistent craft code identification scheme (e.g., electrician,
mechanic, plumber) which allows for analysis of craft scheduling. This allows for balancing
maintenance crews.

Define Shifts and Calendars. Most CMMSs are capable of building craft and individual-
level resource calendars to keep track of craft personnel availability.

Set Preventive Maintenance (PM) Schedules and Define PM Procedures. The basis of
a CMMS allows for scheduling of PM, specifying the PM tasks to be performed, the labor
required by craft per task, the parts and materials required to perform the PM, tool require-
ments, and any special notes (e.g., safety guidelines).

Define Failure Codes and Scheme. Standardize failure codes across the organization to
facilitate statistical analysis of failure data on common equipment. This allows for program
improvement and root-cause analysis.
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Prepare Parts ID Scheme and Equipment Bills of Materials (BOMs) for Critical Spares.
By using equipment criticality, parts critical for program support can be specified, then those
parts can be stocked in a convenient location. In the case of spare parts used during normal
planned activities (PM), arrange to have them delivered just in time, depending on the inven-
tory requirements.

Define Value Lists for Selected Fields. This refers to various pull-down menus or value
lists in a CMMS (e.g., equipment condition: new, good, average, poor, replace). This standard
pull-down menu will allow for consistency in information provided and utilized. For example,
when equipment condition information is collected during PM, the information becomes
immediately available to management so it may be utilized for capital planning. This allows
for the identification of equipment needing replacement and, along with criticality, these
items can be prioritized for replacement.

Verify any Additional Data to Be Added. Undoubtedly, there will be additional data to
be loaded into the new CMMS (e.g., additional equipment, additional PM, and inventory). A
procedure is required to track new equipment, relocation of equipment, or removal or aban-
donment.

CMMS Customization. The system architecture will be based on the business processes.
This may include changing the canned field names and terminology, adding additional fields,
deleting and/or hiding certain fields, or adding new screens. The system administrator should
do this, and it should be based on a process requirement.

Develop Customized Reports. Most CMMSs have standard reports on specific business
requirements, and customized reports may be developed. These reports are usually defined
by management or engineering.

Define User Training. Now that the CMMS has been customized and set up for imple-
mentation, end-user training requirements should be based on the business process. The type
of training that is required needs to be identified and then developed, based on work process
considerations, usage policies, and identification of who needs training.

Functional Testing Phase. Functionally testing of the data conversion and data load is
necessary to ensure that all the data are in the system correctly before implementation.

PREDICTIVE MAINTENANCE

The basic application of predictive maintenance involves taking measurements and applying
the technology or processes to predict failures.

The approach should include the assessment of the equipment as it relates to the business
or personnel safety, prioritizing the equipment, and targeting the critical equipment. For pre-
dictive maintenance, one other criterion must be utilized in the assessment process: the mone-
tary value of the equipment. Even if the equipment is not critical, its value may warrant the use
of predictive maintenance to reduce potential catastrophic failure of expensive equipment.

It is important to target this most critical and valuable equipment for predictive mainte-
nance because there is an associated cost to predictive maintenance implementation. Predic-
tive maintenance technologies are valuable tools if applied appropriately. These include the
following:

¢ Vibration analysis
¢ Motor circuit analysis
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¢ Infrared imaging

¢ Ultrasound

¢ Oil analysis

¢ Ferrography (wear-particle oil analysis)

These technologies, when applied properly, can reduce catastrophic failure, and thus main-
tenance cost. One other application is statistical process control (SPC). This predictive tool
can be used to predict failures, but a plan must be in place first, for the data collection process
is critical. If a CMMS is used, then the proper system architecture must be developed, along
with associated processes and procedures that allow for accurate data collection.

Mean time between failures (MTBF) is determined using the technologies and processes
listed previously. This will allow for proper planning of preventive maintenance based on
information, not just on recommended schedules. Using these technologies and SPC should
reduce the cost of equipment maintenance over time.

One of the key approaches to a good predictive maintenance program is consistency or
standardization.

For example, if data on equipment failures (problem, cause, and remedy) do not include a
list of standards, utilizing SPC becomes difficult and will require extensive research to iden-
tify what the data really mean. The cost savings will be lost because of the hours expended
researching this information.

Developing a strategy and approach is the key to program success.

Predictive Maintenance Cost Savings and Avoidance Potential. Utilizing predictive
maintenance can reduce the overall cost of facilities operation. In a facility where rotating
equipment is prevalent, applying vibration analysis, ferrography, and laser alignment to cou-
pled equipment may reduce power consumption. This is assuming that the coupled equip-
ment is out of alignment, or has undetected wear condition.

Utilizing thermographic imaging will reduce power loss by detecting loose connections
and following up with corrective action.

RELIABILITY-CENTERED MAINTENANCE (RCM)

The purpose of reliability-centered maintenance is to reduce defects, downtime, and acci-
dents to as close to zero as possible; to maximize production capacity and product quality; and
to keep maintenance cost per unit to a minimum. But, the main purpose of RCM is to create
a systematic approach to maintenance that introduces controlled preventive maintenance
while properly applying predictive maintenance technologies.

RCM is a method for establishing a progressive, scheduled, preventive maintenance pro-
gram while integrating predictive technologies that will efficiently and effectively achieve
safe, and inherently reliable, plants and systems.

The first step in our RCM process is to define the critical equipment (see the criticality
assessment example in Table 2.1). You must first go through a systematic assessment of each
major asset and its subassemblies, creating a priority list that shows the relative importance of
each item as it relates to the business. Following is a list of questions to ask:

1. What would happen to plant availability if this item failed? Would it result in a forced out-
age? If so, what is the cost?

. Would there be secondary damage? If so, what is the cost?

. If failure occurs, what would be the repair cost?

. Would product quality be affected by failure? If so, what is the cost?

. What is the frequency of failures in this plant?
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TABLE 2.1 Criticality Assessment Example

Assessment Explanation
Critical without redundancy Systems that would impact production,
product quality, or are politically critical
Critical with redundancy Systems that have redundant systems
in place (N +1)
Noncritical system Systems that would have no impact upon

production or product quality

The second step in the RCM process is to carry out the failure code analysis.

The third step in the RCM process is to decide on maintenance tasks. To do this, combine
the criticality list and failure types to come up with the most appropriate maintenance pro-
gram for each piece of equipment. Request input from the technicians, engineers, supervisors,
and department managers.

The fourth step in the RCM process is to carry out the maintenance. All work should be
issued via work orders. The technicians should complete the work orders giving full details,
including time taken, materials used, and plant downtime. Use fault codes for plant failures,
with full details of the work carried out. The supervisors, to insure compliance with com-
pleteness of work orders, should close out the work.

The fifth and final step is experience and analysis. Every 6 months there should be techni-
cal, financial, and organizational reporting. The technical reports should emanate from the
technician work sheets, history files, and recommendations on job plans. The financial and
organizational reports should be based on maintenance cost per unit, fault code analysis,
plant availability, and related factors.

RCM is a continually evolving system of constant changes and improvements. It creates a
total maintenance strategy that is flexible to a company’s needs at all times.

INTEGRATED SYSTEMS

In today’s environment, software integration is becoming commonplace. Some of the inte-
gration taking place in the maintenance environment today provides for ease of moving infor-
mation back and forth accurately from the field to the CMMS. This is being accomplished
using handheld devices or laptop computers and software that integrates with the CMMS,
allowing the proper information to be transmitted to the field, field data to be loaded into the
device, and the information to be transmitted back to the CMMS.

This methodology reduces the risk of data loss and transposition. This is very important if
you are using reliability models or statistical processes in your maintenance programs. If data
is lost or transposed, your models will be corrupted, thus producing inaccurate output.

Using integrated technologies will allow information to be transferred quickly and accu-
rately. When integrated predictive reports are available, they allow for infrared, vibration
analysis, oil analysis, and ferrography data to reside in one application and report, thus allow-
ing for ease of information retrieval.

CONTRACT MAINTENANCE

There are several types of contract maintenance. Two are considered here.

Individual contracts for maintenance of systems or structures [e.g., heating, ventilation,
and air-conditioning (HVAC) systems; painting; and roofing management] allows the com-
pany to manage the scheduling and cost of individual companies’ activities.
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However, these require extensive management time and monitoring of contractor quality,
and could become difficult from a scheduling perspective if the selected contractor is not
available when the work is scheduled. Rescheduling is then required and this can add to main-
tenance costs. The other additional cost is the contract management. If the facility is large and
requires multiple contractors, each contractor will require a contract that defines the tasks,
cost, and timelines. This also requires a contact administrator and multi-invoice management,
as well as additional financial support.

This type can be effective if planned properly and if contractors are selected carefully.
Some of the keys to using multiple contractor sources are: defining the processes and proce-
dures for scheduling, quality control, billing, and service requirements for facilities customers,
and specifying the tasks in the contract.

Outsourcing is another method of contract maintenance. In this model, the work to be out-
sourced, usually all or most facility operations, is defined. A single contractor is selected for
maintenance of systems and structures. This contractor will usually provide the management,
support, maintenance management software, and technical support personnel (craft person-
nel) as its own employees.

This method provides on-site support personnel; scheduling is defined by the contractor as
agreed upon by customer requirements, and is usually a long-term contract (3 to 5 years). It
also provides the advantage of having a single point of contact and the support to provide
administration of financial, scheduling, documentation, and personnel management. This
model permits the customer company’s management, mutually with the contractor’s manage-
ment, to strategically plan maintenance of the facility and equipment, yet reduces the cus-
tomer’s involvement in day-to-day operations.

The key to success in outsourcing is to plan well by specifying the scope of work with atten-
tion to detail. Define the selection process, understand the scope, define the budget, and com-
municate this clearly in a request for proposals (RFP). Understanding the outsource
contractor’s ability to fully support all facets of the contract is very important, so first under-
stand what you need to have accomplished and then identify the contractor’s core competen-
cies. Also, ask for specifics and recent successful projects.

In this model, the outsource contractor may manage subcontractors for special mainte-
nance areas in which it may not have core competencies (e.g., elevator maintenance, roofing
repairs, or crane and lifting device load testing). These will relate to the project and support
capabilities.

STAND-ALONE SYSTEMS

Stand-alone systems can be effective within their own capabilities, but usually do not provide
for a comprehensive maintenance program. They should be used only after an analysis to
determine which system should be used and what the goals of your implementation are.

EXAMPLE 1. Vibration analysis may be used as a stand-alone system in specific situations
where cost is a concern, and if the machinery involved is rotating. This may expedite failure
prediction of critical equipment.

EXAMPLE 2. Infrared imaging cameras may be used effectively on electrical systems to
determine if loose electrical connections or critical current situations exist. These conditions
may also be evaluated after corrective actions have been taken to ensure that they were effec-
tive. Infrared cameras are also effective for qualitative inspections of mechanical systems
(e.g., pump packages, boilers, and HVAC). They may also be employed for certain roof
inspections to locate leaks.

It is important to have a strategy based on the expectations of your final result before
deciding on a stand-alone system.
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MAINTENANCE MEASUREMENT 2.13
SCHEDULING

Scheduling of work depends on the nature of the business, personnel availability, equipment
availability, and unexpected events. Effective scheduling of maintenance personnel in a per-
fect situation is simple. It is called area maintenance. That means to schedule the proper crafts
to a specific area and complete all the maintenance tasks, rather than scheduling them to
move from area to area, then back to the previous area to accomplish tasks on adjacent equip-
ment.

Travel time is lost time in most cases, but in an effective program it can be used as an
opportunity to identify other maintenance issues, as long as the area maintenance methodol-
ogy is employed.

Scheduling with your internal managers (“customers”) will reduce false starts. Using good
scheduling tools and communicating your planned schedule will reduce scheduling conflicts
with production, operations, and other customer-planned activities. Follow these simple steps:

Understand whom your “customers” are (stakeholders).
Acquire their schedules.

Understand their special needs.

Develop a plan.

Develop a schedule.

AN S

Provide customers with a horizon schedule of at least two months.

Develop a “lessons learned” policy and use this tool to improve your scheduling tech-
niques.

COST CONTROL

Maintenance cost control is accomplished by the following means:

1. Understanding the number of equipment sets

2. Defining criticality, so that noncritical or low-cost equipment will not be maintained and
only critical and high-value equipment will be maintained
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3. Proper scheduling of activities (area maintenance—see “Scheduling”).
4. Using predictive technologies appropriately

5. Collecting data for statistical process control (SPC) to evaluate mean time between fail-
ures (MTBF), cost of maintenance, failure rates, and so on

6. Performing root-cause analysis on failures to develop various approaches to maintaining
the equipment, or providing training as required to improve skills based on new technolo-
gies, or identifying poorly designed equipment to be replaced.

RELIABILITY AND MAINTAINABILITY

Reliability is the ability of equipment to function as designed for a given period of time. The
criterion for how long a period the equipment operates at its design specification without fail-
ure is mean time between failures (MTBF).

Reliability metrics for equipment can be established using reliability models. This can be
accomplished either by measuring the equipment device (e.g., air handler, air compressor, or
boiler) or breaking down the equipment into major components and measuring the “parent”
and “children” (e.g., air handler = parent; motor, coil, valves, fan, etc. = children), then defin-
ing the expected life of the components or device and plotting these failures against equip-
ment life expectancy and comparing the information.

You can also contact the manufacturer and request the MTBF data on that specific equip-
ment. Alternatively, benchmarking for the required data can provide the equipment life-
expectancy information needed to build a model. Once the model has been established, the
MTBF data can be extracted from maintenance records, or a computerized maintenance
management system (CMMS) can be set up to provide the data.

Maintainability is the ability of equipment to allow access to perform the required mainte-
nance tasks. This is usually a function of the equipment design and location and any special
tools or fixtures required for access, calibration, lubrication, or other maintenance activities.

Equipment that is inaccessible or even difficult to access is a prime cause of reduced main-
tainability. Generally, equipment should be designed for ease of maintenance. Maintainabil-
ity issues will arise when the equipment is installed or when other equipment is installed
adjacent to it. Make sure all access points are clear; if height of access points is an issue, for
example, ensure that catwalks and lift devices are properly positioned for ease of access.

BENCHMARKING

Maintenance benchmarking is accomplished in two ways, internally and externally. Internal
benchmarking is accomplished within the company, usually against other similar facilities.
External benchmarking is accomplished by benchmarking against another company in a sim-
ilar area.

Benchmarking takes many forms, but in the maintenance environment the areas bench-
marked are usually similar. In most cases, benchmarking begins by defining the goal. Is it
based on cost, equipment reliability, or the number of personnel required to accomplish
equipment maintenance tasks?

The second phase is the data collection method. Is it based on time studies, survey results,
field data collected, or CMMS data results? These are as varied as methods allow. The third
phase is deciding where the data is going to be collected, externally or internally. The fourth
phase is deciding how you are going to use the results.

It is extremely important to plan benchmarking activities well:

1. Keep the goals in mind.
2. Develop a standard for information collection.
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3. Properly target areas for benchmarking.

4. Use standard methods for compiling information.
5. Understand what the final results will affect.

6. Develop a plan to use the information correctly.

MAINTENANCE MEASUREMENT

Measuring maintenance has many facets. It is important to define what is to be measured,
how it is to be measured, why it is to be measured, and how the information is to be used.
Following are some measurements and recommendations for using the data.

1. You might measure preventive maintenance (PM) procedures scheduled versus completed.
The purpose of this measurement is to gauge the performance of PM activities against a
schedule. This information will help determine whether your support staff is large enough.
If you are unable to perform 100 percent of PM every month, your staff is too small; or, if
you measure by craft (e.g., electrician or mechanic) you may find an imbalance in craft
staffing.

2. You might measure corrective activities on equipment. This will provide MTBF informa-
tion and provide data to substantiate whether your PM program is effective. It may also
define such issues as lubrication and incorrect power input parameters (voltage, frequency,
power factor, etc.).

3. Cost measurement is another important type of metric. Measuring the costs of maintaining
equipment is very important and can be accomplished through good recordkeeping or
CMMS architecture. Knowing how long a repair activity takes, what parts are used, the
cost of parts, and the actual downtime are important to good cost measurement.

These are just a few of the parameters, but the list can be as long as the tasks require.
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INTRODUCTION

As commercial and institutional buildings have become more complex, the traditional meth-
ods for building start-up and final acceptance have proven inadequate. The increased com-
plexity of building systems is a response to energy conservation requirements, to the need for
safer work environments, to demands for improved indoor air quality and better comfort con-
trol, and to technological advancements in teaching and research methodologies. Distributed
digital control systems help to meet these needs but add sophistication and complexity. Thus,
the entire process of acquiring new facilities must also become more sophisticated in order to
keep pace with the complexity of new technologies and to get the required performance from
them.

The process of commissioning is relatively new to commercial and institutional building
construction. The model for building commissioning derives from commissioning industrial
facilities and naval ships. Industrial facility controls are dry-lab tested extensively before
installation in the facility. After installation, equipment and controls are further extensively
tested and calibrated to ensure that production starts up on schedule and continues with max-
imum operational reliability.

33
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Definition

Goals

Similarly, components and systems on naval ships are tested at dockside and then pushed
to the limits during sea trials. Commissioning attempts to break whatever is prone to failure
and to discover whatever design and installation errors exist. The serious consequences of
failure in naval and industrial systems drive the effort to systematically wring out problems
before systems are brought online. The failure of traditional building start-up, combined with
the health, safety, and energy consequences of failure, is the impetus driving adaptation of the
commissioning philosophy to commercial and institutional facilities.

Commissioning, as it applies to commercial and institutional construction, is in the early
stages of development. This developmental process will span many years before it matures to
the point that commissioning is well understood by owners, developers, design professionals,
and contractors.

An all-inclusive definition for commissioning has not been universally adopted. As one listens
to early entrants into the field, it becomes apparent that definitions most often reflect the spe-
cialty within a facility that is being commissioned. Electrical utilities concentrate on energy
conservation measures for which they have contributed funding, in order to optimize energy
consumption. Fire departments concentrate on commissioning fire- and life-safety provisions
required by related codes. Other regulatory agencies insist that provisions within their juris-
dictions be proven fully operational in accordance with their specific requirements.

As these narrow definitions persist, they negatively affect a proper understanding of the
comprehensive requirements for commissioning an entire facility—total building commis-
sioning. Whereas utilities and regulatory agencies focus attention on commissioning certain
systems, commercial or institutional owners must be assured that all systems within the facil-
ity have been commissioned. For hospitals and other health care facilities, commissioning is
virtually mandatory. Commissioning is now a critical requirement for high-technology labo-
ratories and research facilities. It is also becoming important for classrooms and office build-
ings to meet the specific and diverse needs of the occupants. Hence, a broad definition for
commissioning is imperative.

The institutional owner views the entire building as a system, a system that usually must
meet a wide range of occupancies and functional needs. Therefore, the definition from the
summary report of the 1993 National Conference on Building Commissioning may be the
most appropriate for commercial and institutional facilities: “Commissioning is a systematic
process of assuring that a building performs in accordance with the design intent and the
owner’s operational needs.” (Emphasis on building rather than systems.)

Another relevant term (virtually a synonym) is discovery. Commissioning is a process
which ensures discovery of flaws in the design or construction that preclude facility operation
in accordance with parameters set forth by the owner or developer. Of course, discovery will
inevitably occur, but it usually occurs under the most unfavorable circumstances, resulting in
operating difficulties which could be critical or (in the extreme) even fatal. The least that will
occur is inconvenience for building occupants and maintenance and operations staff. Com-
missioning forces discovery to occur under controlled conditions and at a time when dire con-
sequences are least likely to result.

Further, if discovery occurs before the construction contract is accepted as complete, the
design professionals and contractors will bear the burden of taking corrective action and, gen-
erally, all related costs. When discovery occurs later, the owner inherits these responsibilities
and costs with little or no recourse back to those responsible for the failure.

The overall goal of building commissioning is to have a facility that operates as intended.
However, it is important to recognize several subgoals which will be achieved as a direct
result of the commissioning process.
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The primary goal is to provide a safe and healthy facility for all occupants: office staff, the
public, students, faculty, researchers, and operations and maintenance staff. Commissioning
minimizes functional and operational deficiencies which have been shown to be responsible
for the majority of indoor air-quality problems and comfort complaints. Commissioning also
minimizes liabilities inherent in laboratory building operations.

The second goal is to improve energy performance. Commissioning is the tune-up that gets
the most efficient performance out of the installed equipment. Commissioning tailors system
operating parameters to the conditions of actual usage.

The third goal is to reduce operating costs. Equipment operating improperly is operating
inefficiently. Maloperation usually induces more frequent maintenance activity and results in
shorter life expectancy for the equipment. Annual operating costs increase and capital
replacement costs occur more frequently.

The fourth goal is to improve orientation and training of the operations and maintenance
staff. The sophisticated systems being installed will be disabled if operations and maintenance
staff do not fully understand operation and maintenance requirements. No matter how well
the equipment and systems are operating at the outset, systems operation will degenerate
without proper care.

The fifth goal is improved documentation. Specifications and drawings do not provide all
of the information needed for operation, troubleshooting, and renovation of the facility.
Design intent and design criteria documentation, one-line diagrams, and operating descrip-
tions help to communicate the designers’ intentions to current and future operators and
designers. Fully documented testing procedures and results verify the capacity and operating
parameters of the facility and systems, and facilitate recommissioning as needed in the future.

The final and most important goal is to meet the clients’ needs. When the design and con-
struction is subjected to systematic scrutiny and verification, the design intent and customer
satisfaction will be achieved.

Once it is recognized that all building systems must be commissioned, the process for doing so
becomes very specific and disciplined. In order for commissioning to become an effective pro-
gram, all participants in the design and construction community must understand the require-
ments and willingly accept their responsibilities accordingly.

In brief, the owner must make clear during the programming phases of each project what
the owner’s commissioning expectations will be, since expectations may vary with different
kinds of projects. Then the design professionals must translate that program into construction
documents. Since commissioning scheduling, procedures, and activities are currently not well
understood throughout the construction industry, contract documents must be much more
comprehensive and specific regarding this process. New roles may develop, for example,
those of commissioning authority (CA) and testing contractor (TC). As appropriate for each,
their roles must be defined and the working relationships identified. The commissioning
authority will be working directly for the owner, and the testing contractor will be working
directly for the contractor; hence, the specifics of each role must be clearly defined to ensure
program continuity and to avoid conflict and redundancy.

So, it is no longer enough to just build the building. Now, the contractors and design pro-
fessionals have to make it work. The following sections will elaborate on the steps required to
implement an effective building commissioning program.

DESIGN REQUIREMENTS

Considerably more information is required to commission a building than traditionally has
been presented in the construction documents. Heretofore, the philosophy has been that the
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contractor does not have to know the design intent or the design considerations in order to
build the building.

Upon completion of construction, the as-built drawings and operations and maintenance
(O&M) manuals are turned over to the owner. The owner soon discovers that these docu-
ments may be adequate for maintenance but not for operating the building, particularly at
operational extremes or when operational problems develop.

Generally, most of the information required to effectively operate the building has been
developed during the design process. Unfortunately, that information is either buried in the
design files or is still in the head of the design engineer. In either case, it is essentially lost to
the owner’s operations staff. This is a critical circumstance that must be corrected. Therefore,
design requirements placed upon the design professionals must be changed to ensure that the
owner receives all of the data and documentation critical to effective operation of the facility.
This documentation, added to the extensive documentation developed specifically for and by
the commissioning process, has resulted in the development of the systems manual, in addi-
tion to the traditional O&M manuals.

Traditionally, architectural and engineering (design professionals’) agreements have been
fairly generic in regard to design and document requirements. Today, these agreements
should be augmented to be much more specific about what the design professional is
expected to provide upon completion of each design phase. In order to maintain flexibility,
some owners have a formal design professional agreement which refers to an attachment that
can be conveniently tailored to suit specific project requirements. The attachment is used to
specify the detailed documentation required.

To achieve the desired results, the owner must prepare a document which clearly defines
the expectations for the design professionals. If the owner has a facilities design manual which
is given to design professionals, all of the requirements should be covered in that publication.
If there is no such manual, a commissioning document should be prepared.

These design requirements are referred to as deliverables. They are specifically required
at various stages in the design process. Many of these deliverables are not universally
understood, or accepted, by design professionals, so elaboration and negotiation is neces-
sary. Specific to this discussion, it is important to determine when a commissioning author-
ity will become involved with the project and the extent of involvement to be required. For
an owner with minimal design experience and staff resources, the involvement of a com-
missioning authority should come early in the design process. In many cases, that person
could be the only effective direct representative of the owner’s operations and maintenance
staff. In any event, the “extra services” agreement with the design professional must clearly
indicate direct expectations of the design professional and the role of the commissioning
authority in the process (even though the commissioning authority is hired directly by the
owner).

Design Phases

Most owners are accustomed to the following basic design phases: programming, schematic,
design development, construction documents, and bidding. Programming results in a detailed
statement of owner requirements. The schematic process results in the first translation of writ-
ten requirements into a conceptual facility design. Design development corrects misinterpre-
tations and presents an organized facility that the design professionals will execute, which will
meet the owner’s requirements. Construction documents provide all details necessary for a
contractor to build the facility. Bidding commits a contractor to construct the facility for a spe-
cific price by a specified completion date.

Two of these phases are major plateaus, or major documentation points, for the commis-
sioning process: the end of the design development phase and the end of the construction doc-
uments phase. There are other points along the way that are also important to the overall
design process and commissioning.
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Programming Phase. The owner should have prepared a program prior to engaging the
design professional. This is the ideal time to include a brief discussion of the owner’s expec-
tations regarding commissioning: Does the owner plan to engage a commissioning authority?
If so, during the design process or only during the construction process? Will the contractor
be expected to engage a testing contractor and perform a major share of the commissioning
functions? These questions get the thinking started for later refinement during design. Some
owners are engaging their commissioning authority during this phase to provide specific assis-
tance, that they otherwise might be lacking, in the development of the building program.

The programming phase should produce four associated documents: a functional program,
a technical program, the design intent, and the beginning of the systems manual.

Predesign Conference. 1t is very important to have a predesign conference with the design
professionals. This conference must include appropriate representatives from the owner’s
staff who will be responsible for review of the construction documents, construction over-
sight, start-up and commissioning, and operation and maintenance of the completed facility.

The predesign conference should discuss a range of design and operations philosophies
that are important for the design professionals to understand. They have a much better
chance of designing a building that will function in accordance with all of the owner’s needs
once they understand the capabilities and limitations of the maintenance and operations
organization. The discussion regarding commissioning is also important, particularly because
many design professionals do not properly understand commissioning.

It is at this stage that the relative importance of commissioning should be recognized and
factored into the design process. The type of facility being developed tends to dictate relative
need and requirements accordingly. For example, hospitals and complex science facilities
require the maximum commissioning effort. Even relatively simple office or classroom facili-
ties should have some level of formal commissioning beyond the usual testing, adjusting, and
balancing (TAB) work. Another important factor is the quality and reliability of the con-
struction community to successfully complete the facility. And last, there is consideration of
the owner’s operations staff’s ability to work with the contractors to wring out the systems
and optimize design-intended performance.

Regardless of the decision about the level of formal commissioning to be performed,
the requirements for the construction documents should not change since all of the result-
ing information is critical to the successful operation of the facility by the owner’s staff.
The following paragraphs indicate requirements which are important to the owner under any
circumstance, many of which have not heretofore been provided to the owner by the design
professionals.

Schematic Phase. 1t is important to expand commissioning discussions at this early stage in
the project. If for no other reason, the more the design professionals are required to think
about how to actually get the building running right, the better the design is likely to be. This
is also the time for the owner to begin to seriously consider engaging a commissioning author-
ity, if one was not engaged during the programming phase.

The commissioning deliverables at the end of the schematic phase are the following:

¢ A scope statement for the commissioning program
e The commissioning outline specification

These documents help to validate the design professional’s understanding of the owner’s
design intent and operational expectations.

Design Development Phase. The design development phase could be considered to be the
most important phase of the entire design process. All design criteria and operational param-
eters must be thoroughly considered by the design professionals and the owner, and docu-
mented. All philosophical design issues must (ideally) be resolved by the end of this phase.
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The commissioning deliverables at the end of the design development phase are the fol-
lowing:

¢ Documentation of design criteria after the design professionals and owner have completely
agreed upon all system operating philosophies. Documentation shall include one-line dia-
grams depicting operations at various design conditions, including fluid flow rates, temper-
atures, and pressures as necessary to comprehend the intended operation.

e Publication of functional and technical programs with amendments thereto, such as refined
design intent and design criteria assumptions, in an appropriately bound document. This is
a continuation of the systems manual, to be used by the owner and others for operation of
the facility and as future alterations and revisions are imposed upon the original facility.

Construction Documents Phase. The construction documents phase is relatively simple.
The major decisions have been made, agreed to, and documented. The commissioning deliv-
erables at the end of the construction documents phase are the following:

¢ Include in the construction documents all one-line diagrams and sequence of operations
discussions necessary to fully identify how all systems are intended to operate during all
design conditions. (It is important that all of this be included on the drawings, not in the
specifications, for convenient use by owner’s operations personnel.)

¢ Specify contractor participation requirements for component, equipment, and system test-
ing before and during commissioning.

e Specify prime contractor responsibilities during construction regarding commissioning
coordination of prime and subcontractor responsibilities in cooperation with the commis-
sioning authority.

e Specify contractor requirements for the O&M manual and the systems manual, the defini-
tion of substantial completion, the definition of functional completion, and requirements for
final acceptance.

e Specify contractor requirements for training of O&M staff, both on-site and at special
schools, as necessary.

¢ Publish all amendments to the functional and technical programs, design intent, and design
criteria which have evolved during the construction document phase; include with the doc-
umentation published at the end of the design development phase.

One area in which owners have not imposed on the design professionals is the arrange-
ment of construction documents for the benefit of the owner’s operations staff. There are
some relatively simple and basic steps that can be taken which will facilitate the operations
staff’s work, yet not significantly affect the work of the design professionals.

Of greatest importance to the operations staff are mechanical and electrical one-line dia-
grams for the many systems within the facilities; related sequence-of-operations discussions;
equipment schedules indicating design requirements; and final operational set-points after
testing, adjusting, balancing, and commissioning have been completed. Therefore, it is desir-
able to coordinate these items onto consecutively arranged sheets, rather than have them
occur randomly throughout the documents as space might allow.

CONTRACT DOCUMENT REQUIREMENTS

There are three contract documents required to appropriately incorporate and coordinate the
commissioning process: the design professional agreement, the commissioning authority
agreement, and the construction contract.
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Design Professional Agreement

The design professional agreement must be tailored to include commissioning-related ser-
vices from the design professionals. These are primarily expansions of the design phase
requirements, most of which are not yet included in the American Institute of Architects
(ATA) Standard Form of Agreement. Since some of these deliverables are not universally
understood by design professionals, elaboration is necessary. This can conveniently be han-
dled by preparing an attachment to the design professional agreement.

The design professionals’ scope of services should include their assistance in development
of the scope of commissioning services and participation in the selection of a commissioning
authority (if the commissioning authority has not already been engaged). Assisting in the
selection of a commissioning authority helps to engender some sense of ownership of the
commissioning program and foster improved working relations with the selected commis-
sioning authority.

The design professional agreement must address communication with the commissioning
authority during design and construction. The extent of this communication must take into
account how the commissioning authority agreement will be written. Construction-phase
activities of the design professionals should include review of commissioning-related submit-
tals, though primary responsibility for such review lies with the commissioning authority.

The design professionals must participate in resolution of problems and conflicts during
construction. The design professionals must retain the final authority during construction, as
is current practice, unless that has been specifically delegated elsewhere. Still, the design pro-
fessionals’ scope should require their direction to be consistent with the recommendations of
the commissioning authority on commissioning-related issues.

Commissioning Authority Agreement

The owner negotiates an agreement for commissioning services directly with the selected
commissioning services provider. This agreement shall incorporate provisions relating to con-
flicts of interest, the scope of commissioning services, lines of communication, and authority.

The owner must have the full allegiance of the commissioning authority during the project.
Accordingly, the agreement prohibits the commissioning authority from having any business
affiliation with, financial interest in, or contract with the design professionals, the contractor,
subcontractors, or suppliers for the duration of the agreement. Violation of such prohibitions
constitutes a conflict of interest and is cause for the owner to terminate the agreement.

The scope of services includes responsibilities during the design, construction, and post-
occupancy periods. In the design process, the commissioning authority should review each
design submittal for commissioning-related qualities. These qualities include design consis-
tency with design intent, design criteria, maintainability, serviceability, and physical provi-
sions for testing. The services provided should also include commissioning specifications, with
emphasis on identifying systems to be tested and the associated test criteria.

The commissioning authority participates in onboard review sessions and various other
design meetings with the design professionals. The intent is to ensure that the commissioning
authority has as much familiarity with the design as is feasible. This allows an understanding
of the design for effective reviewing, providing input to the design professionals regarding
commissioning requirements which would not be readily evident to many design profession-
als. Commissioning authority participation in the design process results in increased effec-
tiveness during the construction and postoccupancy phases of the project.

During construction, the commissioning authority performs a quality-assurance role rela-
tive to the contractor’s commissioning activities. The scope includes review of the qualifica-
tions of the contractor’s selected testing contractor, all equipment submittals and shop
drawings related to systems to be commissioned, commissioning submittals, O&M and sys-
tems manuals, and training plans. Commissioning submittals include the commissioning plan
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and schedule, static and component testing procedures (verification testing), and systems
functional performance testing procedures.

The commissioning authority’s scope also includes witnessing and verifying the results of
air and hydronic balancing, static tests, component tests, and systems functional performance
tests. To the extent the owner’s staff is involved in witnessing the balancing, equipment test-
ing, and systems functional performance testing, the commissioning authority’s scope can be
reduced to witnessing critical functional performance tests and a sample of other verification
and functional tests. The owner’s staff benefits from witnessing as much of the balancing and
functional performance testing as possible. The commissioning authority’s function, then, is
to ensure that the testing contractor and test technicians properly understand and execute
verification and systems functional performance testing procedures.

The commissioning authority’s agreement should also include analysis of the functional
performance test results, review of the contractor’s proposed corrective measures when test
results are not acceptable, and recommendation of alternate or additional corrective mea-
sures, as appropriate in the commissioning authority’s scope.

Clear lines of communication and authority must be indicated. Communications and
authority of the commissioning authority should be tailored to the level of involvement of the
owner in the project.

If the owner is intimately involved in all aspects of design and construction, the owner
should manage the commissioning authority’s involvement. In this case, the commissioning
authority would communicate formally with the design professionals through the owner. Dur-
ing construction, the commissioning authority should communicate formally with the con-
tractor only through the established lines of communication—that is, directly through the
design professional, or indirectly through the design professional via the owner. In either
case, it is essential that the owner be kept informed of problems and decisions evolving dur-
ing the commissioning process.

In cases where the owner is only marginally involved in the day-to-day business of the pro-
ject, it may be desirable to allow the commissioning authority to communicate with the design
professionals directly on commissioning issues. This is recommended only when the owner is
very confident of the expertise and judgment of the selected commissioning authority, and
only when the commissioning authority and design professionals have a good working rela-
tionship.

The authority of the commissioning authority should be limited to recommending
improvements to the design or operation of the systems, solutions to problems encountered,
and acceptance or rejection of test results. The commissioning authority should not directly
order the contractor, or design professionals, to make changes. Only the design professionals
may make changes in the design or order construction changes. The owner must speak with
only one voice.

Construction Contract

The construction specifications define the scope of the contractor’s participation in commis-
sioning. A brief summary of the recommended specification sections follows.

Sections 01810 through 01819, Commissioning. The Construction Specifications Insti-
tute (CSI) has allocated Sections 01810 through 01819 for the primary commissioning speci-
fications.

Section 01810, Commissioning, General Requirements. This section is intended to clearly
indicate that the prime contractor is responsible for the overall commissioning program spec-
ified in the construction contract. Further, it requires the prime contractor to hire a testing
contractor to carry out these responsibilities and work with the owner, or the owner’s com-
missioning authority. It lists the minimum qualifications of the testing contractor and identi-
fies the scope of the testing contractor’s responsibilities. The contractor must submit the
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qualifications of the proposed testing contractor for approval by the design professional and
owner. It also refers to Sections 01811 through 01819, and Sections 15995 and 16995 require-
ments, making the prime contractor responsible for all Division 15 and Division 16 commis-
sioning scheduling and coordination, including any other Division 2 through 14 sections
providing equipment and/or systems requiring commissioning.

The overall cost for commissioning should be less if the contractors are required to per-
form virtually all of the start-up, verification, and testing activities. Further, knowing in
advance they will be required to make everything operate per the design intent, and having
been provided the contractual tools to do so, is likely to result in a significant improvement in
the overall quality of the submitted equipment, installation, and workmanship.

Section 01810 describes the testing contractor’s functions in detail. These tasks include
refining the commissioning plan and schedule to integrate commissioning activities through-
out the prime contractor’s construction plan; updating the initial systems manual to reflect
changes made during construction; providing system operating descriptions and one-line dia-
grams; reviewing software documentation; providing continuous updating input to the com-
missioning and construction schedule; writing verification and systems functional
performance test procedures; verifying installation; performing pre-start-up checks; coordi-
nating work completion, verification tests, and system functional performance tests; assem-
bling O&M manuals; supervising system start-up, TAB, and functional performance tests;
planning and implementing owner staff training; and final assembly of the systems manual
and record drawings.

Section 01810 also provides a summary of all of the generic areas wherein functional per-
formance testing of systems is required and lists, or refers to, the systems accordingly. It also
refers to examples of functional performance testing documentation which the contractor is
expected to use as a reference in developing specific testing procedures and documentation
appropriate to the systems included in the project.

Sections 01811-01819, Commissioning. The rest of the sections should be organized to
relate to equipment and systems specified for construction in Divisions 2 through 16, to
specifically identify components and equipment to be verification tested and systems to be
functional performance tested, and to identify acceptable results to be expected in each and
every case.

A paragraph, “Acceptance Procedures,” in each section must be completed by the design
professionals. The design professionals develop the functional performance testing (FPT) cri-
teria under these sections. Each feature or function to be verified as a condition of acceptance
of the subject system must be incorporated. The design professional lists the various condi-
tions under which each system is to be tested, the acceptable results, and the allowable devia-
tion therefrom for each test.

The subconsultant responsible for design of the particular systems writes these functional
performance testing criteria in collaboration with the commissioning authority. These are not
the actual test procedures. The actual test procedures must be equipment-specific and, there-
fore, cannot be prepared until all submittals have been approved, the actual equipment has
been purchased, and the manufacturer’s technical data and operations information have been
received.

Section 01810 requires the contractor’s testing contractor to elaborate the functional per-
formance testing criteria into functional performance testing procedures—step-by-step
instructions to field technicians on how to perform each test, including acceptable results
which must be achieved. They are as follows: (1) identify the component, equipment, or sys-
tem to be tested; (2) identify the conditions under which the tests are to be performed, includ-
ing various modes of operation as may be appropriate; (3) identify the functions to be tested,;
and (4) identify the acceptable results that must be achieved in each case. Such functional per-
formance testing procedures must be prepared for every component, piece of equipment, and
system in the project.

The criteria for acceptance must be written to allow objective determination of whether
the test results are acceptable. For example, rather than just requiring that a temperature sen-
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sor be “accurate,” the criteria must specify the range of acceptable performance at various
set-points.

Section 15995, Commissioning. This section is included in the mechanical division of the
construction documents. It is intended to clearly indicate the role and responsibilities of the
mechanical subcontractors and vendors regarding their participation in the commissioning
program, and it refers to Section 01810-01819 requirements.

Section 16995, Commissioning. This section is included in the electrical division of the con-
tract documents. It is virtually identical to Section 15995, except it relates to the roles and
responsibilities of the electrical subcontractors and vendors regarding their participation in
the commissioning program, and it refers to Section 01810-01819 requirements.

Section xx995, Commissioning. FEach division preceding Divisions 15 and 16 requires a
similar xx995 section identifying commissioning responsibilities for equipment provided
therein, and referring to Section 01810-01819 requirements.

THE COMMISSIONING PROCESS

The commissioning process will vary from project to project. It can begin at the onset of the
design phases or can come as late as when the job has been accepted by the owner and it is
discovered that systems are not operating as they should. Ideally, the process will start during
programming and continue throughout design and construction.

The most fundamental step in the commissioning process is to first identify what systems
are to be commissioned. This should have been done during the design process. Based on
what systems are to be commissioned, the commissioning authority can develop a proposal
for services.

The requirements of an effective commissioning program are consistent. For the most
part, the following are typical services to be provided by the commissioning authority (CA)
and the testing contractor (TC).

During Design
1. CA and owner decide which systems will be commissioned.
2. CA develops initial commissioning plan and schedule.

3. CA reviews schematic, design development, and construction documents for commis-
sionability of the design and finished facility.

4. CA and design professionals write commissioning specifications.
5. CA and design professionals refine commissioning plan and schedule.
During Bidding
6. Design professionals respond to prebid questions, with input from CA.
During Construction
7. TC and CA review design intent, design criteria, and construction documents.

@

TC refines the commissioning plan; CA reviews and approves.
9. TC and CA review control strategy and software; CA approves.

10. TC develops component, equipment, and subsystems verification testing procedures; CA
reviews and approves.

11. TC develops system functional performance testing procedures; CA reviews and approves.
12. TC and CA perform on-site construction inspections.
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13. TC develops testing, adjusting, and balancing schedule; CA reviews and approves.
14. TC develops commissioning schedule; CA reviews and approves.
15. TC performs testing, adjusting, and balancing; CA observes, witnesses, and approves.

16. TC performs commissioning using the functional performance testing procedures; CA
observes, witnesses, and approves.

17. TC performs final job documentation and closeout; CA reviews and approves.
18. CA prepares a final commissioning report.

Deciding Which Systems Will Be Commissioned. During the programming phase, or the
schematic design phase, the CA can be a major help to the owner, assisting the owner in
understanding the purpose and value of a comprehensive commissioning program, including
ranking the importance of commissioning various systems so that the owner can make
informed judgments in developing the optimum commissioning program for the project at
hand. The CA can also assist the owner in developing the functional program, technical pro-
gram, and design intent documents, followed by defining the scope of the commissioning pro-
gram. If this is done during programming, the CA can also assist the owner with development
of the design professional agreement, to ensure that the agreement includes all requirements
for the design professional’s participation in the commissioning program.

Developing the Initial Commissioning Plan and Schedule. During the programming
phase, or the schematic design phase, the CA can assist the owner in developing an initial
commissioning plan and schedule. This initial plan and schedule is important to understand-
ing the integration of commissioning into the overall construction schedule, something that
design professionals generally do not fully appreciate unless they have had prior experience
with a total building commissioning program. A properly integrated commissioning process
will help to ensure that commissioning does not delay the construction schedule and, in fact,
will help to ensure that the construction schedule will be maintained as planned.

Reviewing the Design Documents for Commissionability. During the several design
phases there are planned design review periods. These are the owner’s opportunities to
ensure that the design will meet the owner’s design intent requirements. The CA will com-
plement the owner’s review by concentrating experienced attention on the commissionability
considerations of the design. The CA’s work is not intended to be a peer review; it is only for
the purpose of ensuring that the systems include all necessary components required for func-
tional performance testing and that accessibility to all necessary components has been pro-
vided.

Writing the Commissioning Specifications. Commissioning specifications are a unique
subset of the overall construction specification document. It is safe to say, at this stage in the
development of the building commissioning industry, that most design professionals are not
skilled in the art of building commissioning specification writing. Thus, because of the kind of
detail required for the commissioning specification, it is very important that a CA assist the
design professional in the development of the commissioning specifications, or that the CA
actually write them for the design professional, if that is preferred.

Refining the Commissioning Plan and Schedule. At each review period the design profes-
sional, assisted by the CA, should update the original commissioning plan and schedule in
recognition of the complexities of the systems being designed. During the final review period
the commissioning plan and schedule should receive very thoughtful attention to ensure con-
tinuity with the construction activity and the plan and schedule incorporated into the con-
struction documents, so that bidders will understand the owner’s intentions regarding the
commissioning program.
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Responding to Prebid Questions. The CA must assist the design professionals as prebid
questions arise to ensure that questions regarding the commissioning program receive appro-
priate responses.

Reviewing the Design Intent, Design Criteria, and Construction Documents. The TC, with
help from the CA, must review the project’s design intent, design criteria, and construction
documents in order to know the basis for system functional performance testing procedures.
During this review, the CA should bring to the attention of the owner any items that might be
considered questionable. The primary purpose of this review is for the TC to understand the
design intent and the design criteria.

Examples of design criteria are: (1) a minimum flow rate of 5 ft/s in the piping of a pure
water system, (2) a 0.05 in (0.1 cm) water pressure differential between spaces in a clean room
environment, and (3) an outside dry-bulb and wet-bulb design temperature.

A review of the construction documents must be made to acquaint the TC with how the
systems are to be laid out in the building, how the mechanical and electrical systems are to
operate in conjunction with one another, and what quality standards the installed equipment
must meet.

Refining the Commissioning Plan. The final integrated commissioning plan is prepared by
the TC to provide a comprehensive document that clarifies the responsibilities of the design
professionals, contractor, subcontractors, vendors, CA, and owner during the commissioning
process. This plan identifies the systems that are to be commissioned and the documentation
processes that are to be used. The plan also includes the testing, adjusting, and balancing
schedule and the commissioning schedule.

Reviewing the Control Strategy and Control Software. The CA and TC need to review the
control strategy prior to development of the functional testing procedures. This includes the
review of the control contractor’s submittals and allows the CA and TC to identify how the con-
tractor intends to meet the design intent and accommodate the design criteria. It allows the
CA a chance to see the types of controls, the number of controls, and how they will sequence
with each other to control the systems. Since the TC is writing testing procedures for these
systems, he or she must know its specific component parts prior to writing the tests.

Prior to performing the commissioning of systems utilizing direct digital control (DDC),
the CA needs to have adequate time to review the control systems software. This review is
twofold. One purpose is to acquaint the CA with the idiosyncrasies of the software being
developed, and the second is to ensure that the control strategy will meet the design intent
and the owner’s requirements.

Developing the Component, Equipment, and Subsystems Verification Testing Procedures.
Verification testing of individual components, units of equipment, and subsystems, such as
control of air-conditioning terminal units by local thermostats, is done before testing, adjust-
ing, and balancing commences, which is then followed by system functional performance test-
ing. In order to develop these testing procedures, the TC must have reviewed the submitted
data, including the manufacturer’s functional operation literature. Based on this information,
written testing procedures and test record sheets will be prepared by the TC. Each procedure
must be explicit and exact enough so it can be easily repeated at a later date, by a different
tester, in the exact same manner as originally done, and achieve the same results. Verification
testing validates performance in accordance with the construction documents—validating the
contractor’s equipment submittal selections and installation work.

Developing the System Functional Performance Testing Procedures. The development of
system functional performance testing procedures is crucial to proper performance of the
commissioning process. In order to develop these procedures, the TC must have reviewed the
design criteria, the construction documents, and the approved environmental control and
building automation systems. Based on this information, written testing procedures and test
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record sheets will be prepared by the TC. Each procedure must be explicit and exact enough
that it can be easily repeated at a later date, by a different tester, in the exact same manner as
originally done, and achieve the same results. The procedures should also include the design
criteria. System functional performance testing validates performance in accordance with the
design intent and basis of design documents—validating the design professional’s design con-
cepts and execution.

After the testing procedures have been developed they should be reviewed by the CA,
design professionals, subcontractors, and owner. The review by the design professionals
serves as a check to ensure that the TC and CA have correctly interpreted the intent of the
design. The review by the owner serves to ensure that the design intent will meet the owner’s
needs as an operating entity. The review by the subcontractors lets them know how their
installations are to be tested.

After the review, the TC will modify the testing procedures as required, gain approval of
the CA, and issue the finalized tests.

Performing Construction Inspection. The CA and TC should have a relatively minor
involvement in the construction process. The primary responsibility of performing construc-
tion inspection should remain with the project manager and design professionals. The CA’s
and TC’s involvement is that of a second set of eyes in relation to the design professionals and
project manager. They should become aware of how and where systems are going in, which
allows the TC to interface the testing, balancing, and commissioning functions into the project
schedule so all work can be completed before owner occupancy.

Basic CA service includes periodic site visits and scheduling the owner’s staff participation
in the commissioning activity. During this time the CA will relay any supplemental observa-
tions of construction activities to either the construction manager, the design professionals, or
the owner for attention and remedy. Detailed punch lists, enforcement of contractor work to
meet the schedule, or other activities required to bring the job to a state of completeness prior
to testing, balancing, and commissioning are not intended, but may be necessary to meet the
owner’s occupancy date.

The CA’s site inspections are primarily focused on ensuring that the systems being
installed are accessible and lend themselves to being tested, commissioned, and maintained
once the job is complete. Often general contractors will indicate the work is done when, in
fact, perhaps the power is not connected, or the controls that make it function are not ready.
False starts create delays and frustration.

It is the CA’s responsibility to inform the owner of whether the contractor is meeting the
schedule. Often there will be a disagreement between the contractor and the CA with regard
to how well the contractor is meeting the schedule. Although this can place the CA in an
uncomfortable position, it is the CA’s responsibility to always give the owner an honest and
unbiased analysis of the situation.

Developing the Testing, Adjusting, and Balancing Schedule. 1t is the responsibility of the
TC to develop the testing, adjusting, and balancing (TAB) schedule. This will require the TC
to have a good understanding both of how realistic the construction schedule is and of the
timing of the completion of construction. After reviewing the construction schedule, the TAB
schedule should be developed and integrated into the construction schedule. It is important
that the schedule be reviewed and updated on a weekly basis with the contractors, construc-
tion manager, and owner.

Adequate time must be provided for the TAB work, after verification testing is completed
and before systems functional performance testing begins. Often, construction completion is
delayed, while the occupation date is not. The CA must keep the owner aware of construction
delays and how they will impact TAB and commissioning.

Developing the Commissioning Schedule. Once the TAB schedule has been finalized, the
TC must develop the commissioning schedule. This schedule will be based on the construction
completion schedule and the TAB schedule.
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Air and hydronic systems should be tested for functional performance after they are bal-
anced. If the occupancy of certain spaces is critical, the schedule should reflect that these
spaces are to be commissioned prior to those which are not as critical. Once the schedule is
developed, it should be given to the contractors, construction manager, CA, design profes-
sionals, and owner for their review and comment. After this review the schedule should be
finalized.

The schedule should be reviewed with the contractors, construction manager, CA, design
professionals, and owner and be updated by the TC on a weekly basis. As commissioning is in
process, construction omissions and design problems may be identified that will need to be
corrected before commissioning can continue. As with testing, adjusting, and balancing, it is
imperative that the CA keep the owner aware of any commissioning problems that may have
an adverse effect on the commissioning schedule and subsequent occupancy by the owner.

Performing Testing, Adjusting, and Balancing. Prior to beginning the testing, adjusting,
and balancing, the TC should develop the balancing logs, schematic one-line diagrams of the
systems to be balanced (if not already available), and balancing agendas for each system.
These should be prepared and presented to the CA for review prior to commencement of the
balancing.

During the CA’s on-site construction inspections, the CA looks for such items as missing
balancing dampers, improper sensor location, inaccessible terminal units, and any other items
that would impede balancing and testing. Deficiencies should be documented and transmit-
ted to the owner. Prior to commencing the TAB, a final pass should be made to ensure that
the systems are ready for balancing. The TC should have completed all related start-up pro-
cedures and verification tests, as approved by the CA. The TAB should then begin, following
the TAB schedule. If there are items which adversely affect the balance, the CA should imme-
diately advise the owner so resolution can be determined and TAB completed in a timely
manner.

Once TAB is complete, a rough draft of the final report should be prepared by the TC.
After commissioning is complete, any rebalancing that was required for commissioning
should be incorporated into the report, and the final report should be submitted to the CA for
approval.

Performing Commissioning Using the Verification and System Functional Performance
Testing Procedures. The actual commissioning of the systems should be performed by the
TC in association with technicians from the appropriate subcontractors. The CA should
observe final verification and system functional performance testing in association with tech-
nicians from the owner’s operations staff. Commissioning should follow the commissioning
schedule.

To minimize wasted time in trying to commission systems that aren’t ready for commis-
sioning, the construction documents should require that the TC pretest all components,
equipment, and systems prior to inviting the CA to witness the final tests, as follows. When
the contractor has completed installation of a system or piece of equipment (designated for
commissioning) per the construction documents, and the work is complete and functional, the
TC should perform commissioning in accordance with the approved procedures and work out
all discrepancies. Upon completion of successful verification or system functional perfor-
mance tests (FPTs), the TC should notify the owner in writing (a certificate of readiness let-
ter), through formal communications channels, that the systems are ready for witnessing and
approval by the CA. The CA and the owner’s operations personnel should observe the final
FPTs.

During final system functional performance testing, the TC should fill out the functional
test record sheets for approval by the CA. If the systems fail due to a correctable contractor
error or design error, the contractors and/or design professionals should implement appro-
priate corrections. Upon completion, systems should be retested.

Performing Final Job Documentation and Closeout. Once commissioning is complete, a
final report should be prepared by the TC that includes the final verification testing and sys-
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tems functional performance testing record sheets and lists any major unresolved discrepan-
cies. This report will be reviewed and approved by the CA.

Preparing the Final Report. Upon receipt of the final report prepared by the TC, the CA
prepares a final report to the owner explaining how the commissioning program evolved, the
problems encountered, the corrections made, problems not resolved, and the benefits gained
as a result of the commissioning program.

THE COMMISSIONING AUTHORITY DURING DESIGN

The commissioning authority can provide valuable input to the design professionals on the
owner’s behalf during the design phase. From a design perspective, a seasoned commissioning
authority will have firsthand experience relative to the pros and cons of most systems being
designed. Most of the commissioning authority’s perspective on the design is on how well the
system can be operated and maintained over its lifetime.

The commissioning authority should insist that all design criteria be properly documented.
This information will be necessary to develop the functional testing procedures. This docu-
mentation will be reviewed with the design professionals and the owner so that the owner
knows the design limitations at the beginning of the project rather than discovering them dur-
ing the commissioning process. This understanding can allow the owner to make budget deci-
sions with better knowledge of the consequences.

The commissioning authority will typically stress simplicity in design. This can help pre-
vent overdesign and guard the owner from purchasing additional sophistication which is not
necessary or not likely to be used by the operations staff.

The commissioning authority’s review of the design drawings and construction documents
before bidding will provide valuable feedback as to how clear the documents are and how
well they will be interpreted by contractors. This review can identify areas that, if not modi-
fied prior to bidding, may result in additional clarification and possible change orders after
the project is under way.

The input of the commissioning authority during any value engineering process can help
keep that process from becoming strictly a cost-cutting process. For example, eliminating such
items as balancing valves and as-built drawings is inappropriate.

SELECTING A COMMISSIONING AUTHORITY

Criteria

The commissioning authority is becoming a major player in the overall process of design and
construction. In fact, that role is becoming every bit as important as that of a specialist doing
a constructability review during design, or of a construction manager assisting with project
management during construction. Therefore, selection of a fully qualified commissioning
authority is critical to the success of the commissioning process, and considerable care should
be taken by the owner to ensure that a good selection is made.

The first step is to decide what activities the commissioning authority is expected to partici-
pate in. This is a function of the qualifications of the owner’s staff to review design documents
and to participate during construction. It is also a function of the amount of money the owner
can allocate to the commissioning process.

If the owner has experienced staff capable of effectively reviewing the design, it may not
be necessary to engage the commissioning authority until construction begins. However, the
latest practical time to engage the commissioning authority is shortly before the construction
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contract is awarded so the commissioning authority can be involved with review of schedules,
submittals, and testing programs to be developed by the contractor.

The criteria for a good commissioning authority are heavily weighted toward extensive
field experience with the installation, testing, and operation of mechanical and electrical
equipment and systems. High in the experience priorities is experience with testing and com-
missioning life-safety systems, environmental control systems, and HVAC systems. In fact, if
funding is extremely limited, the two systems that should be commissioned, above all others,
are life-safety and environmental control systems. So doing will lead to discovery of compo-
nents in other systems which may not be operating correctly, even though the life-safety and
environmental control systems are operating properly.

Request for Qualifications

Once the scope of the commissioning program has been developed, the owner can determine
what kind of skills and experience will be required to carry it out. This leads to development
of a request for qualifications (RFQ) to be placed as an advertisement in the appropriate local
or regional media—for example, a daily journal of commerce or newspaper, or a trade jour-
nal such as the Engineering News Record, if no other appropriate medium is available. How-
ever, one should shy away from the national media; a more local or regional firm is preferable
if available and qualified.

It is important that the RFQ clearly indicate the minimum qualifications which will be
acceptable for the project. It is important to identify the nature of the construction project to
be commissioned. It is also important to indicate the types of systems to be commissioned.
This gives respondents a sense of the kinds of skills and expertise required to commission the
building. A well-written RFQ will not only encourage qualified firms to apply, it will also
serve to discourage unqualified firms from applying.

In addition, there are several specific items which should be required in the submittals
from respondents:

. History of the company

. Commissioning expertise and capability

Commissioning experience during the past 5 years on projects of similar size and type
Resumes of personnel to be assigned to the project, with project responsibilities

. Special attention to the on-site commissioning project manager

SN AW N R

. References for projects of similar size and type

Further, the advertisement should state that finalists to be interviewed will be required to
present comprehensive evidence of a prior similar commissioning project: commissioning
schedules, component and equipment verification testing procedures, system functional per-
formance testing procedures, and final documentation of all tests. This will discourage
unqualified firms from applying since they will not be able to meet the interview require-
ments.

Selection Process

At the same time the RFQ is being prepared, one should also prepare a selection evaluation
form. This evaluation form can be used both in the original screening of submittals and dur-
ing the interviews of the finalists. In order to be objective, it is best to develop this evaluation
form before the submittals are received.

There are several important considerations which warrant specific comment:

1. This is a request for qualifications (RFQ) and does not ask for cost proposals. The com-
missioning contract should be negotiated with the selected firm, at which point the scope
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of commissioning work and the commissioning services contract cost will be finalized. If
the commissioning authority is engaged late in the construction documents design phase of
the project, or later, a single-phased commissioning services contract can be negotiated.
However, if the commissioning authority is selected and engaged during the programming
or schematic design phases of the project, it will be necessary to first negotiate a commis-
sioning services contract for the design phases only; later, after all systems have been
designed and the true scope of the commissioning program can be defined, negotiate a
commissioning services contract for the construction phase of the project.

2. It is important to identify the firm’s experience in the commissioning field. Specifically, it
is important to know of successful commissioning projects of similar type and complexity.

3. Itis important that the firm identify the project manager who will be the on-site person in
charge of the commissioning program for your project. Experience has shown that the per-
son assigned to lead the project in the field is the key to the success of the work to be done.
The project manager’s background and references must be provided for evaluation.

4. The firm should also indicate anyone else who will be involved, on which aspects of the
project, and their prior relevant experience.

One must be cautious about what is purported to be commissioning experience. Testing,
adjusting, and balancing (TAB) firms may suggest they do commissioning. TAB work is not
commissioning. Commissioning includes TAB work, but goes beyond the average TAB firm’s
experience.

Consulting engineering firms will likely apply, claiming that they do final inspections,
punch out buildings, and do start-up—and, therefore, commissioning. Although most design
firms follow their projects completely through the construction process to acceptance, not
many have experienced, full-time, field commissioning engineers on staff. To be acceptable,
commissioning must be identified in the firm’s organization as a principal business enterprise
of the firm, headed by a principal in the firm.

And one last critical issue that must be considered—should one of the consulting firms or
contractors already associated with the project be considered to be the commissioning
authority? The preferred answer is no. The commissioning process should be viewed as the
major quality-control element of the project. One has to be concerned as to whether the
design professionals will be completely objective about problems discovered, particularly if
they are found to be design problems. Similar lack of objectivity can occur with a contractor’s
work. Therefore, it is best that the commissioning authority be an independent, third-party
participant which has no emotional or economic tie to the project (other than the commis-
sioning fee). Complete unfettered allegiance must be to the owner.

The interview process is important. One should learn a great deal about each firm’s commis-
sioning experience and the different perspectives represented by the firms. One can also get
a sense of the firm’s culture, which can be important in relation to the project, design profes-
sionals, and contractors associated with it. The commissioning authority must be fully
accepted by all other participants.

Itis recommended that no more than four firms be interviewed and that all interviews take
place on the same day. This tends to ensure that all interview team members will be available
for all of the interviews, and that important points will not be forgotten over a period of sev-
eral intervening days between interviews.

Selection of the interview team is important. Since few commercial owners or institutions
have completely similar capital improvement program management structures, it is difficult
to make precise suggestions. However, a general philosophy suggests that team members
should include the owner’s project manager, a representative of the maintenance and opera-
tions staff, a representative of the client (end user), and a representative of the design profes-
sionals.
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The client should participate for two reasons: First, since it is difficult to explain to the
client what all is involved with commissioning and its importance to the successful completion
of the project, the client stands to gain considerable education through the interview process.
Second, it is important for the client to have confidence that the best selection was made. The
same philosophy would apply in regard to the maintenance and operations representative.

If the design professionals have already been engaged by the owner, they should partici-
pate in the interview and selection process because they will be working closely with the CA
and must be able to establish a good working rapport and have confidence in the observations
and recommendations of the CA.

Negotiation—Scope and Cost

The selected commissioning authority is then asked to prepare a commissioning program pro-
posal. The proposal should be prepared in detail so the merit of doing or not doing various
components of the program can be discussed. Ideally, the entire building, including all sys-
tems, should be commissioned. However, available funding may dictate a curtailed scope
involving only the most critical systems.

THE COST OF COMMISSIONING

Experience has proven time and again that the cost of commissioning is less than the cost of
not commissioning. Thus, one of the major benefits of commissioning is avoidance of the costs
of not commissioning. The costs of not commissioning may exceed 20 percent of the con-
struction costs of the uncommissioned systems when a broad view is considered. Several stud-
ies have been done that support this comment; one example follows later in this discussion.
In the early programming or design stages of a project it is not possible to estimate the
costs of commissioning. However, for initial budgeting purposes, before detailed proposals
can be developed, a reasonable approach is to budget between 2 and 3 percent of the mechan-
ical system construction cost, plus between 1 and 2 percent of the electrical system construc-
tion cost. Factors affecting the magnitude of the cost include the type and complexity of the
systems involved. If the building is considered to be very high-tech, then budget on the high
side of the percentages. Also, take into account the amount of equipment to be specified in
Divisions 2 through 14 of the construction documents. If there are likely to be commissioning
requirements as a result of these divisions, again budget on the high side of the percentages.

Benefits: Avoiding the Costs of Not Commissioning

By understanding the costs of not commissioning, one can gain a measure of the benefits of
commissioning. The costs of not commissioning are the expenses that owners incur to correct
design and construction deficiencies in order to make new or renovated facilities work as they
were intended. The costs of not commissioning include staff time to correct problems, addi-
tional or replacement equipment or materials, lost time and productivity of the occupants,
health and safety impacts, excess energy costs, impacts on central plant utilities, legal fees, and
the intangible “hassle factor.”

At the 1993 National Conference on Building Commissioning in Sacramento, a British
Columbia Buildings Corporation (BCBC) representative cited estimates of the costs of not
commissioning mechanical systems from a study done in 1989. The study drew information
from five BCBC buildings which were described as “not problem buildings,” but which were
not commissioned. Mechanical construction costs averaged $10 per square foot.

The study attributes to building commissioning a $0.05 per square foot improvement in
operations, a 5 to 10 percent reduction in energy consumption, and a cost of 0.75 percent of
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the original mechanical construction cost to make corrections after the fact. They concluded
that the operation and maintenance costs of not commissioning ranged between $0.45 and
$0.75 per square foot for the first 3 years of operation. So the cost of not commissioning
these five buildings during the first 3 years amounted to 4.5 to 7.5 percent of the mechanical
costs.

The presenter went further to estimate the costs of not commissioning related to the occu-
pants, and indicated that occupant dissatisfaction with environmental conditions in their work
spaces results in decreased productivity. At an annual payroll cost of only $200 per square
foot of occupied space, if every fifth employee spent 30 min of work time per month on such
activities (gripe sessions, letters of complaint, meetings, investigations, etc.), the resulting cost
would be $0.13 per square foot per year. Using the same payroll costs, increased absenteeism
(every fifth employee takes an extra 2 days off per year) may cost an additional $0.33 per
square foot per year. Over 3 years, these lost productivity figures may total as much as $1.38
per square foot, or 13.8 percent of the original mechanical contract.

When the occupant impacts are added to the operations and maintenance costs, the total
is $2.13 per square foot, or 21.3 percent of the mechanical construction cost. Even if the real
costs are only one-quarter of the estimates, they still show the substantial magnitude of the
costs of not commissioning.

In addition to the preceding, there are also significant intangible costs involved in not com-
missioning. What does one say when the president of a major client or occupant calls, exas-
perated with the endless series of failures in a newly occupied facility? How does one explain
the departure of a leading faculty member who can no longer tolerate the interruptions to
research that result from building systems failures? How does one counteract the bad press
that results from lingering indoor air quality complaints in a new building?

Commissioning Approaches Comparison

The commissioning approach selected has an impact on the costs. The following are five com-
missioning scenarios:

1. All commissioning functions performed by an independent third party (independent com-
missioning authority)

2. All commissioning functions performed by the design team (designer as commissioning
authority)

3. All commissioning functions performed by the contractor (contractor as commissioning
authority)

4. All commissioning functions performed by the owner (owner as commissioning authority)

5. Commissioning functions split between an independent commissioning authority, the
design team, the contractor, and the owner (integrated commissioning)

Independent Commissioning Authority. The cost of the independent commissioning
authority approach for the mechanical systems is about 2 to 3 percent of the mechanical con-
struction costs. Commissioning electrical systems costs about 1 to 2 percent of the electrical
construction contract amount. Costs for commissioning other systems, such as elevators or
laboratory equipment, are likely to be similar to those for the electrical system. Mechanical
systems cost more to commission because there are more dynamic functions to commission
than with other systems.

Duplication of effort and negotiated (instead of competitively bid) commissioning services
agreements make the independent commissioning authority the highest-cost approach. How-
ever, this is also the method with the lowest potential for conflict of interest.

The downside of the independent commissioning authority is the potential for delay. Due
to the need to keep the site activities of the commissioning authority and the contractor from
interfering with each other, much of the commissioning testing that will discover problems
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will not occur until after the contractor has completed installation and demobilized. Correc-
tions take longer when subcontractors are called back after they have left the site.

Designer as Commissioning Authority. The designer as commissioning authority approach
may cost less than employing an independent commissioning authority. The anticipated cost
saving accrues from the design professional’s knowledge of the design.

However, there are two factors that make this a less desirable option. As with the inde-
pendent commissioning authority, the designer as commissioning authority approach suffers
the liability of high potential for delays, for the same reasons. However, the most critical issue
is the potential for conflict of interest. Remember that commissioning must subject the design
to the same scrutiny as the construction. The designer is not in a good position for this task.
The same reason the designer is a less expensive commissioning authority is also the reason
the designer is less likely to be objective in evaluating the design.

Contractor as Commissioning Authority. The contractor as commissioning authority
approach minimizes project delays by integrating commissioning tasks into the construction
schedule. Commissioning costs are among the lowest when the contractor is the commission-
ing authority because the costs are determined in a competitive bid environment. A low bid,
unfortunately, does not always result in high quality.

Like the designer as commissioning authority method, the contractor as commissioning
authority approach suffers a high potential for conflict of interest. For the contractor, the
obvious conflict is that correction of construction problems is an added cost. These costs cut
into the contractor’s profit margin. Further, in a bid project, the contractor is not available to
perform commissioning tasks during design, making this option inappropriate for bid work.
The contractor as commissioning authority option appears desirable at first glance due to the
low cost and low potential for delay. But there is little difference between this method and the
status quo; therefore, it is not recommended.

Owner as Commissioning Authority. 1f the owner has a sufficiently sophisticated staff, the
owner may perform all commissioning services. This may be the lowest-cost option because
there are no markups on the staff’s time. Also, the staff retains all the expertise gained during
commissioning, and there is no conflict of interest. In fact, there is probably no one with a
greater interest in seeing that systems are designed and operating properly and are maintain-
able than the people who operate and maintain them. Most owners, however, lack the staff to
provide their own commissioning services. This method may also suffer from project delays
for the same reason as with the independent commissioning authority approach.

Integrated Commissioning. The last approach to be considered for this discussion is the
integrated approach. The combination of players and tasks developed for integrated commis-
sioning is intended to utilize the strengths of each player while keeping costs low and mini-
mizing delays and conflicts of interest. All players are responsible for the commissioning
functions they are best qualified to perform.

The design professionals and the commissioning authority work together during design to
establish the scope of commissioning and to specify the tests to be performed. The commis-
sioning authority also provides review of the design.

The contractor (via the testing contractor) assembles documentation; conducts training;
and coordinates, schedules, and performs commissioning testing. Construction corrections
and delays are the contractor’s responsibility. But the commissioning authority is there to ver-
ify the results of tests and help identify solutions, as needed.

When contractors begin to understand the benefits they reap from integrated building
commissioning, their bids will reflect the difference. Commissioning produces cost savings for
the contractor due to several factors: improved on-site efficiency, most deficiencies discov-
ered early and corrected early, fewer deficiencies to resolve at substantial completion, and
fewer hidden deficiencies discovered after demobilization.

The contractor’s on-site efficiency improves because the commissioning process refines
the scheduling of subcontractors’ work. Previously, the general contractor had to deal with
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anxious subcontractors, each demanding priority for their work. The commissioning process
imposes a logical flow to many aspects of the work, ensuring that the requisites for each sub-
sequent stage of work are scheduled in a timely fashion.

The contractor’s costs decrease due to a reduction of the deficiencies at substantial com-
pletion. Subcontractors tend to be more careful in the completion of their work when they
know a process is in place to discover deficiencies. Of the deficiencies that do remain, most
are discovered during verification testing and system functional performance testing, while
the subcontractors are still on-site.

The contractor’s costs also decrease due to a reduction in the number of deficiencies dis-
covered after the contractor has left the site. Deficiencies which would previously have
remained hidden after the contractor had demobilized will, instead, be corrected prior to sub-
stantial completion.

It can be seen that contractor cost savings may well exceed the additional costs incurred
by participating in commissioning. Unfortunately, in the short term, owners are likely to see
higher bids as contractors bid the commissioning work conservatively, with ample margins of
safety built in. As the relative magnitude of the contractor’s costs and benefits associated
with commissioning become better understood by contractors, their bids will reflect the cost
benefit.

In this scenario, the independent commissioning authority can be replaced by the owner’s
staff, if such expertise is available in-house. In addition to the other advantages of integrated
commissioning, if the owner serves as the commissioning authority, the owner retains the sys-
tems expertise gained during commissioning. In the long run, integrated commissioning with
the owner performing the tasks of the commissioning authority is likely to be the optimum
approach to building commissioning.

The BCBC representative cited the following mechanical systems commissioning cost esti-
mates at the 1993 National Conference on Building Commissioning. The figures are based on
an approach in which an independent commissioning authority, the designers, and the con-
tractor share responsibility for mechanical systems commissioning. In many respects the
BCBC approach to building commissioning is similar to the integrated commissioning
method.

Based on a mechanical construction cost of $10 per square foot, the study estimates the
following range of costs per square foot:

Extra designer time $0.025 to $0.010
Commissioning authority ~ $0.100 to $0.300
Owner’s operations staff ~ $0.025 to $0.200

These costs total $0.15 to $0.60 per square foot, which is 1.5 to 6.0 percent of the mechan-
ical construction costs. This compares with the study’s previously cited estimates of the costs
of not commissioning of 4.5 to 7.5 percent of the mechanical construction costs, not including
occupant impacts.

Relative Cost Comparison

Table 3.1 summarizes the merit of the five methods of performing commissioning. The
designer or contractor as commissioning authority approaches are not recommended due to
the high potential for conflicts of interest. If the owner has staff expertise to carry the function
of commissioning authority in-house, the owner as commissioning authority option is accept-
able. The independent commissioning authority approach is also acceptable, especially if
commissioning was not initiated during design.
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The optimum approach is integrated commissioning. Costs are reasonable. The potential
for conflicts of interest is low. The risk of project delay is low. Integrated commissioning is at
its best if the owner can perform the duties of the commissioning authority in order to retain
the expertise gained in the commissioning process.

TABLE 3.1 Comparison of Commissioning Methods

Commissioner Cost Contflict Delay
Designer High High High
Contractor Low Highest Lowest
Independent agent Highest Low High
Owner Low Lowest High
Integrated commissioning Low Low Low

Budgeting for the Commissioning Program

Conclusion

There is little agreement on how best to establish an initial budget for the commissioning pro-
gram. This is due, in large part, to the fact that when initial construction budgets are estab-
lished, the complexity of the systems, and hence the commissioning requirements, are not
known. One university in the Pacific Northwest, which has done extensive commissioning of
a number of new science buildings, has had good success with the following rule of thumb:
Use 1 to 2 percent of the estimated construction cost for the electrical work, and 2 to 3 per-
cent of the estimated construction cost for the mechanical work; add them together, and that
becomes a reasonable order-of-magnitude amount to budget for the commissioning pro-
gram. If the building will be highly sophisticated for its type of construction and utilization,
move toward the higher percentages. If the sophistication is nominal, move toward the lower
percentages. Although not directly taken into account via this process, don’t forget that there
will likely be some equipment to be commissioned that is specified in divisions other than 15
and 16. Informal consideration of the likelihood of commissioning requirements for some of
this equipment may lead to staying with the higher percentages to allow for these additional
commissioning requirements.

In conclusion, the costs of not commissioning exceed the costs of commissioning. Commis-
sioning costs are best estimated based on the construction costs of the commissioned systems:
2 to 3 percent of mechanical construction costs and 1 to 2 percent of other systems costs. The
cost of commissioning depends on the commissioning approach used. Integrated commis-
sioning offers an optimal mix of low cost, low potential for conflicts of interest, and low
potential for project delay.

There are significant intangible costs involved in not commissioning. Can anyone afford
the embarrassment and political costs of not commissioning new facilities? Can anyone
afford to embarrass a company president or a department chair with an endless series of fail-
ures in a new facility that he or she has helped to fund? Can anyone afford to lose a leading
faculty member because he or she can no longer tolerate the interruptions to their research
that result from building systems failures? Can anyone afford the bad press that results from
lingering indoor air quality complaints in a new building?

By not commissioning new facilities there is risk of creating situations which call into
question the stewardship of the physical plants. Ensuring that new facilities work as they
were intended is a requirement of responsible physical plant construction and administra-
tion. Building commissioning is the key to delivering facilities that function as intended and
meet the client’s needs.
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Demand Level of power supplied from the electric system during a specific period of time.

Demand-side management (DSM) Measures taken by a utility to influence the level or tim-
ing of a customer’s energy demand. By optimizing the use of existing utility assets, DSM pro-
grams enable utilities to defer expenditures for adding new generating capacity.

Harmonic distortion Continuous distortion of the normal sine wave, occurring at frequen-
cies between 60 Hz and 3 kHz.

Linear load A predictable nonprocess energy load that has a profile that changes with time
and condition.

Noise Continuous distortion of the normal sine wave occurring at frequencies above 5 kHz,
usually of constant duration.

Nonlinear load A load profile composed of process and cyclic loads that may have a broad
swing in energy and demand requirements.

Off-peak Hours during the day or night when utility system loading is low.

On-peak Period during the day when the energy provider (utility) experiences the highest
demand.

3.25
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Power factor The fraction of power actually used by a customer’s electric equipment, com-
pared to the total apparent power supplied; usually expressed as a percentage. Applies only to
ac circuits; dc circuits always exhibit a power factor of 100 percent.

Sag A decrease in voltage up to 20 percent below the normal voltage, lasting less than 2.5 s.
Also called undervoltage. Can result in memory loss, data errors, flickering lights, and equip-
ment shutdown.

Silicon-controlled rectifiers (SCRs) A control system utilized to control speed by modifying
the sine wave profile of power to variable-speed ac motors.

Spike A sharp, sudden increase in voltage of up to several thousand volts lasting less than
0.001 s. Can cause catastrophic memory loss or equipment damage.

Surge An increase in voltage up to 20 percent above the normal voltage, lasting less than 2.5
s. Also called overvoltage. Can result in memory loss, data errors, flickering lights, and equip-
ment shutdown.

Total harmonic distortion (THD) Term used to quantify distortion as a percentage of the
fundamental (pure sine) of voltage and current waveforms.

Uninterruptible power supply (UPS) A system consisting of a rectifier/charger, a battery
bank, a static inverter and a bypass switch, used to protect against short-term service inter-
ruptions and outside power disturbances.

INTRODUCTION

Electric system management is the process through which a facility management team
ensures that a plant or building receives a sufficient, reliable supply of power at the level of
quality required. This process also involves seeking to obtain that power at the lowest possi-
ble cost for the required class of service.

Until recently the main objective of electric system management was to guarantee unin-
terrupted operation of a facility’s lighting, process, and environmental [heating, ventilating,
and air conditioning (HVAC)] systems. This “lights on, motors turn” approach originated dur-
ing the late nineteenth and early twentieth centuries, when energy consumption was domi-
nated by linear loads. In recent years, however, nonlinear loads such as variable-speed motors,
programmable logic controllers, and other electronic equipment have proliferated. Compared
with linear loads, these nonlinear loads are much more sensitive to overvoltage, undervoltage,
and other disturbances that have always existed on the utility power line. Such routine distur-
bances can cause problems ranging from minor equipment malfunctions to costly system
shutdowns and damage to equipment. In addition, nonlinear devices can create their own
power disturbances, which in turn cause problems in other parts of the facility and may feed
back onto the utility distribution system.

The increased reliance on nonlinear loads has added new objectives to electric system
management. While the guaranteed supply of power remains critical, issues of reliability and
power quality are becoming paramount, and capacity requirements have increased. In addi-
tion, the need continues to control energy use and costs to remain competitive. In the face of
these challenges, plant managers must seek to identify their facility’s risk of experiencing reli-
ability and power quality problems and assess the economic impact of problems that might
occur. Then, working with a utility or consulting engineers, managers can design and imple-
ment a cost-effective risk management program.

This chapter gives an overview of the reliability and power quality issues involved in elec-
tric system management, and describes available remedies to power quality problems. In
addition, it discusses utility rate structures, as well as demand-side management programs and
other strategies for reducing or controlling energy use and/or demand.
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RECENT DEVELOPMENTS*

Current upheavals in the electric utility industry have resulted in sharp price increases and
unscheduled outages in many areas of the United States. The plant engineer can best deal with
these problems with a thorough review of the parameters described in this chapter and by
working closely with the local utility. Alternative and emergency power sources now warrant
increased investigation. Inputs from established electric power consultants at this time would
be particularly prudent to coordinate long-range planning.

RELIABILITY

Quantity

A reliable power supply is one that delivers electricity sufficient to serve a facility’s load at the
grade of power quality desired, and one that provides for enough power during curtailment or
other emergency conditions to ensure the safety of personnel and protection of critical
processes and process equipment.

To determine if a facility’s electric service is sufficient for the load being supplied, it is neces-
sary for plant managers to conduct a facility load profile. The profile will provide the man-
agement team with a thorough understanding of how a facility’s electricity consumption
varies hourly, daily, and seasonally.

One way to identify electricity consumption patterns is through analysis of a facility’s
demand chart. Electric utilities usually maintain records on kW (or kVA) demand in 15- or
30-min intervals to permit identification of and subsequent billing for the peak demand estab-
lished during the billing period. Alternatively, the utility’s metering system may incorporate
electronic pulse recording that transmits and records similar information on magnetic tape.
These data may be retrieved and used to compile a demand chart. If no utility records of cus-
tomer demand are available, the utility should be asked to install demand recording instru-
mentation so load patterns can be analyzed.

Service voltages should also be examined to determine if voltage control measures are
required. Table 3.2 shows national voltage standards set by the American National Standards
Institute (ANSI) Guideline C84.1 for electrically operated equipment. In practice the voltage
delivered to service entrances can vary, but most major utilities adhere to minimum and max-
imum voltage standards that are well within the ANSI standards.

* Contributed by the editor-in-chief.

TABLE 3.2 Customer Service Voltages

ANSI C84.1 minimum PG&E’s minimum PG&E’s maximum
Nominal service voltage utilization voltage* service voltage service voltage
120 108 114 126
208 187 197 218
240 216 228 252
277 249 263 291
480 432 456 504

* American National Standard Institute’s C84.1 shown for customer information only. The utility has no control over
voltage drop in customer wiring.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



ELECTRIC SYSTEMS MANAGEMENT

3.28 MANAGING THE FACILITY

Quality

In terms of power quality, conventional utility service “to the fence” is not (nor has it ever
been) 100 percent reliable. For some utility customers willing to pay a premium, the power
supply may be made nearer to 100 percent reliable. Even at this higher level of service it may
be necessary for some users to provide an in-house power conditioning system. (A more
detailed discussion of power quality and power conditioning appears below.)

Performing routine maintenance procedures on process equipment on a regular basis will
also help ensure improved reliability. See Sec. 5, “Basic Maintenance Technology.”

Despite the use of diagnostic and preventive measures by plant management, unexpected
power outages and other failures do occur. In such instances, a well-managed plant electric
system provides emergency power—enough to permit an orderly shutdown of equipment.
Backup power may be supplied by diesel generators or a device known as an uninterruptible
power supply (UPS), described below in “Correcting Power Quality Problems.” In a growing
number of facilities it may be economically feasible to provide on-site power generation
through a cogeneration system. Cogeneration systems utilize waste or purchased fuels to gen-
erate power and recover waste heat, which then can be used to produce process heat in the
form of steam, hot water, or hot air. Determining the potential benefits, both tangible and
intangible, of a cogeneration system requires an in-depth analysis of all aspects of a facility’s
energy needs.

POWER QUALITY

Sources of Power Quality Problems

Even though today’s utilities use advanced hardware and software at their substations and on
their distribution systems, power disturbances occur. These irregularities can result from
transmission or distribution system switching faults on the utility distribution system, light-
ning strikes, simultaneous operation of equipment (either within the plant or by customers
nearby) or other causes. In many cases the disturbances can be traced to wiring and ground-
ing problems within the plant itself. Common disturbances are outages, under- or overvolt-
ages, spikes, sags or surges, or noise. (See Fig. 3.1.) These disturbances can range in duration
from sustained outages lasting several hours to surges lasting only a few microseconds and
undiscernible to plant operators.

The introduction of harmonic distortion to a system may take many forms. Determining
acceptable levels of total harmonic distortion (THD) may require input from equipment
manufacturers as well as engineering expertise. Inattention to THD in a sensitive circuit can
lead to chasing phantoms.

Older electrical equipment such as motors, solenoids, and electromechanical controls are
largely unaffected by disturbances of short duration. However, solid-state electronic equip-
ment is far more susceptible to a wide range of disturbances. This vulnerability stems from the
way an electronic device consumes the alternating-current (ac) power supplied to it—“chop-
ping” it into the low-voltage, high-speed power it needs for digital processing. Problems arise
when the alternating-current (ac) sine wave in the power supply deviates from its normal
“clean” waveshape. When the sine wave becomes distorted, or “dirty,” electronic devices are
unable to convert ac power to direct-current (dc) power. As a result, they can experience
interruption, data errors, memory loss, and even shutdown; in some cases the device may sus-
tain damage.

Moreover, because of the way they draw current, electronic devices can actually create their
own power disturbances (in the form of harmonic distortion, impulses, and voltage loss), and
introduce these disturbances to the power distribution system—within a facility and on the
utility line.
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Monitoring Power Quality

When power quality problems are suspected, the plant manager should initiate a power qual-
ity survey of the plant to determine whether equipment troubles are attributable to utility
operations or to conditions within the facility. The survey should include a thorough inspec-
tion, including an infrared scan, of the site’s electric system, including wiring and connections,
grounding, equipment closets and utility rooms, transformers and power conditioning equip-
ment, and main and subbreaker panels. It is advisable to monitor at multiple locations, includ-
ing the problem locations, such as transformers, service entrance, and any other suspect areas.
Monitoring can be conducted by either qualified in-house staff or with the assistance of util-
ity personnel or consulting engineers.

Before monitoring begins, plant managers should establish acceptable limits for sensitive
equipment. Some standard thresholds recommended by Basic Measuring Instruments of Fos-
ter City, Calif., are shown below. These may be modified according to the sensitivity of equip-
ment at the site.

¢ Frequency tolerance: 0.1 Hz

¢ Swell voltage: 5 to 10 percent above nominal

e Sag voltage: 10 to 15 percent below nominal

¢ Impulse: two times nominal voltage

¢ Neutral-to-ground voltage:2to 5V

¢ Neutral-to-ground impulse: one times nominal voltage
¢ High-frequency noise: 5V

¢ Radio-frequency interference: 3 V/m

e Temperature: high and low temperatures depend on application; rate of change should not
exceed 10°F (5°C) per hour.

¢ Humidity: high—70 percent relative humidity; low—30 to 40 percent relative humidity; rate
of change should not exceed 20 percent relative humidity per hour

Figure 3.2 shows a checklist to follow in analyzing power quality problems.

Correcting Power Quality Problems

There are several types of remedies available to protect solid-state, power-sensitive equip-
ment from power disturbances; most are simple and inexpensive.* In addition, disturbances
can be prevented altogether by conditioning the power supply to smooth out the sine wave-
shape. Because power conditioning equipment is costly, it is best suited only for those appli-
cations requiring the highest grade of power.

Wiring and Grounding. According to the Electric Power Research Institute, approximately
80 percent of power quality problems at commercial and industrial facilities can be traced to
problems within the facilities—improper grounding, inadequate wiring, loose connections,
and the accumulation of dust and dirt from poor maintenance practices. The importance of a
good, low-resistance ground cannot be overemphasized, especially since solid-state systems
depend on the grounding for a reference to operate by and for dissipating stray power that
could cause damage if left on the circuit. Adequate wiring and proper grounding are the
lowest-cost prevention and cure for power quality problems.

In addition, care should be taken to ensure proper sizing of in-house transformers and con-
ductors that supply power to silicon controlled rectifiers (SCRs). It is imperative that the cir-
cuit supplying an SCR be sized according to the manufacturer’s recommendations and those

* The following material is based on “Power Quality in Your Business,” Pacific Gas & Electric Co., San Francisco.
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FIGURE 3.2 Power problem flowchart.

of NEC and IEEE. SCRs have a potential to severely affect the total harmonic distortion of a
power system. Utilization of isolation transformers may be necessary to prevent export of dis-
tortion throughout the facility.

Dedicated Circuits. Most power disturbances in the form of noise (distortions at frequen-
cies above 5 kHz) are generated within the plant itself. As a result, an effective method of pro-
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tecting critical or highly sensitive equipment is to locate the equipment on its own isolated cir-
cuit to protect it from power disturbances caused by other equipment in proximity. Dedicated
circuits also prevent a circuit from being overloaded by tying it directly to the power source
and by restricting access to it.

Spike Suppressors. Spike suppressors reduce the amplitude of voltage spikes to safe levels
and can eliminate many sudden changes in voltage. They are the simplest and least expensive
protective devices; however, their capability depends on the quality of the suppressor pur-
chased. Attention should be given to the specific nomenclature of a unit prior to installation.
The attenuation ability of some units is minimal. Some suppressors feature a diagnostic light
to indicate the device has been hit by a spike but is still working.

Isolation Transformers. Isolation transformers filter out electrical noise and distortion
from other on-site equipment or incoming power. They cannot, however, protect against other
types of disturbances such as spikes and surges.

Voltage Regulators. Voltage regulators maintain a relatively constant voltage by protecting
against surges and sags through mechanical or electronic means. This option is more costly
than those listed above, but is at the midpoint of the cost spectrum for power enhancement
devices.

Uninterruptible Power Supply. A UPS protects against short-term power interruptions and
outside power disturbances. UPS systems typically consist of a rectifier/charger, a battery
bank, a static inverter and an automatic or manual bypass switch. DC power is supplied to the
inverter by the rectifier or batteries and converted to ac power, which is then fed to the pro-
tected equipment.

There are two types of UPS designs. An on-line UPS is continually fed the supply power
and produces clean output. It offers protection against all power quality problems, including
momentary outages. Protection against sustained outages is limited to the size of the battery
bank. An on-line UPS typically has the capability to switch to the ac power source if some ele-
ment of the UPS fails.

In an off-line UPS, electric supply power is connected directly to the load; the UPS is uti-
lized only during ac power source interruptions. It alerts the user that supply power failure has
occurred and that the load is now on battery power, which will last from about 5 to 15 min. The
off-line UPS design does not protect against transients, sags, swells, or other abnormalities,
though some models have integrated a few on-line power conditioning features that operate
when the unit is engaged on-line. Off-line UPSs are best suited for small loads (up to 1.5 kVA)
that can tolerate the milliseconds of switching time required when the power supply is inter-
rupted.

Electric Motor-Generators (MG Set). An MG set uses a motor driven by incoming utility
power to spin an ac or dc generator that, in turn, produces electric power for the protected
load. As a result, the protected load is electrically isolated from the incoming utility supply. An
MG set has the capability to ride through momentaries; during sags it provides buffering to
prevent transients from occurring on its output.

If equipped for both ac and dc generation, an MG set also can charge batteries for a UPS
that supplies power during an outage for the duration of the battery charge—generally long
enough to allow an orderly shutdown of a facility’s computer or processing systems. MG sets
are less energy-efficient and more expensive than voltage regulators, and require mainte-
nance; however, they provide more complete protection.

UPS with Diesel Generator. These systems combine an on-line UPS with backup genera-
tion to deliver a full, clean power supply during extended power outages. A battery bank
keeps computers and processes in operation until the generator comes on-line.
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Static Automatic Transfer Switches. Static automatic transfer switches provide an alterna-
tive to full UPS protection if a facility is served by two synchronized utility power feeds. When
the power supply to one feed is interrupted, the load is automatically transferred to the sec-
ond power feed without affecting equipment.

Managing Risk

The majority of power quality problems can be corrected or avoided by implementing simple
measures. Good risk management entails spending only as much as required to avoid cata-
strophic losses of data and/or equipment. In most instances, expensive power-conditioning
equipment is unnecessary; basic mitigation measures (e.g., rewiring or reconfiguring ground-
ing) will suffice.

As knowledge of power quality issues grows, educational opportunities for facility man-
agement teams are increasing. Many utilities, industry associations, and universities offer cur-
ricula designed to assist participants in diagnosing power problems and identifying practical,
cost-effective solutions.

UTILITY RATE STRUCTURES

Utility rate structures form the basis for utility compensation for energy and demand capac-
ity delivered. Knowledge of available options and their corresponding rate schedules is fun-
damental to developing a good managerial strategy. This section describes basic concepts and
terms related to utility rate design and outlines some strategies for controlling consumption
and reducing costs.

Utility rate structures are typically complex contracts individually tailored to each utility’s
load profile, power generating methods, fuel, and energy sources. Rates are also influenced by
the distance between the utility’s generating plants and the user, which affects power trans-
mission costs. Because it is impossible to define a general rate schedule, the responsibility
rests with the plant manager to become familiar with the rate structures of the electric utility
serving each facility. Utility representatives will assist plant staff in interpreting rate sched-
ules.

Energy and Demand Charges

Electric utility rates have two main components: energy charges and demand charges. Energy
charges are based on the amount of energy consumed, measured in kilowatthours (kWh), dur-
ing the billing period. Demand charges are based on the customer’s maximum demand, meas-
ured in kilowatts (kW), during a specified period, usually monthly or during specific intervals
when a utility experiences its highest demand (peak demand). Demand charges are designed
to compensate a utility for capital and operating expenditures required to meet customer
demand. The kW demand is defined as the average rate of energy draw from the utility sys-
tem during a specified time segment—usually 15 or 30 min.

Demand charges also vary by season. Most utilities experience peak demand during the
summer months, when air-conditioning use is highest. Other utilities experience peak demand
in the winter months, when electric heating is the dominant load. In an effort to impose uni-
formity of loads throughout the year, utilities may also assess a demand penalty. For example,
a summer-peaking utility may apply the demand charge established during the summer
(period A) as a minimum demand charge during the winter (period B). This billing formula is
commonly referred to as a ratchet.
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Demand Reduction

Rates

Because energy costs affect a business’s bottom line and its ability to remain competitive,
every plant manager should develop a plan to control or reduce demand.

A facility’s demand has two components: base load and variable load. The base load, which
is fairly constant, represents the electric service required to maintain a facility’s environment
and comfort conditions (e.g., lighting and HVAC). The variable load, which is superimposed
on the base load, depends on the business activity of the facility, weather, and other variables.

Base load reduction can be achieved by implementing programs to optimize the efficiency
of lighting, motors, HVAC, process or other systems. (For further discussion of energy conser-
vation options, see Chap. 4.14, “Energy Conservation.”)

Variable load reduction can be obtained in several ways. In evaluating specific approaches,
consideration should be given to the utility rate structure, the facility’s electric system, and its
relation to operations. Some potential strategies include:

¢ Inhibiting the simultaneous operation of large loads (e.g., large chillers or heat-treatment
furnaces) during the period used by the utility to establish demand

¢ Rescheduling certain operations to other periods of the day or night to minimize their
impact on peak demand

¢ Generating power on-site (using emergency equipment) to serve a particular load or group
of loads during periods of high activity, thereby avoiding establishment of a new, higher
peak demand

¢ Storing energy during inactive periods and retrieving it during high-demand periods (e.g.,
precooling; thermal storage, such as chilled water or ice storage; or preheating domestic
water or other process fluids)

Utility rate schedules typically are designed to encourage use of electricity during off-peak
hours when the utility’s generating costs are lower. For example, a utility may offer off-peak
rates that are considerably lower than on-peak rates, or it may provide incentives, such as
reduced demand charges, to maximize load during nondaylight hours. This time-of-day billing
strategy offers utility customers the potential to substantially reduce their energy costs by
judiciously rescheduling certain plant operations to off-peak hours.

In recent years a few utilities have begun to experiment with another rate option known as
real-time pricing. Under real-time pricing, the rate paid by customers can vary by the hour (or
even smaller time intervals) to reflect the changes in the marginal cost to the utility of pro-
ducing electricity throughout the day and night. Plant managers should evaluate real-time
pricing carefully to determine its cost-effectiveness for particular applications; in some cases
real-time pricing may actually raise energy costs.

Demand-Side Management

The term demand-side management (DSM) refers to measures taken by utilities to influence
the level or timing of their customers’ energy use in order to optimize the use of existing util-
ity assets and defer the addition of new generating capacity. These measures take many forms,
including:

¢ Financial incentives such as rebates and low-cost financing to encourage upgrading to
higher-efficiency appliances or systems
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¢ Informational services such as energy audits, publications, and seminars to alert customers
to energy-saving opportunities

¢ Rate incentives such as real-time pricing or time-of-day rates to encourage customers to
clip or shift loads during peak periods

¢ Fuel substitution programs to promote the use of one fuel over another

The main customer benefits derived from implementing DSM measures are increased effi-
ciency and lower energy costs. It is important to note, however, that some DSM measures may
also introduce power quality problems. For example, some electronic ballasts for fluorescent
lighting can cause harmonic distortion. Similarly, variable-speed motors, though highly effi-
cient, often have detrimental effects on the operation of nearby equipment requiring clean
power because they introduce harmonics and/or noise to the system. For this reason, careful
evaluation of the power quality characteristics of new, high-efficiency equipment is required
before installation.

Power Factor Correction (Improvement)

Power factor indicates the degree to which a customer’s electrical equipment causes the elec-
tric current delivered to the site to lag or lead with the voltage sine wave; in other words, it is
a measure of how much reactive power the equipment requires to operate. Power factor is cal-
culated by using metered measures of the amount of power used (in kilowatts) and the
amount of reactive power used (in kilovolt-amperes—kVA). Lower power factors indicate
the use of greater amounts of reactive power.

To recover the cost of supplying large amounts of reactive power, some utilities impose a
financial penalty on customers with large electric loads. Even so, the economic incentive to
improve power factor is minimal. When penalties are assessed, they may not be high enough
to justify the cost of power factor correction.

If power factor improvement is desired, individual load correction procedures include:

e Applying high-power-factor utilization equipment such as high-power-factor lighting bal-
lasts and distribution transformers

e Operating induction motors at near full load to improve the power factor of the motor
¢ Adding capacitors in stepped banks with automatic controls

Adding capacitors, however, can introduce system disturbances, including transient volt-
age, harmonic resonance and transient voltage magnification.

In general, it is best to avoid power factor problems altogether by purchasing or upgrading
to equipment and systems that promote good power factor, and by correctly sizing all equip-
ment, including conductors and transformers.

Customer-Owned Substations

In an effort to reduce energy costs, some industrial customers have opted to purchase dis-
tribution substations from their local utility. This option may reduce energy costs up to 10
percent or more, but it carries some risk because the utility is no longer responsible for
repairing and maintaining the substation. In addition to the added repair and maintenance
costs, plant staff may encounter difficulty in locating replacement transformers or other
parts when problems occur. Service and maintenance expertise also may not be readily
available.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



ELECTRIC SYSTEMS MANAGEMENT

3.36 MANAGING THE FACILITY

BIBLIOGRAPHY

Basic Measuring Instruments, Foster City, Calif.:

Application Note 227: “How to Do a Power Quality Survey,” undated.
Application Note 229: “How to Do IEEE Standard 519-1992 Compliance Testing,” undated.
“8800 Powerscope: Performance, Productivity and Practicality for Power Disturbance Analysis,” 1993.

“Electric Power Analyzers: Tools for Measuring Electric Power Quality, Power Flow, Disturbances, and
Demand,” 1993.

McEachern, Alexander: Handbook of Power Signatures, 1989.

Electric Power Research Institute, Palo Alto, Calif.:

“Wiring and Grounding for Power Quality,” CU.2026.3.90, 1990.
“Power Quality Considerations for Adjustable Speed Drives,” CU.3036.4.91, 1991.

PG&E Power Quality Enhancement, San Francisco:

“Power Notes on Power System Harmonics,” January 1993.
“Power Notes on Surge Suppressors,” July 1990.
“Power Notes on Uninterruptible Power Supply,” January 1993.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Source: STANDARD HANDBOOK OF PLANT ENGINEERING

CHAPTER 3.3

WATER PURIFICATION
AND TREATMENT

J. Stephen Slottee
Donald C. Taylor
Frank A. Baczek
Baker Process

Salt Lake City, Utah

Peter Metcalf
Koch Industries
San Diego, California

Richard J. Eisman
The Coombs-Hopkins Company
Carlsbad, California

Mary Martis
WATER 3 ENGINEERING
Escondido, California

Paul Crawford
ZENON Environmental Inc.
QOakville, Ontario

Robert W. Okey
University of Utah
Salt Lake City, Utah

Robert Emmett

Emmett Process Consulting Company
Salt Lake City, Utah

GLOSSARY 3.38
INTRODUCTION 3.39
IMPURITIES IN WATER 3.40
SEDIMENTATION PROCESSES AND EQUIPMENT 3.40
Removal of Suspended Solids 3.40
Removal of Dissolved Impurities 3.41
Conventional Sedimentation 3.42
Solids Contact Sedimentation 3.42
Tube and Plate Settlers 3.43
GRANULAR-MEDIA FILTRATION 3.43
CARTRIDGE FILTERS 3.45
ION EXCHANGE 3.45
PRESSURE-DRIVEN MEMBRANE SEPARATION 3.47
3.37

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER PURIFICATION AND TREATMENT

3.38 MANAGING THE FACILITY

REVERSE OSMOSIS 3.49
System Description 3.49
Process Description 3.51
Applications 3.52
Cost of RO Systems 3.53

NANOFILTRATION 3.53

ULTRAFILTRATION 3.53
Applications 3.54
Cleaning 3.56

MICROFILTRATION 3.57

EVAPORATIVE SYSTEMS 3.57

CHLORINATION 3.58

OZONIZATION 3.58

ACTIVATED-CARBON TREATMENT 3.59

APPLICATIONS (FLOWSHEETS) 3.59

WATER RECYCLING AND REUSE 3.60

RECOMMENDED REFERENCES 3.60

GLOSSARY

Activated carbon A highly adsorptive material used to remove organic substances from
water.

Aeration The process of bringing water and air into close contact to remove or modify con-
stituents in the water.

Chemical coagulation Destabilization of colloidal and suspended matter by the reduction of
electrostatic repulsive forces between particles with chemicals.

Disinfection The water treatment process that kills disease-causing organisms in water, usu-
ally by adding an oxidizing agent.

Filtration The water treatment process involving the removal of suspended matter by pass-
ing the water through a porous medium.

Flocculation The water treatment process following coagulation, which uses gentle stirring
to bring suspended particles together so they will form larger, more settleable particles called

floc.

Hardness A characteristic of water, caused primarily by the salts of calcium and magnesium.
Ion exchange A reversible process where ions of a given species are exchanged between a
solid (ion-exchange resins) and a liquid for an ion of another species.

Precipitation An aqueous chemical reaction that forms an insoluble compound which is
commonly removed by sedimentation or filtration.

Reactivate To remove the adsorbed materials from spent activated carbon and restore the
carbon’s porous structure so it can be used again.

Sedimentation The water treatment process that involves reducing the velocity of water in
basins so the suspended material can settle out by gravity.

Sludge dewatering A process to remove a portion of water from sludge.

Softening The water treatment process that removes the hardness-causing constituents in
water—calcium and magnesium—by precipitation or ion exchange.

Solids contact A process where coagulation, flocculation, and sedimentation rates and effi-
ciency are enhanced by previously formed solids.
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INTRODUCTION

The unit operations for water purification and treatment include the following:

Precipitation Crystallization
Sedimentation Evaporation

Filtration Activated-carbon treatment
Ion exchange Reverse osmosis
Disinfection Other membrane separations

The following industries are major users of purified water:

Power generation Petroleum
Beverage Pulp and paper
Aluminum Chemical

Iron and stee 1Food

Textile Electronics

Figure 3.3 illustrates the unit operations most commonly used for treating water. Water is
used primarily for steam generation (boiler feed), industrial processes, cooling tower makeup,
and potable water supply.

Raw Water

— ificati - | Cooling
—> Clarification = >1 Tower
B >| Softening >| Process
TR R A ﬂ‘ T
_ | Potabie
: —> | Disinfection >1 supply

] Filtration >
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FIGURE 3.3 Water treatment diagram.
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IMPURITIES IN WATER

All natural waters contain suspended or dissolved inorganic or organic chemicals to some
degree. Whether they are present in high enough concentration to be considered as impurities
depends on the water use.

The impurities can be classified as follows:

Inorganic Organic Biologically active
Suspended Suspended Bacteria
Colloidal Immiscible Viruses
Dissolved Miscible Algae
Soluble Protozoa

In turbulent streams, suspended solids range from small pebbles down to colloidal clay
particles 0.1 to 0.001 um in diameter. The water may also contain organic solids, algae, and
bacteria. Dissolved inorganic solids are usually bicarbonates, sulfates, and chlorides of cal-
cium, magnesium, and sodium, as well as compounds of silica, iron, and manganese. Nonfer-
rous metals and organic compounds may be present in low concentrations, which nevertheless
exceed the EPA’s proposed limits.

The presence of dissolved calcium and magnesium compounds (termed hardness) leads to
scale formation in boilers and fouling of evaporative cooling systems, and is the biggest cause
of plant water problems. Other dissolved solids may be considered as impurities, depending
on their concentrations and the intended water use.

SEDIMENTATION PROCESSES AND EQUIPMENT

Sedimentation processes are used to clarify turbid and/or colored waters, and are used in con-
junction with chemical precipitation to remove dissolved impurities such as iron, manganese,
calcium, and magnesium compounds, as well as silica and fluorides.

Removal of Suspended Solids

On a few occasions, unaided sedimentation will be employed to remove suspended solids, but
usually the process will include the addition of chemicals to improve removal of solids. The
particles suspended in water result in a turbid, or colored, appearance that is objectionable,
and they have a static charge (usually negative) that causes the particles to repel each other
and remain suspended. By adding certain chemicals, it is possible to neutralize these charges,
permitting the particles to agglomerate and settle from the liquid more effectively. The cur-
rent practice is to refer to this neutralization or destabilization step as coagulation and the
subsequent gathering together of the particles into larger, more settleable “flocs” as floccula-
tion. Inorganic chemicals such as aluminum sulfate (alum), ferrous sulfate (copperas), ferric
chloride, and sodium aluminate, as well as a long list of organic polymers, are used for coagu-
lating and flocculating suspended matter in water. Coagulation takes place very quickly—a
few seconds to 1 minute—and the chemicals should be added with intense mixing in order to
obtain maximum efficiency. Flocculation, on the other hand, normally requires detention
periods of 20 to 45 min, and, once the chemicals have been added, should be accomplished by
relatively gentle mixing. The mixing is carried out in a flocculation basin, and its purpose is to
bring about the maximum collisions between the suspended particles without shearing or
breaking apart the particles that have already been formed.
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This will limit the particle velocities to the range of 1 to 6 ft/s (0.305 to 1.83 m/s), depend-
ing on the “toughness” of the floc that is produced. Equipment should be provided for vary-
ing the intensity of the mixing so that the optimum velocities can be achieved.

Organic polymers (polyelectrolytes) are frequently used as flocculant aids. They facilitate
the gathering of the already coagulated or destabilized particles into larger and less fragile
floc particles that have better settling characteristics. The type and amount of chemicals
required to treat a given supply of water are best determined by laboratory jar tests. These
tests should be made on fresh samples at the same temperatures and other conditions that will
be present in the full-scale plant. No other reliable method has been found for predicting the
best chemicals and optimum dosages for clarifying water. Typically, dosages of inorganic coag-
ulants (alum, ferric chloride, etc.) might range from 10 to 100 mg/L, cationic organic coagu-
lants from 1 to 5 mg/L, and anionic organic flocculants from 0.1 to 1.0 mg/L. Many chemical
suppliers and equipment manufacturers will perform jar-test studies at reasonable fees and
make recommendations as to the best chemical, equipment, and sizing for treating a water

supply.

Removal of Dissolved Impurities

Generally, sedimentation processes are used primarily for the removal of suspended material
from water, but the removal of dissolved mineral impurities such as in the lime or lime-soda
ash softening process is an equally important aspect of sedimentation in the treatment of
water. In the softening process, hydrated lime or hydrated lime and soda ash are added to
react with the dissolved CO, and the calcium and magnesium salts that commonly cause the
hardness of water. The following equations describe some of the reactions that take place in
the formation of the calcium carbonate and magnesium hydroxide precipitates.

CO, + Ca(OH), - CaCO; + H,0
Ca(HCO;), + Ca(OH), — 2CaCO; + 2H,0
Mg(HCO;), + 2Ca(OH), — 2CaCO; + Mg(OH), + 2H,0
CaSO, + Na,CO; — CaCO; + Na,SO,

A coagulant is normally added along with the lime and soda ash to improve clarity of the
product water. When the lime requirements are high, economies can usually be realized by
using quicklime (CaO) in a lime slaker to convert it to the hydrated lime [Ca(OH),]. When
requirements reach approximately 200 1b/h (90 kg/h), the economies or quicklime should be
investigated.

Neither calcium carbonate nor magnesium hydroxide is completely insoluble, so some
amount, depending upon the type of treatment, temperature, and other conditions, will
remain in solution. Unlike most compounds, Mg(OH), and CaCOj are less soluble at higher
temperatures.

Temperature and changes in temperature of the liquid being treated are extremely impor-
tant considerations in the design and operation of sedimentation units. The rate at which a
particle settles in water is inversely proportional to the kinematic viscosity, a property that
varies with the temperature. Thus, the settling rate of a given particle at 40°F (4.4°C) is only
63 percent of what it would be at 70°F (21.1°C). Rapid changes of inlet water temperatures to
settling units will cause thermal currents, which at best are disruptive to the settling of parti-
cles and at worst are totally upsetting. Manufacturers typically limit changes to 2°F (1°C) per
hour in their performance warranties. The rate at which chemical reactions proceed in water
is higher at higher water temperatures. A common rule of thumb is a doubling of the rate for
each 18°F (10°C) increase in temperature. In general, warm but constant water temperature
is desirable in treating water.
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Conventional Sedimentation

Sedimentation, with or without chemical treatment, is usually carried out in continuous, flow-
through settling units with horizontal flow patterns (Fig. 3.4). Important exceptions to this are
the solids contact clarifiers and reactors, which are discussed later. Settling units are normally
rectangular, with the flow along the length of the basin, or circular, with the flow radially out-
ward from a central inlet compartment. Mechanical scraping mechanisms are employed to
move the settled sludge along the bottom to hoppers or sumps from which it is discharged.
The mechanical design of the scraper mechanism should be carefully evaluated when consid-
ering such equipment, as should the inlet distribution and effluent collection system. The set-
tling zone of the unit must provide sufficient area and volume so the bulk of the solids will
settle before reaching the effluent collector. Proper design of the inlet distributor and effluent
collector will result in the most effective operation of the settling zone. Typical settling-area
designs should allow liquid flow to range from 0.35 to 0.75 gal/min - ft* (0.85 to 1.80 m*h - m?)
and settling-unit detention times from 2.5 to 4.0 h.

EFFLUENT PIPE
/WALKWAV /SKIMMING DEVICE

FEEDWELL AND
SUPPORTS

e INFLUENT COLUMN
SETSme -.u."ftswncs PIPE
INFLUENT PIPE - SLUDGE POCKET

FIGURE 3.4 [Illustrative section of a settling unit.

Solids Contact Sedimentation

Solids contact units combine, within the settling unit, the coagulation and flocculation func-
tions with the ability to internally recirculate solids that have been formed by earlier reactions
(Fig. 3.5). Besides the economies attainable by combining these functions within a single unit,
improvements in settling characteristics and reaction rates permit higher design rates for this
type of unit. Most industrial water treatment applications now use some form of solids contact
or combination treatment equipment. Various units are available from manufacturers of such
equipment, and a careful comparison of the process and the mechanical features of each is
advisable.

Solids contact units are particularly well suited to lime-soda softening applications. Cal-
cium carbonate and, to some degree, magnesium hydroxide have a tendency to supersaturate
(remain in solution at considerably higher than theoretical concentrations), and solids contact
operation reduces this tendency. By mixing the chemicals and the untreated water in the pres-
ence of recycled solids, a large surface area is provided on which the precipitate will form. This
seeding not only reduces the supersaturation, but also results in the growth of larger particles
that settle more rapidly. Overall, chemical usage efficiency is improved because the lower cal-
cium and magnesium values attained through solids contact require no additional chemicals.

The hot-process softener, sometimes used for treating boiler feedwater, uses steam to heat
the water to more than 200°F (93°C). Hot-process lime treatment has been used to remove sil-
ica from boiler feedwater where extremely low concentrations requiring ion exchange are not
necessary. The silica is removed by adsorption on freshly precipitated magnesium hydroxide.
The removal is therefore dependent on the amount of Mg(OH), precipitated. The effective-
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FIGURE 3.5 Illustrative section of a solids contact unit. (Eimco)

ness of the process is enhanced by the high temperatures and can be further improved by
solids contact. Often there is insufficient natural magnesium available in the water, so it is sup-
plemented by the addition of dolomite lime, which contains a high percentage of magnesium
oxide. This is feasible in a high-temperature process where the magnesium oxide will hydrate,
something it will not usually do at normal water temperatures.

Cold lime-treatment processes are now being employed to reduce silica for cooling-water
systems in specially designed solids contact units. By providing intense mixing and pumpage
for high solids contact concentration and long detention times, the silica can be reduced at
cold-water temperatures to levels formerly attainable only in hot-process treatment. Some of
these systems use a two-stage sedimentation process where lime treatment at a high pH is
used in the first stage. Soda ash and CO, (carbonic acid) are added in the final stage for stabi-
lization.

Tube and Plate Settlers

Tube and plate settlers have been used for many years as sedimentation units. There are a vari-
ety of designs, but basically all of them use submerged inclined surfaces with relatively close
spacing that increases the separation surface area in a vessel that is smaller than conventional
sedimentation units (Fig. 3.6). The water to be treated is passed between the surfaces at veloc-
ities which permit suspended solids to settle and to coalesce on the lower tube or plate surface.
The angle of inclination (45° or more) enables the settled solids to slide downward into a
sludge-concentration compartment located at the bottom of the treatment unit.

These units permit efficient clarification at detention times substantially less than those
used in conventional clarifiers. Total settling detention times may be as low as 10 min, greatly
reducing the plant size.

The units are cost-effective for many applications, even though the inclined tubes or plates
add appreciably to the equipment cost. These settling units are best for discrete solids settling
where detention time is not a significant factor.

GRANULAR-MEDIA FILTRATION

Granular-media filters are used in water treatment to remove relatively low concentrations of
suspended matter. Typically the feed contains around 50 mg/L suspended solids, or less, and 90
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FIGURE 3.6 Stacked chevron clarifier (Delta-Stak™ clarifier). (Eimco)

percent removal can be expected. They are constructed in a variety of materials (concrete, steel,
fiberglass, etc.), are either open-gravity or enclosed pressure type, and for downflow or upflow
filtering. The filter media is typically silica sand, or a combination of sand and anthracite. The
media is selected and sized for the particular application and performance desired.

The traditional filter is a batch operation where solids are collected in the filter media until
the pressure drop becomes excessive or there is breakthrough and solids begin to pass with
the effluent. The unit is then taken off-line, backwashed to remove the solids, and returned to
service. The washwater volume is normally less than 5 percent of the filtered water produced.
Many filters employ an air scour prior to, or simultaneously with, the water wash. If air is not
used, a surface wash using high-pressure water jets should be included. A popular style filter
used in many industrial applications incorporates a backwash water storage compartment
above the filtering compartment (Fig. 3.7).

Filters are available in many different designs and configurations, most of which work well
for their particular application. In installing new equipment, care should be taken in selecting
equipment from a reputable supplier who has had experience with similar applications.

More recently, continuous-flow filters have received acceptance for many applications. They
have the advantage of not requiring interruption of service for backwashing. Dirty media are
continually removed from the bottom of the filter, cleaned in a separate media washer, and
returned to the top of the media bed. The small amount (less than 5 percent) of dirty backwash
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FIGURE 3.7 Granular-media filter.

water flows continually and can be more easily recycled to an upstream clarifier or otherwise dis-
posed of than can the intermittent, high-volume backwash flows from traditional filters (Fig. 3.8).

CARTRIDGE FILTERS

Cartridge filters are broadly used in industry for filtering water and many other liquids. In
water applications, they are generally the final polishing unit where high clarity is needed for
the product or to protect downstream equipment or processes. Since the cost of replacing dis-
posable cartridges can be significant, sizing the equipment and selecting the filtering material
should be done carefully to optimize overall costs.

ION EXCHANGE

Applications of ion exchange for softening, dealkalizing, or demineralizing water include
municipal water supply, boiler feedwater, and industrial process water.

Ion exchange is a process where ions of a given species are exchanged with another species.
The most common form of ion exchange is found in domestic water softening. When water con-
taining salts of calcium and magnesium is passed through a sodium exchanger, the sodium ions
of the bed replace the calcium and magnesium to produce an effluent of close to zero hardness.

In addition to sodium ion exchange for softening water, other cation and anion exchangers
are used in series and combination (mixed-bed ion exchange) to reduce the concentrations of
all dissolved solids, and thus increase the water purity. The terms demineralization and deion-
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FIGURE 3.8 DynaSand® continuous-flow granular-media filter.
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ization refer to the removal of all cations and anions from water. For demineralization, a
cationic exchanger replaces hydrogen ions for cations (such as Ca*, Mg?, and Na*), and an
anionic exchanger replaces the anions (such as CI7, and SO,*) with hydroxide, thus forming
water and reducing the total dissolved salts concentration. Where high-purity water is
required, mixed cation-anion resin beds are used.

When an ion-exchange resin is exhausted, the resin is regenerated. For the cationic sodium
ion exchanger, a salt solution is used for regeneration. The rate and efficiency of regeneration
are a function of the regenerating salt solution concentration and contact time with the resin.
For example, the theoretical salt requirement for sodium ion exchange is about 0.17 1b (0.08
kg) per 1000 gr of hardness removed, and the typical efficiency is 40 to 60 percent. It is possi-
ble to obtain higher exchange capacities by increasing the amount of salt used per regenera-
tion; for average industrial applications, the amount of salt used with the high-capacity resin
cation exchanger is usually 0.4 1b/1000 gr (0.18 kg/1000 gr).

For other cationic exchangers, either sulfuric or hydrochloric acid is used. Sulfuric acid is
generally used because of its low cost, but hydrochloric acid should be used when calcium-
loaded resin would result in the precipitation of calcium sulfate and fouling of the resin.
Anion-exchange resins are commonly regenerated with sodium hydroxide. Regeneration of
mixed beds consists of separating the anion resin from the cation resin and regenerating each
separately.

Cation- and anion-exchange resins may be weak or strong. Weak-acid resins are capable of
removing metals that are associated with carbonate and bicarbonate alkalinity. Strong-acid
resins are not as selective, and they can exchange a wide range of cations. The weakly basic
resins remove the strongly ionized acids but not the weakly ionized ones. The effluent contains
the same amount of silica as the influent water plus carbon dioxide equivalent to the bicarbon-
ate alkalinity and free carbon dioxide. The concentration of carbon dioxide can be reduced to 5
to 10 mg/L in a degasifier or a vacuum deaerator. Strongly basic resins remove both strongly
ionized and weakly ionized acids. At the end of each operating run, the weakly basic anion
exchanger is backwashed, regenerated with a solution of sodium carbonate or caustic soda,
rinsed, and returned to service. Caustic soda is used to regenerate the strongly basic resins.

Figure 3.9 illustrates the operating options for demineralizing systems. Selection of ion-
exchange processes is based on the following factors:

¢ Raw-water characteristics
e Treated-water characteristics required

¢ Operating costs: chemicals, energy, waste disposal, qualified operating labor, and mainte-
nance

e Capital costs
¢ Available space

In most cases, the services of a qualified consulting engineer should be used to evaluate
alternatives and recommend the optimum method of treatment.

It is essential that the influent water to ion exchangers be free of suspended solids. Silt and
organic matter are particularly objectionable, since these materials can deposit in the
exchanger beds and reduce the capacity of the units by coating the exchange resins with films
which either prevent or retard the movement of anions and cations through the resins. The
influent water may require a preliminary treatment of sedimentation and/or filtration.

PRESSURE-DRIVEN MEMBRANE SEPARATION

Membrane separation processes are characterized by a thin film, a membrane, which acts as a
selective barrier between two solutions. The membrane allows the passage of certain compo-
nents, while restricting the passage of others, to accomplish a separation. The driving force
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FIGURE 3.9 Alternatives for a demineralization system.

may be electrical (electrodialysis), concentration (dialysis, pervaporation), or pressure
(reverse osmosis).

Pressure membrane separation is increasingly used for potable water treatment and in
water reuse processes. Applications include softening, organic removal, and desalination of
brackish well water, surface water, and seawater. For some applications, membrane processes
offer the advantages of superior water quality, reduced chemical usage, less chemical waste
production, and lower energy consumption.

Pressure-driven membrane processes include the following:

1. Reverse osmosis products separate dissolved inorganic salts from water. They are some-
times referred to as hyperfiltration membranes. Reverse osmosis membranes can be char-
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acterized as being capable of passing <5 percent of feed-side chloride ions (monovalent,
molecular weight = 35.5) to the permeate (or product) side of the membrane (single ele-
ment basis).

2. Nanofiltration products also separate dissolved inorganic salts from water, but are “looser”
than the reverse osmosis products. They can be described as passing 5 to 95 percent of the
feed-side chloride ions to the permeate, while maintaining lower passage of divalent ions
(typically 5 to 20 percent), and also low passage of larger molecules (molecular weight <
300-400).

3. Ultrafiltration products do not prevent the passage of dissolved inorganic salts. They do
prevent the passage of particulates in the feed stream and higher-molecular-weight mole-
cules. They are typically characterized using dextran or polyethylene glycol marker solu-
tions of specific molecular weights to determine the molecular weight cutoff (MWCO) for
the membrane, rather than defining a pore size. Products are available from 1000 through
500,000 MWCO. If pore size is quoted, it is typically <0.2 um.

4. Microfiltration products typically have a pore size in the range of 0.3-0.8 um, and prevent
the passage of particulates and fine colloidal suspensions across the membrane. Passage of
dissolved species may be hindered by the buildup of material on the membrane surface,
but the membrane itself does not restrict passage.

Reverse osmosis, nanofiltration, and ultrafiltration are typically used in the cross-flow con-
figuration, where the feed stream flows across or tangential to the membrane surface. The
constant flow across the membrane surface minimizes the buildup in concentration of salts at
the membrane surface for reverse osmosis and nanofiltration products, and inhibits the for-
mation of a gel or particulate layer for ultrafiltration and microfiltration products. The per-
meate passes through the membrane, and the concentrate or retentate retains the dissolved and
suspended solids rejected by the membrane.

REVERSE OSMOSIS

System Description

A reverse-osmosis (RO) system may consist of the following essential parts:

Pretreatment Section. The choice of pretreatment will depend on the source of the water to
be treated, but can be broadly categorized as follows:

Ground (Well) Water. If the source is of low turbidity and silt density index (SDI), a 10-
um cartridge filter system should be sufficient. A pressure filter at moderate filtration rate [4
to 6 gpm/ft* (10 to 15 m/h)] may be added if necessary to handle any solids loading.

Lake, River, and Canal Water. These are typically higher solids loading cases. “Conven-
tional” design would typically use a clarifier, followed by deep-bed media filtration and car-
tridge filtration. Ultrafiltration or microfiltration pretreatment is increasingly being used to
replace all these steps. The advantages are the following:

¢ Smaller plant footprint

e Much reduced chemical consumption (and disposal) costs

e Approximately the same capital cost

e Much better quality feed to the RO, which enables the RO to be operated at higher flux

Wastewater. This can be subdivided as follows:

e Municipal (sewage) reclamation. This is a growing application for RO with microfiltration
or ultrafiltration pretreatment. Large-scale systems are now in operation in the western
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United States [5 mgd (800 m*/h) or larger]. The reclaimed water is used for process applica-
tions.

o [ndustrial waste reclamation. A very wide field, in many cases requiring microfiltration or
ultrafiltration pretreatment to condition the water prior to the RO membrane. Piloting is
often required due to the one-off nature of these streams. Some thought at the design stage
for industrial plant may identify some waste streams that are easily treated for recycle—
they should be kept separate from the difficult streams.

Note: A reverse-osmosis product is designed to remove dissolved salts. Trying to make it
remove particulates or other foulants is a misapplication of the technology. Foulants should
be dealt with by the pretreatment.

Water Chemistry Issues. The RO system concentrates all dissolved salts on the feed side
of the membrane from the feed inlet to the concentrate discharge. This includes sparingly sol-
uble salts. A detailed ion-by-ion analysis of the feedwater, including the following ions, is
required at the design stage to make the RO system design, and to check for problems with
sparingly soluble salts.

Cations Ca?, Mg?*, Na*, K*, NH,*, Sr**, Ba*', Fe?*, Mn*
Anions HCO;5~, SO/, ClI,F,NO5”

Others Total dissolved solids; conductivity; pH; silica (SiO,), both total and reactive;
water temperature range

If the concentration of sparingly soluble salts becomes too high, it will result in scale for-
mation on the surface of the membrane and loss in performance. Depending on the type of
scale formed, it may be difficult or impossible to remove.

Scale control can be made possible to a limited extent by using antiscalant compounds
and/or acid. The system manufacturer should have access to software from the RO membrane
manufacturers and antiscalant manufacturers to determine a safe operating condition and
recovery method for the system. This step is an essential part of the design process, and should
not be overlooked—mistakes can be costly!

Reverse-Osmosis System. The RO system itself consists of the following components:

¢ High-pressure pump (or pumps)
¢ Inlet and concentrate control valves

¢ Pressure vessels to contain the RO membranes (typically up to six membrane elements 40
in long, or four membrane elements 60 in long)

¢ High-pressure feed and concentrate side manifolds and piping
e Low-pressure permeate manifolds and piping

¢ Control and instrumentation package [flowmeters, pressure measurement, and program-
mable logic controller (PLC)]

e Skid
Figure 3.10 presents a schematic drawing of a typical RO system.
Posttreatment. 'This may include the following:

e Degasser (if acid is used on the pretreatment, for CO, removal)
¢ Chemical addition to improve the water stability for potable water distribution
¢ Chlorine (or chloramine) addition for sterilization purposes

Other Equipment. The following equipment may also be included:
Cleaning Skid. Most RO membranes will need to be cleaned sooner or later, depending
on the pretreatment and water source. Cleaning consists of recirculating chemical solutions
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FIGURE 3.10 Basic flow diagram for a single-stage reverse-osmosis plant.

through the membrane elements while they are located in the system. The equipment consists
of the following components:

e Tank, with mixing and heating capability
e Recirculation pump
e Cartridge filter

Provision should be available on the RO system to allow each bank to be cleaned inde-
pendently.

Single-Element Tester. On larger systems, it is very useful to have the capability to inde-
pendently test elements to determine actual performance at the site. The tester consists of a
single-element vessel with suitable instrumentation to characterize the element.

Process Description

Reverse-osmosis membranes make a separation between the dissolved solids phase and the
liquid phase by reversing the flow that normally occurs through a semipermeable mem-
brane when the concentration of a given salt is different on the two sides of the membrane.
Normally, the flow will proceed in such a fashion as to equalize the concentration; hence,
pressure equal to the osmotic pressure plus an additional driving force is provided to per-
mit flow from the more concentrated to the less concentrated side—thus the term reverse
0SMOsis.

The flow proceeds through the membrane, passing between the molecules in the polymer
lattice. Flow is accompanied by a loose association between the transported species and the
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membrane driven by the pressure differential. Typically, brackish water systems operate at 150
to 600 psig (1035 to 4137 kPa) and seawater systems at 800 to 1200 psig (5516 to 8275 kPa).

A key feature of the RO process is cross-flow filtration. While some water is passing
through the membranes there is a constant flow of water flushing the rejected salts away from
the membrane surface. The ratio of these two flows is determined by the design recovery rate,
the product flow divided by the feed flow. This is an important design factor that should be
determined by the membrane manufacturer. Most manufacturers have special computer pro-
grams to calculate the maximum recovery rate based on a feedwater analysis.

In general, the flow per square foot of membrane surface is quite low. The range is 8 to 20
gal/ft* - day depending on the level of suspended solids in the feedwater.

There are several methods to measure the fouling tendency of the feedwater. Most are
approximations and cannot be used as a guarantee of toning control. The only way to posi-
tively determine the fouling nature of a given feed is to perform a pilot test.

The quality of the water with respect to its suitability for introduction into a reverse-
osmosis system may be measured in a crude fashion through the use of a test yielding what is
called the silt density index (SDI).

The SDI test is performed by measuring the time 7} to collect 500 mL of filtrate through a
0.45-um filter at exactly 30 psi. The filter is allowed to flow for 15 min, then the time 7, for
another 500 mL is measured. These times are compared in the formula given below. If the fil-
ter plugs before 15 min, the feedwater needs additional treatment before going to the RO.

Ty 100
SDI:<1— T2> 15

In general, SDI readings should be less than 5.0. Less than 3.0 is considered ideal.

Reverse-osmosis systems find their application in a number of areas. However, the most sig-
nificant are the following:

1. Inclusion in systems for providing low-conductivity water for boiler makeup and related
purposes

2. The production of potable water where such supplies are not conveniently available
3. Industrial waste treatment and water recovery

Of the preceding, perhaps the most significant application of reverse osmosis is in the
deionization systems for the production of low-conductivity boiler feedwater.

In most instances where the raw-water supply contains more than 300 to 400 mg/L total
dissolved solids (TDS), an overall system economy may be shown by utilizing reverse osmo-
sis for removing the bulk of the dissolved solids prior to the ion-exchange polishing system.
The approach is to replace the cationic exchange, degasification, and anionic-exchange sub-
systems with the reverse-osmosis system and to employ the mixed-bed polishing subsystem
for the removal of residual dissolved solids. In some instances, it can be shown that this puts a
somewhat higher load on the mixed-bed polisher; however, if this load is less than 50 mg/L
TDS, it does not constitute an improper or unreasonable burden in terms of cycle time or
regeneration frequency. This type of system usually produces a less expensive water at
roughly the same recoveries as would be experienced with the full deionizing (DI) system and
often does not produce the quantity of solids in the backwash and regenerating stream that
the DI system will produce. The preceding is a generalization only, and a careful cost compar-
ison should be made in any specific situation.

Sometimes only high-salinity waters are available for process and other purposes, and the
supply of potable water is either limited or nonexistent. In these cases, a reverse osmosis facil-
ity can be installed to produce water for the plant at comparatively low cost.
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Many industrial wastes are highly amenable to treatment by reverse-osmosis systems. The
most commonly encountered RO application is in the area of metal contamination or the
presence of excessive dissolved materials in the effluent. Often when RO systems are
employed for treatment, the water is suitable or can easily be made suitable for reuse and can
constitute a supply for processes or sometimes even boiler feedwater.

Cost of RO Systems

Table 3.3 contains a brief summary of capital and operating costs of RO systems as a function of
salinity. The actual cost will vary as a function of the overall recovery employed in the system.

TABLE 3.3 RO System Costs, 1992 Dollars

Capacity, gal/day ~ Pressure,psi ~ Feed salinity, Mg/L NaCl ~ Capital cost,§  O&M cost, $/1000 gal

50,000 250 1,000 55,000 0.90
150,000 250 1,000 160,000 0.80
500,000 250 1,000 475,000 0.75

1,000,000 250 1,000 850,000 0.65
2,500,000 250 1,000 2,000,000 0.60

10,000 850 35,000 60,000 4.30

50,000 850 35,000 200,000 3.50
100,000 850 35,000 380,000 3.20
500,000 850 35,000 1,500,000 3.00

Data supplied by Fluid Systems Corporation, San Diego, California. To convert gallons to cubic meters, divide by 264
gal/m®. Based on power at $0.10/kWh, element replacement $0.17/1000 gal brackish, $0.30/1000 gal seawater; chemicals
$.04/1000 gal brackish, $0.05/1000 gal seawater; operator $0.15 to $0.50/1000 gal; maintenance $0.06/1000 gal; RO recov-
ery rate 75% for brackish, 25 to 40% for seawater.

NANOFILTRATION

Nanofiltration (NF), also referred to as ultra-low-pressure reverse osmosis, was developed to
fill the gap between reverse osmosis and ultrafiltration. In water purification, nanofiltration
has been found to effectively remove selected salts to reduce total hardness at lower pressures
than RO systems. The nanofiltration membrane employed for this application has been
referred to as a softening membrane. The softening membrane also effectively removes color
and trihalomethane (THM) precursors.

Softening membranes operate at pressures of 75 to 250 psi (517 to 1724 kPa), as compared
to 200 to 600 psi (1379 to 4137 kPa) for RO and 50 to 150 psi (345 to 1034 kPa) for ultrafiltra-
tion membranes. The process flow scheme, including pretreatment, is similar to that of a typi-
cal brackish water reverse-osmosis plant.

Nanofiltration softening membranes may be an economic alternative to conventional soft-
ening. Possible advantages of membrane filtration for softening include smaller space require-
ments, no lime requirement, superior quality water, and less operator attendance. As for all
membrane separation processes, suitability of softening membranes for a given application
must be made on a case-by-case analysis.

ULTRAFILTRATION

Ultrafiltration (UF) is a pressure-driven membrane process similar in some ways to reverse
osmosis. However, in this case, as opposed to the situation encountered in an RO system, the
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flow of water through the membrane is generally through pores and not through the space
between the lattices in the polymer, so osmotic pressure is not a factor. Furthermore, there is
little or no chemical interaction between the transported species and the membrane itself. UF
membranes may be tailor-made to meet virtually any type of removal specification.

Although they cannot reject any dissolved salts or other low-molecular-weight soluble mat-
ter, UF systems can remove very fine particulate material and high-molecular-weight organic
matter from water streams. To remove any low-molecular-weight soluble species with a UF
membrane, a process must occur to convert the soluble matter to particulate form. As examples,
soluble phosphorus may be precipitated with a metal salt, soluble organics may be adsorbed
onto powdered activated carbon, and soluble iron may be oxidized to particulate form. All of
these processes and others will allow a UF membrane to remove even soluble matter.

There are several different membrane module geometries on the market. Spiral-wound
membrane modules are similar to RO membranes. Although they have a high membrane
density, it is not possible to feed them with a high suspended solids concentration because of
the narrow passages available through the module. This geometry is suitable for the separa-
tion of high-molecular-weight organics in combination with low suspended solids. A second
geometry is tubular, in which the feed flow passes through tubes at high velocity. The tube
diameters range from about 0.5 to 1 in (12 to 25 mm). Because of the large tube diameter,
tubular membranes are able to effectively separate liquid from biomass slurries of relatively
high concentration, about 2 to 3 percent solids by weight. The permeate flow in the tubes is
from the inside to the outside. Pressure, typically on the order of 70 to 90 psig (483 to 621 kPa),
is required to force the permeate through the membrane pores. A high feed-flow velocity [12
to 15 fps (3.7 to 4.6 m/s)] through the tubes is required to ensure sufficient shear at the mem-
brane surface to keep the membrane clean and reduce concentration polarization. A third
variety of geometry is immersed hollow fiber, in which the membranes are submerged directly
in the feed fluid without the need for a pressure vessel. Hundreds of small-diameter [0.07-inch
(1.9-mm)] vertically oriented hollow fibers are supported at the top and bottom. The perme-
ate flow is from the outside to the inside so that fibers can handle very high solids concentra-
tions, as only clean, pure water flows inside the membranes. The vacuum required to operate
the hollow fiber design is very small, about —2 to —4 psig (—13.8 to 27.6 kPa). This vacuum is
normally provided by a standard pump connected to the membranes via a piping manifold. To
create the required shear on the membrane surface, low-pressure air is diffused intermittently
under the fibers. The air rises through the fiber bundle, providing the necessary shear.

The nature of the solids-liquid separation requirement will dictate the kind of membrane
module geometry that is best suited for a project. For small flows and very low suspended
solids, the spiral-wound membrane can be used. Care must be taken to ensure that high solids
concentrations do not develop within the membrane module by keeping the recirculation
flow high. For small flows and high suspended or emulsified solids concentrations, including
tramp oils, tubular membranes should be selected. Free oils are very fouling to the membrane
and must be prevented from coming in contact with the membrane. For high flows and high
suspended solids concentrations,immersed hollow-fiber membranes are usually the most eco-
nomical because of their lower pressure operation and hence lower energy requirements.

Figures 3.11a and 3.11b show examples of ultrafiltration systems.

Spiral Wound. As discussed previously, spiral-wound UF membranes have somewhat lim-
ited applications because of their inability to handle high solids concentrations. For certain
specific applications for the separation of high-molecular-weight organics in industrial pro-
cessing, they are very well suited. As they are usually available in a wide range of molecular
weight cutoffs, it is possible to achieve very specific separations.

Tubular. Tubular membranes are the workhorses of industrial wastewater solids-liquid sep-
aration. Their ability to handle high solids concentrations and high concentrations of emulsi-
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Cleaning

fied oils with little or no pretreatment leads to many applications for both waste reduction
and material recovery. They have also been adapted to work as a solids-liquid separation
device to replace the clarifier in conventional activated sludge treatment. Since the mem-
branes provide a true barrier to the bacteria, very high effluent quality is achievable. In addi-
tion, because the biomass solids concentrations can be much higher than those limited by
gravity separation, the sludge ages achieved are also much higher, reducing the amount of
waste sludge production. In applications treating oily wastewater, not only are all of the sus-
pended solids retained within the system by the membrane but also the higher-molecular-
weight organics (mainly oils). This means that they are subjected to biological degradation for
a time equal to the sludge age rather than simply the hydraulic retention time of the bioreac-
tor as in conventional treatment.

Immersed Hollow Fiber. Immersed hollow-fiber membranes have catapulted UF technol-
ogy into the high-flow regime prevalent in the municipal market. Applications of this tech-
nology have penetrated not only the wastewater side of the market, but also the water side,
meeting and exceeding the new challenges for higher-quality drinking and industrial process
water.

1. Municipal water treatment. New concerns over contamination of raw-water supplies
with giardia and cryptosporidium have piqued a strong interest in the use of UF technology
for municipal water treatment. With pore sizes far less than the size of these bacteria,
immersed hollow-fiber membranes provide an absolute barrier against them, resulting in a
typical 6-log removal rate using direct filtration only, with no chemical additions.

Colored water has long been an aesthetic problem with many raw-surface-water sources.
UF technology, in combination with metallic salt addition to coagulate the color bodies to a
particulate form, can be used to achieve as much as 90 percent removal of color.

High iron and manganese levels are sometimes prevalent in raw-groundwater sources.
Oxidation of these constituents to produce particulates from the soluble forms present in the
raw water prior to UF treatment provides economical treatment in cases in which conven-
tional technology is inadequate because of high concentrations.

2. Municipal wastewater treatment. Increasingly over the last few years, there has been a
demand for higher levels of nutrient removal. Conventional technology has not been able to
meet these requirements because of the limitations of suspended solids removal even with
tertiary multimedia filtration. Because UF technology is an absolute barrier to the biomass
used in conventional activated sludge and biological nutrient removal treatment plants, much
lower levels of total nitrogen and phosphorus are achievable. Also, because the concentration
of mixed-liquor suspended solids can be elevated significantly compared with conventional
treatment, sludge age can be increased, both reducing the quantity of waste sludge and
increasing the reliability of nitrification.

3. Water reuse. In areas of the world that have a shortage of raw water supplies, there is
increasing interest in high-volume water reuse for industrial processes such as cooling water
and boiler feed water. In this context, the availability of a secondary effluent-quality munici-
pal wastewater source can provide a feasible solution. Using UF technology, this water can be
treated without chemicals to yield a solids-free product suitable for direct use as cooling
water. In addition, because its silt density index is consistently below 3, the permeate can be
used directly to feed an RO system to produce water suitable for boiler feedwater.

All UF membranes require periodic cleaning to maintain their hydraulic capacity. Modern
systems are designed and built with integral PLC controls to completely automate the clean-
ing procedures. Selection of the proper membrane module geometry for the specific applica-
tion will minimize the cleaning frequency and chemical consumption.
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MICROFILTRATION

Microfiltration (MF), like ultrafiltration, is a pressure-driven membrane process. In the case
of microfiltration, the pore size is typically in the 0.03- to 0.1-um range. In this range, individ-
ual bacteria and viruses will pass through the membrane. However, colloidal suspended solids,
floc particles, and parasite cysts are prevented from passing. No removal of dissolved solids is
accomplished by microfiltration membranes.

Microfiltration membranes come in both in-line or cartridge filter arrangements and cross-
flow arrangements. For cross-flow systems, the rejection rate is usually 5 to 10 percent, that is,
90 to 95 percent recovery. Higher recovery rates are feasible; however, the overall flux
through the membrane is reduced.

Cross-flow microfiltration membranes can be further subdivided into tubular and
immersed-membrane types. Tubular membranes are arranged such that the raw-water source
is introduced under pressure in a tube that surrounds the membrane. Typically, the permeate
water proceeds from the outside of the membrane into the lumen in the center of the mem-
brane, where the permeate is then conducted back to a manifold for collection. The solids
remain on the outside of the membrane in the pressure tube and are periodically blown down
from the system.

Immersed membranes can be placed directly in a process tank where the permeate is
removed through the membrane by a suction pump on the permeate collection manifold. This
arrangement is possible because of the low transmembrane pressure exhibited by this type of
membrane.

The flux through the membrane during operation is dependent on suspended solids in the
feedwater as well as temperature (viscosity). A typical flux range for the membrane surface is
10 to 50 gal/day - ft>. Increasing transmembrane pressure also increases the flux.

Microfiltration membranes are typically periodically cleaned by backpulsing these mem-
branes. This can be accomplished through a variety of ways, some incorporating air and some
using just product water or water containing a small amount of hypochlorite. Some immersed-
membrane systems also use diffused air to agitate the membranes and prevent solids from
caking on the membrane surface.

Capital costs for microfiltration membrane system capacity range from $0.50 to approxi-
mately $1.00 per gallon per day. This range is primarily a function of solids concentration in the
feed stream. Also note that membrane systems must be sized on peak flow rather than average
daily flow, which can significantly affect the cost of a microfiltration membrane system.

Operational costs are primarily associated with power and vary from 50 to 120 hp/mgd.
Pretreatment chemicals include coagulants, and when biofouling is a problem, hypochlorite
solution can be used on some membranes for cleaning. Citric acid can also be used for mem-
branes that do not tolerate chlorine. Microfiltration membranes are typically not compatible
with polymer addition, which is not required, since even small “pin flocs” cannot permeate the
membranes.

EVAPORATIVE SYSTEMS

Evaporative systems are used in some applications for the production of very high quality
water from saline waters or wastewater. With high energy costs, evaporative systems (except
under very special circumstances) appear to offer a less satisfactory solution to many desali-
nation problems when compared to the alternative systems such as membrane filtration. Nev-
ertheless, the need for ultrapure water in process applications such as electronics and
pharmaceutical manufacture, production of high-pressure steam for electrical power genera-
tion, and increasingly stringent discharge regulations provide applications for evaporative
systems. Where waste energy is available, evaporation procedures should be considered as a
possible candidate in any water recovery system analysis.
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Evaporator system types such as multistage flash (MSF), multiple-effect distillation
(MED), and vapor recompression, both thermal and mechanical, are applied to water recov-
ery situations. Evaporator configurations such as horizontal tube, falling film, rising film, and
forced circulation are utilized, depending on the requirements for the application. Generally
speaking, economy ratios of 5 to 12 Ib of water per 1000 Btu (2 to 5 kg H,O per 10°J) are pos-
sible. Maintenance requirements such as cleaning of heat-transfer surfaces and pump and
compressor maintenance will vary with type of evaporator system and should be examined
closely along with capital and energy costs. The substantial advantage that an evaporator
offers is that, even if the source has variable salinity or extremely high salinity, the quality of
the product will be essentially unchanged. Furthermore, the amount of energy required to run
the system is independent of the salinity.

System costs for some evaporator systems are shown in Table 3.4.

TABLE 3.4 Evaporator Capital and Operating Costs, 1992 Dollars

Evaporation capacity, Operating costs, Principal
gal/day Capital costs, $ $/1000 gal energy source

13,000 450,000 47.85 Low-pressure steam
283,000 1,200,000 14.21 Low-pressure steam
346,000 1,800,000 10.81 Electric power

The data are based on the following assumptions:

1. Materials of construction for process contact parts are type 316 stainless steel.

2. Steam costs are $5/1000 Ib.

3. Electric power cost is $0.035/kWh.

4. Operating labor cost is $25/h.

5. The annual cost of maintenance and depreciation is 10% of capital costs.

6. Capital costs are inclusive of installation and structural supports, but do not include foundations or buildings.
Prices supplied by Dedert Corporation, Olympia Fields, Illinois. To convert 1000 gal to cubic meters, multiply by 3.8

m?/1000 gal.

CHLORINATION

Chlorine compounds (sodium hypochlorite, calcium hypochlorite, and chlorine gas) are
strong oxidizing agents commonly used for disinfection, as well as taste and odor control.
Chlorine will oxidize ferrous iron, manganese, and sulfide ions, as well as react with ammonia
or amines to form chloramines. Chloramines are weaker disinfectants than chlorine but are
useful for maintaining a residual chlorine content in water mains. The advantage of chlorine
is that it is an inexpensive method of disinfection. The disadvantage of chlorination is its reac-
tion with organic material to form chloroorganic compounds, including trihalomethanes. The
maximum contaminant level (MCL) for trihalomethanes for drinking water is set at 0.10
mg/L. Chlorine dioxide is also used as an oxidant and disinfectant to a limited extent. When it
is used for the treatment of potable water, trihalomethanes are not produced.

OZONIZATION

Ozone (0O;) is a powerful oxidizing agent used for color, taste, and odor removal and for
organic oxidation, bacterial disinfection, and virus inactivation. Ozonization followed by acti-
vated carbon treatment appears to be effective in meeting proposed drinking water standards.
The advantage of ozone is that it reacts quickly, leaving no residual or trihalomethanes. The
disadvantage is high capital and energy costs and the inherent danger of using a toxic sub-
stance.
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ACTIVATED-CARBON TREATMENT

Activated carbon is an adsorbent used for removing taste- and odor-causing material and
chlorinated compounds (e.g., trihalomethanes). It is available in powdered (PAC) and granu-
lar (GAG) forms. High surface area, pore size distribution, and particle surface chemistry give
activated carbon its adsorbent nature. A variety of materials, including bituminous coal, lig-
nite, petroleum coke, wood, and nutshell, are used to make activated carbon. The pore size dis-
tribution and surface chemistry of the activated carbon is dependent on the original material.
When the efficiency of the activated carbon is diminished by coating the surface of the
activated carbon with adsorbed material, reactivation is required. This is accomplished by oxi-
dizing the adsorbed material in regeneration furnaces at temperatures around 1470°F
(800°C), or chemical treatment with phosphoric acid, potassium hydroxide, or zinc chloride.

APPLICATIONS (FLOWSHEETS)

Figure 3.12 depicts many treatment systems that can be developed by applying the various treat-
ment methods that have been discussed. Many options are shown, and the most suitable can be
selected on the basis of raw-water characteristics and the treated-water requirements. The dia-
gram is by no means complete; it does, however, illustrate some common treatment scenarios.

Obviously, raw-water supplies vary widely in quality and, although not indicated on the
diagram, can be used without any treatment in some cases. Potable supplies will all require
disinfection. When selecting any system to be used for potable purposes, the local governing
health departments should be consulted so all their requirements are met.
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FIGURE 3.12 Diagram of water and waste treatment.
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The minimum water quality required at each point of use must be established and the
method or series of treatments that can conservatively meet these requirements under any
and all raw-water conditions must be selected. Consideration must be given to the degree of
automation and the quality and training of operators and maintenance personnel.

Chemical feeders, controllers, and instrumentation are an important part of water treat-
ment installations. These accessories are probably the source of most of the operational and
maintenance problems, and the same care should be given to their selection as to the major
equipment.

Water treatment is a continuous operation that must be monitored by testing. The com-
plexity depends on the process. Qualified personnel familiar with the laboratory techniques
must be assigned to this task.

WATER RECYCLING AND REUSE

A reuse treatment plant is usually nothing more than a water treatment plant using as a
source of supply the discharge from either a domestic or an industrial wastewater treatment
plant. Figure 3.13 shows a flow diagram of such a plant using treated domestic sewage as a
source and treating it further for use in an electrical generating station. Except for the nitrifi-
cation towers which are included because of a considerable savings in operating chemicals,
the balance of the plant is a typical water treatment plant.

F————————————————————— =
| |
| PRIMARY SECONDARY |
NITRIFICATION |  SOLIDS SOLIDS |
TOWERS CONTACT CONTACT GM FILTERS |
= |
A
SECONDARY / \ / \
SEWAGE
TREATED
EFFLUENT
CLEARWELL
STORAGE

SOLIDS THICKENING AND DEWATERING
FIGURE 3.13 Flow diagram for reuse treatment.

Waste treatment plants, particularly those using biological treatment, are subject to upsets
on occasion, and this can be troublesome to the operation of the reuse treatment plant. The
design of a reuse treatment plant should include adequate storage, recycle, or bypass facilities
needed for the inevitable upsets that will occur upstream.
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Approach The difference between the cold-water temperature and the ambient or inlet
wet-bulb temperature. Units: °F (°C)

Blowdown Water discharged from the system to control concentration of salts or other
impurities in the circulating water.

Cell The smallest tower subdivision which can function as an independent unit with regard
to air and water flow; it is bounded by walls or partitions. Each cell may have one or more fans
or stacks and one or more distribution systems.

Cold-water temperature (CWT) Temperature of the water entering the cold-water basin
before addition of makeup or removal of blowdown. Units: °F (°C).

Counterflow tower One in which air, drawn in through the air intakes (induced draft) or
forced in at the base by the fan (forced draft), flows upward through the fill material and
interfaces countercurrently with the falling hot water.

Crossflow tower One in which air, drawn or forced in through the air intakes by the fan,
flows horizontally across the fill section and interfaces perpendicularly with the falling hot
water.

Design conditions Defined as the hot-water temperature (HWT), cold-water temperature
(CWT), gallons (liters) per minute, and wet-bulb temperature (WBT) in mechanical-draft
towers. In natural-draft towers, design conditions are HWT, CWT, GPM, and WBT plus either
dry-bulb temperature (DBT) or relative humidity (RH).

Distribution system Those parts of a tower, beginning with the inlet connection, which dis-
tribute the hot circulating water within the tower to the points where it contacts the air. In a

3.63

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER COOLING SYSTEMS

3.64 MANAGING THE FACILITY

counterflow tower, this includes the header, laterals, and distribution nozzles. In a crossflow
tower, the system includes the header or manifold, valves, distribution box, hot water basin,
and nozzles.

Drift Water lost from the tower as liquid droplets entrained in the exhaust air. It is inde-
pendent of water lost by evaporation. Units may be in pounds (kilograms) per hour or per-
centage of circulating water flow. Drift eliminators minimize this loss from the cooling tower.

Drift eliminator An assembly constructed of wood, plastic, cement asbestos board, steel, or
other material which serves to minimize entrained droplets from the discharged air.

Fan stack Cylindrical or modified cylindrical structure in which the fan operates. Fan stacks are
used on both induced-draft and forced-draft axial-flow propeller fans. Also known as fan cylinder.

Fill The section of the cooling tower consisting of materials which are placed within the
cooling tower to effect heat and mass transfer between the circulating water and the air flow-
ing through the tower.

Hot-water temperature (HWT) Temperature of circulating water entering the distribution
system. Units: °F (°C).

Makeup Water added to the circulating water system to replace water lost from the system
by evaporation, drift, blowdown, and leakage.

Plenum The enclosed space between the drift eliminators and the fan stack in induced-draft
towers or the enclosed space between the fan and the filling in forced-draft towers.

Pumping head Minimum pressure required to lift the water from basin curb to the top of the
system. Pumping head is equal to static head plus friction loss through the distribution system.
Units: ft (m).

Range Difference between the hot-water temperature and the cold-water temperature.
Units: °F (°C). Also known as cooling range.

Recirculation This term describes a condition in which a portion of the discharge air enters
the tower along with the fresh air. The amount of recirculation is determined by tower design,
tower placement, and atmospheric conditions. The effect is generally evaluated on the basis of
the increase in the entering wet-bulb temperature compared to the ambient.

Water loading Circulating water flow of effective horizontal wetted area of the tower. Units:
gal/min - ft* (m*h - m?).
Wet-bulb temperature (WBT) Temperature measured by passing air over the bulb of a ther-

mometer covered by a wick saturated with water. Also known as the thermodynamic wet-bulb
temperature or the temperature of adiabatic saturation. Units: °F (°C).

INTRODUCTION

With the growth in the number and sizes of manufacturing plants of all types and the atten-
dant high heat-rejection rates, cooling-tower requirements have increased dramatically. These
trends are coupled with environmental aspects, including water conservation and limitations
on thermal and chemical discharges. As a result, the plant engineer has witnessed an upsurge
in the specification and use of cooling towers.

COOLING SYSTEM OPTIONS

Once-Through Cooling Systems

Many plants operating today are once-through cooling systems, as shown in Fig. 3.14, utilizing
water from a lake or river to supply cooling water to the heat exchangers. The heated water is
then returned to the body of water.
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FIGURE 3.14 Once-through cooling.

As a result of all the heat being discharged to rivers, lakes, etc. by plants operating with
once-through cooling, the term thermal pollution has assumed greater significance and has
resulted in the enactment of environment-related legislation. Consequently, once-through
cooling is not available as an option in many cases.

Closed-Cycle Cooling Systems

Closed-cycle cooling refers to the water side of the system and generally takes the form of a
cooling tower. Figure 3.15 shows the relationship of the cooling tower to the cooling system.
The cooling water is continuously recirculated through the plant. The cooling tower is used to
remove the heat added to the circulating cooling water by the heat exchangers. Water with-
drawn from the natural source would be used only for makeup of losses.

Cooling Towers. Cooling towers currently available to plant designers use natural-draft and
mechanical-draft designs. The natural-draft design utilizes large-dimension concrete chim-
neys to induce air through the fill. In the mechanical-draft design, large-diameter fans driven
by electric motors induce or force the air through the fill. Mechanical-draft cooling towers use
either induced-draft (pulling air through cooling tower) or forced-draft (pushing air into cool-
ing tower) designs. In all cooling towers, water is sprayed over the fill while air passes through
the fill. The fill is provided to interrupt the flow of water and increase the time of contact
between air and water, thereby permitting the efficient transfer of heat from the water to the
air.

Spray Ponds. An alternative to cooling towers in closed-cycle cooling systems is a spray
pond, where warm water is pumped through pipes from the heat exchangers and then out of
the spray nozzles. The nozzles atomize the warm water into fine droplets. The basic arrange-
ment of a spray pond is shown in Fig. 3.16. The spray nozzles are usually located about 5 ft
(1.52 m) above the pond surface. Height of the spray is about 6 ft (2 m). A nominal water load-
ing rate of 1 gal/min - ft* (2.44 m*h - m?) of pond area and wind speed of 5 mi/h (8.05 km/h)
would be typical design parameters for such a pond. Performance is strongly dependent on
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FIGURE 3.15 Closed-cycle cooling-tower system.

wind speed and direction and is limited by the relatively short contact time between the air
and water spray.

Objections to spray ponds include excessive water losses due to drift, which may cause
localized icing and fogging, and relatively high pumping costs. The land area required for a
spray pond system compared to a cooling tower installation is about 8 to 1.

Atmospheric Cooling Towers. When there is a need for larger cooling ranges and closer
approaches, the natural-draft or atmospheric towers might be considered. Fill installed in
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FIGURE 3.16 Spray pond.
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natural-draft cooling towers increases the time of contact between water and air. Various
types of fill and spacing are utilized, and tower heights vary in relation to the extent of cool-
ing to be accomplished. The cooling is dependent on the efficiency of the fill and the air veloc-
ity through the cooling tower as the water descends through the fill.

The advantages are (1) no electric power is required except for pumping head and (2) no
mechanical equipment is necessary, reducing maintenance requirements. The disadvantages
are (1) atmospheric towers have limited capacities, since they are solely dependent on ambi-
ent atmospheric conditions, (2) water loss as a result of high wind velocities can be apprecia-
ble, and (3) a rather high pumping head is required to allow for maximum air-water contact
time.

The large natural-draft hyperbolic cooling towers are found only in utility power station
service in the United States. The economics of plant designs will favor the mechanical-draft
cooling towers because of the rather short amortization period. Natural-draft towers perform
better when wet-bulb temperatures are low and relative humidity is high or if demand is
higher in winter. A combination of low design wet-bulb temperature and high inlet and exit
water temperatures would enhance the operation of a hyperbolic tower.

Because of the size of these units, 500 ft (155 m) high and 400 ft (122 m) in diameter at the
base, they are more practical when the circulating cooling water flow rate is about 200,000
gal/min and higher.

Mechanical-draft towers have a positive control of air delivery through the fill by the use
of large-diameter fans. Therefore, they can be designed for close control of cold-water tem-
perature. Counterflow and crossflow designs are indicated in Figs. 3.17 and 3.18.

Air
outlet

Fan
Water
inlet
Drift
eliminators
Air Fill Air
inlet 3 inlet
\
N
]
L by

Water outlet

FIGURE 3.17 Mechanical-draft counterflow tower.
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FIGURE 3.18 Mechanical-draft crossflow tower.

COOLING-TOWER OPERATION

Theoretical Concepts

The basic equations covering combined mass- and heat-transfer phenomena have been cov-
ered in the literature.! The analysis combines the sensible and latent heat transfer into an
overall process based on enthalpy potential as the driving force.

The process is shown schematically in Fig. 3.19, where each particle of bulk water in the
tower is assumed to be surrounded by an interfacial film to which heat is transferred from the
water. This heat is then transferred from the interface to the main air mass by (1) a transfer of
sensible heat and (2) mass heat transfer (latent) resulting from the evaporation of a portion
of the bulk water. This can be represented by the equation

KaV (n_dT
L 7). h,—h, 1)

where KaV/L = tower characteristic
T, = hot-water temperature, °F (°C)
T, = cold-water temperature, °F (°C)
T = bulk water temperature, °F (°C)
h,, = enthalpy of air-water vapor mixture at bulk water temperature, Btu/Ib dry air

J/kg)
h, = enthalpy of air-water vapor mixture at wet-bulb temperature, Btu/lb dry air
J/kg)
This equation is commonly referred to as the Merkel equation. The derivation can be found

in Ref. 2.
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FIGURE 3.19 Schematic of a water droplet with interface
film.

The left side of the equation is called the tower characteristic. The laws of thermodynamics
demand that the heat discharged by the water descending down through the cooling tower
must equal the heat absorbed by the air rising upward through the tower, or:

L (T,-T,)=G * (hy— hy) 2
L hh-h
G T-T,

where L =mass water flow, Ib/h - ft* (kg/h - m* plan area)

T, = hot-water temperature, °F (°C)

T, = cold-water temperature, °F (°C)

G = mass airflow, Ib dry air/h - ft* (kg/h - m?)

h, = enthalpy of air-water vapor mixture at exhaust wet-bulb temperature, Btu/lb
(J/kg) dry air

h; = enthalpy of air—water vapor mixture at inlet wet-bulb temperature, Btu/Ib (J/kg)
dry air

L/G =liquid-to-gas ratio, Ib water/Ib dry air (kg/kg)

Equations (1) and (2) or the tower characteristic can be represented graphically by the dia-
gram in Fig. 3.20. The interfacial film is assumed to be saturated with water vapor at the bulk
water temperature 7 (A in Fig. 3.20). As the water is cooled to temperature 75, the film
enthalpy follows the saturation curve to B.

Air entering the tower at wet-bulb temperature T, has an enthalpy C’. The origin of the
air operating line, point C, is vertically below B and is positioned to have an enthalpy corre-
sponding to that of the entering wet-bulb temperature. The heat removed from the water is
added to the air so its enthalpy increases along line CD, having a slope equaling the L/G ratio.
The vertical distance BC represents the initial driving force.

Point D represents the air leaving the cooling tower. It is the point on the air operating line
vertically below A. The projected length CD (or AB) is the cooling range.

The coordinates refer directly to the temperatures and enthalpy of the water operating
line AB, but refer directly only to the enthalpy of a point on the air operating line CD. The
corresponding wet-bulb temperature of any point on CD is found by projecting the point hor-
izontally to the saturation curve, then vertically down to the temperature coordinate. DEF
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FIGURE 3.20 Graphical representation of tower characteristic.

shows this projection for the outlet air wet-bulb temperature of point D. Point F is the outlet

air wet-bulb temperature.
The following integral is represented by the area ABCD:

s

where T = hot-water temperature, °F (°C)
T, = cold-water temperature, °F (°C)
T =bulk water temperature, °F (°C)
h,, = enthalpy of air-water vapor mixture at bulk water temperature, Btu/lb dry air

(J/kg)
h,=enthalpy of air-water vapor mixture at wet-bulb temperature, Btu/lb dry air

(J/kg)

This value is characteristic of the tower, varying with the rates of water- and airflow. An
increase in the entering air wet-bulb temperature moves the origin C upward and the line CD
shifts to the right to establish equilibrium. Both the inlet and outlet water temperatures
increase, while the approach decreases. The curvature of the saturation line is such that the
approach decreases at a progressively slower rate as the wet-bulb temperature increases.

An increase in the heat load increases the cooling range and increases the length of line
CD. To maintain equilibrium, the line shifts to the right, increasing hot- and cold-water tem-

peratures and the approach.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER COOLING SYSTEMS

WATER COOLING SYSTEMS 3.7

The increase causes the hot-water temperature to increase considerably faster than does
the cold-water temperature.

In both these cases, the area ABCD should remain constant—actually it decreases about 2
percent for every 10°F (5.6°C) increase in hot-water temperature. The cooling tower design-
ers take this into consideration in their initial design by applying a hot-water temperature cor-
rection to design calculations when the design hot-water temperature exceeds 110°F (43.5°C).
See Fig. 3.21.

Adjusted hot water temperature
71°C
160°F

66°C /

150°F

60°C

140°F /

54°C /

130°F

49°C

120°F /

43°c

110°F

38°C

100°F & - "
100°F  110°F 120°F 130°F 140°F
38°C  43°C 49°C 54°C 60°C

Hot water temperature

FIGURE 3.21 Plot of hot-water temperature adjustment.

However, a change in L/G will change this area. It has been found that a logarithmic plot
of L/G versus KaV/L at a constant airflow results in a straight line. This line, when plotted on
the demand curve for the design conditions, is the tower characteristic curve. The slope of the
curve depends on the tower fill. In the absence of more specific data, splash-type fill will have
a slope of —0.6.

Knowing the wet-bulb temperature, the range, the approach, and the L/G ratio, we can
determine KaV/L by referring to the charts in the Cooling Technology Institute’s Blue Book.?
A typical tower characteristic curve which would be submitted by a manufacturer is shown in
Fig.3.22.The complete set of cooling tower performance curves in the CTI Blue Book is to the
cooling tower engineer what the steam tables are to the turbine engineer. The set of curves
can be used to predict the performance of a given cooling tower under widely varying condi-
tions of service.
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FIGURE 3.22 Tower characteristic curves.

The most important design characteristic is L/G. The plant engineer should have on file
the design L/G ratio for each cooling tower in the plant. When bids are solicited for a new
cooling tower, the specifications should require that the characteristic curve for the tower
proposed be submitted with the bid package.

Design Parameters

Cooling towers are designed to meet a condition of operation specified by the plant engineer.
This condition requires the removal of a heat load of a specified magnitude. When the cooling
water flow rate is selected, the specification can be set. The cooling tower is specified to cool
a water quantity [gal/min (m*h)] through a definite temperature gradient (range) to a final
temperature which is a certain number of degrees above the design wet-bulb temperature
(approach). Only infrequently will the tower operate at this point, since the plant will nor-
mally level out at a slightly different requirement and/or the wet-bulb temperature will be
other than the design value. For this reason the tower characteristic curve should be supplied
by the manufacturer.
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The design wet-bulb temperature is usually based on National Weather Service records
and is chosen as the temperature which will not be experienced more than, say 1,2%, or 5 per-
cent of the time during the summer months of June, July, August, and September. The design
wet-bulb temperature should be selected only after some reference has been made to the eco-
nomics of the plant being served, the seasonal requirements of cooling, and the tabulated
Weather Service record for the locality. Choosing the 1-percent frequency level would be judi-
cious when the cooling tower is serving a temperature-sensitive process, or in production of a
high-profit product.

The three design levels shown in Table 3.5 are 1,2}, and 5 percent of the 2928 summer hours,
June through September, rounded off to the nearest whole degree. For selecting design temper-
atures at locations between the cities shown in the table, use data from the city or town nearest
the locality of the plant installation. For major installations involving large expenditures or crit-
ical temperature balance, make further detailed studies with the assistance of a meteorologist.

STANDARDS AND SPECIFICATIONS

Over the years, the Cooling Technology Institute has developed several standards which are
important to industrial cooling-tower design. When writing a specification for a new tower, if
you state, “This is to be a CTI Code cooling tower,” the CTI standards immediately become a
part of your specifications and your contract with the manufacturer. Applicable standards
include the following:

1. “Redwood Lumber Specification,” Standard 103

“Gear Speed Reducers,” Standard 111

“Pressure Preservative Treatment of Lumber,” Standard WMS-112
“Douglas Fir Lumber Specifications,” Standard 114

“Timber Fastener Specification,” Standard 119

“Asbestos Cement Materials,” Standard 127

“Acceptance Test Code,” Bulletin ATC-105

N,k wDN

When standards are specified, manufacturers are protected since all proposals will be on the
same basis; the buyer is protected with the assurance of getting a quality product.

Suggested Cooling-Tower Specifications

I. General
This specification covers the construction of an induced-draft, counterflow water-cooling
tower at (location) for (company) (hereafter referred to as Owner).

Each cell of the cooling tower is to be capable of individual operation with its own water
supply and mechanical equipment. The design and construction of the cooling tower shall
conform to the latest applicable provisions of the Cooling Technology Institute standards and
shall be a CTT Code tower.

Bids are to be submitted on CTI bid forms with all items completed.

Attached plant safety requirements are a part of this specification and will become a part
of the issued contract.

II. Facilities Furnished by Others

A. Power wiring, motor controls, and all electrical labor.
B. Materials and installation labor for external piping to and from the tower, including
valves.

3.73
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TABLE 3.5 Summer, June-September, Design Wet-Bulb Temperature

1% 2% % 5% 1% 2% % 5%

Alabama Illinois

Birmingham 79 78 77 Chicago 78 76 75

Huntsville 78 79 76 Peoria 78 77 76

Mobile 80 79 79 Springfield 79 78 77
Alaska Indiana

Anchorage 61 61 59 Evansville 79 78 77

Fairbanks 64 63 61 Indianapolis 78 77 76
Arizona South Bend 77 76 74

Flagstaft 61 60 59 Iowa

Phoenix 77 76 75 Des Moines 79 77 76

Tucson 74 73 72 Mason City 77 75 74
Arkansas Sioux City 79 77 76

El Dorado 81 80 79 Kansas

Fayetteville 77 76 75 Dodge City 74 73 72

Little Rock 80 79 78 Goodland 71 70 69
California Topeka 79 78 77

Arcata/Eureka 60 59 58 Wichita 77 76 74

Bakersfield 72 71 70 Kentucky

Fresno 73 72 71 Lexington 78 77 76

Los Angeles 69 68 67 Louisville 79 78 77

Sacramento 72 70 69 Paducah 80 79 78

San Diego 71 70 68 Louisiana

San Francisco 65 63 62 Baton Rouge 81 80 79
Colorado New Orleans 81 80 79

Denver 65 64 63 Shreveport 81 80 79

Grand Junction 64 63 62 Maine

Pueblo 68 67 66 Augusta 74 73 71
Connecticut Portland 75 73 71

Hartford 77 76 74 Maryland

New Haven 77 76 75 Baltimore 79 78 77
Delaware Massachusetts

Wilmington 79 77 76 Boston 76 74 73
District of Columbia Worcester 75 73 71

Washington 78 77 76 Michigan
Florida Battle Creek 76 74 73

Jacksonville 80 79 79 Detroit 76 75 74

Miami 80 79 79 Saginaw 76 75 73

Orlando 80 79 78 Minnesota

Pensacola 82 81 80 Alexandria 76 74 72

Tampa 81 80 79 Duluth 73 71 69
Georgia Minneapolis/St. Paul 77 75 74

Atlanta 78 77 76 Rochester 77 75 74

Macon 80 79 78 Mississippi

Valdosta 80 79 78 Greenwood 81 80 79
Hawaii Meridian 80 79 78

Honolulu 75 74 73 McComb 80 79 79
Idaho Missouri

Boise 68 66 65 Joplin 79 78 77

Idaho Falls 65 64 62 Kansas City 79 77 76

Pocatello 65 63 62 Springfield 78 77 76
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TABLE 3.5 Summer, June-September, Design Wet-Bulb Temperature (Continued)

1% 2%% 5% 1% 2%% 5%

Montana Rhode Island

Billings 68 66 65 Providence 76 75 74

Butte 60 59 57 South Carolina

Great Falls 64 63 61 Charleston 81 80 79
Nebraska Columbia 79 79 78

Grand Island 76 75 74 Spartanburg 77 76 75

North Platte 74 73 72 South Dakota

Omaha 79 78 76 Pierre 76 74 73

Scotts Bluff 70 69 67 Rapid City 72 71 69
Nevada Sioux Falls 77 75 74

Elko 64 62 61 Tennessee

Las Vegas 72 71 70 Chattanooga 78 78 77

Reno 64 62 61 Knoxville 77 76 75
New Hampshire Memphis 80 79 78

Concord 75 73 72 Nashville 79 78 77

Manchester 76 74 73 Texas
New Jersey Abilene 76 75 74

Newark 77 76 75 Amarillo 72 71 70

Trenton 78 77 76 Austin 79 78 77
New Mexico Big Spring 75 73 72

Albuquerque 66 65 64 Corpus Christi 81 80 80

Carlsbad 72 71 70 Dallas 79 78 78

Roswell 71 70 69 El Paso 70 69 68
New York Houston 80 80 79

Albany 76 74 73 Utah

Binghamton 74 72 71 Richfield 66 65 64

Buffalo 75 73 72 St. George 71 70 69

New York 77 76 75 Salt Lake City 67 66 65
North Carolina Vermont

Asheville 75 74 73 Burlington 74 73 71

Charlotte 78 77 76 Virginia

Raleigh 79 78 77 Norfolk 79 78 78
North Dakota Richmond 79 78 77

Bismarck 74 72 70 Roanoke 76 75 74

Fargo 76 74 72 Washington

Minot 72 70 68 Ellensburg 67 65 63
Ohio Seattle/Tacoma 66 64 63

Cincinnati 78 77 76 Spokane 66 64 63

Cleveland 76 75 74 West Virginia

Columbus 77 76 75 Charleston 76 75 74
Oklahoma Morgantown 76 74 73

Ponca City 78 77 76 Parkersburg 77 76 75

Oklahoma City 78 77 76 Wisconsin

Tulsa 79 78 77 Green Bay 75 73 72
Oregon Madison 77 75 73

Medford 70 68 66 Milwaukee 77 75 73

Pendleton 66 65 63 Wyoming

Portland 69 67 66 Casper 63 62 60
Pennsylvania Cheyenne 63 62 61

Altoona 74 73 72 Rock Springs 58 57 56

Harrisburg 76 75 74

Philadelphia 78 77 76

Pittsburgh 75 74 73

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



3.76

WATER COOLING SYSTEMS

MANAGING THE FACILITY

C. Necessary concrete cold-water basin.
D. 110-V,60-Hz, -kW, single-phase power to contractor at one location at the
tower site. (Additional facilities which others are willing to supply to contractor.)

IIl1. Design Data

1V,

V.

Circulation rate gal/min (m*h)
Water temperature to tower °F (°C)
Water temperature from tower °F (°C)
Inlet wet-bulb temperature °F (°C)
Range °F (°C)
Approach °F (°C)
Wind velocity, maximum mi/h (m/s)
Wind loading, maximum 1b/ft? (kg/m?)
Basin depth ft (m)

Tower location (above sea level) ft (m)
Drift loss percent

Bidder to include tower characteristic curve with bid and state design L/G ratio.

Evaluation

A. Fan horsepower evaluation will he added to the base price of the tower at
$ per horsepower (kilowatt) (or $ per horsepower (kilowatt)
per year for years). Typical values of the cost of horsepower are $500 to
$1500 per horsepower.

B. Pumping head evaluation will be added to the base price of the tower at

per foot (meter) of head. Typical values of cost of pumping are $5000 to
$100,000 per foot.

C. Concrete cold water basin evaluation will be added to the base price of the tower at
$ per square foot (meter) of plan area at the base of the tower. Typical val-
ues of the cost of concrete basin are $500 to $1000 per square foot.

Materials

A. General
1. Lumber. All lumber used shall be structural no. 1 redwood as graded and specified
in CTI Standard 103, Grades II and III. No plywood is allowed in any structural area
of the tower. (Acceptable alternative: Douglas fir.)
2. Preservative treatment. ~All lumber shall be treated. Lumber shall be cut to dimen-
sions, notched, and drilled prior to preservative treatment. Treatment to be with
chromated copper arsenate, Type B (CCA-b), and in accordance with CTI Standard

WMS-112.
3. Hardware. (See CTI Standard TPR-126 for charting of materials.) All bolts, nuts,
and washers shall be . All nails shall be . Other hardware,

such as connectors and base anchors, shall be stainless steel, galvanized steel, or
epoxy-coated cast iron.
B. Component Parts
1. Framework
a. All tower columns shall not be less than 4 x 4 in (10 x 10 cm) nominal.
b. All connections and joints are to be carefully fitted and bolted. Nailing or
notching of structural members will not be permitted. Nonframework members
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such as fill, sheathing, and louvers shall not be used to furnish the structural
strength of the cooling tower.

2. Fan deck
a. Fan deck shall be designed for a live load of 60 Ib/ft* and shall be reinforced for

any concentrated or distributed dead loads. Fan decking shall be tongue-and-
groove planking with nominal 2-in (5-cm) thickness or 1%-in (2.9-cm) treated
Douglas fir plywood.

b. For counterflow cooling towers, one access door per fan cell shall be furnished
through the fan deck. A ladder is to be supplied for access from the fan deck to
the drift eliminators. A small platform shall be installed even with the top of the
drift eliminators.

3. Fill. Tower fill shall be pressure-treated, clear heart redwood, treated Douglas
fir, or polyvinyl chloride (PVC) modules. For crossflow cooling towers, fill supports
shall be PVC-coated steel or stainless steel hangers. Bidder to specify vertical and
horizontal spacing of fill bars, fill bar size, and fill depth. If film fill is used, air-travel
dimension shall be stated.

4. Drift eliminators. Shall be treated redwood, treated Douglas fir, or PVC mod-
ules.

5. Hot-water distribution system
a. Counterflow. The tower shall be provided with a complete water distribution

system fabricated from PVC or fiberglass-reinforced plastic pipe. The header
and laterals shall have self-draining, nonclogging, full-pattern spray nozzles.
Piping shall terminate with one flanged connection for each cell approximately
1 ft (0.3 m) outside the tower casing to permit shutdown of any cell without
affecting operation of other cells.

b. Crossflow. The hot-water distribution basin floor shall be constructed of
tongue-and-groove redwood (or Douglas fir) or Douglas fir plywood with
downtake orifice nozzles constructed of polypropylene with integral splash
surface diffusers. Each basin shall have a flow control valve capable of full
shutoff.

6. Fans and drives
a. Fan shall be propeller type with at least six adjustable-pitch blades of fiberglass-

reinforced epoxy, Air Moving and Conditioning Association (AMCA) rated,
and statically and dynamically balanced prior to shipment, if possible.

b. All motors shall be suitable for across-the-line starting and shall be designed
for cooling-tower service. Motors shall be installed outside the exit air stream
and nameplate rating shall not be exceeded when tower is operating within
the limits of design conditions specified. Motors shall be wired for 3-phase,
60-Hz, -V power.

c. The fans shall be driven through right-angle, heavy-duty, cooling-tower
reduction-gear assemblies having a minimum service factor of 2.0, based on
motor nameplate rating. Reduction gears shall be provided with vent lines and
oil fill lines extending outside of fan stack. Oil fill lines shall include oil level
sight gauges. Reducers shall conform to CTI Standard 111.

d. The driveshaft assembly connecting the motor and gear reducer shall be the
nonlubricated design. Two driveshaft guards shall be supplied, with one at each
end of each shaft.

e. Supports for motor and reducer assembly shall be of unitized galvanized steel
construction. Minimum thickness of steel employed shall be % in (6.4 mm).

f. One vibration cutout switch shall be provided with each fan.

7. Fan stack. Fan stacks shall be eased-inlet entrance type, not less than 6 ft (1.33 m)
high, constructed of fiberglass-reinforced polyester.

8. Partitions. Towers consisting of two or more cells shall have a solid transverse
partition wall between all cells which extends from louver face to louver face and
from basin-curb level to fan-deck (counterflow towers) and distribution-deck lev-
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els (crossflow towers). All partition walls will be constructed of treated redwood,

Douglas fir, or corrugated, fiberglass-reinforced, polyester plastic.

9. Casing. Tower casing shall be single-wall, 8-0z,4.2 or 5.33 corrugated, fiberglass-
reinforced, polyester plastic. Casing sheets shall have a minimum of one corruga-
tion overlap at all seams and shall be of watertight design.

10. Air-inlet louvers. Louvers shall be of treated redwood, Douglas fir, or fiberglass-
reinforced, polyester plastic supported on spans of 4 ft (1.22 m) or less.
11. Access

a. At least one ladder and one stairway at opposite ends of the tower shall be pro-
vided extending from the ground level to the top of the fan deck.

b. Stairways and ladders shall be in accordance with OSHA requirements.

¢. Handrails around the top of the tower shall be provided in accordance with
OSHA requirements.

d. Access to plenum chamber on crossflow towers shall be through the end-wall
casing at basin-curb elevation. Access doors shall be provided through each par-
tition wall. A walkway shall be provided at basin-curb level from end wall to
end wall.

VI. Drawings

The cooling-tower manufacturer shall submit three copies of general arrangement drawings
for approval. Catalog drawings will not be considered acceptable as approval drawings.
Approval drawings shall clearly show exact dimensions and all construction details.

VII. Testing

Acceptance Test. The cooling-tower manufacturer shall conduct an acceptance test in accor-
dance with the Cooling Technology Institute’s “Acceptance Test Procedure for Industrial
Water Cooling Towers,” CTI Bulletin ATC-105, latest revision. The cooling-tower manufac-
turer shall quote a separate price for conducting the acceptance test.

VIII. Guarantee

The cooling tower shall be guaranteed for a period of 1 year after structural completion or 18
months after shipment, whichever occurs first. Any defective parts or workmanship shall be
repaired at the cooling-tower manufacturer’s expense.

OPERATION AND MAINTENANCE

Evaporation Loss

Drift Loss

In the usual cooling-tower operation, the water evaporation rate is essentially fixed by the
rate of removal of sensible heat from the water, and the evaporation loss can be roughly esti-
mated as 0.1 percent of the circulating water flow for each degree Fahrenheit of cooling range.

Cooling-tower drift loss is the entrained liquid water droplets discharged with the exit air. The
function of drift eliminators is to limit the number of escaping droplets to an acceptable level.
Most design specifications state the permissible drift loss as a percentage of the circulating
water flow. Most modern cooling towers are designed with drift-eliminator face velocities
below 650 ft/min (198.1 m/min), and entrainment losses less than 0.008 percent of the water
circulation rate.

Blowdown. Cooling-tower blowdown is a portion of the circulating water that is discharged
from the system to prevent excessive buildup of solids. The maximum concentration of solids
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that can be tolerated is usually determined by the effects on the various components of the
cooling system, such as piping, pumps, heat exchangers, and the cooling tower itself. The
required blowdown rate is determined from a material balance, yielding the equation:

where b = blowdown rate, gal/mm (m?/h)
e = evaporation loss, gal/min (m*/h)
r =ratio of solids in blowdown to solids in makeup (cycles of concentration)
d = drift loss, gal/min (m?*/h)

Makeup Water Rate. To hold a given solids concentration ratio, sufficient water must be
added to the recirculating water system to make up for evaporation, blowdown, drift, and
other losses. The required makeup rate may be computed by either of the equations:

M=b+e+d

or
r

r—1°¢

M=

where M = makeup rate, gal/min (m*/h)
b = blowdown rate, gal/min (m?*h)
e = evaporation loss, gal/min (m*/h)
r =ratio of solids in blowdown to solids in makeup (cycles of concentration)
d = drift loss, gal/min (m*h)

Proper maintenance of the mechanical equipment and distribution system will ensure
optimum operation from the cooling tower over a long period of time. Motors must remain
properly lubricated, gearbox oil should be maintained at the proper level, and driveshaft
alignment should be checked on a regular basis. Uniform distribution of hot water within the
tower is essential in order to maintain optimum tower performance. Refer to Table 3.6 for a
suggested preventive maintenance schedule for key tower components.

COLD-WEATHER OPERATION

General

The successful operation of induced-draft cooling towers during extremely cold weather very
often presents a problem to the plant operators. Ice tends to form on the air-intake louvers
and filling immediately adjacent to the louvers. This is because the water in contact with the
airstream will intermittently splash on the louver boards, where it freezes and will eventually
build up to the point where the flow of air is restricted. Also, subcooling will be obtained in
the area of the filling immediately adjacent to the louvers, where ice will build up during peri-
ods of light load or high air velocity. Particular care must be taken in starting up fans that have
been shut down for an appreciable length of time because of the possibility of unequal ice
loading on the blades. If a fan is started up in an unbalanced condition, the gear unit could be
torn from its mounting, causing permanent damage to the mechanical equipment and sur-
rounding tower structure.

Control of Ice on Air-Intake Louvers and Filling

Every effort should be made to maintain the design water quantity and heat load per cell. In
the event of a reduction in the plant heat load, it is extremely important that the water quan-
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TABLE 3.6 Master Periodic Inspection Chart

Weekly

‘What to look for

What to do

Fan

Speed reducer

Driveshaft

Suction pit screen

Noise, vibration, tower sway

Noise, rapid vibration, oil leaks

Vibration, broken disks

Debris

Visually check for damage, check
weep holes for water in fan
blades.

Check oil level; check oil for
water or other contamination;

check breather pipe for clogging;
check shaft for misalignment.
Run idle units for 10 min.

Replace broken disks. Tighten
bolts.

Remove debris.

Monthly

What to look for

What to do

Speed reducers

Driveshaft
Nozzles

Headers and laterals
Distribution decks

Routine check

Routine check
Scale, corrosion, debris

Scale or clogging
Algae, debris, channeling deposits
of lime, scale, etc.

Check oil level and contamination.
Inspect oil on high- and low-
speed shaft for lubrication.

Check alignment.

Clean; replace if damaged.

Spot-check nozzles on side of
tower opposite from risers.

Clean.

Clean with steam, high-pressure
hose, or stiff brush.

Fill Clogging Clean or remove, as necessary.
Yearly What to look for What to do

Tower Routine check Shut down; clean thoroughly
from top to bottom including
basin.

Fill Warping, water channeling Replace as needed.

Structure Decay, excessive delignification Use ice pick. Replace structural
members, if necessary.

Bolts Looseness, corrosion Tighten all bolts; replace those
corroded.

Wall sheathing Leaks Caulk as necessary. Keep tower

Mechanical equipment

Basin

Fan blade damage, unbalance,
pitch, fan shaft looseness, speed
reducer wear, shaft alignment

Dirt, debris, signs of oil

wet.
Make checks and corrections as
necessary.

Clean thoroughly.

tity be reduced proportionately and that the cells be shut down to maintain the design quan-
tity per cell; that is, riser valves should be shut on idle cells. In addition, the water temperature
in the basin should be maintained at a reasonable value, such as 60° to 70°F (15.6° to 21.1°C),
by reducing the volume of air entering the tower.

The greater the air volume moved by the fans, the greater the amount of ice formation. It
is our recommendation that the fan motors on a multicell cooling tower be reduced from full
speed to half speed as required to maintain the temperature of the water in the basin at 60°F
to 70°F (15.6°C to 21.1°C). In the event that all fans are running at half speed and the basin
temperature falls below 60°F (15.6°C), it will then be necessary to shut down the fans as
required to maintain this temperature.

Usually the water concentration in gallons per square foot (liters per square meter) of cell
area is sufficient to cause a reversal of airflow when the fans are not operating. This will tend
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to melt any ice that is formed on the fill and the louvers. In a multicell tower, the fans should
remain turned off for approximately 12 h and then turned back to low speed. The adjoining
cell should then have its fan turned off for the same period of time, and this operation should
be repeated on the other cells during cold weather.

Should this procedure prove ineffective in controlling the ice formation, one of the fol-

lowing recommendations should be followed:

1.

2.

Remove ice from the louvers with a steam hose. Be careful not to allow the ice load on the
fill to exceed its design value, causing it to collapse during thawing.

Remove louver boards. Some counterflow and straight-sided crossflow towers have the
top louver board and every fifth louver beneath of double width. The intermediate louver
boards may be removed, thereby reducing the amount of ice forming between these lou-
ver blades and choking off the air supply.

Install reversing switches on low-speed fan motor terminals. This will reverse the flow of
air through the cooling tower, which will quickly melt any ice that is formed on the louvers
and fill. The fan motors should not be operated in reverse for more than about 30 min at a
time. During extremely cold weather, each of the fans operating at half speed should be
reversed once a day to remove ice from the air-intake louvers.

NOMENCLATURE

a = area of transfer surface per unit of tower volume, ft*/ft>
b =blowdown rate, gal/min
d = drift loss, gal/min
e = evaporation loss rate, gal/min
g =mass airflow, Ib dry air/h - ft?
h = enthalpy of air—water vapor mixture, Btu/lb dry air
h, = enthalpy of air—water vapor mixture at wet-bulb temperature, Btu/Ib dry air
h,, = enthalpy of air-water vapor mixture at bulk water temperature, Btu/lb dry air
h, = enthalpy of air—water vapor mixture at inlet wet-bulb temperature, Btu/lb dry air
h, = enthalpy of air—water vapor mixture at exhaust wet-bulb temperature, Btu/Ib dry air
k = overall enthalpy transfer coefficient, Ib/h - ft* per Ib water/lb dry air
[ = mass water flow, Ib/h - ft? plan area
m =makeup rate, gal/min
r =ratio of solids in blowdown to solids in makeup (cycles of concentration)
¢ =bulk water temperature, °F (°C)
t; = hot-water temperature, °F (°C)
1, = cold-water temperature, °F (°C)
v = effective cooling-tower volume, ft%ft’ plan area

KaV/L = tower characteristic
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L/G =liquid-to-gas ratio, Ib water/Ib dry air
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GENERAL CONSIDERATIONS

As a system design develops from concept to final contract documents, the following subjects
should be considered throughout the heating, ventilating, and air-conditioning (HVAC)
design period. These subjects are of a general nature inasmuch as they are applicable to all
HVAC designs, and they may become specific requirements inasmuch as codes are continu-
ally updated.

* Adapted from Robert C. Rosaler (ed.), HVAC Systems and Components Handbook, 2d ed., McGraw-Hill, New York,
1998; used with permission. Updated for this handbook by James R. Fox, P.E., William C. Newman, Wayne H. Lawton, and
David H. Helwig, Arcadis-Giffels, Inc

3.83
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Cooling Towers and Legionnaires’ Disease

Since the 1976 outbreak of pneumonia in Philadelphia, cooling towers have frequently been
linked with the Legionella pneumophila bacteria, or Legionnaires’ disease. Several precau-
tions should be taken:

1. Keep basins and sumps free of mud, silt, and organic debris.

2. Use chemical and/or biological inhibitors as recommended by water-treatment specialists.
Do not overfeed, because high concentrations of some inhibitors are nutrients for microbes.

3. Do not permit the water to stagnate. The water should be circulated throughout the system
for at least 1 h each day regardless of the water temperature at the tower. The water tem-
perature within the indoor piping will probably be 60°F (15.6°C) or warmer, and one pur-
pose of circulating the water is to disperse active inhibitors throughout the system.

4. Minimize leaks from processes to cooling water, especially at food plants. Again, the
processes may contain nutrients for microbes.

Elevator Machine Rooms

These spaces are of primary importance to the safe and reliable operation of elevators. In the
United States, all ductwork or piping in these rooms must be for the sole purpose of serving
equipment in these rooms unless the designer obtains permission from the authorities in
charge of administering American National Standards Institute/American Society of
Mechanical Engineers (ANSI/ASME) Standard 17.1, Safety Code for Elevators and Escala-
tors. If architectural or structural features tend to cause an infringement of this rule, the duct
or pipe must be enclosed in an approved manner.

Energy Conservation

A consequence of the 1973 increase in world oil prices is legislation governing the design of
buildings and their HVAC systems. Numerous U.S. states and municipalities include an
energy code or invoke a particular issue of American Society of Heating, Refrigeration, and
Air Conditioning Engineers (ASHRAE) Standard 90 as a part of their building code. Stan-
dard 90.1 establishes indoor and outdoor design conditions, limits the overall U-factor for
walls and roofs, limits reheat systems, requires the economizer cycle on certain fan systems,
limits fan motor power, requires minimum duct and pipe insulation, requires minimum effi-
ciencies for heating and cooling equipment, and so on.

In the interest of freedom of design, the energy codes permit tradeoffs between specified
criteria as long as the annual consumption of depletable energy does not exceed that of a sys-
tem built in strict conformance with the standard. Certain municipalities require that the
drawings submitted for building-permit purposes include a statement to the effect that the
design complies with the municipality’s energy code. Some states issue their own preprinted
forms that must be completed to show compliance with the state’s energy code.

Equipment Maintenance

The adage “out of sight, out of mind” applies to maintenance. Equipment that a designer
knows should be periodically checked and maintained may get neither when access is diffi-
cult. Maintenance instructions are available from equipment manufacturers; the system
designer should be acquainted with these instructions, and the design should include reason-
able access, including walk space and headroom, for ease of maintenance. Some features for
ease of maintenance will increase project costs, and the client should be included in the deci-
sion to accept or reject these features.
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Penthouse and rooftop equipment should be serviceable via stairs or elevators and via roof
walkways (to protect the roofing). Ship’s ladders are inadequate when tools, parts, chemicals,
and so on are to be carried. Rooftop air handlers, especially those used in cold climates, should
have enclosed service corridors (where project budgets allow). If heavy rooftop replacement
parts, filters, or equipment are expected to be skidded or rolled across a roof, the architect
must be advised of the loading to permit proper roof system design.

Truss-mounted air handlers, unit heaters, valves, exhaust fans, and so on should be over
aisles (for servicing from mechanized lifts and rolling platforms) when catwalks are impracti-
cal. Locate isolation valves and traps within reach of building columns and trusses to provide
a degree of stability for service personnel on ladders.

It is important that access to ceiling spaces be coordinated with the architect. Lay-in ceil-
ings provide unlimited access to the space above, except possibly at lights, speakers, sprinklers,
and the like. When possible, locate valves, dampers, air boxes, coils, and the like above corri-
dors and janitor closets so as to disturb the client’s operations the least.

Piping system diagrams are important and should be provided by the construction docu-
ments. Piping should be labeled with service and flow direction arrows, and valves should be
numbered as to an identification type number. The valves normally used in modern-day pip-
ing systems fall into two categories, multiturn and quarter-turn. Quarter-turn valves would
include ball valves, butterfly valves, and plug valves. The multiturn variety includes the tradi-
tional gate and globe type. Quarter-turn valves are becoming more popular and usually can be
provided at less cost, depending on service, but care should be used in their application. Valves
in pipe sizes up to 2 in (5 cm) are normally manufactured with threaded bodies, though some
types are available with flanged ends. Valves in these sizes are ball, plug, gate, or globe type in
design. For pipe sizes 2/ in (6.3 cm) and larger, threaded ends are rarely used or available. The
multiturn designs would normally be provided with flanged ends. Plug valves would also be
flanged. The butterfly valve is furnished with either flanged ends, though these are rarely used
in aboveground work, lug body, or wafer style. The wafer style would be the least expensive
but is not a good choice because there is no way to disconnect the service downstream of the
valve without a short flanged spool bolted up to the valve (see Chap. 5.11). The best choice for
the butterfly valve is the lug body because it is the best of both worlds. It is installed like a
flanged-body valve without the flanged-body cost.

Most experienced piping designers shy away from quarter-turn valves for steam service at
all temperatures and pressures. This is, for the most part, out of consideration for safety, espe-
cially for the smaller pipe sizes where lever-type operators would be expected. For larger pipe
sizes that carry steam, high-performance butterfly valves with gear operators are gaining pop-
ularity. The gear operator provides a measure of safety where slow operation is desired.
Warm-up bypasses should always be considered for all steam isolation valves without regard
to whether they are gate or butterfly type.

Pressure gauges are normally provided to monitor changes in pressure loss across pumps,
heat exchangers, and strainers. Figure 3.23 suggests a piping scheme that allows one gauge,
which can be used to increase the accuracy of gauge reading where the piping configuration
permits. Gauge valves should be either small globe [% in (10 mm)] or ball valves. These types
of valves are not as likely to seize with disuse, and they allow throttling to steady a bouncing
gauge needle.

The observation of steam-trap operation can be facilitated by having a %-in (10-mm) test
valve at the trap discharge pipe (Fig. 3.24). With valve V-1 closed, trap leakage and cycling
may be observed at an open test valve. The test valve can be used to monitor reverse-flow
leaks at check valves.

Equipment Noise and Vibration

Noise and vibration can reach unacceptable levels in manufacturing plants as well as in
offices, auditoriums, and the like. Once an unacceptable level is built in, it is very costly to cor-
rect. The noise and vibration control recommendations in Chaps. 4.11 and 4.12 of this hand-
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FIGURE 3.23 Multiple-point pressure gauge.

book and in the 71999 ASHRAE Handbook, HVAC Applications, should be followed. Sound
and vibration specialists should be consulted for HVAC systems serving auditoriums and
other sensitive areas. Fans, variable-air-volume boxes, dampers, diffusers, pumps, valves, ducts,
and pipes which have sudden size changes or interior protrusions or which are undersized can
be sources of unwelcome noise.

Fans are the quietest when operating near maximum efficiency, yet even then they may
require sound attenuation at the inlet and outlet. Silencers and/or a sufficient length of
acoustically lined ductwork are commonly used to “protect” room air grilles nearest the fan.
Noise through duct and fan sides must also be considered. In the United States, do not use
acoustic duct lining in hospitals except as permitted by the U.S. Department of Health and
Human Services (DHHS) Publication HRS-M-HF 84-1.

Dampers with abrupt edges and those used for balancing or throttling air flows cause tur-
bulence in the air stream, which in turn is a potential noise source. Like dampers, diffusers (as
well as registers, grilles, and slots) are potential noise sources because of their abrupt edges
and integral balancing dampers. Diffuser selection, however, is more advanced in that sound
criteria are readily available in the manufacturers’ catalogs. Note, however, that a background
noise (white noise) is preferable in office spaces because it imparts a degree of privacy to con-
versation. Diffusers can provide this.

Pumps are also the quietest when operating near maximum efficiency. Flexible connectors
will help to dampen vibration transmission to the pipe wall but will not stop water- or liquid-
borne noise.

Stteam Check valve
rap as required
Steam and
condensate DHII'— T ’—(l'.— N
from drip leg %
Test V-1
valve
Condensate
return

FIGURE 3.24 Test valve at steam trap.
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Valves for water, steam, and compressed-air service can be a noise source or even a source
of damaging vibration, depending on the valve pattern and on the degree of throttling or pres-
sure reduction. Here again, the findings of manufacturers’ research are available for the
designer’s use.

Equipment rooms with large fans, pumps, boilers, chillers, compressors, and cooling towers
should not be located adjacent to sound- or vibration-sensitive spaces. General office, com-
mercial, and institutional occupancies usually require that this equipment be mounted on
springs or vibration isolation pads (with or without inertia bases) to mitigate the transfer of
vibration to the building’s structure. Spring-mounted equipment requires spring pipe hangers
and flexible duct and conduit connections. Air-mixing boxes and variable-volume boxes are
best located above corridors, toilet rooms, and public spaces. Roof fans, exhaust pipes from
diesel-driven generators, louvers, and the like should be designed and located to minimize
noise levels, especially when near residential areas.

Evaporative Cooling

An airstream will approach at its wet bulb temperature a 100-percent saturated condition
after intimate contact with recirculated water. Evaporative cooling can provide considerable
relief without the cost of refrigeration equipment for people working in otherwise unbearably
hot commercial and industrial surroundings, such as laundries, boiler rooms, and foundries.
Motors and transformers have been cooled (and their efficiency increased) by an evapora-
tively cooled airstream.

Figure 3.25 shows the equipment and psychrometric elements of a direct evaporative
cooler. Its greatest application is in hot, arid climates. For example, the 100°F (38°C), 15-percent
relative humidity (RH) outdoor air in Arizona could be cooled to 70°F (21°C), 82-percent RH
with an 88-percent efficient unit. Efficiency is the quotient of the dry-bulb conditions shown at
(2),(3),and (4) in Fig. 3.25b. Note that the discharge air from a direct evaporative cooler is near
100-percent humidity and that condensation will result if the air is in contact with surfaces
below its dew point. The discharge dew point in the above example is 64°F (18°C).

Figure 3.26 schematically shows an indirect evaporative cooler. Whereas a direct evapora-
tive cooler increases the airstream’s moisture, an indirect evaporative cooler does not; that is,
there is sensible cooling only at (1) to (2) in Fig. 3.26b. Air is expelled externally at (5). When
an indirect cooler’s discharge (2) is ducted to a direct cooler’s inlet, the final discharge (3) will

(2)-(3
EFF =
(2)-
Water
spray
3 Ler
Entering Leaving “/8 (4)
air (2) air (3) (3
p(2)
<4— Makeup water
Dry bulb
cooling

Pump
(@) (b)
FIGURE 3.25 Direct evaporative cooling: (@) equipment, and (b) psychrometrics.
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FIGURE 3.26 Indirect evaporative cooling: (a) equipment, and (b) psychrometrics.

be somewhat cooler and include less moisture than that of a direct cooler only. Various combi-
nations of direct and indirect equipment have been used as stand-alone equipment or to aug-
ment refrigeration equipment for reduced overall operating costs. Refer to the 2000 ASHRAE
Handbook, Systems and Equipment, and the 1999 ASHRAE Handbook, HVAC Applications.

Some evaporative cooling equipment operates with an atomizing water spray only, with any
overspray going to the drain. Some additional air cooling is available when the water temper-
ature is less than the air wet-bulb temperature. Evaporative cooling involves 100 percent out-
door air, and there must be provisions to exhaust the air. Evaporative cooling has also been
applied to roof cooling; a roof is wetted by fine sprays, and the water evaporation causes cooler
temperatures at the roof’s upper and lower surfaces. The water supply for all applications must
be analyzed for suitability and, as needed, treated to control scale, algae, and bacteria.

Fire and Smoke Control Dampers

Wherever practical and/or necessary, building walls and floors are made of fire-resistant
material to hinder the spread of fire. Frequently, HVAC ducts must penetrate walls and floors.
In order to maintain the fire resistance of a penetrated wall, fire dampers or equal protection
must be provided whenever a fire-resistance-rated wall, floor, or ceiling is penetrated by ducts
or grilles. Fire dampers are approved devices (approved by administrators of the building
code, fire marshall, and/or insurance underwriter) that automatically close in the presence of
higher-than-normal temperatures to restrict the passage of air and flame. Smoke dampers are
approved devices that automatically close on a control signal to restrict the passage of smoke.

The following are general applications for fire or smoke dampers per the National Fire
Protection Association Standard NFPA-90A, 1996 edition:

¢ Provide 3-h fire dampers in ducts that penetrate walls and partitions which require a 3-h or
higher resistance rating, provide 1%-h dampers in ducts that penetrate those requiring a rat-
ing of 2 h or higher but less than 3 h, and provide 1%-h dampers in ducts that penetrate shaft
walls requiring a rating of 1 to 2 h.

¢ Provide fire dampers in all nonducted air-transfer openings that penetrate partitions if they
require a fire-resistance rating.
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¢ Provide smoke dampers and associated detectors at air-handling equipment whose supply
capacity exceeds 2000 ft*/min (944 L/s). Provide supply and return smoke detectors and
associated dampers for units whose return capacity exceeds 15,000 ft*/min (7080 L/s). The
dampers shall isolate the equipment (including filters) from the remainder of the system
except that the smoke dampers may be omitted (subject to approval by the authority hav-
ing jurisdiction) when the entire air-handling system is within the space served or when
rooftop air handlers serve ducts in large open spaces directly below the air handler.

Exceptions to the preceding are allowed when the facility design includes an engineered smoke
control system. Note that schools, hospitals, nursing homes, and jails may have more stringent
requirements. Kitchen hood exhaust systems must be coordinated with local jurisdictions.

Dampers that snap closed have often incurred sufficient vacuum on the downstream side
to collapse the duct (see Ref. 1). Smoke and other control dampers that close normally and
restrict the total air flow of a rotating fan can cause pressure (or vacuum) within the duct
equal to fan shutoff pressure. A fan might require a full minute after the motor is deenergized
before coasting to a safe speed (pressure). Provide adequate duct construction, relief doors, or
delayed damper closure (as approved by the authority having jurisdiction).

Refer to the building codes, local fire marshall rules, insurance underwriter’s rules, and
NFPA-90A for criteria regarding fire and smoke dampers.

This is needed to make up for air removed by exhaust fans; to pressurize buildings so as to
reduce the infiltration of unwanted hot, cold, moist, or dirty outdoor air; to dilute exhaled car-
bon dioxide, off-gassing of plastic materials, tobacco smoke, and body odors; and to replenish
oxygen.

A frequently used rule of thumb to provide building pressurization is to size the return
fan’s air flow for 85 percent of the supply fan’s, thereby leaving 15 percent for pressurization
and small toilet-exhaust makeup. This is acceptable for simple, constant-volume systems and
buildings. The required outdoor air can also be established by estimating the air flow through
window and door cracks, open windows and doors, curtain walls, exhaust fans, etc. Building
pressurization should be less than 0.15 in (4 mm) water gauge (WG) on ground floors that
have doors to the outside so that doors do not hang open from outflow of air. The building’s
roof and walls must be basically airtight to attain pressurization. If there are numerous cracks,
poor construction joints, and other air leaks throughout the walls, it is impractical to pressur-
ize the building—and worse, the wind will merely blow in through the leaks on one side of the
building and out through the leaks on the other side. Variable-air-volume (VAV) systems
require special attention regarding outdoor air because as the supply fan’s air flow is reduced,
the outdoor and return air entering this fan tend to reduce proportionately. Provide minimum
outdoor air at the minimum unit airflow for VAV systems.

The National Fire Protection Association (NFPA) standards recommend minimum out-
door air quantities for hazardous occupancies. NFPA standards are a requirement insofar as
building codes have adopted them by reference. Building codes frequently specify minimum
outdoor air requirements for numerous hazardous and nonhazardous occupancies. ASHRAE
Standard 62 recommends minimum quantities of outdoor air for numerous activities. In the
interest of energy conservation, 5 ft*/min (2.4 L/s) per person had been considered acceptable
for sedentary non-smoking activities, but this was later determined to be inadequate.
ASHRAE 62-1989 typically requires at least 20 ft¥/min (9.5 L/s) per person. Refer to the
ASHRAE standards for additional requirements.

Perimeter Heating

The heat loss through outside walls, whether solid or with windows, must be analyzed for
occupant comfort. The floor temperature should be no less than 65°F (18°C), especially for
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sedentary activities. In order to have comfortable floor temperatures, it is important that
perimeter insulation be continuous from the wall through the floor slab and continue below
per Refs. 2 and 3.

Walls with less than 250 Btu/h - lin ft (240 W/lin m) loss may generally be heated by ceiling
diffusers that provide airflow down the window—unless the occupants would be especially
sensitive to cold, such as in hospitals, nursing homes, day-care centers, and swimming pools.
Walls with 250 to 450 Btu/h - lin ft (240 to 433 W/lin m) of loss can be heated by warm air flow-
ing down from air slots in the ceiling; the air supply should be approximately 85 to 110°F (29 to
43°C). Walls with more than 450 Btu/h - lin ft (433 W/lin m) of loss should be heated by under-
window air supply or radiation. See Ref. 4 for additional discussion. The radiant effect of cold
surfaces may be determined from the procedures in ANSI/ASHRAE Standard 55-1992.

Curtain-wall construction, custom-designed wall-to-roof closures, and architectural details
at transitions between differing materials have, at times, been poorly constructed and sealed,
with the result that cold winter air is admitted to the ceiling plenum and/or occupied spaces.
Considering that the infiltration rates published by curtain-wall manufacturers are frequently
exceeded because of poor construction practices, it is prudent to provide overcapacity in lieu
of undercapacity in heating equipment. The design of finned radiation systems should provide
for a continuous finned element along the wall requiring heat. Do not design short lengths of
finned element connected by bare pipe all within a continuous enclosure. Cold downdrafts
can occur in the area of bare pipe. Reduce the heating-water supply temperature and then the
finned-element size as required to provide the needed heat output and water velocity.

The surface temperatures of glass, window frames, ceiling plenums, structural steel, vapor
barriers, and so on should be analyzed for potential condensation, especially when humidi-
fiers or wet processes are installed.

Process Loads

Heat release from manufacturing processes is frequently a major portion of an industrial air-
conditioning load. Motors, transformers, hot tanks, ovens, etc. form the process load. If all
motors and other equipment in large plants are assumed to be fully loaded and to be operat-
ing continuously, then invariably the air-conditioning system will be greatly oversized. The
designer and client should mutually establish diversity factors that consider actual motor
loads and operating periods, large equipment with motors near the roof (here the motor heat
may be directly exhausted and not affect the air-conditioned zone), amount of motor input
energy carried off by coolants, etc. Diversity factors could be as much as 0.5 or even 0.3 for
research and development shops containing numerous machines that are used only occasion-
ally by the few operators assigned to the shop.

Room Air Motion

Ideally, occupied portions [or the lower 6 ft (2 m)] of air-conditioned spaces for sedentary
activities would have 20- to 40-ft/min (0.1- to 0.2-m/s) velocity of air movement, with the air
being within 2°F (1°C) of a set point. It is impractical to expect this velocity throughout an
entire area at all times, inasmuch as air would have to be supplied at approximately a
2-ft¥/min - ft* (10.2-L/s - m?) rate or higher. This rate is easily incurred by the design load of
perimeter offices, laboratories, and computer rooms but would only occur in an interior
office when there is considerable heat-releasing equipment. The supply air temperature
should be selected such that, at design conditions, a flow rate of at least 0.8 ft*/min - ft* (4.1
L/s - m?), but never less than 0.5 ft*/min - ft*> (2.5 L/s - m?), is provided.

People doing moderate levels of work in non-air-conditioned industrial plants might require
as much as a 250-ft/min (1.3-m/s) velocity of air movement in order to be able to continue work-
ing as the air temperature approaches 90°F (32°C). This would not necessarily provide a full-
comfort condition, but it would provide acceptable relief. Loose paper, hair, and other light
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objects may start to be blown about at air movements of 160 ft/min (0.8 m/s); see Ref. 5. Workers
influenced by high ambient temperatures and radiant heat may need as much as a 4000-ft/min
(20-m/s) velocity of a 90°F (32°C) airstream to increase their convective and evaporative heat
loss. These high velocities would be in the form of spot cooling or of a relief station that the
worker could enter and exit at will. Air movement can only compensate for, but not stop, low
levels of radiant heat. Only effective shielding will stop radiant energy. Continuous air move-
ment of approximately 300 ft/min (1.5 m/s) and higher can be disturbing to workers.

Situations involving these higher air movements and temperatures should be analyzed by
the methods in Refs. 6 to 9.

OCCUPANCIES

Clean Rooms

For some manufacturing facilities, an interior room that is conditioned by a unitary air condi-
tioner with 2-in- (5-cm-) thick throwaway filters might be called a clean room; that is, it is
clean relative to the atmosphere of the surrounding plant. Generally, however, clean rooms
are spaces associated with the microchip, laser optics, medical, and other industries where air-
borne particles as small as 0.5 um and less are removed. One micrometer equals one-millionth
of a meter, or 0.000039 in (0.000001 m).

Clean rooms are identified by the maximum permissible number of 0.5-um particles per
cubic foot. For example, a class 100 clean room will have no more than 100 of these particles
per cubic foot, a class 10 clean room no more than 10, and so on. This degree of cleanliness can
be attained by passing the air through a high-efficiency particulate air (HEPA) filter installed
in the plane of the clean-room ceiling, after which the air continues in a downward vertical
laminar flow (VLF) to return grilles located in the floor or in the walls at the floor. Horizon-
tal laminar flow (HLF) rooms are also built wherein the HEPA filters are in one wall and the
return grilles are in the opposite wall. A disadvantage with an HLF room is that downstream
activities may receive contaminants from upstream activities.

An alternative to an entire space being ultraclean is to provide ultraclean chambers within
a clean room (e.g., class 100 chambers in a class 10,000 room). This is feasible when a product
requires the class 100 conditions for only a few operations along the entire assembly line.

The air-conditioning system frequently includes a three-fan configuration (primary, sec-
ondary, and makeup) similar to that shown in Fig. 3.27. The primary fan maintains the high air
change through the room and through the final HEPA filters. The secondary fan maintains a
side-stream (to the primary circuit) airflow through chilled-water or -brine cooling coils,
humidifiers, and heating coils. The makeup fan injects conditioned outdoor air into the sec-
ondary circuit, thereby providing clean-room pressurization and makeup for exhaust fans.
Clean-room air changes are high, such that the total room air might be replaced every 7 s, and
this generally results in the fan energy being the major portion of the internal heat gain.
Whenever space permits, locate filters downstream of fans so as to intercept containments
from the lubrication and wear of drive belts, couplings, bearings, etc.

For additional discussions, refer to the 1999 ASHRAE HVAC Handbook, Applications, and
to the latest issue of Federal Standard 209 Clean Room and Work Station Requirements, Con-
trolled Environment. ISO Standard 14 644-1 is a comparable international standard for clean
rooms.

Computer Rooms

These rooms are required to house computer equipment that is sensitive to swings in tempera-
ture and humidity. Equipment of this type normally requires controlled conditions 24 h per day,
7 days per week. Computer equipment can be classified as (1) data processing, (2) computer-
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FIGURE 3.27 Three-fan clean-room air system.

aided design and drafting (CADD), and (3) microcomputer. Microcomputers are generally sim-
ilar to standard office equipment and require no special treatment. Some CADD equipment is
also microcomputer-based and falls into the same category. Data processing and larger CADD
systems fall into the realm of specialized computer rooms, and these are discussed below.

Data processing systems operate on a multiple-shift basis, requiring air-conditioning dur-
ing other than normal working hours. Humidity stability is of prime importance with data pro-
cessing equipment and CADD plotters. The equipment is inherently sensitive to rapid
changes in moisture content and temperature.

To provide for the air-conditioning requirements of computer equipment, two compo-
nents are necessary: a space to house the equipment and a system to provide cooling and
humidity control. Fundamental to space construction is a high-quality vapor barrier and
complete sealing of all space penetrations, such as piping, ductwork, and cables. To control
moisture penetration into the space effectively, it is necessary to extend the vapor barrier up
over the ceiling in the form of a plenum enclosure. Vapor-sealing the ceiling itself is not gen-
erally adequate due to the nature of its construction and to penetration from lighting and
other devices.

A straightforward approach to providing conditioning to computer spaces is to use pack-
aged, self-contained computer-room units specifically designed for the service. Controls for
these units have the necessary accuracy and response to provide the required room condi-
tions. An added advantage to packaged computer-room units is flexibility. As the needs of the
computer room change and as the equipment and heat loads move around, the air-
conditioning units can be relocated to suit the new configuration. The units can be purchased
either with chilled-water or direct-expansion coils, as desired. Remote condensers or liquid
coolers can also be provided. Large installations lend themselves quite well to heat recovery;
therefore, the designer should be aware of possible potential uses for the energy.
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Centrally located air-handling units external to the computer space offer benefits on large
installations. More options are available with regard to introduction of ventilation air, energy
recovery, and control systems. Maintenance is also more convenient where systems are cen-
trally located. There are obvious additional benefits with noise and vibration control. Use of
a centrally located system must be carefully evaluated with regard to first cost and to poten-
tial savings, as the former will carry a heavy impact.

The load in the room will be primarily sensible. This will require a fairly high airflow rate
as compared to comfort applications. High airflow rates require a high degree of care with air
distribution devices in order to avoid drafts. One way to alleviate this problem is to utilize
underfloor distribution where a raised floor is provided for computer cable access. A typical
computer-room arrangement is shown in Fig. 3.28. Major obstructions to air flow below the
floor must be minimized so as to avoid dead spots.

Outdoor air * *
supply system A=
Rooftop
Roof ; <+ N— condenser
N\ [ l
Vapor tight 'b— Hot gas and

| B —

Fire Vapor liquid lines
damper /barrier seal
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FIGURE 3.28 Typical computer-room layout. Locate floor registers so as to be in nontraffic areas and free
from obstruction. Ceiling plenum baffles are located where and as directed by local codes and insurance
underwriters.

In summary, important points to remember are the following:

1. Completely surround the room with an effective vapor barrier.

2. Provide well-sealed wall penetrations where ductwork and piping pass into the computer
space.

3. Provide high-quality humidity and temperature controls capable of holding close toler-
ances: £1°F (0.6°C) for temperature and 5 percent for relative humidity.
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4. Pay close attention to air distribution, avoiding major obstructions under floors where
underfloor distribution is used.

5. Be alert to opportunities for energy recovery.

6. Make sure that the chosen control parameters and design temperatures and conditions
satisfy the equipment manufacturer’s specifications.

7. Be attentive to operating-noise levels within the computer space.

8. If chilled water or cooling water is piped to computer-room units within the computer-
room space, provide a looped- or grid-type distribution system with extra valved outlets
for flexibility.

9. Provide minimum outside air per ASHRAE Standard 62-1999.

Cooling and heating systems for office buildings and spaces are usually designed with an
emphasis on the occupants’ comfort and well-being. The designer should remain aware that
not only the mechanical systems but also the architectural features of the space affect the
comfort of the occupants. And the designer will do well to remember that the mechanical sys-
tem should in all respects be invisible to the casual observer.

The application of system design is divided into three parts: the method of energy transfer,
the method of energy distribution, and the method of control. Controls are discussed in Chap.
5.3 and will therefore not be discussed here.

To properly apply a mechanical system to control the office environment, it is necessary to
completely understand the nature of the load involved. This load will have a different charac-
ter depending on the part of the office that is being served. Perimeter zones will have rela-
tively large load swings due to solar loading and heat loss because of thermal conduction. The
loading from the occupants will be relatively minor. Core zones, on the other hand, will impart
more loading from building occupants and installed equipment.

For the office environment, the more common system used today is the variable-air-
volume (VAV) system. This approach was originally developed as a cooling system, but with
proper application of control it will serve equally well for heating. In climates where there is
need for extensive heating, perimeter treatment is required to replace the skin loss of the
building structure. An old but reliable method is fin-tube radiation supplied with hot water to
replace the skin loss. A system that is being seen with more regularity is in the form of perime-
ter air supply. Care should be taken with the application of perimeter air systems to ensure
that wall U-values are at least to the level of ASHRAE Standard 90.1. If this is not done, inte-
rior surface temperatures will be too low and the occupants in the vicinity will feel cold.

Avoid striking the surface of exterior windows with conditioned air, as this will probably
cool even double-pane glass to below the dew point of the outdoor air in the summer. The
result will be fogged windows and a less-than-happy client.

In the interest of economy from a final cost and operating basis, it is best to return the bulk
of the air circulated to the supply fan unit. Only enough outdoor air should be made up to the
building space to provide ventilation air (ASHRAE 62-1999), replace toilet exhaust, and
pressurize the building. For large office systems, it is generally more practical to return spent
air to the central unit or units through a ceiling plenum. If the plenum volume is excessively
large, a better approach would be to duct the return air directly back to the unit. The ceiling
plenum will be warmer during the cooling season when the return air is ducted, and this will
require a somewhat greater room air supply because more heat will be transmitted to the
room space from the ceiling rather than directly back to the coil through the return air.

Terminal devices require special attention when applied to VAV systems. At low flow rates,
the diffuser will tend to dump unless care is taken in the selection to maintain adequate throw.
Slot-type diffusers tend to perform well in this application, but there are other diffuser
designs, such as the perforated type, that are more economical and will have adequate per-
formance.
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The air-handling, refrigeration, and heating equipment could be located either within an
enclosed mechanical-equipment room or on the building roof in the form of unitary self-
contained equipment. For larger systems, of 200 tons (703 kW) of refrigeration or more, the
mechanical-equipment room offers distinct advantages from the standpoint of maintenance;
however, the impact on building cost must be evaluated carefully. An alternate approach to
the enclosed equipment room is a custom-designed, factory-fabricated equipment room.
These are shipped to the jobsite in preassembled, bolted-together, ready-to-run modules. For
small offices and retail stores, the most appropriate approach would be roof-mounted, pack-
aged, self-contained, unitary equipment. It will probably be found that this is the lowest in first
cost, but it will not fare well in a lifecycle analysis because of increased maintenance costs
after 5 to 10 yr of service.

The cooling and heating of test cells poses many problems.
Within the automotive industry, test cells are used for the following purposes:

¢ Endurance testing of transmissions and engines
¢ Hot and cold testing of engines

e Barometric testing and production testing

¢ Emissions testing

The treatment of production test cells would be very similar to the treatment of noisy areas
in other parts of an industrial environment. These areas are generally a little more open in
design, with localized protection to contain the scattering of loose pieces in the event of a
mechanical failure of the equipment being tested. Hot and cold rooms and barometric cells
are usually better left to a package purchase from a manufacturer engaged in that work as a
specialty.

Endurance cells, on the other hand, are generally done as a part of the building package
(Fig. 3.29). It will be found that these spaces are air conditioned for personnel comfort during
setup only. The cell would be ventilated while a test is under way. Heat gains for the nontest air-
conditioned mode would be from the normal sources: ambient surroundings, lights, people, and
so on. Air distribution for air conditioning would be similar to any space with a nominal load-
ing of 200 to 400 ft*ton (5.3 to 10.6 m*kW) of refrigeration. It should be remembered, how-
ever, that sufficient outdoor air will be needed to make up for trench and floor exhaust while
maintaining the cell at a negative-pressure condition relative to other areas. Consult local
building codes to ensure compliance with regulations concerning exhaust requirements in
areas of this nature.

During testing, as stated previously, the cell would only be ventilated. Outdoor air would
be provided at a rate of 100 percent in sufficient quantity to maintain reasonable conditions
within the cell. Temperatures within the cell could often be in excess of 120°F (49°C) during a
test. Internal-combustion engines are generally liquid-cooled, but even so, the frame losses
are substantial and large amounts of outdoor air will be required in order to maintain space
conditions to even these high temperature limits. In cold climates, it is necessary to temper
ventilation air to something above freezing; 50°F (10°C) is usually appropriate, but each situ-
ation needs to be evaluated on its own merit. The engine losses are best obtained from the
manufacturer, but in the absence of these data there is information in the /1999 ASHRAE
Handbook, HVAC Applications, that will aid in completing an adequate heat balance. The
dynamometer is most often air-cooled and can be thought of as similar to an electric motor.
The engine horsepower (wattage) output will be converted to electricity, which is usually fed
into the building’s electrical system; therefore, the dynamometer losses to the cell will be on
the order of 15 to 20 percent of the engine shaft output.

The engine test cell will require a two-stage exhaust system for cooling. The first stage
would be to provide low-level floor and trench exhaust to remove heavy fuel vapors and to
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FIGURE 3.29 Typical test-cell layout.

maintain negative conditions in the cell at all times. The second stage would be interlocked
with the ventilation system and would come on during testing and would exhaust at a rate
about 5 to 10 percent greater than the supply rate to maintain negative-pressure conditions.
The second stage would also be activated in the event of a fuel spill to purge the cell as
quickly as possible. Activation of the purge should be by automatic control in the event that
excessive fumes are detected. An emergency manual override for the automatic purge
should be provided. Shutdown of the purge should be manual. Consult local codes for
explicit requirements.

Depending on the extent of the engine exhaust system, a booster fan may be required to
preclude excessive backpressure on the engine. Where more than one cell is involved, one fan
would probably serve multiple cells. Controls would need to be provided to hold the back
pressure constant at the engine (Fig. 3.30).

Air conditioning for the test cell could be via either direct-expansion or chilled-water coils.
During a test, the cell conditioning would be shut down in all areas except the control room.
Depending on equipment size, it usually is an advantage to have a separate system cooling the
control room. One approach to heating and cooling an endurance-type test cell is shown
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FIGURE 3.30 Engine exhaust booster fan.

schematically in Fig. 3.31. Local building codes and the latest volumes of NFPA should be
reviewed to ensure that local requirements are being meet. Fuel vapors within the cell should
be continually monitored. The cell should purge automatically in the event that dangerous
concentrations are approached.

The following is suggested as the sequence of events for the control cycle of the test cell
depicted in Fig. 3.31:

Setup Mode

1. AC-1 and RF-1 are running. Outdoor-air and relief-air dampers are modulated in an econ-
omizer arrangement.

2. EF-2 is controlled manually and runs at all times, maintaining negative conditions in the
cell and the control room.

3. EF-1is off and D-1 is shut.

Emergency Ventilation Mode
1. If vapors are detected, D-2 shuts and D-1 opens.

2. EF-1 starts and AC-1 changes to high-volume delivery with cooling coil shut down and
outdoor-air damper open.

3. HV-1 starts and its outdoor-air damper opens.
4. System should be returned to normal manually.
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FIGURE 3.31 Test-cell heating, ventilating, and cooling.

Test Mode
1. AC-1 cooling coil shuts down.

2. AC-1 changes to high-volume delivery with outdoor-air damper fully open. D-2 closes and
D-3 opens.

3. HV-1 starts and EF-1 starts.

EXHAUST SYSTEMS

One of the early considerations in the design of an exhaust (or ventilation) system should be
the ultimate discharge point into the atmosphere. Most of the emissions from ventilation sys-
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tems are nontoxic or inert and thus will not require a permit for installation or building oper-
ation. But should the exhaust air stream contain any of the criteria pollutants—those pollu-
tants for which emissions and ambient concentration criteria have been established, such as
CO,NO,, SO,, lead, particulate matter (PM), and hydrocarbons (HCs)—it is likely that a per-
mit to install the system will be required.

Once it is determined that a permit will be necessary, an emissions estimate must be made
to determine estimates of both uncontrolled (before a pollution control device) and controlled
emissions. The emissions estimate may be obtained from either the supplier of the equipment
being contemplated for installation or from the Environmental Protection Agency (EPA) Pub-
lication AP-42, Compilation of Air Pollutant Emission Factors. AP-42 contains emission factors
for many common industrial processes, which, when applied to process weight figures, yield
emission rates in pounds (kilograms) per hour or tons per year, depending on process operat-
ing time. The permit to install an application may be obtained from the state agency responsi-
ble for enforcing the federal Clean Air Act. In most states, the Department of Environmental
Protection or Department of Natural Resources will have jurisdiction. In general, the permit-
to-install application requires the information and data listed in Fig. 3.32.

When designing an area containing a process exhaust system and a control system for the
exhaust, it would be well to keep in mind that federal and local air-quality regulations may
govern the type of emission control equipment installed and the maximum allowable emis-
sions. The factors dictating what regulations apply include the type of process or equipment
being exhausted, the type and quantity of emissions, the maximum emission rate, and the geo-
graphic location of the exhausted process. In order to determine what specific rules and regu-
lations apply, the requirements of the U.S. Code of Federal Regulations Title 40 (40 CFR)
should be understood early in the project stages so that all applicable rules may be accom-
modated. Should the design office lack the necessary expertise in this area, a qualified con-
sultant should be engaged. The federal government has issued a list entitled “Major
Stationary Sources.” The exhaust system’s designer should be acquainted with this list, for it
identifies the pollutant sources governed by special requirements. Several of the more com-
mon sources are listed in Fig. 3.33, and 40 CFR should be consulted for the complete listing.
One of the major sets of rules included in 40 CFR is the Prevention of Significant Deteriora-
tion (PSD) rules, which establish the extent of pollution control necessary for the major sta-
tionary sources.

If a source is determined to be major for any pollutant, the PSD rules may require that the
installation include the best available control technology (BACT). The BACT is dependent
on the energy impact, environmental impact, economic impact, and other incidental costs
associated with the equipment. In addition, the following items are prerequisites to the issue
of a permit for pollutants from a major source:

. Applicant’s name and address.
. Person to contact and telephone number.
. Proposed facility location.
. Standard Industrial Classification (SIC) Code.
. Amount of each air contaminant from each source in pounds per hour (pph) and tons per year (tpy)
at maximum and average.
6. What federal requirement will apply to the source?
® National Emission Standards for Hazardous Air Pollutants (NESHAPs)
® New Source Performance Standards (NSPS)
® Prevention of Significant Deterioration (PSD)
® Emission Offset Policy (EOP)
. Will best available control technology (BACT) be used?
. Will the new source cause significant degradation of air quality?
. How will the new source affect the ambient air quality standard?
. What monitoring will be installed to monitor the process, exhaust, or control device?
. What is the construction schedule and the estimated cost of the pollution abatement devices?
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FIGURE 3.32 Commonly requested information for air-quality permit applications.
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. Fossil-fuel-fired generating plants greater than 250-million-Btu/h (73-MW) input
. Kraft pulp mills

. Portland cement plants

Iron- and steel-mill plants

. Municipal incinerators greater than 250-ton/day charging

Petroleum refineries

Fuel-conversion plants

. Chemical process plants

. Fossil-fuel boilers, or combination thereof totaling more than 250-million-Btu/h (73-MW) input
. Petroleum storage and transfer units exceeding 300,000-barrel storage

. Glass-fiber processing plants

mFO0®PNOUL A LN

—_ =

FIGURE 3.33 Major stationary sources—partial list.

1. Review and compliance of control technology with the following:
a. State Air-Quality Implementation Plan (SIP)
b. New Source Performance Standards (NSPS) (see Fig. 3.34)
¢. National Emissions Standards for Hazardous Air Pollutants (NESHAPs)
d. BACT

2. Evidence that the source’s allowable emissions will not cause or contribute to the deteri-
oration of the National Ambient Air-Quality Standard (NAAQS) or the increment over
baseline, which is the amount the source is allowed to increase the background concen-
tration of the particular pollutant.

3. The results of an approved computerized air-quality model that demonstrates the accept-
ability of emissions in terms of health-related criteria.

4. The monitoring of any existing NAAQS pollutant for up to 1 yr or for such time as is
approved.

1. Fossil-fuel-fired steam generators with construction commencing after August 17,1971
2. Electric utility steam generators with construction commencing after September 18,1978
3. Incinerators
4. Portland cement plants
5. Sulfuric acid plants
6. Asphalt concrete plants
7. Petroleum refineries
8. Petroleum liquid storage vessels constructed after June 11,1973, and prior to May 19,1978
9. Petroleum liquid storage vessels constructed after May 18, 1978, and prior to July 23,1984
10. Sewage treatment plants
11. Phosphate fertilizer industry—wet process phosphoric acid plants
12. Steel plants—electric arc furnaces
13. Steel plants—electric arc furnaces and argon decarburization vessels constructed after August 17,
1983
14. Kraft pulp mills
15. Grain elevators
16. Surface coating of metal furniture
17. Stationary gas turbines
18. Automobile and light-duty truck painting
19. Graphic arts industry—rotogravure printing
20. Pressure-sensitive tape and label surface coating operations
21. Industrial surface coating: large appliance
22. Asphalt processing and asphalt roofing manufacture
23. Bulk gasoline terminals
24. Petroleum dry cleaners

FIGURE 3.34 New Source Performance Standards (NSPS)—partial list.
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5. Documentation of the existing (if any) source’s impact and growth since August 7, 1977,
in the affected area.

6. A report of the projected impact on visibility, soils, and vegetation.

7. A report of the projected impact on residential, industrial, commercial, and other growth
associated with the area.

8. Promulgation of the proposed major source to allow for public comment. Normally, the
agency processing the permit application will provide for public notice.

One of the first steps regarding potential pollutant sources is to determine the applicable
regulations. For this, an emissions estimate must be made, and the in-attainment or nonattain-
ment classification of the area in which the source is to be located must be determined. The
EPA has classified all areas throughout the United States, including all U.S. possessions and
territories. The area is classified as either in-attainment (air quality is better than federal stan-
dards) or nonattainment (air quality is worse than federal standards).

If the source is to be located in a nonattainment area, the PSD rules and regulations do not
apply, but all sources that contribute to the violation of the NAAQS are subject to the Emis-
sions Offset Policy (EOP). The following items must be considered when reviewing a source
that is to be located in a nonattainment area:

1. The lowest achievable emission rate (LAER), which is defined as the most stringent emis-
sion limit that can be achieved in practice

2. The emission limitation compliance with the SIP, NSPS, and NESHAPs
. The contribution of the source to the violation of the NAAQS

4. The impact on the nonattainment area of the fugitive dust sources accompanying the
major source

w

In general, the EOP requires that for a source locating in a nonattainment area, more than
equivalent offsetting emission reductions must be obtained from existing emissions prior to
approval of the new major source or major modification. The bubble concept, wherein the
total emissions from the entire facility with the new source do not exceed the emissions prior
to addition of the new source, may be used to determine the emission rate. If there were emis-
sion reductions at existing sources, they would offset the contributions from the new source,
or offset the new emissions. This same bubble concept may be used for sources that qualify for
in-attainment or PSD review.

In the design of a polluting or pollution control facility, stack design should be considered.
A stackhead rain-protection device (Figs. 3.35 and 3.39) should be used in lieu of the weather
cap found on many older installations, since this cap does not allow for adequate dispersion of
the exhaust gas. When specifying or designing stack heights, it should be noted that the EPA
has promulgated rules governing the minimum stack height; these rules are known as good
engineering practice (GEP). A GEP stack has sufficient height to ensure that emissions from
the stack do not result in excessive concentrations of any air pollutant in the vicinity of the
source as a result of atmospheric downwash, eddy currents, or wakes caused by the building
itself or by nearby structures (Figs. 3.36 and 3.37). For uninfluenced stacks, the GEP height is
98 ft (30 m). For stacks on or near structures, the GEP height is (1) 1.5 times the lesser of the
height or width of the structure, plus the height of the structure, or (2) such height that the
owner of the building can show is necessary for proper dispersion. In addition to GEP stack
height, stack exit velocity must be maintained for proper dispersion characteristics.

Figures 3.38 and 3.39 illustrate the relationship between velocity at discharge and the
velocity at various distances for the weather-cap and stackhead-type rain hoods, respectively.
Maintaining an adequate exit velocity ensures that the exhaust gases will not reenter the
building through open windows, doors, or mechanical ventilation equipment. Depending on
normal ambient atmospheric conditions, the exit velocities may range from 2700 to 5400
ft/min (14 to 28 m/s). In practice, it has been found that 3500 ft/min (18 m/s) is a good average
figure for stack exit velocity, giving adequate plume rise yet maintaining an acceptable noise
level within the vicinity of the stack.
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FIGURE 3.35 Typical rain-protection devices. Rain protection characteristics of these caps are superior to
a deflecting cap located 0.75D from top of stack. The length of the upper stack is related to rain protection.
Excessive additional distance may cause blowout of effluent at the gap between upper and lower sections.
(From Industrial Ventilation—A Manual of Recommended Practice, 23d ed., Committee on Industrial Venti-
lation, American Conference of Governmental Industrial Hygienists, copyright 1998, pp. 5-67.)

Care must be taken when designing exhaust systems handling pollutants for which no spe-
cific federal emission limit exists (noncriteria pollutants). All pollutants not included in the
criteria pollutant category or the NESHAPS category are considered noncriteria pollutants.
When establishing or attempting to determine acceptable concentration levels for noncriteria
pollutants, the local authority responsible for regulating air pollution should be consulted
since policy varies from district to district. In general, however, noncriteria pollutants’ allow-
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FIGURE 3.36 Good engineering practice (GEP) stack. Stack height minimizes reentrainment of
exhaust gases into air which might enter building ventilation system.
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FIGURE 3.37 Non-GEP stack. Stack allows exhaust gases to be entrained in building wakes
and eddy currents.

able emission rates are based on the American Conference of Governmental Industrial
Hygienists (ACGIH) time-weighted average acceptable exposure levels.

A hazardous air pollutant is one for which no ambient air-quality standard is applicable,
but which may cause or contribute to increased mortality or illness in the general population.
Emission standards for such pollutants are required to be set at levels that protect the public
health. These allowable pollutants’ emission levels are known as NESHAPS and include lev-
els for radon-222, beryllium, mercury, vinyl chloride, radionuclides, benzene, asbestos, arsenic,
and fugitive organic leaks from equipment.

An exhaust stream that includes numerous pollutants, with some being noncriteria pollu-
tants, can be quickly reviewed by assuming that all the exhaust consists of the most toxic pol-
lutant compound. If the emission levels are acceptable for that review, they will be acceptable
for all other compounds.
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FIGURE 3.39 Stackhead dispersion characteristics.

FIGURE 3.38 Weather-cap dispersion characteris- Vertical discharge cap throws discharge upward
tics. Deflecting weather cap discharges downward.  where dilution will take place. (From Industrial Ven-
(From Industrial Ventilation—A Manual of Recom- tilation—A Manual of Recommended Practice, 23d
mended Practice, 23d ed., Committee on Industrial ed., Committee on Industrial Ventilation, American
Ventilation, American Conference of Governmental Conference of Governmental Industrial Hygienists,
Industrial Hygienists, copyright 1998, pp. 5-67.) copyright 1998, pp. 5-67.)
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INTRODUCTION

A computer is a tool. People use tools to facilitate the accomplishment of tasks. An expert
woodcarver requires a very special knife to produce the desired output. In the hands of an
expert, the woodcarver’s knife produces objects of beauty; in the hands of a novice, the same
tool produces cut fingers and pain. The computer, like the woodcarver’s knife, is a highly spe-
cialized tool that has tremendous potential to increase productivity (quantity and quality) or
inflict pain. Computers in production facilities are very sharp tools. Used well they can be
invaluable.
The manager of a woodcarving facility needs to be able to do the following:

1. Evaluate and hire expert woodcarvers.

2. Evaluate and purchase appropriate knives.
3. Provide an environment that will maximize the output of the woodcarvers.

3.105
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There is no requirement that the manager be able to carve wood. Touching one of those sharp
pointy instruments is definitely not in the job description.

The intent of this chapter is to provide the production manager with a starting point for
dealing with the modernization (i.e., computerization) of the facility. Much of this chapter will
be negative in content (i.e., what not to do rather than what to do). Knowing which pitfalls to
avoid is frequently as important as knowing how to accomplish a goal. The manager’s job is to
ensure that the installation, oversight, and maintenance of the computer system are done well.
This chapter provides you with guidelines for accomplishing these tasks.

THE NETWORK

The backbone of your computer system is the network. The network consists of wire, hubs,
routers, gateways, patch cords, punch-down blocks, and other associated components. This
skeleton is the most critical component of any computer system. If the backbone is not cor-
rect, the computers on the network will not run reliably (headaches, pain, and suffering).
Networks in manufacturing facilities have special problems (noise). To install a network in a
plant requires excellent equipment, careful planning, and professional installation. In many
corporations manufacturing gets the administration’s discarded equipment (i.e., no plan-
ning), and the maintenance staff is tasked to run the wire (frequently CAT-3 telephone
cable). If you have problems with your existing network, look right here for the root of the
problem.

One Network or Two?

When you wire a production facility, the first (and very serious) question is whether to put in
one network or two independent networks. Here are the questions:

e Is any of the machinery programmed directly from the network?
¢ Will production be affected if the network goes down and stays down?

e Will the company’s sales, production, and competitiveness be adversely impacted if any
information on the network is published on every web site in the world?

If the answer to just one of these questions is yes, then an isolated production network is
essential.

CASE STUDY A colleague recently took a job as network administrator for a medium-
sized aerospace company in Dallas. The previous administrator had set up two networks, one
for production and one for administration with Internet access. He had a dedicated machine
in his office to administer each network. Being brand new, my colleague got multiple requests
for access to the other net. Also, it would be more convenient if he could manage both net-
works from a single machine. He asked the CEO if he could connect the networks and was
told to go ahead, provided he could guarantee the security of the production network. My col-
league considered putting a Cisco firewall between the networks and then carefully limiting
access. Before implementing this he called for an opinion. Our recommendation was to go
with his predecessor’s judgment and not connect the networks. While my colleague was prob-
ably good enough to successfully make the bridge, why take the risk? There was no material
advantage to the company by implementing the bridge, and the inconvenience of the current
system was acceptable. If one of the trusted machines were to be infected from the Internet,
the intruder would have unlimited access to the secure network. The firewall provides no
security against a trusted agent. My colleague, after due consideration, left the networks sep-
arate.
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Wiring the Building

The objective here is to provide enough knowledge to determine whether the job is being
done correctly. Do not attempt to wire your own facility. Wiring a production facility is a job
for professionals.

There are four types of cable that can (or may already) be strung: 10/100 Base-T, 10 Base-
2, 10 Base-5, and glass fiberoptic. Glass is the most efficient, reliable, and expensive. All
routers and hubs should be connected using glass. If the servers are at a single (isolated) loca-
tion with their own hub, there is no need to run glass directly to the servers. If this condition
is not met, then very seriously consider running glass to the servers. Where there is plastic
fiberoptic cable, glass should not be used.

Coax cable (10 Base-2 or 10 Base-5) is no longer being supported by the industry. Coax
cable has more bandwidth, better shielding, and overall is superior to twisted-pair cable.
Unfortunately, coax protocols are no longer being developed so converting to twisted-pair
(10/100 base T) should be done as soon as convenient. There are strong security reasons for
choosing twisted-pair over coax. (Security considerations will be covered later.)

For the preceding reasons the remainder of this section assumes you are using twisted-pair
wire. If possible, have the local phone company string your wire. They will charge you a fair
price (maybe a little on the high side), but will do the job faster and more professionally than
almost any of their competitors. They will use the correct wire, comply with fire codes, avoid
the high-noise areas, properly label each segment, check each segment for continuity, check
each segment for signal attenuation, use Category 5 (CAT-5) punch-down blocks, have all the
correct fittings and tubing in stock, and be reasonably responsive to any question or complaint
you may have. The following is a list of items to check for:

e CAT-5 plenum cable. Belden cable should be used if you have a choice. AT&T cable is
excellent but usually 30 percent more expensive than Belden cable. Cable should be eight-
wire (four twisted pairs). There are quality cable makers besides Belden and AT&T but not
many. (Cheap cable equates to pain and suffering!)

e Plenum cable must be strung in all restricted areas (walls, ceilings, crawlways, etc.). Both
state and federal fire codes require this. If the fire inspector finds polyvinyl chloride (PVC)
in any restricted area, your doors will be closed until all the PVC is removed.

¢ RJ-45 connectors are wired to CAT-5 Category B specifications. For CAT-5 Category B, two
of the wires in the center pair are crossed. If the four colored pairs (orange, brown, green,
and blue) are ordered tip, ring, tip, ring, tip, ring, tip, ring, then the wiring is not CAT-5. The
best order is orange stripe, orange solid, green stripe, blue solid, blue stripe, green solid,
brown stripe, and brown solid. If you have any doubt that the wiring is correct, have a phone
company employee check it for you. This wiring sequence is known as T568B and is referred
to as the optional wiring sequence. The preferred wiring sequence is TS68A. In the United
States we use the optional wiring sequence because that is what AT&T uses. Functionally
both wiring sequences are identical, and wire segments can be mixed without affecting the
functionality of the network. In Europe the preferred wiring sequence is more common.

e Wire must be strung at least 12 in (30 cm) from any power line. If power and network wire are
run through the same conduit, the network will not run [high radio-frequency (RF) noise].

e Wire cannot be strung next to fluorescent lights (high RF noise).

¢ Use a continuity checker that has a liquid-crystal display (LCD) and takes about 5 s to run
a test on assembled twisted-pair wire. The Jensen unit costs about $400. Have the contrac-
tor demonstrate the use of a continuity checker with an LCD display to you.

e Wire must not be laid on top of removable ceilings. To be in compliance with most state fire
codes, it must be either hung with hooks or run through conduits.

e Wire needs to be clearly marked with a tab at both ends (where it goes and its number).
Unfortunately no standard wire labeling system has been adopted; however, there are sev-
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eral corporate labeling systems that are commonly used. The cable labeling system pro-
vided by the Panduit Corporation is an excellent choice. No matter how you label your
cables, require absolute consistency (no variations).

e Wall faceplates should screw into a box, not the wall. Do not cut costs here—the plastic
insert box costs less than a dollar.

e If you buy your patch cords prebuilt, PVC is fine; otherwise, use plenum. The price differ-
ence between PVC and plenum is not sufficient to justify the risk of PVC (which you have
in stock) accidentally being strung in a location where plenum is required by fire codes.

A competent contractor will avoid all the pitfalls mentioned here. If you notice violations,
do not correct the contractor, replace the contractor. You cannot live with the errors you do
not catch (most users are not experienced enough to monitor a contractor’s work).

The last component of the network backbone is the hubs. Here it is best to just go on
faith—put in 3Com 10/100 switching hubs. Do not price-shop, do not question it, just do it.
There are other manufacturers of high-quality switching hubs, but unless you are positive of
the quality of the product you are purchasing, do not experiment. The hub is just too crucial.

The hub must be a switching hub—no other type of hub is acceptable. First, a switching hub
handles traffic faster and more reliably than any other type of hub. A conventional hub, some-
times called a shared media hub, uses what is called Carrier Sense Multiple Access with Colli-
sion Detection (CSMA/CD.) A switching hub uses a high-speed processor running Media
Access Control (MAC). The problem with a shared media hub (besides the fact that it is many
times slower at the same data transfer rate) is that the network is susceptible to packet cap-
ture. This is a huge security hole. Switching hubs almost plugs this hole. For instance, Cisco cat-
alyst switches support SPAN, which can be exploited, providing packet capture. (If the
“enemy” is good enough to do this, you are beaten anyway.)

CASE sTUDY. This study is instructive. It illustrates the pitfalls of acting on assumptions
without verifying the validity of those assumptions first. The production manager asked sev-
eral foremen to build checklists, with color photographs, which could be attached to assembly
line equipment. The purpose of these checklists was to aid new employees in the operation of
this equipment and thus ensure the quality of the product. After several months, no checklists.
The explanation was that the pictures never came through the printer. Investigation finally
revealed that the pictures were being sent correctly from computers in the production facility,
but never arrived at the printer located in the administration building 100 yd (91.4 m) away.
All the machines and the printer shared the same network. The management information
services (MIS) department was unable to solve this problem.

Shortly thereafter,a new MIS manager was hired. The new manager was a fan of Microsoft
and assumed the printer problem was associated with the old Novell 3.12 network. Other
complaints of the network being slow, and computers being unable to attach properly to their
servers, were attributed to the Novell network. The solution was to replace the five Novell
servers with five brand-new NT servers (all new hardware and NT 4.0 licenses). This was
accomplished with the associated expense ($5000 in NT licenses plus $25 licenses for over 200
workstations), not including the cost of five brand-new servers ($5000 apiece). All the previ-
ously mentioned problems continued. One month after the new servers were put in place, it
was noticed that inventory control was perfect (stock on hand was identical to that of the pre-
vious month). Another month passed, and inventory control was still perfect (stock on hand
was identical to that of the previous month). The warehouse was starting to have trouble find-
ing the parts required to keep the assembly lines running. There were still no checklists for the
manufacturing stations. Government contracts were being delayed because the inventory sys-
tem could not be certified as Y2K-compliant.

The production manager brought us in to look at the problem. The production facility’s
network was modern and efficient. The backbone between the buildings was glass. When we
moved our NT server from one location to another to attempt to isolate the connectivity
problem, it became apparent that the problem was associated with the administration build-
ing, not the server room itself. They were using shared media hubs, which affects network
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speed, but this could not be the connectivity problem. Removing one of the wall plates we dis-
covered that instead of stringing CAT-5, they had used the extra two pairs of wires contained
in the telephone cord. Two problems here: first, this cable is CAT-3 at best; second, the tele-
phone signal interferes with the network signal. In the early 1980s an attempt was made to use
existing phone line in old buildings where stringing new wire would have been very difficult.
Old LANs running at 2 MB/s had some success with this technique, but it is totally unaccept-
able for modern LANS that run at 10 MB/s. Recommendation: rewire the entire building.

The problem with the inventory system was more serious. Their older inventory software
used a Novell file-locking protocol which was not supported by NT. As a result, NT put a write
lock on the inventory system’s data files. The inventory software did not detect this lock and
had no way of knowing that the records being written to the database were, in fact, being dis-
carded. There are only two solutions to this problem. Solution 1 is to install a new inventory
system that runs under Windows NT. Solution 2 is to reinstall the old Novell 3.12 file servers.
Neither of these solutions was an option at the time. Fortunately, the production manager
found a third solution that no one else had thought of. He looked up the name of the person
who had been in charge of inventory 15 years before. He discovered that this person still
worked for the company in a different capacity. The production manager had this individual
reassigned to inventory to implement the manual system that had been in place 15 years
before (journals and 5- x 7-in cards). Production was halted on a Wednesday evening, 4 days
were used to take physical inventory, and a manual system was started on Monday.

There were two strange results from this implementation. First, the total number of
worker-hours to run the manual system was about the same as that required by the comput-
erized system. Second, they were able to immediately file their Y2K-compliance forms. No
computers, no Y2K problems. (Pencils are Y2K-compliant.)

It took 5 months to let the contract and string new cable. At the same time, switching hubs
replaced the older units. The assembly lines got beautiful checklists done in color, and all net-
work connectivity problems went away. Bench tests indicated that effective data transfer
across the net had more than doubled.

By the spring of 2001, this company’s new ERP system was installed and running. We are
sure this system will have many advantages over the interim manual system. The important
lesson here is that there was life before computers, and that computerized industry is not an
end in itself. A new MIS manager will be implementing the new inventory and ERP system.

HARDWARE (COMPUTERS)

This is a very contentious area. Heavy friction frequently occurs between the MIS and pro-
duction departments over hardware needs, installation, and maintenance. We highly recom-
mend consulting with the MIS manager prior to submitting any form of equipment
requisition. Going around the MIS department and contracting directly with a vendor for
equipment needs is a sure road to disaster. Remember, you do not want MIS as an active
enemy (you will not win). Keeping this in mind, there are some points to look for.

¢ Computers and manufacturing facilities do not like each other. For a variety of reasons they
just do not seem to get along well, so keep the number of computers to an absolute mini-
mum.

e We have seen employees spend 3 h a day reading their e-mail. Providing line foremen with
e-mail hurts production and costs the company money.

¢ Most commercial computers have undersized power supplies. This causes problems in man-
ufacturing facilities because of noisy power (causing lockups, reboots, and reduced com-
puter life). The solution to this problem is a line conditioner. A line conditioner is not an
uninterruptible power supply (UPS). Many MIS departments consider a UPS to be a sub-
stitute for a line conditioner; it is not. One exception is made by SOLA Corporation. SOLA
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UPSs do provide conditioned power. Inexpensive line conditioners provide low-voltage
regulation only. If the line conditioner does not regulate both low and high voltage, do not
purchase it.

Computers use switching power supplies. Switching power supplies compensate for varia-
tions in line voltage. The size of the “window” within which the switcher can maintain stable
output voltages depends on the percentage of rated output that is being drawn from the
switcher. Your computers should not draw more than half the rated output of the power
supply. If the computer actually draws over 130 W, use a 300-W power supply. The power
supply in a modern computer (using an ATX-style motherboard) can be changed in less
than 5 min. A good 300-W power supply costs less than $70; stocking and changing them is
not a major task.

Mission-Critical Machines

A mission-critical computer is essential to production. If the computer goes down, production
is interrupted. The following list applies to mission-critical machines:

General Rules

No screen saver. Mission-critical machines do not run screen savers or any other form of
recreational software.

No power management. All power management features are disabled (both in the operat-
ing system and the BIOS).

No virus checker. MIS can check for viruses manually when the machine is not in opera-
tion.

No unneeded software. No software is loaded on the machine that is not required to per-
form the machine’s primary task.

No secondary tasks.
No remote maintenance software. Especially VNC, NetBus, PCAnywhere, and the like.

No dirt. The machine is taken to a relatively clean room and opened, and all the dust, dirt,
and insects are blown out with compressed air. This needs to be done once every 3 months
(more or less, depending on conditions).

No power variations. Consider running this machine on a ferroresonant standby power
system (SPS) or an equivalent SOLA UPS. Modern microprocessors run on 2 V. A 1-V
ground event can bring the machine down. Ferroresonant SPSs protect against ground
events; this is not true for most UPSs and line conditioners.

No overheating. Both microprocessor and motherboard temperature monitoring need to
be enabled in the BIOS. MIS should be called immediately if the machine starts wailing
(indication of impending overtemperature shutdown).

No old computers. The machine should be replaced after 3 yr. No mission-critical machine
should ever be more than 3 yr old. These are nice machines; send them to administration for
a change.

No machines with integrated motherboards.
No high-end video cards (Voodoo, Gforce, etc.).

No very fast computers (they draw more power and run less reliably). This does not mean
inexpensive; stay away from low-cost generic computers. When you purchase a computer
you should have the option of selecting the speed of the microprocessor that will be
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installed in the computer. Do not select the fastest microprocessor available, select a
medium-speed microprocessor.

¢ No leading-edge technology; try to buy machines based on older technology with a proven
track record of reliability. (That is, select the Microstar Athalon motherboard over the
ASUS VIA K133 motherboard. The ASUS benchmarks 15 percent faster, but the Microstar
has demonstrated unusual reliability and stability since its introduction.)

¢ Machines provided by Dell, Gateway, Hewlett-Packard, Compaq, and Packard Bell rou-
tinely have problems in manufacturing facilities. Most of these companies do have premium
models that perform better in your area, but it is hard to identify them. Purchasing never
seems to get this right.

¢ If you have a choice, require that the microprocessor in your computer be a boxed micro-
processor. First, boxed microprocessors have an unconditional three-year warranty from
the manufacturer (both Intel and AMD). Second, the microprocessor you are buying is in
fact the microprocessor you are paying for. Third, a study we conducted established to my
satisfaction that boxed microprocessors have fewer problems and a lower failure rate than
tray microprocessors. The fact that boxed microprocessors are substantially more expensive
than tray microprocessors implies that the manufacturers think so too. (The warranty form
is included with the microprocessor; if there is no warranty form, then the microprocessor is
a tray microprocessor. )

Unauthorized Software

Under no circumstance should unauthorized software ever be put on a production computer,
no matter how innocent it seems. Because of the environment, production computers run
more erratically, have more downtime, and require more maintenance than their counterparts
in the administration building. MIS departments always seem to be of the opinion that oper-
ator misuse is the reason for this increased workload. (They have been right on occasion.) If
you give MIS personnel any confirmation of this opinion, they will not even start to look for
the real problem. (Remember the color pictures that would not print.)

Computers Are Tools

Remember, computers are tools, not an end in themselves. Give every machine you have a
really hard look. Unless there is an obvious financial benefit to the machine’s existence, get
rid of it. In all too many cases, computers cause more grief than they solve. If you are unsure,
try removing a machine for awhile, and see what happens. In spite of the picture we have
painted of MIS, the MIS manager is your friend; consult often.

CASE STUDY. This concerns a billion-dollar company with multiple production facilities
nationwide. Headquarters was at an isolated location. A directive came down from head-
quarters to all site MIS departments. The directive dictated that all computers would be Y2K-
compliant by July 15, 1999. Any non-Y2K machines would be replaced by the July 15 date.
There would be no exceptions.

Site X hired a summer college student from the local community college and gave the stu-
dent the purchased test software, a log book, and green and red tags. After the survey, MIS
counted the number of red tags and purchased that number of replacement machines. They
then sent this student out to exchange the older machines for the new machines. (Unfortu-
nately, they saw no reason to inform anybody that they were going to do this.) Company pol-
icy was that no data was to be kept on corporate machines; therefore, there should be no
problem with the exchange. (Everything was supposed to be on the network servers.)

This site’s product was shipped in lots. Each lot had to be manufactured to the client’s spec-
ifications. To guarantee this, a number of units from each lot were tested, and the test results
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were reduced and plotted. A copy of these results was shipped with each lot. A lot could not
be shipped without being certified, and the test results included with the product.

Our college student worked over the weekend, replacing the old machine with a brand-
new Windows 98 Pentium machine with all the whistles and bells. All very nice. It had a CD-
ROM, sound system, and a huge hard drive.

When the testing crew came in Monday morning, they had a problem. First, there was no
slot in the front of the new machine to insert a 5%-inch 360K low-density diskette. Second, the
new machine would not turn on with the test interface card in it. MIS sent the student over to
help, which made matters worse. The lot that had been tested on Thursday and Friday was
scheduled to be shipped Tuesday, and the data could not be reduced without a running com-
puter. MIS refused to return the old machine because it was past July 15, and not their prob-
lem. Headquarters would not budge on Y2K compliancy, so some other solution had to be
found.

The old computer took 15 min to reduce the data and plot the required output. Three peo-
ple working with calculators produced the same results on graph paper in 6 h. We were asked
to look at the situation, but it was hopeless. The original machine had been there 18 yr. It ran
Control Program Microprocessor (CPM) and was pre-Microsoft. The interface card was wire-
wrapped and totally undocumented.

The company contracted for a replacement unit, but the contractor was not up to the task.
Another contract was let with hopefully better results. Meanwhile, 6 months later the data was
still being reduced manually.

The sad part is that it never should have happened. The problem occurred when the old
computer was certified unacceptable for Y2K. They should have passed the old machine
instead of failing it. They should have used the negative approach. While the old machine
could not pass the Y2K tests, it also could not fail the Y2K tests. The reason for this was that
the machine had no clock and no calendar. It had been procured before these became stan-
dard features on microcomputers. Think of the grief that could have been avoided if the right
person had been sent out to test the machine in the first place!

BACKING UP DATA

Causes

You do not have a backup of your data. No matter what backup procedures you have in place,
no matter what assurances you have been given by your information systems (IS) depart-
ment, a magnetic backup of critical data does not exist. Unfortunately, most managers do not
discover this fact until they need the data. The bad news is that there is no solution for this
problem; the good news is that there are procedures you can put in place that will minimize
the risk.

e Magnetic media loses its polarization with time. Most magnetic media have a shelf life of
about 5 yr, depending on the storage environment. Given enough time, backup media will
not be readable.

¢ Magnetic oxide wears (rubs) off magnetic tape each time the tape is used. Every time a tape
is written to, its storage life and restore probability are reduced. Check with the media man-
ufacturer to obtain the recommended number of backups it will deliver, then divide that
number by 3. In spite of the apparent price, tape media is cheap.

e IS departments like to do differential backups. Differential backups save time and cut costs.
The theory behind this type of backup is, you back up only the data that has changed. The
problem is that any failure in the restore chain can result in older data being lost.
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¢ Tapes do break. This problem can be reduced by retensioning the tape prior to use (almost
never done). Also, tensioning the tape prior to use increases the probability of a good
restore. Note that some backup systems always retension the tape prior to use. (In the Util-
ities menu of most tape systems there will be a selection labeled tension tape.)

¢ The hardware unit itself requires periodic maintenance (cleaning) and head replacement
(they do wear out). This is almost never done.

¢ Failure to verify the backup. Most tape backup systems write to the tape but never read the
tape to see if anything has actually been written. A perfectly clean error log does not guar-
antee that any actual data was written to the tape. All backup systems have a verification
option. If this is turned on, it will take about three times longer to actually do the backup,
but the data on the tape will be verified as correct.

o If the backup system has problems during the backup process it records these problems in
the error log. Nobody bothers to read the error log, which is erased the next time a backup
occurs (and all record of the problems is conveniently destroyed).

We do not have a direct solution, but we can give you a list of suggestions that may reduce the
risk. Since your database is probably administered by MIS, and the MIS manager does not
answer to you, your input may be severely limited.

e Require that the error log for each backup be printed and initialed by the employee respon-
sible for making the backup. This guarantees that the error log has been read.

¢ A full system server backup should be made at least once a month and stored off-site.

¢ A database restore should be done at least once a month to a designated machine (not the
server). This exercises the restore process and identifies procedural and hardware problems
before they become critical.

¢ Have your secretary’s machine (or equivalent) equipped with a CD burner. Have reports
run on all critical data (inventory, receivables, etc.) and saved in a special directory. Have
these reports periodically burned to a CD. Good CDs cost less than $1 and hold 640 MB of
data. A modern burner will burn a CD in minutes (640 MB CD in 6 min). If your produc-
tion equipment is controlled or programmed by computer, key files associated with pro-
duction can be archived in a similar manner. Optical storage lasts 150 yr and cannot be
accidentally erased. All routine data that is generated as a report can be archived in this
manner. It is not a bad idea to archive all submitted reports and correspondence in this
manner (by date). This seldom requires more than one CD a month (one a week at the
most, say on Fridays). These CDs are convenient to store, allow for instant retrieval, and
provide an archival solution that you control.

CASE STUDY. A small retail establishment put in a computerized point-of-sale (POS) sys-
tem consisting of five POS stations plus five administrative stations. The entire system was
expensive and first-class. A complete system backup was done automatically every evening.
The company appended each backup to the tape until the tape was full, then started a new
tape. No data was ever erased, nor was a tape ever reused. The company that installed the
hardware provided a backup checklist which was followed religiously for 18 months. Then a
mechanical failure of the server’s hard drive resulted in complete data loss. The repaired
server and the tapes were shipped to us for restoration. No one on location had ever done a
restore, and everyone was afraid to try—they did not want to be responsible for a disaster. Of
the 500 perfectly done backups, 2 were restorable. The most recent good backup was 40 days
old. This company did 800 line items of business a day, and every line item had to be individ-
ually reentered.

One of the administrative stations was routinely left running at night. The employee who
occupied that station would minimize the inventory system, turn the monitor off, and go
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home. The inventory system held two critical data files open. The backup system recognized
that the files were in use and did not back them up (duly noting the omission in the log file).
Reading the log file was not on the checklist, and nobody on-site knew to check it! The cause
of the disaster was never checking whether the backup system was functioning. Checking that
procedures are being accomplished correctly is part of what managers are paid for! You do
not have to know anything about the fire-prevention system to run a fire drill.

PERIPHERALS

Windows does not like to change peripherals. Install all peripherals with permanence in mind.
Select the computer where the peripheral will have the most utility, install the peripheral on
that machine, and do not relocate the peripheral to another machine. Let the users come to
the machine, not vice versa.

Do not install inexpensive printers in the manufacturing or industrial environment. All
printers should be laser printers (no ink-jet or bubble-jet printers). Do not purchase a laser jet
printer that has a retail price of under $700. Small printers designed for use in the home are
fragile, and historically have not held up in a production environment. Do not acquire any
printer that uses bin feed rather than tray feed. Trays always feed the paper with perfect align-
ment. Bin-feed printers have too many internal jams to be usable. Printers do require care and
preventive maintenance. Designate an individual who will be responsible for the condition of
the printer.

Scanners, cameras, and all other peripherals pertaining to the facility’s operation must be
of good quality. Procedures and checklists need to be established for the maintenance and use
of these products.

Employees who are to use computer peripherals need to be trained on proper use and
handling. This instruction should include how to properly attach cables, operate the equip-
ment, and service it. Employees should be warned against overtightening screws. No screw
attaching a cable to the back of a computer should be more than lightly finger tight. Half of
all peripheral downtime can be attributed to overenthusiasm with a screwdriver.

Computer peripheral cables are delicate. The pins in the cable are fragile and easily dam-
aged. These cables should be removed as infrequently as possible. Do not attempt to attach
cables when the lighting is bad or the port (plug) is not easily accessible. Attaching cables by
feel results in bent pins, unreliable operation, and possibly damage to the peripheral and the
computer.

Computers and peripherals are expensive, delicate tools; treat them with respect.

ENVIRONMENT

When selecting the location for a computer, consider where the computer will be the happi-
est, not necessarily the most convenient location for the users.

¢ Choose an air-conditioned environment that is relatively clean of airborne dust. Do the best
you can; the location is unlikely to be ideal.

¢ Select a location where air circulates freely behind and in front of the computer. Air flows
in the front of the case and is pushed out the back of the case. If the exhaust route is
blocked, the computer will overheat, resulting in unreliable operation and shorter life.

e Select a location where cables are unlikely to be pulled, twisted, or tripped over.

e Make sure power receptacles are carefully marked. Many plants have both 115- and 220-V
outlets. The computer has a slide switch on the back of the machine that allows it to be
plugged into either a 115- or a 220-V receptacle. If the machine is set on 115-V and is
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plugged into a 220-V line, it will most likely be destroyed. If the machine is set on 220 V and
is plugged into a 115-V line, no damage will be done. If the computer’s power supply is large
enough, it is possible for a computer set to 220-V to run when plugged into a 115-V recep-
tacle (not reliably, but it may run).

CASE STUDY. We were once asked to look at a client’s machine that kept crashing. It failed
3 to 5 times a day. The client had returned the machine to the vendor twice for maintenance
and no problems could be found. The vendor was convinced that poor power at the client’s
location was the cause of the problem. The client was extremely unhappy and had no idea
what to do. We moved the slide switch on the computer’s power supply from 220 V to 115 V.
The computer has not crashed since.

Introduction

It is not possible to cover all security considerations, so do not consider this section to be com-
plete. This introduction is lengthy because it is very important. The corporate executive must
understand the mechanics driving network security issues. First, some definitions:

cracker, Type A Someone who breaks into a computer or network because it is a challenge.
This cracker frequently has the permission of the network owner to attack the network.
Embarrassing the government does not qualify as damage for our purposes. Replacing the
NASA web site with a cracker web site (November 1999) qualifies as Type A cracking.

cracker, Type B Someone who breaks into a machine or network with the intent to steal or
damage.

hacker Someone who writes code and does not intentionally inflict damage on the target
machine.

script kiddy A cracker who is not capable of writing code. Script kiddies tend to be mali-
cious, and frequently seem too young to know better.

‘While viruses have been around since the late 1980s, we consider the release of MS-DOS
6 (DOS 6) the start of the current security-sensitive environment. With DOS 6 Microsoft
made a strong move to control the microcomputer platform (in our opinion). This version of
DOS restricted what operating systems could run on a machine through the use of a new pro-
tocol called the Master Boot Record (MBR). In 1986, our work computer had 15 partitions on
its hard drive, ran seven operating systems, had two different internal microprocessors, and
was selectively bootable from the ROM monitor. DOS 6 ended this type of flexibility and
strongly limited operating system (OS) options.

The hacker community was unwilling to accept these restrictions, and with the Internet
coming of age, hackers were able to pool their resources in decompiling, analyzing, and docu-
menting the OS loader in the MBR. This soon led to bootstrap loaders such as System Com-
mander (proprietary) and LILO (open source).

The hacker community is a worldwide organization with over 250,000 (estimated) mem-
bers. The community has bylaws, codes of conduct, copyrighted products, and a standard gen-
eral public license (GPL) agreement. Hackers publish, maintain, and distribute LINUX, the
most powerful operating system available. They wrote and copyrighted TCP/IP, the protocol
that runs the Internet. They have successfully defeated every attempt by the world’s most
powerful corporations (and some countries) to carve up or control the Internet.

The fundamental goal of the hacker community is to acquire and distribute knowledge.
Hackers operate under the belief that knowledge cannot be owned—that there is no such
thing as intellectual property. Knowledge, in their minds, should be distributed without charge
to all who have a desire to acquire it.
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The cracker community is fragmented and breaks into two groups. One group sees oper-
ating systems and networks as puzzles. This group formed liaisons which evolved into our
nation’s top security firms. These crackers attack a network only after being asked to evaluate
that network’s security by the network owner. The tools this group produces can be pur-
chased, and have value both as network security tools and as network penetration tools (two-
edged swords).

The second group of crackers uses the tools provided by hackers and other cracker groups
(sometimes modified) to break into computers illegally for profit or other, frequently politi-
cal, motives.

Script kiddies use the tools provided by the rest of the community to produce as much cor-
porate-user chaos and suffering as possible.

CASE STUDY. When Microsoft put its new web server on line in the winter of 1999, the
company was so sure of its security that it challenged the entire cracker community to attempt
to break into the Microsoft network. Rewards were offered for a successful penetration.
Within 24 h, these crackers were turning the Microsoft servers on and off like kids playing
with a light switch. (More information is available at www.10pht.com.)

There are over 30,000 documented viruses, belonging to over 8000 families. New viruses are
being written at the rate of about 3000 a year, or roughly 10 a day. There are over 200 families
of viruses that are undetectable by today’s virus checkers. There have been instances of
infected programs being shipped by major software providers. There are no procedures or
precautions that will guarantee the integrity of your computers.

Boot-Sector Viruses. This class of viruses resides in the boot sector of a floppy disk, and is
implanted in the computer’s MBR if an attempt is made to boot the computer from the floppy
disk. This is the largest class of viruses. These viruses exploit the security hole created when
Microsoft created the MBR. A famous member of this class is the Michelangelo virus, which
erases key tracks on the hard drive on Michelangelo’s birthday.

All viruses of this class can be defeated by not booting from a floppy disk. There are two
settings in the ROM BIOS of computers manufactured after about 1995 that will protect your
computers from this class of viruses:

e Disable floppy boot.

e Enable BIOS-level virus protection. This is a small program embedded in the computer’s
BIOS that will notify you if an attempt is made by any program to write to the MBR. Be
advised that this feature can be circumvented.

This class of viruses cannot be transmitted over a network (Internet).

Because of the wealth of information available on this class of viruses (theory, descriptions,
and sample code) many new boot sector viruses are being written. Taking the precautions
listed here, and checking your computers weekly with a virus checker, should defeat this class
of viruses.

Executable Viruses. An executable virus is a virus that is embedded inside a legitimate pro-
gram (.exe, .com, or .dll extension). An executable virus canNOT infect a data file! When the
program containing the virus is executed, the virus infects the OS (it may or may not infect the
MBR) and attempts to transfer itself to other executable programs on the infected computer.
Viruses of this class may also be able to infect programs across a network.

This is the second-largest class of viruses. The most common virus being written today
belongs to this class. One of the most notorious of this class of virus is the Natas virus (Satan
spelled backward), sometimes referred to as the Satan virus). During a major Dallas com-
puter show, one of the vendors distributed 15,000 infected samples of its software.
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The code that allows this type of virus to infect other programs leaves a signature by which
it can be detected. Virus-detection software companies (like McAfee) use analytical method-
ology to determine this signature and then scan for it. Virus writers who understand the
methodologies being used to detect their viruses are now using cryptography and other tech-
niques to mask or hide the signatures of their viruses (stealth viruses).

Parasite Viruses. A parasite virus is a virus that attaches to another virus. The host virus
moves from computer to computer. When the host virus infects a machine, it infects the
machine with the parasite virus instead of itself. In some cases, both viruses become active if
they reside in different portions of the OS. Because they do not replicate, parasite viruses
have no signature. When an infected computer is scanned by virus-detection software, the
host virus is detected and removed, leaving the parasite virus intact and undetectable.

CASE STUDY. A good friend brought us a machine. The virus detection software was
reporting the presence of the NYB virus. My friend was afraid to touch the machine. We used
F-PROT virus-detection and -removal software from a clean-booted diskette to verify the
presence of the virus and remove it. After removing the virus, we checked the machine with
F-PROT and both IBM and Norton antivirus software. The computer reported clean. We then
loaded F-PROT on the machine and ran the program again (after a clean boot). F-PROT
reported a corrupted signature file. File compare (FC) verified that 3 bytes of the signature
file had been altered. The three altered bytes were the signature of the NYB virus. We then
loaded IBM antivirus software. It reported no viruses. Having come this far, we inserted a
floppy disk that contained the European Community Institute Antivirus Research
ECIAR.COM file. IBM reported the floppy as having no viruses. Normally the IBM software
will report the ECIAR.COM file as a virus. This demonstrates that the antivirus software was
disabled by the running virus. At this point we erased the hard drive and reloaded the operat-
ing system.

Had we not loaded F-PROT on my friend’s computer we would never have known that a
virus remained. Nobody, that we know of, has ever directly detected or identified this virus.
The virus author got a little too cute in trying to mask the F-PROT signature file, which indi-
cates the virus was probably of European origin. If it had not been for this alteration, we never
would have suspected the presence of the second virus.

Remedies. While absolute protection against viruses is not possible, the following recom-
mendations will reduce the risk of one of your computers becoming infected:

¢ Never leave a floppy disk in the A drive.

¢ Never boot from a floppy disk.

¢ Disable floppy boot in the ROM BIOS.

¢ Enable ROM BIOS virus checking.

¢ Do not load programs that are not required by the computer’s mission.
¢ Always load programs from the original distribution media.

¢ Have the MIS department scan your computers periodically. This scan entails enabling
floppy boot, booting from an antivirus diskette, and scanning the computer using the soft-
ware on the diskette.

e Maintain and use two different virus-scanning programs.
¢ Update your virus-scanning program’s signature file monthly.

e Keep a copy of the ECIAR.COM file on floppy. Scan that floppy to verify that your
antivirus software sees the test file.

Antivirus software that is used while the Windows 9X operating system is running is only
partially effective. To reliably scan for MBR viruses, the boot disk must be DOS 5 or earlier.
The surest way to check for an MBR virus is to have MIS build a special DOS 5 bootable disk
that has a utility that will write the MBR out to a file. Visually verify the integrity of this file.
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Worms are programs designed to penetrate as many machines as possible. These programs
exploit the communication protocols used by computers connected to networks. Worms do
not intentionally do damage, but they do replicate. As a result, they can be a considerable nui-
sance. A worm that misbehaves can bring a machine or a network down (no data should be
lost). Programmers sufficiently skilled to write a worm are normally mature enough not to do
so. Very few worms have been written, and you will likely not see one. A released worm is nor-
mally detected by an Internet monitoring site very quickly. A description of the worm and
software to remove it is normally published on the Internet within 48 h of the worm’s release.

A Trojan horse is a program that attaches itself to the OS. This program then allows an unau-
thorized user access to the computer on which the Trojan horse resides. In the early years, Tro-
jan horses were used almost exclusively for password interception. Today they have become a
fine art, enabling many forms of subtle manipulation of your computer.

The deployment of Windows 9X created three huge security holes which were so inviting
that the energy of the cracker community moved almost exclusively to exploiting these holes.
The three holes are Internet Explorer (IE), Outlook (and Outlook Express), and Java. (Java
is not itself a security hole, but is the mechanism by which the security hole is exploited.) Dis-
tributed processing is inherently a security disaster.

There are four mechanisms for transmitting a Trojan horse to your computer. The first,
buffer overflow, generally exploits weaknesses in the mail system. To exploit this hole requires
a level of expertise that excludes all but a very few crackers. Your risk of being subject to this
form of attack is small. A variant of this attack does not load a Trojan horse but, instead,
endeavors to crash the machine. This denial of service (DOS) attack is much less sophisti-
cated, and sample scripts are in the hands of the script kiddies. The second mechanism is to
implant a cookie in your cookie file. This can be done by any web site you connect to. The third
method is to e-mail you a file that executes either a Visual Basic or a Java script. It can also be
an attached Java applet.)

The fourth method is to entice you into loading the Trojan horse on your computer. There
is a fairly entertaining game floating around the Internet called Wack-A-Mole. If you run this
game it loads the NetBus Trojan horse on your machine. Deleting the delivery program
(Wack-A-Mole) does not affect the Trojan horse. The NetBus Trojan horse allows an intruder
to log the user’s key strokes; take regular screen shots of whatever the user is viewing; retrieve
the user’s cached passwords; examine browser bookmarks; read e-mail; and view, run, edit,
upload, and delete files. A cracker can scan several hundred IP addresses a minute. If the
cracker hits a machine with the NetBus Trojan horse loaded, the target computer returns its
current IP address and the presence of the Trojan horse. Any cracker can then take control of
your computer. UltraAccess Networks (the owner of NetBus) has negotiated an agreement
with McAfee by which McAfee antivirus software will no longer report the presence of Net-
Bus to the computer’s user (owner).

Some corporations wish to monitor how their employees use corporate computers. If MIS
personnel wish to install NetBus on the corporate computers, they have to use McAfee’s
antivirus software so that the user will not be alerted to the presence of the Trojan horse.

Securing the Net

We will present one general solution. Corporate policy, security needs, and your MIS depart-
ment will customize this general approach. Net security is started at the connection of your
corporation’s local network and the Internet. This is frequently referred to as the border
router. This router should either double as a firewall or be connected directly to a firewall
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computer (We prefer the latter). Next your company should use a proxy server. All Internet
packets are sent with the proxy’s return address; the packet is then routed by the proxy server
to the originating machine. This defeats many types of attacks. By spoofing (using a return IP
address that does not belong to the sending machine) all Internet packets, all machines down-
stream are hidden from the Internet. The firewall (border router) will also prevent crackers
from detecting individual machines on the network. One additional advantage of this setup is
that your company only needs one fixed Internet IP address. The IP addresses of the individ-
ual computers on your network are illegal Internet IP addresses. Several million of these ille-
gal addresses are set aside for corporations to use. You do not have to register an illegal
address to use it, making it more difficult for a cracker to scan your network. Remember, fire-
walls provide only a relative degree of protection, they are not absolute.

Securing the Browser Holes

Both Trojan horses and cookies can be planted on your machine through your web browser.
Since the browser is a trusted agent, the corporate firewall provides very little protection
against this attack. The hacker community is becoming irritated by these intrusions onto pri-
vate computers and is reacting to the threat. We do not know of a central depository for this
class of software, but we can give you some sources. Gibson Research (www.grc.com) has a
program call OptOut which looks for known browser-related Trojan horses and removes
them. For cookies and banner ads, the hacker web site www.junkbusters.com provides a prod-
uct called Junkbusters 2.2. This software is covered by the hacker’s GPL and is free (paying
for it is not an option; however, there are restrictions, so read the GPL).

Close-in Defense

Mail Viruses

Your last line of defense should be a personal computer firewall. The one we recommend is
ZoneAlarm Pro by Zone Labs. This product costs $39 for a single machine license (one-time
fee, upgrades are free). The company’s web site is www.zonelabs.com. This firewall has many
powerful features:

¢ It allows you to lock your computer down when you are not using the network. All network
traffic (legitimate or otherwise) is blocked. A log file tells you the name of every computer
that tries to contact your computer.

¢ Itrequires you to give access privileges to every program on your machine that has network
communication capabilities. If a Trojan horse is loaded on your machine, ZoneAlarm will
alert you that it has requested network access and will ask you to authorize the access. You
now know that the Trojan horse is on your machine and can deny the penetrator access.

¢ It maintains a handy list of all programs on your machine that have been given network
access. Check this list periodically just in case your MIS section has loaded a Trojan horse to
Spy on you.

¢ It detects, blocks, and highlights most e-mail-attached viruses and Trojan horses.

One last security measure is to disable Power On LAN in the BIOS. This prevents some-
one on the network from powering up your computer while you are gone and your office is
locked. Physical access to your computer is now required.

Attaching a Visual Basic script to electronic mail is a recent fad among script kiddies. The
Melissa virus, and more recently the “I Love You” and “Resume” viruses, are examples. These
scripts are not true viruses; in order to become active they must be executed (opened) by the
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user. Because these viruses come from a legitimate trusted agent (your mail software—gen-
erally Outlook), there is no way to prevent them being written to your machine. The defense
against this virus is not to open it. Any e-mail that has an unexpected attachment should not
be opened without first checking with the sender. Once the script is executed, the damage is
done. The key element here is, if you do not know what it is,do not open it. If you are in doubt,
have the MIS department check the script with an editor before you open it; the code will be
obvious.

There are basically two types of help available:

e Monitoring help. There are companies that will monitor your net for security holes. They
will hit your net with the latest known cracker techniques and forward the results to you.
Fixing the hole is your company’s responsibility. One such company is Vigilante, at www.vig-
ilante.com.

e Consulting help. Many security consulting firms have sprung up lately. Unfortunately,
many of these consultants lack the basic knowledge to do the job. One company that has the
right people is @stack (www.astake.com).

CONCLUSION

Don’t panic, it’s not that bad. Remember, computers are tools. Each computer has specific
tasks to perform. Screen your computers for misuse, nonmission software, and unnecessary
network access. If you always remain conscious that something bad can happen, very likely
nothing bad will happen. Take reasonable security precautions, and consult professionals
when you need help.
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MATERIALS-HANDLING DEFINITIONS

Materials-handling technology includes hardware and systems which can be categorized as
follows:

¢ Containerization

e Fixed-path handling
e Mobile handling

e Warehousing

Containerization. This classification covers the broad spectrum of confinement methods
that are used for storage through all phases of the manufacturing, or process, cycle. The
materials-handling engineer employs the unit-size principle to optimize the quantity, size, and
weight of the load to be handled or moved and is able to specify the best container after con-
sidering material and other production-system parameters. Pallets, skids, tote boxes, and wire-
mesh containers, covering a wide range of sizes and materials, are included within the
category.

Fixed-Path Handling. This classification applies to movement and storage of unit loads of
material with an intermittent or a continuous flow over a fixed path from one point to
another. Fixed-path-handling equipment is secured to, and is considered part of, the facility.
Once installed it is more difficult to modify or replace; therefore, a considerable amount of
planning and interfacing with other functions has to be considered. This equipment, if
installed above the floor surface, can effectively utilize what would otherwise be dead space.
Chutes, conveyors, elevators, bridge cranes, palletizing equipment, and robots are examples of
fixed-path-handling equipment.

Mobile Handling. This classification includes all handling systems that move material over
various paths within a manufacturing or processing cycle. Handling equipment allows a con-
siderable degree of flexibility in moving material in an intermittent flow but requires special
facility requirements, such as aisle sizes, clearances, door openings, and running and maneu-
vering surfaces. Equipment in this category consumes more energy per unit load moved than
most other systems and generally requires trained personnel for operation. Equipment in this
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category ranges from simple two-wheeled hand trucks to specially designed over-the-road
vehicles and also includes skid trucks, floor trucks, powered walkie lift trucks, powered lift
trucks, and mobile hydraulic cranes.

Warehousing. This classification of materials handling considers the systems, equipment
practices, and requirements dedicated to the following operations within the manufacturing,
processing, or distribution cycle:

¢ Receiving

e Storage of raw, in-process, and finished materials
e Movement in and out of storage

¢ Order picking and accumulation

¢ Containerization for shipping

¢ Loading and shipping

This area of materials handling involves a wider range of planning and analysis. Consider
some of the following factors:

. Shipment volumes

. Location of activity

. Sizing and physical characteristics relating to product size, type, and volume
Number of stockkeeping units

. Storage equipment

. Selection of materials-movement methods

. Packaging methods for shipping

® NS RSN

. Labeling and carrier selection

The range of solutions covers the full spectrum, from a single warehouse that shares move-
ment equipment with other parts of the operation to a self-contained, specially equipped, fully
automated warehouse.

INTRODUCTION

Materials handling deals with the movement of materials from receiving, through fabrication,
to the shipment of the finished product. More broadly, handling and distribution are consid-
ered to be one overall system. This viewpoint gives consideration to all handling activities
involved in movement of materials from all sources of supply through the various plant and
central warehouse operations to the customer distribution network.

The activities related to the flow of the materials are either viewed as separate activities or
treated as one element in an integrated handling system. Not everyone agrees that materials-
handling activities should be viewed as an overall system. Progressive plant engineering person-
nel, however, recognize that materials handling represents the efficient integration of workers,
materials-control systems, and equipment, as well as the movement of materials. Materials-
handling applications must take into account operating costs and time-phased material flow.

Inefficient materials handling and storage increase product cost, delay product delivery,
and consume excessive square feet of plant and warehouse space. Studies have indicated that
actual materials-handling cost runs between 20 and 50 percent of the total product cost even
though it does not add any value to the finished product. In addition, from 80 to 95 percent of
the total overall time devoted to processing a customer order from fabrication to shipment is
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devoted to materials handling and storage. Product manufacturing time, therefore, is only a
small percentage of the overall process time.

A properly designed and integrated materials-handling system provides tremendous
cost-saving opportunities and customer-service improvement potential. The correct selection
of a handling method can reduce handling costs per unit by as much as 200 percent. Improve-
ment in storage, such as high-rise equipment and high-density storage applications, can
reduce unit storage space cost by 20 to 40 percent. Work-in-process inventory can be reduced
30 to 50 percent through compressed cycle times. The reduced cycle times will also result in
shorter customer delivery cycles.

The significant impact of materials-handling costs on total product cost has resulted in a
great deal of attention and substantial resources being directed toward discovering more effi-
cient methods to reduce handling costs. This effort is expected to receive even greater con-
centration in the future. The following trends are beginning:

¢ Most manufacturing managers now recognize that materials handling is a prime area of
cost-reduction opportunities.

e Many manufacturers have become environmentally aware, which is reflected in products
such as lift trucks with reduced emissions and recyclable plastic and corrugated pallets.

¢ Preengineered storage and handling systems with proven success records are being offered
to help reduce installation and start-up times.

e Computer systems are being designed to enable the manager to electronically track materi-
als from the point of entry to exit.

¢ Computer-based technology will employ more powerful and sophisticated techniques such
as queueing theory, simulation facilities, and flow-planning techniques to consider and
select optimum solutions from a wide range of variables and materials-handling options.

¢ Handling systems will become more automated by employing computer-controlled systems,
robot loading and unloading, driverless vehicles, and automatic storage and retrieval sys-
tems. These automation principles will be applied in receiving, manufacturing operations,
warehousing, and shipping.

e OSHA and other safety requirements and systems will increase the complexity of designs
and the applications of various systems.

It should be recognized that materials handling is an extremely broad-based subject which
more often deals with the application of equipment and mechanical devices than fundamen-
tal engineering principles or basic physical laws. At least in part, it requires the application of
subjective and experienced judgment and has even been described (with some justification)
as more of an art than a science. Based on this fact and the trends in materials handling
already discussed, this chapter outlines the methodology for solving materials-handling prob-
lems as well as the classification of hardware.

However, it is suggested that plant engineers involved continually with materials-handling
projects should be familiar with additional sources of current information not only from ref-
erence books but also from specialized trade periodicals, professional societies, and trade
associations. (See the reference section at the end of this chapter.)

SOLVING MATERIALS-HANDLING PROBLEMS

Materials-handling activities and installations vary in complexity from operation to opera-
tion. The plant engineer can solve most materials-handling problems by keeping two points in
mind: one is to thoroughly understand the materials-handling principles; the other is to rec-
ognize that a materials-handling system is composed of a series of interrelated handling activ-
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ities. The plant engineer should therefore apply materials-handling principles to improve each
separate materials-handling activity and then interrelate the handling activities by applying
flow-planning principles.

Principles of Materials Handling

The collective experience and knowledge of many materials-handling experts has been organ-
ized into a framework of generalized principles. The principles are basic and can be used uni-
versally. They include:

1.

2.

w

A

10.
11.
12.

13.
14.

15.
16.
17.

Integrate as many handling activities, such as receiving, storage, production, and inspec-
tion, as is practical into a coordinated system.

Arrange operation sequence and equipment layout so as to optimize materials flow.

Simplify handling by reducing, eliminating, or combining unnecessary movement and/or
equipment.

Use gravity to move material wherever practical.
Make optimum use of the building cube.
Increase the quantity, size, and weight of the load handled.

Use mechanized or automated handling equipment whenever it can be economically or
safely justified.

Select handling equipment on the basis of lowest overall cost when considering the mate-
rial to be handled, the move to be made, and the methods to be utilized.

Standardize methods as well as types and sizes of handling equipment.
Use methods and equipment that perform a variety of tasks and applications.
Plan preventive maintenance, and schedule regular repairs on all handling equipment.

Determine the effectiveness of handling performance in terms of expense per unit
handled.

Move materials in as direct a path as possible, minimizing backtracking.

Deliver materials directly to work areas whenever practical, and plan the minimum of
material in the area.

Move the greatest weight or bulk the shortest distance.
Provide alternative plans in case of a breakdown.
Use the appropriate level of proven technology and systems.

Steps in Solving Handling Problems

The general methods that are used for solving other operational problems are applicable in
the materials-handling area. The factors that must be considered relate to how to most effi-
ciently move certain volumes and types of materials by a particular method. The steps
involved in systematically solving these problems consist of:

e Problem identification

¢ Problem analysis and quantification

¢ Selection and evaluation of alternatives

¢ Project justification

Problem Identification. Identification of materials-handling problems includes determin-
ing the impact of interfacing activities such as production control, manufacturing, vendors,
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shipping, and receiving. The buildup of material in front of a machine or a truck dock may not
be a problem of too little storage but rather one of lot sizing or inefficient truck-loading sys-
tems. Most importantly, a costly handling route between two distant machines may not be
caused by the handling mechanism but by the location of the equipment itself.

Problem Analysis and Quantification. Qualitative and quantitative answers are obtained
through use of industrial engineering techniques such as flow diagrams, flowcharts, from-to
charts, and activity-relationship charts. For the detailed application of these manual tech-
niques see Refs. 1 to 4.

Computer-aided techniques are useful when large amounts of data are involved.’

Selection and Evaluation of Alternatives. In the selection of alternatives three general
types of criteria are involved.

Movement. Movement involves the study of routes in terms of the combination of han-
dling equipment and containers jointly rather than on an individual product basis. Under this
criterion, distances from and to locations, outside travel, and frequencies would be minimized.

Criteria Which Cannot Be Directly Costed. These involve criteria such as:

1. Performance. The potentials for relocation of equipment at future time periods, as
related to the handling equipment, and for material design changes, as they relate to the
containers themselves.

2. Delicacy. The nature of the part and its requirements for special handling, dunnage, or
containers—particularly to avoid damage.

3. Interfaces. Production control and manufacturing departments, vendors, shipping, receiv-
ing, and intersite movement requirements.

4. Uniformity. The need to standardize or at least unitize containers to provide uniform
handling characteristics. This provides for the use of idealized container sizing and packing
techniques, including proper dunnage for irregular loads. On the other hand, it requires the
special handling and designs for special irregular-sized parts.

Cost-Effectiveness. This involves the analysis in concept of all standard operating costs,
equipment life, maintenance and spare usage for equipment, and intermediate storage.

Generally, the analysis will be dominated by the cost-effectiveness of the alternatives
involving cost components as follows.

e Capital Investment Costs. One-time charges incurred at the time of equipment procure-
ment that include:

Equipment cost, including freight

Installation costs

Special maintenance requirements

Special power and fuel facilities

Rearrangement and alteration of facilities to accommodate equipment
Engineering support

Supplies

RN S o

e Fixed Costs. Determined or assigned to a system, a piece of equipment, or an activity on a
time-period basis; include:

1. Depreciation
2. Taxes

3. Insurance

4. Supervision

e Variable Costs. Can be considered the cost of performing an operation or activity. In the
case of equipment, it is the cost of using the equipment. The following items are included
within this component.
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1. Equipment-operating personnel or personnel manually performing a materials-handling
task

2. Power and fuel costs

3. Lubricants

4. Maintenance labor supplies

e Indirect Costs. Affected in other areas of company operation as a result of changing a
method, adding new equipment, or changing the materials-handling system, and may con-
sist of:

1. Space occupied

. Effect on taxes

. Values of repair parts

. Changes in production rate and quality of product
. Downtime

AW

A summary of such an analysis is contained in Table 4.1.

TABLE 4.1 Annual Operating Cost

Proposed method, $

Present
manual Fork lift, Fork lift,
Cost component method, $ Conveyor electric propane
1. Capital equip. investment
Equipment cost 6,000 25,000 27,000
Freight 500 800 800
Installation 8,000
Fuel-power facilities 4,000
Alterations to facility 10,000
Engineering support 1,000
Supplies
Total capital investment 25,500 29,800 27,800
2. Fixed cost
Depreciation 5,100 6,560 6,160
Taxes 750 3,500 4,000
Insurance 200 1,000 1,000
Supervision 1,400 1,400
Total fixed cost 6,050 12,460 12,560
3. Variable cost
Operators-loaders (5)* 50,000 (2)* 20,000 (1)* 12,000 (1)* 12,000
Power-fuel 1,200 2,300 800
Lubrication 20 150 150
Maintenance 1,500 2,000
Total variable cost 50,000 21,220 15,950 14,950
4. Indirect cost
Space occupied 1,500
Effect on taxes 1,000
Changes in prod. rate
Downtime 200
Total indirect 2,700
Total operating cost
2+3+4) 50,000 29,970 28,410 27,510
Annual cost savings 20,030 21,590 22,490

* Number of units employed.
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JUSTIFICATION OF MATERIALS-HANDLING PROJECTS

The most common methods of determining the profitability of materials-handling investment
are payoff period, return on investment (ROI), and discounted cash flow.

The payoff-period method indicates the amount of time that new equipment or a system
will take to produce the savings to recover the capital investment. The investment is divided
by the annual savings to give the time (in years) needed to break even. In Table 4.1:

total capital investment
annual cost savings

Payoff period =

This method is a good risk indicator and measure which can be useful to indicate the proj-
ects that would be worth considering for closer study, but the actual profitability of new
equipment depends on how much useful life is left after the payoff period. Some caution is
therefore advised if the payoff period is to be the sole determinant for equipment justifica-
tion, because cheaper equipment having a low useful life will always appear to be the best
investment opportunity.

Simple ROI is another gross indicator that can be used to set priorities for capital invest-
ments. Here again, the effect of useful equipment life is not considered, so this method should
not be used for determining the profitability of the proposed equipment:

___annual cost savings
total capital investment

ROI

The ROI method that considers the effect of useful equipment life is

annual savings — capital investment/useful equipment life

ROI= 1
capital investment

The discounted-cash-flow method of determining ROI indicates in a more realistic man-
ner the equipment cost and return on investment by considering:

1. Savings and cost over equipment life period.
2. Net cash flow of the savings and depreciation.

3. Present worth of each year’s cash flow. A factor is used to reduce the cash flow for each
year to the amount of cash that would be required today to earn a desired rate of interest.

4. The effect of taxes on the rate of return.
The ROI is calculated as follows (Table 4.2):

. Determine the cost savings for each year of the equipment useful life.

. Deduct the estimated percentage for taxes for each year of equipment life.

Add depreciation for each year of the depreciation period.

Determine net cash flow, which is the algebraic total of items 1,2, and 3 above.

. Consult present-worth value table (Table 4.3) and select an interest value for the first trial.
. Multiply the net cash flow by the factor selected in step 5.

I T R N R

. If the present-worth cash flow is higher than the capital investment, select the present-
worth factor for the higher percentage; if lower, select present-worth factor for the lower
percentage.

8. Continue the discounted-cash-flow trials until the total discounted cash flow equals the
capital investment cost. Interpolation will generally be necessary to determine the exact
percent of ROL.
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TABLE 4.2 Example of Calculating ROI* by Cash-Flow Analysis

Factors Amounts
Total capital investment from annual operating cost $30,800
Equipment life 5 years
Depreciation straight line 5 years, 20%/year
Savings per year $22,490
Cash flow Trial 1 @ 45% Trial 2 @ 50%
Savings Net
Cost after Depre- cash Present Present

Year savings Taxes taxes ciation flow Factor worth Factor worth

1 22,490 11,245 11,245 6,160 17,405 0.690 12,009.45 0.667 11,609.14

2 22,490 11,245 11,245 6,160 17,405 0.476 8,284.78 0.444 7,727.82

3 22,490 11,245 11,245 6,160 17,405 0.328 5,708.84 0.296 5,151.88

4 22,490 11,245 11,245 6,160 17,405 0.226 3,933.53 0.198 3,446.19

5 22,490 11,245 11,245 6,160 17,405 0.156 2,715.18 0.132 2,297.46

78,715 32,651.78 30,232.49
* Interpolating
32,651.78 — 30,800 %5 1,851.78 %5=3.83
32,651.78 — 30,232.49 T 241929 TT T
Add 3.83% +45% =48.83% return on investment

TABLE 4.3 Present-Worth Values

Interest, %

Years 6 8 10 12 15 20 25 30 35 40 45 50

1 0943 0926 0.909 0.893 0870 0.833 0.800 0.769 0.741 0.714 0.690 0.667
2 0.890 0.857 0.826 0.797 0.756 0.694 0.640 0592 0.549 0.510 0476 0.444
3 0.840 0.794 0.751 0.712 0.658 0.579 0.512 0455 0406 0364 0328 0.296
4 0.792 0.735 0.683 0.636 0572 0482 0410 0350 0301 0.260 0226 0.198
5 0.747 0.681 0.621 0.568 0.497 0.402 0328 0.269 0.223 0.18 0.156 0.132
6
7
8

0.705 0.630 0.564 0.507 0432 0335 0262 0207 0165 0.133 0.108 0.088

0.665 0583 0.513 0452 0376 0279 0210 0159 0.122 0.095 0.074 0.058

0.627 0.540 0.466 0404 0327 0323 0168 0123 0.091 0.068 0.051 0.039

9 0.592 0500 0424 0361 0284 0.194 0.134 0.094 0.067 0.048 0.035 0.026
10 0.558 0.463 0386 0322 0247 0.162 0.107 0.072 0.050 0.035 0.024 0.017

11 0.527 0429 0350 0.288 0215 0.135 0.086 0.056 0.037 0.025 0.017 0.012
12 0.497 0397 0319 0257 0187 0.112 0.069 0.043 0.027 0.018 0.012 0.008
13 0.469 0368 0290 0.229 0162 0.094 0.055 0.033 0.020 0.013 0.008 0.005
14 0.442 0340 0263 0.205 0.141 0.078 0.044 0.025 0.015 0.009 0.006 0.003
15 0.417 0315 0239 0183 0.123 0.065 0.035 0.020 0.011 0.006 0.004 0.002

16 0394 0292 0218 0.163 0.107 0.054 0.028 0.015 0.008 0.005 0.003 0.002
17 0371 0270 0.198 0.146 0.093 0.045 0.022 0.012 0.006 0.003 0.002 0.001
18 0.350 0250 0.180 0.130 0.081 0.038 0.018 0.009 0.004 0.002 0.001 0.001
19 0330 0232 0.164 0.116 0.070 0.031 0.014 0.007 0.003 0.002 0.001 0.000
20 0312 0214 0.149 0.104 0061 0.026 0.012 0.005 0.002 0.001 0.001 0.000

1.030 1.039 1.049 1.059 1.073 1.097 1.120 1.143 1.166 1.189 1211 1.233
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9. The trial present-worth calculations that equal the net cash flow total are those that are
used to determine the ROL
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INTRODUCTION

One of the basic principles of materials handling is that materials should be converted
wherever possible to unit loads to avoid manual handling. A unit load is defined as a stan-
dard container package containing one or more items that can be handled in a standard
way. The unit-load principle suggests that the larger the load to be handled or moved, the
lower the overall handling cost. To meet this objective, materials-handling systems must be
designed to handle the materials-handling volume within the constraints imposed by load
size as well as the material properties involved in the production or process cycle. The deci-
sions regarding size, shape, and configuration of the unit load should also take into account
compatibility.

Some guidelines for the specification of unit load sizes leading to the design of container-
ization methods and hardware to transport and store materials include:

1. Use the same pallet or container throughout the system, or at least standardize on a lim-
ited number of containers wherever possible.

2. Plan to use raw material or parts directly out of the original container.
Use stackable containers to permit stacking without racks.

4. Consider collapsible containers to save space and freight costs, if they are to be used also
as returnable shipping containers.

5. Use nesting.

6. Be sure that the size selected fits efficiently into standard trailers and/or railcars if con-
tainers are to be used for shipping.

7. Design or select containers suitable for mechanical handling.
Plan containers to accommodate a wide range of products and parts.

w

o

9. Design containers to fit into building geometry.
10. Design containers that do not require special orientation to accomplish movement.

4.13
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11. Use the lightest-weight material possible.

12. Consider the use of recyclable and reusable materials to reduce waste.
13. Use containers through which contents can be identified.

14. Keep the design simple and inexpensive.

15. Design must include all required safety considerations.

CONTAINERIZATION HARDWARE

Containerization hardware can generally be grouped into five main categories:

¢ Pallets

¢ Containers

¢ Tote boxes and bins
¢ Dunnage

e Outer securement

Standard Pallets

Pallets are used mainly as supports, carrier surfaces, or storing structures for unit loads.

The most commonly used material is wood, and pallets are available in a number of dif-
ferent hardwood and softwood varieties (Table 4.4). The type of wood, like any other material
that is specified, should depend on load capacity, load requirements, durability, and the han-
dling and storage environment. In general, softwood pallets are lighter and suitable for ship-
ping pallets, while hardwood pallets are stronger, have a longer life, and are less susceptible to
the wear and tear associated with interplant movement. Local, indigenous woods should be
specified wherever possible to minimize costs.

Principles of Pallet Construction

Nomenclature, Design, Style, and Size. 'The principal pallet parts and the most commonly
used construction features are indicated in Fig. 4.1. By convention, the length of the pallet is
the first-stated dimension, the dimensions are always stated in inches, and the width is the
dimension that is parallel to the top of the deck boards.

Types. Wood pallets fall into three general groups:

1. Expendable (one-way pallets). Cost is the major factor and the design and construction
must meet the requirements for this purpose.

2. Special-purpose. Design and construction must meet the special requirements for the
product or material to be moved or stored.

3. General-purpose. Uses standard design and features which enable the pallet to be used
in a wide range of applications and also to be replaced and exchanged easily.

Pallet Configuration. This is specified by a combination of design, style, and construction
features. The National Wooden Pallet and Container Association has established the descrip-
tions of each parameter.

Typical pallet configurations are shown in Fig. 4.2. Pallets are available in a wide range of
sizes; however, the most popular size is the 48- x 40-in (1.7- x 1.4-m) pallet which accounts for
over 27 percent of all pallets produced.

There is movement within some industries, particularly the food and grocery industries, to
standardize pallet sizes. It has been determined that size standardization, among other obvi-
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TABLE 4.4 Strength Properties of Commercial Woods Employed for Pallets
(Figures shown are for 12-percent moisture content.)

Static bending Compression
fiber stress at perpendicular
proportional to grain,
Species limit, Ib/in** 1b/in** General properties
Group IV
Oak, red 8,400 1,260
QOak, white 7,900 1,410 Heaviest hardwood species; greatest nail-
Maple, sugar 9,500 1,810 holding power and beam strength; best
Beech 8,700 1,250 shock-resisting capacity; greatest
Birch 10,100 1,250 tendency to split at nails; difficult to
Hickory, true 10,900 2,310 dry
Ash, white 8,900 1,510
Pecan 9,100 2,040 J
Group III
Ash, black 7,200 940
Gum, black 7,300 1,150 More inclined to split when nailed; greater
Maple, silver 6,200 910 nail-holding and shock-resisting power,
Gum, red 8,100 860 beam strength, and easier to dry than
Sycamore 6,400 860 group IV
Tupelo 7,200 1,070
Elm, white 7,600 850
Group II
Douglas fir 7,400 950
Hemlock (W) 6,300 680
Larch (Tamarack) 8,000 990
N.C. pine 7,700 1,000
Southern yellow 9,300 1,190
pine (longleaf)
Group 1
Aspen 5,600 460 Relatively free from splitting when nailed;
Cottonwood 5,700 470 moderate nail-holding power and shock-
Redwood 6,900 860 resisting capacity; lightweight, easy to
Spruce 6,700 710 work, holds shape well, and easy to dry
Sugar pine 5,700 590
Ponderosa pine 6,300 740
White fir 6,300 610
White pine (N) 6,300 550
White pine (W) 6,200 540
Yellow poplar 6,100 580

* Multiply by 6900 for newtons per square meter.

ous benefits, could also increase the use of pallet pools or exchange programs, which would
have cost advantages throughout the distribution cycle.

DESIGN. The most common designs of wood pallets are:

1. Tiwwo-way pallets. Permit the entry of forklift or hand pallet trucks from two sides only
and in opposite directions.

2. Four-way pallets. Permit entry on all four sides.
a. Notched stringer design. Has four-way entry only with forklift trucks, and two-way
entry with hand pallet trucks
b. Block design. Has four-way entry with both forklift and hand pallet trucks.
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STRINGER DESIGN

Opening
height

Overall
height
Stringers 9
(runners)

Hand pallet Top deckboards
truck openings
Edge board Opening
Deck opening height

Bottom
deckboards

Stringer
board Block

BLOCK DESIGN

Hand pallet
Truck openings

FIGURE 4.1 Principal parts of wooden pallets. (National Wooden Pallet and Con-
tainer Association.)

FIGURE 4.2 Typical pallet configurations. (a) Single-face; (b) double-face, reversible;
(c) double-wing, double-face, nonreversible; (d) double-face, nonreversible; (e) single-
wing, double-face, nonreversible; (f) double-wing, double-face, reversible. (National
Wooden Pallet Association.)
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STYLE. There are two styles of wood pallets, and they are (Fig. 4.2):

1. Single-face pallet. Has only one deck as the top surface.

2. Double-face pallet. Has both top and bottom decks and comes in two different designs, viz.:
a. Reversible. Has identical top and bottom decks, and goods may be stacked on either
deck.
b. Nonreversible. Top and bottom decks have different configurations, and substitute
goods may be stacked only on the top deck.

CONSTRUCTIONS. Wood pallet constructions are as follows:

1. Flush stringer. A pallet in which the outside stringers or blocks are flush with the ends of
the deckboards.

2. Single wing. A pallet in which the outside stringers are set inboard of the top deck, while
the stringers are flush with the ends of the bottom deckboards.

3. Double wing. A pallet in which the outside stringers are set inboard of both top and bot-
tom deckboards to accommodate bar slings or other devices for handling pallets.

Maintenance and Repair. Procedures should also be established within the system to iden-
tify worn pallets that require repair or disposal. To accomplish this effectively, the acquisition
date should be marked on the pallet and older pallets should be inspected periodically to
detect wear. The following are guidelines for repair operations:

1. Never repair a pallet a second time.

2. Never repair more than three deckboards or one stringer on a given pallet. If the average
replacement is more than 172 boards per pallet, repair is uneconomical.

3. Productivity should average 100 repaired pallets per worker per 8-h shift for those on the
repair line—forklift support and supervisory personnel excluded.

4. Cost of repair should not exceed half the price of a new, similar pallet.

5. Deckboard or stringer replacement should be made utilizing the same wood species as the
original.

Pallets for Use with Forklifts

Expendable Wood Pallets. These pallets are used to support a unit load for one-way and
one-time use. Pallets of this type must be specified with the capacity to carry unit load but do
not require the durability of reusable types. The single-face style (Fig.4.2) is primarily used for
this purpose. Plywood deck surfaces are frequently used for expendable pallets.

Metal Pallets. These pallets can be made of corrugated steel, expanded metal, steel wire,
aluminum, and combinations of metal and wood. Metal pallets are more expensive than wood
pallets and are used mainly for movement of materials inside the plant where additional
strength and life are required.

Corrugated-Metal Pallet Bases. These pallets (Fig. 4.3) are often integrated into the
design of corrugated-steel containers with a number of other features. This permits wide ver-
satility in parts handling and storage in the plant. The style variations available are similar to
those of their wood pallet counterparts to permit movement in both two- and four-way entry
bases by forklift trucks and pallet hand trucks.

All-Steel, Single-Face Pallets. Supported on three runners, this type is designed to handle
heavy loads and containers. Recessed side channels bound in flanges can be incorporated in
the design to permit safe movement by hand. Their double-faced, reversible design eliminates
sharp edges, and thus prevents damage to bagged materials.

One-Piece, Formed-Metal Pallets. These pallets have a built-in nesting feature that per-
mits a number of empty pallets to be stored conveniently. They are useful where pallet stor-
age space is scarce.
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FIGURE 4.3 Corrugated-steel pallet container bases. (a) Two-way entry pallet style, (b) four-way
entry pallet style, (c) box- or angle-style pallet, (d) two-way box runner, (¢) skid or pallet truck, (f) stan-
dard pallet with runners.

Wire-Mesh Pallets. These pallets use galvanized or painted steel or aluminum deck sec-
tions with formed, corrugated support structures and are used where durability and light
weight are required. The wire-mesh pallet, like the corrugated-metal pallets, are often incor-
porated as bases in wire-mesh containers.

Corrugated Pallets. These pallets (Fig. 4.4) are useful for light unit loads that are less than
1500 1b (700 kg) and for stacked loads that are less than 1000 1b (450 kg) per pallet leg. If
employees handle pallets or if employee injury is a problem, these lightweight pallets should
be considered. The corrugated pallets have a low cost and can be recycled. Because of their
light weight, the pallets will also save money on shipping or airfreight charges.
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Plastic Pallets. These pallets are more expen-
sive than wood ones and in some cases are more
expensive than metal ones. However, good or bro-
ken plastic pallets can be recycled. Sometimes, a
broken pallet can also be repaired. Many manu-
facturers guarantee life of the pallet to be 5 to 10
times longer than an ordinary wood pallet. Food
and pharmaceutical industries have been the tra-
ditional users of plastic pallets, since they require
a high standard of cleanliness.

Other Types of Pallets. In addition to using fork-
lift trucks or hand-operated equipment for major
movements in the plant, there are other handling
requirements for movement of materials within
and between manufacturing operations. Generally
there is very little standardization in this area, since
the carrier surfaces have to be specified to be com-
patible with equipment or product.

Slip-Sheet Systems. Such systems enable a
unit load to be handled and moved without being
supported on a pallet type of platform. Slip sheets
(Fig. 4.5) are made of heavy corrugated paper-
board, plastic, or kraft fiber composition and func-
tion as the base surface for the unit load. Special
equipment or push-pull forklift truck attachments
are required to move and handle loads unitized by
this method. The cost benefits of slip-sheet sys-
tems are obvious: in addition to lower initial cost,
storage space requirements are “w of the cube
required for empty pallets and shipping costs are

FIGURE 4.4 Cardboard expandable less than for comparable loads using wood pallets.

pallet. (Memosha Corporation.) Slave Pallets. These are used for assembling

unit loads before transfer to other containers, for

moving odd-shaped loads on conveyors, for serving as accumulating and transfer platforms

for automated computer-controlled storage and retrieval systems, and for supporting unit-
load containers that are not designed for use on conveyors.

Slave pallets are normally plywood-sheet surfaces, but if interim storage is required in racks
where the pallet-edge surfaces are supported by shelf angles, pallet specifications become more
critical from the standpoint of supporting loads and safety. As a general rule, to achieve maxi-
mum strength and stiffness, face grain should be across supports. Design criteria include pallet
size, total uniform load, permissible deflection, clear span, and uniform load in pounds per
square foot (newtons per square meter). Selection of the proper grade and thickness of plywood
can then be determined. Information regarding recommended maximum uniform loads and
deflections is available from the American Plywood Association.

Air Pallets. This type uses a bed of air to support a unit load and enables large loads to be
moved and maneuvered. Air pallets or air-film equipment can be used to convey parts, rotate
work stock, and move palletized loads in and out of buildings as well as trucks, railcars, and
other conveyances.

Portable Stacking Racks. These racks are used for storage of palletized loads that cannot
be stacked on each other. Pallet stacking frames (Fig. 4.6) are used to confine and protect
irregularly shaped, fragile, or nonuniform loads during in-process or temporary storage. The
pallet itself is the base unit and rests on the frame of the pallet beneath it. The second kind
of portable stacking rack (Fig. 4.7) consists of a base unit and removable post and end
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FIGURE 4.5 Typical uses of slip-sheet system. (Little Giant Products.)

frames. Pallets are stored on the base units and the base units, when stacked, nest in the end
frame.

Pallet Loading Patterns. A pallet pattern is an arrangement of units on a pallet and ideally
is the most effective way of loading a pallet with the least loss of cube. There are a number of
ways to select the optimum pattern, ranging from trial and error to the use of computer mod-
els. No matter what technique is used, the following factors must be taken into consideration:

1. Size of material. There may be several ways, one way, or no way to place a given-size
material onto a given pallet.

2. Weight of material. 1In the case of very heavy material, fewer layers will be stacked on a
pallet. To a certain extent the number of layers will depend on the strength of the contain-

ers, if any are used.
i
>
FIGURE 4.6 Pallet stacking frame using pallet as

base unit. FIGURE 4.7 Pallet stacking frame with base unit.
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3. Size of unitload. Taken as a whole, the length, width, and especially the height of the load
must be considered.

4. Loss of space within unit load. Some patterns have too many large gaps between units.
This kind of piling is particularly bad when paper pallets are used because the weight
should be distributed evenly and the units should brace each other.

5. Compactness. Some patterns do not tie together well; they will not interlock.

6. Methods of binding products in patterns. If the units of a load are glued together, one
kind of pattern may be ideal; with strapping, another type may be the best; and if no fas-
tening at all is used, some combination of stacking may be the most suitable method to
interlock and hold the load together.

Some general rules that should be followed in establishing pallet patterns are:

1. Interlocking unit loads should be used when possible to make the most effective use of the
cube and to provide load stability.

2. Overhang, where unit loads extend beyond the edge of a pallet, should be avoided or min-
imized to a point where container damage or load stability is not affected. The added
dimensions caused by this condition should not exceed the width or length of the shipping
conveyance or reduce the utilization of the conveyance.

3. Underhang, where unit loads do not fill the deck surface and where there are large voids,
should be avoided.

4. Utilize the basic pallet patterns (Fig. 4.8) effectively. Use block patterns for containers of
equal width and length. This type of pattern is the least stable and may require bonding
and fastening if considerable movement is involved.

5. Brick, row, and pinwheel patterns are used for containers of unequal length or width. All
three patterns result in the interlocking that stabilizes a load.

Pallet patterns have been developed empirically for materials that have rectangular dimen-
sions. The U.S. Navy Research and Development Facility has developed such a pattern.!

Container capacities range from 500 to 6000 Ib (230 to 2700 kg), and standard base sizes
cover the range of sizes of wood pallets, including 40 x 48 in (1.4 x 1.7 m). The 44- x 54- x 40-in
(1.6- x 2- x 1.4-m) size is ideal for use when making shipments by rail or truck because the
container dimensions are exact multiples of trailer and railcar dimensions and therefore can
use the cube of these conveyances fully.

Metal Containers

Three types of metal containers are in general use: wire mesh, noncorrugated steel, and cor-
rugated steel. Current development trends tend toward increasing versatility by incorporating
features such as stacking and dumping capability and pallet-type bases to allow and facilitate
movement.

Welded-Wire-Mesh Containers. These containers (Fig. 4.9) are fabricated from welded wire
for containment of materials. Additional structural sections are added for additional strength,
and optional features can be included for specific uses and applications. The kinds of material
and product that can be handled are limited only by the size that would fall through the wire
mesh and total container volume. Mesh openings from %2 x /2 in (1.3 x 1.3 cm) to 4 x 4 in (10 x
10 cm) are available to accommodate a wide range of product or material sizes.

Advantages that are generally cited in using this type of container are:

e Lightweight as compared with other metal containers
¢ Allows visibility of product for easy and quick identification
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Split block

% Row /
i Pinwheel Pinwheel Pinwheel
§ Pinwheel Pinwheel Pinwheel

FIGURE 4.8 Typical pallet patterns. Paper or fiberboard binders are used between layers
if necessary.

Split row

¢ Self-cleaning by shedding debris

e Material can sometimes be processed in the container in such processes as degreasing,
cleaning, and air drying.

Wire-mesh container stacking is accomplished in two ways: (1) interlocking through the
corner posts and (2) the arch (saddle) of the upper container resting on the rim of the con-
tainer below.

Wrap-Around Collapsible Frame. This forms the most basic type of wire-mesh container
by using a standard pallet as a base.

Collapsible Container. This type of container is constructed to permit the sides to fold
down when not in use. The obvious advantage of this design, saving space, must be weighed
against its shorter life and smaller payload capacity.
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FIGURE 4.9 Kinds of welded-wire-mesh containers. (a) Collapsible wire container, (b) rigid wire
container, (c) heavy-duty rigid, (d) wrap-around, (e) folded-down collapsible rigid.

Rigid Wire Container. 'This type is designed with additional vertical structural members
that increase the strength of the containers, resulting in longer life and greater capacity than
the collapsible types can provide. A heavy-duty rigid container has been developed to handle
heavier loads in more strenuous environments. Additional horizontal bracing has been added
to achieve the capability.

Collapsible Rigid Container. This is a heavy-duty version of the collapsible container. It
is nearly equal in strength to the heavy-duty rigid type, but the higher original cost must be
compared with savings on return freight costs.

Corrugated-Steel Containers. These are probably the strongest type of metal container
available, since corrugation permits a longer surface of material to be used for a given size of
a container than any other method of construction, and it is fabricated from hot-welded steels
0.105 to 0.179 in (2.7 to 4.6 mm) thick. This type of container has progressed from the one-
type-only gondola bin to configurations that are almost virtually materials-handling systems
in themselves. They can be considered as consisting of three basic modules: base, lifting and
stacking aids, and container box, with options for specific applications.
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Container Bases. Container bases are used to facilitate surface movement and can be essen-
tially categorized as metal pallets since there are provisions for two- and four-way entry with
forklift trucks and other materials-handling equipment. The general features of these bases
were covered in the pallet section of this chapter.

Container Sections. Container sections can include a number of options (Fig. 4.10) to pro-
vide hopper dumping or accessibility, drop-bottom dumping, and end gates. Air- or hydraulic-
actuated equipment and tilt stands are used in conjunction with, and as means to extend the
versatility of, containers in assembly or machining stations. Container sections come in a wide
range of heights; the deeper containers are used for dumping applications, and the shallower
sizes are more suitable for manual handling of parts.

Several lifting and stacking aids can be designed or are available as part of the container
system. Overhead movement can be accomplished by the addition of overhead crane lugs,
chain-sling lugs, and bar-lift or sling-lift notches in the base. Stacking is accommodated by cor-
ner stacking angles, self-aligning hairpin brackets, and stacking lugs.

Industry Specifications. Specifications issued by the Industrial Metal Containers Product
section of the Material Handling Institute specify the materials, design, construction, testing
procedures, environmental considerations, utilization, and safety practices regarding the use
of metal containers. The safety guidelines do not recommend the use of wire-mesh containers
for applications where parts and material protrude or for dumping purposes. A load and
capacity rating plate is used to indicate the load capacity of each container and the number of
containers that can be safely stacked on top of each other.

Wood Containers
Wood containers are of three basic types.
Types

1. Bins with bases and closed sides and ends
2. Boxes with bases, closed sides and ends, and a top
3. Crates with open or slatted sides and ends

Wood containers with standard pallet bases are finding increasing use in applications
where mechanized handling and storage are required for products ranging from solid materi-
als of irregular shapes and sizes to granular materials. Pallet containers are now being used in
the agricultural area, where fruits and vegetables are loaded into pallet containers when
picked and then washed, transported, and placed in supermarkets in the same container.

The pallet container design may include collapsible sides, a feature which saves space when
the container is not in use or when it is being returned empty.

Construction. The four major types of end-panel and side-panel construction in wood con-
tainers are:

1. Solid. Usually of plywood, this type of construction provides great strength as well as a
smooth interior surface.

2. Vertical-slat. Used for deep containers and requires more bracing than the solid or
horizontal-slat construction to prevent rocking.

3. Horizontal-slat. Used for shallower containers and requires less bracing than containers
with vertical-slat construction.

4. Wirebound. Provides the economy of lightweight construction with the added strength of
being wire-bound (Fig. 4.11). The main advantage of this construction is a high-strength
container with low tare weight.
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FIGURE 4.10 Corrugated-metal-container styles and lifting and stacking aids. (a) Basic corrugated
box, (b) hopper-front pallet base container, (c¢) drop-bottom container, (d) end gate option, (e) over-

head crane lugs, (f) corner-stacking lugs, (g) chain sling and stacking lugs, (k) bar lift, (i) sling lift
notches.
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Selection of Wood. In the selection of the wood
species to be used for wood containers, the fol-
lowing factors should be considered:

1. Intended usage and life requirements of the
container

7
A
2T

2. Pressure to be exerted on the bottom and sides

by the goods
3. Permissible bulging of sides and edges
T 4. Degree of impact resistance required
| A 5. Type of handling equipment used
6

. Degree of weather and water resistance
required for exposure to weather or cleaning
operations

S

e
7
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Corrugated-Cardboard Containers

FIGURE 4.11 Typical wirebound container. Corrugated-cardboard containers offer a wide

range of economical solutions for packaging or
materials-handling problems. There are literally hundreds of unique designs of corrugated
containers. Because of the relatively low cost, it is feasible to “tailor-make” a configuration
that is an optimum design for a particular product and situation. This container may be one of,
or a modification of, five common types.

Types

1. Regular slotted container. The most commonly used style. All flaps are of equal length,
and other flaps meet when closed. Contents of the box are protected by one thickness of
corrugation on the side and two thicknesses on top. If additional top and bottom protec-
tion is required, both outer top and bottom flaps can be designed to overlap.

. Telescope box. A two-piece box designed so one part fits into the other.

. Five-panel folder. A corrugated flat sheet, scored into five panels, which folds into a four-
sided tube-type container that is closed by end flaps.

. One-piece folder or book fold. Used for shipping books, catalogs, and wearing apparel.

. Gaylord. A corrugated container that has a base, generally consisting of two or more
wood runners that allow the container to be moved by forklift equipment.

w N

[J N

Corrugated Material and Construction. The basic corrugated material is referred to as
“double-face” or single-wall, consisting of an outer-facing, corrugated medium, and an inner
facing, joined by adhesive. Corrugated material is also available in single-face, double-wall,
and triple-wall designs.

Types of Board. These include Fourdrinier kraft linerboard, the highest-quality and -cost
material made from virgin pulpwood, and cylinder linerboard which is generally made from a
combination of reclaimed fibers and virgin pulp. The weight of a linerboard required for the
contents of a corrugated container is specified in the Uniform Freight Classification and
Motor Truck Classification.

Corrugating Medium. Straw, reclaimed fibers, or woods can be used as a corrugating
medium. The combination of corrugated-medium thickness, weight, and flute configuration
determines the strength and moisture-lockout properties of the container. Corrugating media
are specified by thickness and weight per 1000 ft* (MSF).

FLUTE CONFIGURATION. This specifies the number of corrugations per lineal foot. The
three most common flutes used are:
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1. A flute. The highest flute with the least number of corrugations (36 per linear foot, 0.1875-in
high) (12 per centimeter, 4.2 mm). When used in an upright position, A flute has the best
stacking strength and greater capacity to absorb shock in the direction of the thickness.

2. B flute. Has the greatest number of corrugations per foot with the lowest flute height. It
is stiffer and less shock-absorbent than A flute, but it has greater crush resistance to loads
placed in the direction of thickness.

3. Cflute. A compromise between A and B flutes.

Methods of Fastening Joints. The accepted methods are taping, stitching, or gluing. Com-
mon carriers publish detailed regulations governing the method to be used in regard to con-
tent type, weight, and other factors.

Corrugated boards may be specially treated to provide additional properties to the con-
tainer, such as a coating and lamination, in order to:

e Retard slippage

¢ Inhibit mold

¢ Retain temperature

¢ Increase water or moisture resistance

Tote Boxes and Bins

Tote boxes are used for unit loads of smaller parts that can be moved manually through the
operation or can be stacked in a larger container to become part of a unit load. Tote boxes are
available mainly in metal and plastic and are also fabricated from other materials such as
wood, cardboard, fiberboard, and Plexiglas.

Plastic Tote Boxes. Plastic tote boxes have
many applications where small and light parts
are handled and in environments where protec-
tion from corrosive chemicals or a high degree of
cleanliness is required. Plastic containers are eas-
ily cleaned without harm or deterioration to the
material. Plastic totes are very cost-effective con-
sidering their durability and typical life cycle.
Molding capabilities permit desirable features to
be incorporated as an integral part of the con-
tainer, permitting a number of provisions for
nesting and stacking. A typical tote box is shown
in Fig. 4.12. There are three major types:

Straight Nesting. 'This refers to tote boxes that
can be nested when not used. This type requires
the use of lids or covers if stacking is required but
results in maximum product protection, since one
box will not fall into another. The design of straight-nesting boxes is characterized by tapered sides
which reduce cube utilization and should not be used for storing on shelves.

Straight Stacking. This method of stacking boxes is ideal, because of minimum tapered
sides, for shelf storage and for use as an inner container of maximum cube utilization. Since the
sides and ends support the loads, greater weights can be stacked than when using the straight-
nesting variety.

Combination of Stack and Nest. This feature is available in some boxes and can be
altered by the orientation of boxes in relation to each other.

The most common plastic materials and their major properties are indicated in Table 4.5.

FIGURE 4.12 Typical tote boxes.
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TABLE 4.5 Plastic Materials Used in Tote Boxes

Material General properties

ABS (acrylonitrile-butadiene-styrene) High impact absorption, good compressive strength;
more expensive than other thermoplastics

High-density polyethylene Good to excellent stiffness, excellent temperature
range, —40 to 150°F (40 to 65.5°C); commonly used
for food applications with USDA and FDA approval

High-impact polypropylene More durable than polyethylene, not as stiff; tendency
to crack at temperatures below 0°F (-18°C)

High-impact polystyrene Extremely stiff, excellent compressive load strength,
good temperature range; tendency to crack easily
under high impact; readily attacked by solvents
and oils

FRP (fiberglass-reinforced polyester) Exceptional compressive load strength; can be
heat-, fire-, and wear-resistant

DUNNAGE AND OUTER SECUREMENT OF CONTAINERS
AND UNIT LOADS

Dunnage

Dunnage refers to inner package containment methods or material that is used to protect the
contents of a container from damage. This is done in one of two ways, either by preventing the
movement of the contents or by providing a cushioning medium to absorb shocks.

Plastic and other petroleum-based materials are used for dunnage because of their light
weight and low bulk density.

Dunnage Materials. Polystyrene is used to cushion package contents in three general forms:

1. Loose foam strands are used to fill the airspace in the package and provide a cushioning
barrier around the contents.

2. Polystyrene can be molded to the general form of the part in the container and actually
becomes an inner case for the part.

3. Polystyrene is also used for corner forms to strengthen corrugated containers.

Bubblepack is two thin sheets of polyethylene with air entrapped within the “bubble” sec-
tions when laminated together. The contents of a container may be wrapped in bubblepack
for protection during shipment or movement.

Corrugated board can be easily formed into many shapes to protect, support, and cushion
products. The trend is to reduce the number of inserts by combining features into a single inte-
rior form, reducing the cost and inventory expense of packaging materials. Typical inner pack-
ings, portions, and sheets used for this purpose are shown in Fig. 4.13.

Outer Securements

Container closure can be achieved by sealing flaps with glue and tape, by stapling, and by
strapping with plastic or steel bands.

The glue and tape sealing method lends itself to automation by use of case-sealing equip-
ment, which automatically dispenses glue or tape close to the flaps. Stapling can also be auto-
mated by passing containers through, under, and between staple heads.
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FIGURE 4.13 Typical inner packings, portions, and sheets.

Strapping. Strapping can be used to secure not only containers but stand-alone unitized
loads and palletized unit loads as well. There are two major strapping classifications: steel and
plastic. Steel strapping is dimensionally stable under all but extreme conditions and plastic
strapping is more resilient.

Common cold-rolled-steel strapping, the least stretchable of all steel strapping, is good for
strapping lightweight packages or pallet loads that are not subject to high impact or shock.
Heavy-duty steel strapping, both hot- and cold-rolled steel, absorbs high impacts without
breaking; however, it stretches under great stress and requires staples to keep it in place.

Plastic strapping continues to stretch under tensioned loads and therefore should not be
used where continuous loads are present. However, its resilience keeps it tight on a package
or load that shrinks or settles.

Steel strapping may be applied by manually operated tensioning tools which notch or
crimp steels to retain the strapping. Plastic strapping can also be applied both manually and
automatically in the same manner as steel strapping. Friction-welding and heat-sealing sys-
tems are also available.

Stretch Wrap. Stretch wrap is one method of confining unitized or pallet loads by wrapping
a film of polyethylene material around the load. The stretch film is wound under light tension
by rotating the load on a platform on horizontal- and spiral-type stretch film equipment.
Horizontal-type equipment uses a full sheet wrap, while spiral-type equipment bands the load
by dispensing several overlapping layers. Vertical wrapping equipment rotates the film
around the load and is generally used when the load is not on a pallet.

Shrink Wrap. Shrink wrap uses a polystyrene film that can be a bag or flat sheet that is put
over or around the unit load and then placed in an oven. Bag design should be selected to
achieve the desired protection required or to optimize the holding power for the load config-
uration. While in the oven, the film reaches a temperature of 240°F (116°C). During the cool-
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FIGURE 4.14 Other benefits from use of shrink wrap. (Black Body Corp.)

ing cycle, the film molecules try to return to their original compact orientation, shrinking the
film tightly around the load.

Three types of ovens are used for this purpose, depending on the volume handled. Closet
types can normally handle up to 20 loads per hour; bell-type ovens are for higher-volume
operations, up to 20 loads per hour; and tunnel or feedthrough ovens are generally specified
for automated lines and handle more than 75 loads per hour.

In addition to securing products in a unit load, there are extra benefits in using shrink wrap
(Fig. 4.14). Irregular, hard-to-pack loads (like those in order-picking warehouses) can be
secured with shrink wrap. Products can be protected from damage caused by weather, dirt, or
moisture. Clear film allows for easy viewing for identification and inventorying of product.
Opaque film can be used to conceal or protect product from light.
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INTRODUCTION

Conveyors, cranes, and hoists are generally considered fixed-path materials-handling equip-
ment, since they often become a fixed part of the physical plant. Once in place, a considerable
amount of time, disruption, and cost is needed to change the arrangement of the equipment.
It is therefore very important to plan the installation of these pieces of equipment very care-
fully.

A complete materials-handling system can include a wide variety of fixed-path equipment
for unit loads and bulk materials handling, as well as mobile handling equipment and storage
racks. This further complicates the planning process, since the fixed-path equipment not only
has to satisfy the requirements of the fixed-path handling but must also be compatible with
the overall flow of the total handling system.

There are many considerations involved in planning fixed-path equipment installations;
many of these considerations are unique to a specific type or class of equipment, but general
areas that must be addressed in the planning and exploration stage are:

e Flexibility of the system. Must a wide range of unit-load sizes or bulk material be handled
or conveyed?

e State of materials to be handled. s it in a unit load or bulk form?

o Weight, dimensions, and physical properties of the material being handled or moved. s it
fragile, light, firm, or does it have other properties that require special attention?

e Loading and unloading methods. Is it handled manually or received from or delivered to
other equipment such as lift trucks, palletizers, or packaging equipment?

e Capacity of equipment. Does the conveying speed match the speed or capacities of the
equipment it is being interfaced with? Is there sufficient capacity or length to accumulate
material when required?

e Supporting-system requirements. Is the material to be sorted, accumulated, weighed, or
further processed while being handled or conveyed?

e Environmental conditions. Must provisions be made for dust, high or low temperature,
high humidity, or other ambient conditions in the plant or outside?

4.31
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e Safety. What special precautions must be taken to protect operating personnel or person-
nel working near the equipment? What provisions must be made to comply with regulatory
requirements?

e Maintenance.

o Facility restrictions. Are overhead heights or floor loading capacities adequate for support-
ing and accommodating equipment? Is there sufficient plant area? Will the fixed-path system
impede access to equipment and the flow of personnel and other materials within the plant?

e Horizontal or vertical distances to be covered. 'What hardware is required to negotiate
inclines and declines throughout the system?

e Power and energy requirements.

There are many types and varieties of fixed-path equipment. Each of the major classifica-
tions of this type of equipment are discussed and described here, but no effort will be made to
list all of the items that are contained in each classification. The classifications that are cov-
ered include:
¢ Conveyors and monorails
¢ Sorting, consolidating, and diverting devices
¢ Hoists and cranes
¢ Automatic guided vehicles
¢ Robots

CONVEYORS

Conveyors are gravity or power devices commonly used to move uniform loads continuously
from point to point over fixed paths. The primary function of the conveyor is to move materi-
als when the loads are uniform, and the routes do not vary. The movement rate and direction
is usually fixed, although powered conveyors have the capability to alter the rate of speed. The
major types of conveyor and related devices are chutes and wheel and roller conveyors.

Chutes. Chutes are the simplest fixed-path
devices that use gravity to convey bulk or unit
loads down declines. Straight and spiral types
are available. The spiral chute (Fig. 4.15) is a
continuous trough over which bulk materials or
discrete objects are guided in a helical path.

Wheel and Roller Conveyors. These depend
on both gravity and power to move materials.
Objects of various shapes can be handled by
changing the cross section of the rolling surface
or by aligning the objects in the conveyor
framework. These conveyors are generally used
FIGURE 4.15 Spiral chute. to move materials horizontally.

Considerations for Chutes and Wheel and Roller Conveyors. The following sections discuss
points that must be considered in specifying and designing both of these classes of conveyors.

Load Characteristics. These include maximum and minimum sizes of loads and the
shapes and carrying surfaces of all units. The suitability of a load configuration to be handled
on roller or wheel conveyor is important. Unsupported packages such as bags (Fig. 4.16) are
not recommended for this type of equipment.
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FIGURE 4.16 Can it be handled on a roller conveyor? (Litton UHS.)

Operating Conditions. These include the size and weight of the conveying surfaces, envi-
ronmental conditions, and loading and unloading methods. These considerations determine
the type and capacity of frame, roller, or wheel material and sizes, and the type of bearings
that should be used.

Roller or Wheel Spacing and Pattern. This is determined by the size of the minimum
package or unit load. (See Fig. 4.17) To determine roller centers, divide the minimum load
length by three. Wheel pattern should be specified to provide a minimum of five wheels under
the package. Other guidelines include:

1. A minimum of three rollers under a hard bottom surface
2. A minimum of four rollers under a flexible bottom surface

Roller and wheel capacity is determined by dividing the weight of the heaviest load to be han-
dled by the minimum number of rollers or wheels under the carrying surface of the load. If
special requirements must be considered, such as drop, shock, or side loads, then a roller with
a higher load rating will have to be considered.

Conveyor Width; Wheel and Roller Setting. 'The width of conveyor is determined by the
back-to-back frame dimension required to ensure sufficient clearance to carry the load

N TN 7N 7N N\ NS PN P )
Minimum of 3 rollers Less than 3 rollers. Minimum of 4 rollers under
under hard bottom Load is unstable and flexible bottom surface
surface will not convey.
oo lc =] je=l{=

FIGURE 4.17 Roller and wheel spacing guidelines. (Litton UHS.)
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around a 90° curve. The minimum clearance is dependent on the roller setting. If rollers are
set high, the conveyor can handle loads up to 1.25 times the width of the conveyor. If the
rollers are set low, a minimum of 1 in (2.5 cm) between frame and load must be allowed on
each side. Package skew should also be considered in determining this dimension. Specifica-
tion of curve sections can be calculated graphically from the chart in Fig. 4.18. The design of
curve sections depends on the size and shapes of loads. Tracking of packages is important,
especially when there are a number of turns involved and the skewing effect becomes cumu-
lative. This effect can be minimized by using tapered rollers (Fig. 4.19) or a double-roller dif-
ferential section.
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FIGURE 4.18 Curve-radius selection.
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Single roiler Double-roller-differential Tapered roller

FIGURE 4.19 Roller-conveyor curve sections. (Litton UHS.)

Bearing Selection. This is dependent upon conveyor operating conditions. Plain ball
bearings are used for indoor use where severe environmental conditions are not present.
Dust-tight bearings, which are designed to run dry, are ideal in dusty atmospheres. Greased
bearings require more force to turn and their use should be kept to a minimum on gravity-
type conveyors.

Conveyor Pitch. The pitch that is required cannot be easily determined because it is
dependent on a combination of many factors such as:

e Weight and stability of unit load
¢ Smoothness of bottom of load

¢ Firmness of load surface

e Length of rollers

e Number of rollers under load

e Length of runs

¢ Types of bearings

The suggested pitch for a number of types of unit loads is shown in Table 3-1 and should be
used as a general guide for determining pitch.

Conveyor Support and Frame Capacity. Conveyor supports can be one of three types:
permanent-floor, ceiling-hung, or portable. Supporting points (Fig. 4.20) should be located to
handle the load equally. The design load is the weight of the conveyor section plus the maxi-
mum unit load for that section of the conveyor.

Special Considerations for Wheel Conveyors. Wheel conveyors are used for light-duty
applications and have several advantages over roller conveyors for lightweight unit loads.
Gravity wheel conveyors consist of a series of wheels which can be one of many different
styles and materials, mounted on common axles and supported between two frames. They are
generally less expensive and lighter in weight, making them ideal for portable applications.
Light unit loads travel better on wheel conveyors because less pitch is needed and less force
is required to start the wheels in motion (see Table 4.6). Another advantage inherent in the
use of multicontact conveying surfaces is that the wheels provide a turning action which
enables the package to maintain its original position.

Frames that support the wheel axles are either steel or aluminum. Low weight and corro-
sion resistance are properties that make aluminum attractive, but steel should be used where
conditions require the conveyor to be more rugged.

TYPES OF WHEELS. There is a wide variety of both metal and plastic wheels now available,
including:
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Straight Section Hinged Section
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FIGURE 4.20 Suggested support locations.

o Steel wheels with ball bearings. The most rugged and commonly used wheels, these are
used where long life is a requirement. Life potential of this wheel is 10 times that of alu-
minum. Steel wheels can be covered with neoprene tires and are used to reduce shock, pre-
vent slippage, increase traction, prevent marring fragile surfaces, and reduce noise.

o Aluminum wheels with steel or plastic ball bearings. Used in applications where weight is
a factor, particularly for portable conveyors. Plastic ball bearings should be used in corro-
sive atmospheres.

e Nylon wheels. Used where resistance to salt, water, and chemicals is required, as well as in
applications where conveyors are cleaned frequently. Nylon wheels also do not mar or mark
containers.

e Polypropylene plastic wheels. Have many properties which make them ideal for a wide
range of applications. This material is highly impervious to a wide range of corrosive mate-
rials and is temperature-resistant from 230 to —30°F (110 to —34°C). The wheels do not
absorb moisture and can be steam-cleaned repeatedly.

o Hysteretic wheels. Metal wheels surrounded by a tire formed by elastomeric material,
these are used for line storage of heavy loads. The purpose is to absorb the energy of the ini-
tial load impact and to control the movement of the load to a safe speed.

LUBRICATION. Metal wheels can be greased, oiled, or dry. Nylon and plastic wheels are
always furnished dry. Oiled or dry bearings should be used where high temperatures can
cause thinning and leakage of grease. Dry bearings are recommended where temperatures
are below 0°F (-18°C).

Special Types of Wheel Conveyors. These have been designed for handling specific prod-
ucts or for special industries. Samples of these are shown in Fig. 4.21.

Powered Conveyors. These are designed for continuous control of products on level sur-
faces, through inclines and declines, and around curves. Many powered conveyors are
equipped with a computerized control system to provide tracking and diagnostics. Basic con-
siderations for powered conveyors are the same as for gravity conveyors. Powered roller and
belt conveyors are the major powered types used to move unit loads.

Powered Roller Conveyors. These are used mainly to accumulate loads because power-
drive disengagement can be accomplished very simply when the forward motion of the unit
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TABLE 4.6 Suggested Pitch for Gravity Conveyor

Gravity roller conv.,
pressure-lubricated bearings

Pi gravity wheel conv.
or live rail conv.

Gravity roller conv., plain
and dust-tight bearings

ASOP;SX. Pitch per ft, pitch per 10°0”, and pitch per 90° curve

Container being conveyed wt., 1b 17/ft 100" 90° 17/t 100" 90° 17/t 100" 90°
Cartons (fiber smooth bottom) 10 % 6% 5 % 3% 4
Cartons (fiber smooth bottom) 20 % 5 5 Vi 2% 3%
Cartons (fiber smooth bottom) 45 % 3% 3% % 7% 6 s 1% 3
Cartons (fiber smooth bottom) 100 Y 2% 3 % 6% 5 ViAo 3
Fiber beverage carton empty 5 1% 15 10
Fiber beverage carton empty bottles 35 % 5 4-5 % 7% 6 % 3% 4
Fiber beverage carton filled bottles 45 % 3% 3% % 6% 5 A 2% 3%
Wood cases or boxes 5 % 6% 5 % 3% 5
Wood cases or boxes 10 % 3% 4 % 7% 6 Y 2% 5
Wood cases or boxes 25 A 2% 4 % 6% 5 A 2% 4
Wood cases or boxes 50 s 1% 3 % 5 4 Y 2% 3%
Wood cases or boxes 100 s 1% 3 % 3% 3% % 1% 2%
Steel drums 20 % 6% 5% % 7% 6
Steel drums* 55 N4 4%-5 5 % 6% 5
Steel drums 120 % 3% 4 % 6 4%
Steel drums 250 Y 2% 3 % 3% 3%
Steel drums* 550 Yo 2%-1% 3 Y 2% 3
Wood barrels 100 % 5 5 % 6% 6
Wood barrels 400 % 3% 4 % 5 5
Metal and fiberglass tote boxes 10 % 5 5 % 3% 4
Metal and fiberglass tote boxes 25 % 3% 4 % 7% 6 A 2% 3%
Metal and fiberglass tote boxes 50 Y 2% 3 % 6% 5 e 1% 3
Milk cans empty 25 % 6% 6 % 7% 6%
Milk cans full 105 % 3% 4 % 5 5
Milk crates empty 10 % 7% 6 1 10 7%
Milk crates empty bottles 45 % 5 5 % 6% 5
Milk crates full bottles 60 % 3% 4 % 5 5
Wood pallets smooth runner’ 350 % 3% s 4%
Wood pallets smooth runner” 750 s 3% % 3%
Wood pallets formica base 350 Y 2% s 3%
Wood pallets formica base’ 750 % 1% s 2%
Wood pallets pine plywood" 350 % 3% s 4%
Wood pallets pine plywood" 750 Y6 3% % 3%
Wood beverage case empty 6 Yo 8% 6% Y 2% 3%
Wood beverage case empty bottles 30 % 5 5 % 7% 6 % 1% 2%
Wood beverage case full bottles 40 Yo 4% 4 % 5 5 % 1% 2%
Multiwall bags, firm 50 % 6Y% 6
Multiwall bags, firm 100 % 5 5

* Varies with new or reconditioned drums.

" Depends on the way it is nailed and if banded or not. Bad nailing or banding will considerably increase the pitch and make a planned slope impractical.

load is stopped. Generally, power-drive disengagement is triggered when the unit load meets
an obstruction, creating an opposite reaction which causes the carrying roller bushing to move
up an angular slot, thus relieving the pressure and contact between the drive belt and rollers.

Powered roller conveyors are either chain- or belt-driven. Chain-driven units are used in
heavy-duty applications and where oil or contaminants would have an adverse effect on the
belting. The belt-drive-powered trains are designed for accumulation where the belt-to-roller
pressure is very light or for transportation sections where belt-to-roller pressure is increased

by center takeup rollers and the use of high friction drive belts.
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Fenced conveyor Trough conveyor  gpiaided wheel conveyor

FIGURE 4.21 Special types of wheel conveyors.

Powered roller conveyors are not used for inclines greater than 5° since the contact force
between the unit load and roller surface is not sufficient to overcome the gravity force due to
a low coefficient of friction. This type of conveyor is not normally used over straight runs
because of the higher cost as compared with belt conveyors.

Belt Conveyors. Belt conveyors consist of an endless moving belt which carries materials
within a supporting frame. The belt can be made from a variety of materials and may or may
not be equipped with cleats or other grabbing devices. The belt may be supported by a solid-
slider-type bed of wood or metal or by rollers.

Conveyor manufacturers suggest friction surface belts on inclines up to 13°, and rough-top
rubber belts should be used for inclines up to 25°. In applications where a steeper incline is
required, heavily textured, nubbed or cleated surface belts can be used. Also, special require-
ments for belt surface material should be considered in applications where chemical or oil
resistance is needed or for mandated cleanliness requirements.

Belt Conveyor Parameters. The parameters that must be defined before equipment is
specified are belt speed, length, maximum load on belt at one time, tension loads, power
requirements, and support and mounting hardware. Belt speed should be specified to be com-
patible with process equipment and other materials-handling hardware. Belt length should be
adequate to accumulate the maximum expected product capacity. The maximum load on the
belt at any one time can be calculated from the following formula:

B K
"~ §x 60 min
where P = maximum product weight
K = load per hour, Ib

S = speed of belt, ft/min
C = center-to-center distance

x C (ft)

For example, if

Load per hour in pounds = 10,000 Ib
Speed of belt = 50 ft/min
Center-to-center distance = 36 ft
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Then, the maximum product weight is

10,000
P=50%e60 *3°

=1200 Ib (544 kg)

Considerations for Bulk-Materials Belt Conveyors. These considerations are similar to
those for all conveyors; however, the properties of the materials to be moved affect the
parameters of and the specification of the conveyor. The use of belt conveyors for bulk mate-
rials is limited by the characteristics of materials, some of which are:

e Stickiness, which may prevent materials from completely discharging from the conveyor or
interfering with the power-train components.

e Temperatures that exceed 150°F (71°C) would cause deterioration or damage to most belt
materials.

¢ Chemical reactions of conveyed materials with belt material. Some oils, chemicals, fats, and
acids can damage belts.

e Large lump size becomes a factor and generally requires the system to be oversized for the
amount of weight being moved.

Weight and friction are the common factors that determine the amount of incline that is
possible for unit-load and bulk-materials-handling belt conveyors. Bulk-materials belt con-
veyors must also include materials characteristics such as size consistency, shape of lumps,
moisture content, angle of repose, and flowability. The maximum angle of incline for various
bulk materials is shown in Table 4.7. The ideal combination of belt width and speed (Table 4.8)

is determined by the characteristics of the materials handled.

TABLE 4.7 Maximum Angle of Incline

Material carried

Maximum angle
of incline, deg*

Material carried

Maximum angle
of incline, deg*

Alumina, dry, free-flowing,
%” lumps
Beans, whole
Coal, anthracite
Coal, bituminous, sized,’
lumps over 4 in
Coal, bituminous, sized,’
lumps 4 in and under
Coal, bituminous, unsized’
Coal, bituminous, fines, free-flowing*
Coal, bituminous, fines, sluggish§
Coke, sized
Coke, unsized
Coke, fines and breeze
Earth, free-flowing*
Earth, sluggish§
Gravel, sized, washed
Gravel, sized, unwashed
Gravel, unsized

Grain 8-16
10 to 12 Ore (see stone) 15-20
8 Packages 15-25
16 Pellets, depending on size,
bed of material and
15 concentricity (taconite,
fertilizer, etc.) 5-15
16 Rock (see stone) 15-20
18 Sand, very free-flowingq 15
20 Sand, sluggish (moist)$§ 20
22 Sand, tempered foundry 24
17 Stone, sized, lumps over 4 in 15
18 Stone, sized, lumps 4 in and
20 under, over % in 16
20 Stone, unsized, lumps over 4 in 16
22 Stone, unsized, lumps 4 in and
12 under, over % in 18
15 Stone, fines % in and under 20
18 ‘Wood chips 27

* For ascending conveyors when uniformly loaded and with constant feed.
" See third footnote (*) to Table 4.8 for definitions of “sized” and “unsized” as used in Material Carried columns of Table 4.7.

* Angle of repose 30 to 45°.
§ Angle of repose greater than 45°.

q Very wet or very dry, with angle of repose less than 30°.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



4.40

MATERIALS HANDLING: FIXED-PATH EQUIPMENT

PLANT OPERATIONS

TABLE 4.8 Recommended Belt Speed as Determined by Material Handled

Recommended belt speed, ft/min**

Material Belt width, in"
Characteristics? Example 14 16 18 20 24 30 36 42 48 54 60 72 &4
Maximum size lumps,
sized or unsized
Mildly abrasive Coal, earth 300 300 400 400 450 500 550 600 600 650 650 650 650
Very abrasive, not sharp ~ Bank gravel 300 300 400 400 450 500 550 550 600 600 600 600 600
Very abrasive, sharp Stone, ore 250 250 300 350 400 450 500 500 550 550 550 550 550
and jagged
Half max. lumps, sized
or unsized
Mildly abrasive Coal, earth 300 300 400 400 500 600 650 700 700 700 700 700 700
Very abrasive Slag, coke, ore, 300 300 400 400 500 600 650 650 650 650 650 650 650
stone, cullet
Flakes Wood chips, 400 450 450 500 600 700 800 800 800 800 800 800 800
bark, pulp
Granular 4” to /4” lumps Grain, coal, 400 450 450 500 600 700 800 800 800 800 800 800 800
Fines cottonseed, sand
Light, fluffy, dry, dusty Soda ash, 220-250 ft/min

Heavy

Fragile, where degradation

is harmful

pulverized coal
Cement, flue dust
Coke, coal
Soap chips

250-300 ft/min
200-250 ft/min
150-200 ft/min

* Normal for belts traveling horizontally on ball- or roller-bearing idlers. For picking belts, speed is usually 50 to 100 ft/min. Belts with dis-
charge plows should not travel faster than 200 ft/min. For trippers, recommended speed is 300 to 400 ft/min. Trippers for higher-speed appli-
cations can be furnished. A speed of at least 300 ft/min should also be maintained for proper discharge when using 35 to 45° idlers, and also
for materials tending to cling to belt.

11in=.02254 m;

1 ft/min = .00508 m/s.

* Unsized means a uniform mixture of material in which not more than 10 percent are lumps ranging from maximum size to % maximum
size, at least 15 percent are fines or lumps smaller than o maximum, and the remaining 75 percent are lumps of any size smaller than ’; max-
imum. Sized means a uniform mixture in which not more than 20 percent are lumps ranging from maximum size to 4 maximum size, and the
remaining 80 percent are lumps no larger than 4 maximum size and no smaller than Y maximum size.

Metal-Belt Conveyors. Similar in design to standard belt conveyors, these differ in that
their surface is a belt of woven or solid metal. The materials include carbon steel, galvanized
steel, chromium stainless steel, and other metals or special alloys that are required for a spe-
cific application and environment. Wire belts are also available for use where processing tem-
peratures vary from 320 to 2500°F (160 to 1416°C). Wire-belt conveyors are used primarily to
move product or unit loads through processes that include liquid or chemical treatment, heat
treatment, or kiln firing operations. Wire belts can be cleaned or sterilized while in motion.
Mesh openings in the belt permit circulation of water, gases, heat, and cooling air. Typical uses
for metal-belt conveyors include operations such as spray-washing glass containers, moving
baked goods to ovens, conveying cathode-ray tubes through various processes, and moving
hot forgings from automatic die casting equipment.

Tracking of a wire-mesh belt is a problem since the belt is formed by a number of different
sections joined together and a wide range of temperatures used in processing operations
causes expansion and contraction of the belt material. The conveyor specification must fre-
quently include one of the following features to compensate for these conditions and assure
straight belt tracking.

e Multitooth sprocket belt drive
¢ Belt aligners, consisting of pulleys or rollers mounted on the supporting frame
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FIGURE 4.22 Types of conveyors. (a) In-floor towline, (b) trolley conveyor,
(c) pusher bar conveyor, (d) slat conveyor.

e Self-tracking belt that has V-shaped wires on the underside that run through grooved driver
drums

Surface Chain Conveyors. Surface chain conveyors (Fig. 4.22) include sliding chain, pusher
bar, slat, and tow types and car-type trolley conveyors.

Sliding Chain Conveyors. These are the simplest type since they use the chain itself to
convey packages down two sliding tracks. The conveyors are used to handle heavier loads
than can belt conveyors, such as loaded pallets or unitized loads, but they have the same
incline limitations as belt and powered-roller conveyors.

Pusher Bar Conveyors. These are able to convey loads up steeper inclines (to 45°)
because the load is pushed by a car connected to the chain drives and this arrangement moves
the load along a metal bed or trough. Pusher bar conveyors are generally used for floor-to-
floor movement in multistory warehouses or facilities.

Slat Conveyors. These employ an endless chain to drive a conveyor surface of nonoverlap-
ping, noninterlocking slats made of wood or metal. Slat conveyors can be used as moving work
tables and to move heavy unit loads and are ideal for applications where the conveyor surface
must be flush with a work station or with a floor surface. In the latter application, the installa-
tion will permit industrial trucks to cross over or be carried on the slat surface. Slat conveyors
can be operated on inclines or declines, the angle of which is limited by the friction between slat
surface and the load. Cleats may be added to support loads where steeper inclines are required.
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Towline Conveyor. A towline conveyor uses an endless chain either supported from an
overhead track or running in a track below the floor to tow trucks, dollies, or carts. The in-
floor towline system is the type commonly found in warehouses. Existing building floors can
be fit with towline by digging up the floor or mounting a rail on top, although it is preferable
to install the system in the floor at the time the building is built. The recessed track allows the
use of floor space for other equipment, but the track cannot easily be relocated once installed.
It is truly versatile as it can be looped around storage areas, moved down aisles, and forked
into spur sections for loading, unloading, and empty car storage. Switching onto spurs can be
accomplished through the use of magnetic probes, radio-frequency signals, scanners, or
mechanical switching. Carts and trucks used in this system can range from the ordinary pallet
truck fitted with tow pins to engage with the chain drive to special carts or trucks.

Car-Type Trolley Conveyors. These employ an endless chain to pull a series of small cars
or trolleys which carry the material to be moved. These often have fixtures to be used in
assembly lines or contain molds for use in foundry processing operations.

Overhead Conveyors. Overhead conveyors include both trolley conveyors and power and
free types of equipment. These conveyors are supported and function within a trolley track
driven by a chain power drive to move parts or product. The path of the conveyor can be
straight, inclined, declined, and around corners; it can make optimum use of building geome-
try and follow the general work flowpath within the limitations of building constraints and
equipment design parameters. Conveyors can be supported independently or attached to
existing beams and trusses, depending on the load factors involved.

In order to determine equipment design parameters, the following procedure should be
followed.

1. From process flowcharts, determine all operations to be serviced by the conveyor.

2. Determine the path of the conveyor on a scaled plant layout (Fig. 4.23), showing all
obstructions such as columns, walls, machinery, and work aisles.
3. Develop a vertical elevation view to determine incline and decline dimensions (Fig. 4.24).

At this point a three-dimensional view could be prepared to give a multiplan view of the
proposed installation.
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FIGURE 4.23 Plan and vertical elevation views of trolley conveyor system.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



MATERIALS HANDLING: FIXED-PATH EQUIPMENT

MATERIALS HANDLING: FIXED-PATH EQUIPMENT 4.43

Load
spacing

11
[ g Clearance

N
-

{
—

]

4

AJ |«— Clearance

FIGURE 4.24 Load-spacing considerations for overhead conveyors.

. Determine the movement rate, unit load size, spacing, and carrier design.
. Modify turn radii to provide clearances that allow for desired clearance (Fig. 4.24) on

turns.

. Modify loading spacing to provide clearance on inclines and declines. As inclines and

declines get steeper, load spacing has to be increased to provide a constant clearance or
separation between loads. Table 4.9 shows the load spacing required for a given separa-
tion at various incline angles.

. Redraw the conveyor path and vertical elevation views using new radii and incline infor-

mation.

. Compute the chain pull, which is the total weight of the chain, trolleys, and other compo-

nents, as well as the weight of the carriers and load. For example, for a given system the
tentative chain pull is calculated as follows:

TABLE 4.9 Load Clearance on Inclined Track for Overhead Conveyors

Incline angle, deg

Load 10 15 20 25 30 35 40 45 50 55 60
Spacmg,

in Horizontal centers, in*
12 12 % 1% 1% 104 10% 9% 9% 8% T4 6% 6
16 154 15%  15% 154 4% 13%  13% 124 11%  10% 9% 8
18 18 7% 17 17 166 15% 4% 13%  12% 1% 10% 9
24 24 3% 3% 2% 20% 204 19% 8% 17 15%  13% 12
30 29%  29% 29 % 2% 26 2% 23 2% 19% 174 15
2 3% 31% 31 30% 29 T4 26%  24% 2% 20%  18% 16
36 35%  35% 4% 33% 3% 314 29%  2T%  25%  23%  20% 18
40 39%  39%  38%  3T%  36%  34% 3% 30%  28%  25% 23 20
2 M% 4% 40%  39%  38%  36% 3% 32U 29% 27 u% 21
48 ATH  4T% 46% 45w 434 41%  39% 364 34 0% 27% 24
54 S3% 534 OS24 SO% 49 46% 44 M% 384 34% 31 27
56 55%  55%  S4% 2% S0%  48% 45K 42%  39% 36 % 28
60 59%  59% 58 S6% 544 52 49% 46 0% 38% 3% 30
64 63% 63 61% 604 58 55% 2% 49 4% M% 6% 3R
7 7% 704 69% 674 6% 6% 59 554 sl 46% 4% 36
80 79% 8% 774 T5% 2% 69%  65%  61%  S6% 514 454 40

*1in=.02254 m.
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Total tentative chain pull = 700 x 60.0 x 0.03 = 1260

where 700 = conveyor length, ft
0.03 = coefficient of friction, %
60.0 = 10.0 1b/ft (chain and trolleys) + 12.5 Ib/ft (carriers) + 37.5 Ib/ft (line load)

For this initial calculation, inclines and declines are assumed to be level sections if the
number of declines balances out the number of inclines; however, for each additional
incline, the weight has to be added to determine the total chain pull. If, in our example, a
vertical incline that raises a load 8 ft is required, then the additional chain pull is

37.5 1b x 8-ft lift = 300 Ib (136 kg)

The total chain pull then becomes 1260 + 300 1b = 1560 1b (707 kg).
9. Select tentative conveyor size based on trolley load and chain pull.
10. Select vertical curve radii.

11. Determine power requirements and drive locations. This requires a point-to-point calcu-
lation of chain pull around the complete path of the conveyor, which is shown in Fig. 4.23.
The following three formulas are used to compute point-to-point chain pull.

a. Pull for each straight horizontal run:
Py=XWL

where X =0.02 for standard ball-bearing trolleys
W = total moving weight, 1b/ft (empty or loaded, as the case may be)
L =length of straight run, ft

b. Pull for each traction wheel or roller turn:
Pr=YP

where Y =0.02 for traction wheel or roller turn and P = pull at turn, b.
c. Pull for each vertical curve:

P,=XWS + ZP + HW(1 + Z)

where X =0.02 for standard ball-bearing trolleys
W = total moving weight, 1b/ft
S = horizontal span of vertical curve, ft
H =total change of level of conveyor, ft (plus, when conveyor is traveling up the
curve; minus, when conveyor is traveling down the curve).
Z =0.03 for 30° incline; 0.045 for 45° incline; 0.06 for 60° incline; 0.09 for 90° incline
P =pull at start of curve, 1b

Drive horsepower may be calculated from the following formula:

drive capacity (Ib) X maximum speed
33,000 x 0.6

Drive hp =

12. Design conveyor supports and superstructures.

13. Design guards which are required by federal, state, and other codes under high trolley
runs, particularly over aisles and work areas. Guard panels are normally made from
woven or welded wire mesh with structural angles and channels to suit the size and
weight of the material being handled.

Power and Free Conveyors. These consist of two separate trolley systems: one moves and
is powered by a chain drive; the other has a track under the powered track that accommodates
a free-moving trolley containing a carrier from which a load is suspended (Fig. 4.25). In the
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FIGURE 4.25 Power and free trolley.

powered mode, the powered trolley is engaged with the free trolley through contact of a
pusher dog on the powered system to a retractable dog on the free system. Disengagement is
accomplished by contact with another load or by actuating the dog actuator. The system is
extremely flexible since each carrier can be stopped or started without interrupting the sys-
tem. This conveyor can be utilized in a process where operation times vary, or where units
need to be accumulated into a batch before the next operation begins.

Two variations of the power and free conveyor, the inverted and side-by-side, have been
developed recently to overcome some limitations of the original. To decrease the amount of
vertical space needed for the two trolleys, a side-by-side system was created, where the pow-
ered trolley is located next to the load trolley. The inverted power and free conveyor mounts
the tracks on the floor, with the free track above the powered track. This configuration per-
mits work to be moved at assembly levels.
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The same design criteria apply to power and free conveyors as to other chain-driven trol-
ley systems.

Bulk-Materials Vertical Conveyors. Bulk-materials vertical conveyors (Fig. 4.26) are gen-
erally used to lift bulk materials up to silos, hoppers, or other storage containers from which
the material may be dispensed into a mixing, packing, truck-loading operation, or directly to
a process. Some of the industries that use this equipment include glass, agricultural fertilizer,
and powdered chemicals.

(d)

FIGURE 4.26 Bulk material vertical conveyors: (a) rotor lift, (b) bulk flow, (c) skip hoist, and (d) gravity-
discharge conveyor elevator.
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Skip Hoists. These are used to lift bulk materials handled in batches to very high points.
A bucket which carries the material moves vertically in guides and is raised and lowered by a
hoist-operated cable.

Gravity Discharge Conveyor-Elevators. These carry material in both horizontal and ver-
tical paths. The buckets are rigidly mounted on two strands of chain running in tracks. Mate-
rial is loaded into a bucket at the base of the equipment by feeding material into a lower
trough, and discharge is effected when the bucket position changes in the horizontal run.

Bulk-Flos. These lift material by the use of flights attached to a chain drive which is con-
tained in a dust-tight casing. Bulk-Flos are self-feeding and -discharging and lend themselves
to continuous bulk-material processes.

Rotor Lifts. These are similar to screw conveyors but are mounted vertically to effect the
lifting of bulk materials and are contained in a dust- and weatherproof casing. Screw feeders
or conveyors are generally used to deliver material to rotor lifts.

Other Specialty Conveyors. There are innumerable variations on standard conveying sys-
tems, some of which are unique to individual industries. Six common examples are described
below.

Screw Conveyor. This conveyor (Fig. 4.27) consists of a screw rotating in a stationary
trough and the material moving along its length by rotation of the screw. This type of con-
veyor serves a dual purpose since it can also be used to perform processes such as blending
and mixing of material while the material is being moved. The conveyor is generally enclosed

— (@ 0\

FIGURE 4.27 Screw conveyor. FIGURE 4.28 Spiral track conveyor.

to prevent dust or fumes from escaping and allow the conveyor to be cooled or heated. Load-
ing or discharging can be located at any point along a conveyor.

Spiral Track Conveyors. These conveyors (Fig. 4.28) consist of a continuous spiral track
with a power drive which turns the track, moving anything which is hung on it. It has wide
application in the garment industry. It is generally used for items weighing less than 10 1b (5
kg). Interlocking nylon wafers can permit turns to be made in any direction on a radius of 18
in (46 cm).

Oscillating and Vibrating Conveyors. These use the natural frequency vibration of a
trough to provide a conveying action to move material. Oscillating conveyors use a mechani-
cally driven power train to move a trough carrying material against spring supports which
provide a fast return and downward stroke, causing the trough to vibrate and convey the
material. Vibrating conveyors utilize some form of magnetic pulsation to create this vibration
motion. Wider variations of frequency are possible by simple control for vibrating conveyors,
enabling speed changes compensating for material differences.

Application of both types of conveyors is growing in a number of different industries for
uses such as: conveying light food products such as cereal in the food industry; moving, cool-
ing, and breaking up lumps of casting sand in foundries; quenching and removal of glass cul-
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FIGURE 4.29 Flight conveyor.

let in water-filled troughs in the glass industry; removing ferrous from nonferrous materials in
separation systems; and feeding small parts into automatic packaging or assembly equipment.

Flight Conveyors. These conveyors (Fig. 4.29) use scraper plates to push nonabrasive
bulk material through a trough which can be horizontal or inclined.

Apron Conveyors. These conveyors use a series of interlocking apron pans supported in
a stationary frame for conveying materials that are heavy, abrasive and lumpy, such as ore,
stone, industrial refuse, and waste materials.

Preumatic Tubes. These use a pressure or vacuum system to move materials or a con-
tainer at relatively high speed. The major application is that of an internal mail carrier,
although it can also be used to move certain types of high-volume fine particulate.

Monorails. A monorail is usually an overhead system on which carriers transport mate-
rials from one point to another on a track. Unlike trolley conveyors, each carrier is independ-
ent and the system can be powered or unpowered. A powered system, or automated
electrified monorail (AEM), requires two rails like power and free, but each carrier is
equipped with an electric motor that draws energy from an electrified rail. The monorail sys-
tem can be designed with spurs, and carriers can travel forward or backward, eliminating the
need for a closed loop. This equipment can also travel small vertical inclines without any assis-
tance, and can be equipped with a drive chain to climb steeper slopes.

An AEM is suitable for use in most industries since monorail carriers can carry up to
10,000 1b (4545 kg) and travel up to 600 ft/min (3 m/s). For example, a transmission assembly
plant uses monorails in all stages of assembly and testing, with assembly occurring directly on
the carrier. In an AEM system, the carriers often have sensors or microprocessors on board to
communicate to a central computer about its position, type of load, and even diagnostic data.
Generally, monorails are given only the intelligence that is necessary so that factories begin-
ning to automate can incorporate monorails into their system. As expansions are necessary,
carrier and/or additional track can be added without disrupting the existing process.

SORTING, CONSOLIDATING, AND DIVERTING DEVICES

A materials-handling system must frequently have the ability at some point to identify, sort,
and divert parts, products, or unit loads. Peripheral accessories and equipment do this, ranging
from simple mechanical diverters to sophisticated optical recognition reading devices, which
can actually read and identify alphanumeric characters and sort 20,000 items per hour and
which are used mainly for check and mail handling. Whatever the complexity of the system,
three basic elements must be considered: identification of the item to be sorted or consoli-
dated, recognition of the item, and the command to activate the mechanisms to divert the item.

Simple Mechanical Sorting. Simple mechanical sorting utilizes inherent differences such as
size, shape, weight, or other physical differences to identify or recognize items; it generally is
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FIGURE 4.30 Diverting mechanisms.

contact sorting in which an item must make contact with a channel or feeler guides or discerns
physical differences and contacts a cam or other simple mechanism to activate a diverter
chute or other diverting device.

Diverting Mechanisms. Diverting mechanisms can be grouped into devices that deflect,
push off, drive off, or tilt; many variations are included within each group (Fig. 4.30).

Electromechanical Sorting. FElectromechanical sorting uses noncontacting identification
devices that can sense both inherent differences and applied differences. These are identified
on the load or package by a code that can be discriminated by a sensing or scanning device
and that triggers a diverting mechanism.

Photosensors. These are the most commonly used sensing and scanning devices. A pho-
toelectric control consists of a light source, photoreceiver, amplifier, and output. A beam of
light from the light source activates the photosensitive elements of the photoreceiver which
produces an electric signal, which drives a relay to activate the diverting mechanism. When
used as a sensor, photoelectric controls can be used to:

Sense the presence or absence of containers or products on a conveyor
¢ Detect over- and undersized products
e Sort products by size
e Count items
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Photoelectric controls can also be arranged in an array or ganged in a manner that a code
on a container can be read. Each sensor that goes into the scanning device will detect a specific
mark or blank space from the code which when scanned produces binary information into a
logic function of a controller. This in turn supplies a signal for the diverting mechanism. Typical
codes are ladderlike in format, and this allows a scanning device to read the code vertically.

Automatic Identification. Automatic identification refers to the ability to track materials in
the factory through the use of semi- or fully automated technologies. Most common is bar
code technology, which employs a scanner swept across the bar code and has been in use for
20 years. The bar code, which is a series of black bars of varying thickness and approximity, is
used to identify the product. The human eye is not able to decipher the bar code, but a scan-
ner can identify the product easily, since bar codes were designed for computers. Scanners can
be handheld wands, laser guns, or a moving-beam laser scanner. A handheld wand must touch
the bar code whereas several inches may separate the laser gun and code. Moving-beam laser
scanners are ideal for reading bar codes on items being transported on a conveyor. The scan-
ner is mounted in a location where it can emit a beam searching for the bar code.

Optical character recognition (OCR) is an alphanumeric character set which can be read
by a special scanner, and can be read by humans. However, OCR technology is less reliable
and more costly than bar coding. A compromise between the two is placing a label next to the
bar code. An emerging technology is radio-frequency identification devices (RFIDs), which
use a read-only tag fastened to a unit load to emit radio signals. When the signals are received
by the computer, the contents of the load are identified. Some companies are experimenting
with installing RFIDs on the carrier of a trolley and bar codes on the unit load to integrate
tracking of materials and conveyor systems.

Palletizers. Palletizers receive individual packages, cases, or bags from a conveyor and auto-
matically arrange them on a pallet in a predetermined pattern with the required number of
tiers. Each tier need not have the same predetermined pattern. Generally, units to be stacked
are received on a control belt at the entrance to the machine. At this point the unit will be
counted and oriented depending on the patterns required. As each row is completed, a pusher
moves the cases onto an apron. When the tier is completed, the apron is withdrawn, deposit-
ing the tier on the pallet or tier below. The operation is repeated until the pallet load is com-
pleted, when it is discharged and replaced with an empty pallet.

Large volumes of standard units are required, and it is estimated that palletizers become
economical when approximately 900 units per hour require palletizing. The larger palletizers
can handle in excess of 6000 cases per hour of certain products.

Depalletizers. Depalletizers are highly specialized pieces of equipment which automatically
depalletize cartons and cases. Automatic squaring mechanisms permit the handling of loose
pallet loads. Depalletizers generally operate in the range of 3500 cases per hour and are seen
primarily in beverage distribution.

HOISTS AND CRANES

Hoists and cranes are materials-handling equipment used to move varying loads intermit-
tently within a fixed area. The loads vary in size and weight and are not uniform. Most of the
materials movement is devoted to raising and lowering loads, although some units are so con-
structed as to permit them to travel laterally over a specific area. The types of hoists, cranes,
and attachments are listed below.

Hand and Powered Hoists. Hand and powered hoists (Fig. 4.31) are the most basic and eco-
nomical lifting equipment which enables an operator to move a large load, up to 50 tons
(45,360 kg), vertically by using some kind of mechanical advantage.
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Jib Cranes. Jib cranes (Fig. 4.32) consist of
a hoist that is mounted on a boom track. The
hoist mechanism can be moved laterally in
the track and the boom can be turned in an
arc limited by the building restrictions or the
mounting arrangement of the boom. Jib
cranes are classified into basic groups of
bracket jib, cantilever jib, and pillar jib. Load
capacities range from small manually oper-
ated cranes to loading towers that exceed 300
tons (272,160 kg).

Bridge Cranes. Bridge cranes consist of a
hoist mounted on a guider bridge which is
supported by two trucks on each end and
rides on runways supported by building
members. Top-running bridges, where end
trucks ride on top of runway tracks, are able
to support a total bridge and load weight of
hundreds of tons, but underhung or bottom-
running bridges, where the trucks are sus-
pended from the lower flanges of the runway track, normally are used for loads less than 20
tons (18,144 kg). Bridge cranes can be operated manually or powered or, in the cases of very
large cranes, can be operated by remote control (Fig. 3-18).

FIGURE 4.31 Hoist.

Gantry Cranes. The gantry crane is very similar to a bridge crane except it is supported by
self-contained vertical support members that travel in tracks on the floor surface and it is gen-
erally used where overhead runways are not feasible due to building restrictions. The gantry
crane system also has the advantage of being usable in outdoor operations without the con-
struction of an expensive supporting structure (Fig. 4.32).

Stacker Cranes. The stacker crane consists of a rigid mast suspended from an overhead
bridge that travels laterally. A platform or a set of forks moves up and down on slider bars to
lift and lower loads. The stacker crane is most commonly used to place or retrieve loads to and
from racks from both sides of an aisle. In automatic storage and retrieval systems, the stacker
crane is computer-controlled. The computer has the rack location of each item stored in the
memory and is able to command the load-carrying platform to a specific location for storage
and retrieval of a load.

Lifters. A lifter (Fig. 4.33) is an attachment suspended from the load hook of a hoist or
crane that permits a load to be handled more easily or quickly than possible with a hook,
and many load configurations cannot be handled with a hook. In many cases, lifters are
designed for a specific application, but there are many standard types that are available for
a wide range of applications. Lifters are categorized by the method in which the load is
carried.

Supporting Lifters. These carry the load on the surface of the lifter, on bearing surfaces
of cradles, or hooks and slings attached to lifters.

Clamping Lifters. These hold the load by surface friction or by squeezing load.

Surface-Attaching Lifters. These consist of both magnetic or vacuum types. Magnetic
lifters can use either a permanent magnet that requires a strip-off device to release the load
or an on-off magnet that can be activated by applying a voltage. Vacuum pads can be used to
lift loads with nonporous and smooth surfaces and are commonly used to handle glass and
aluminum.

Manipulating Lifters. 'These move the load through one or more axes for operations such
as positioning or dumping.
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(a)

(b)

FIGURE 4.32 Types of cranes. (a) Jib crane, (b) bridge crane, (c) gantry crane.

AUTOMATIC GUIDED VEHICLES

Automatic guided vehicles move material over fixed paths but do not require the use of an
operator or a mechanical drive train located below the floor surface or an overhead towline.
They are useful when a variety of materials must be moved over long distances to and from a
variety of fixed destinations. There are three identifiable types of vehicles: first, the driverless
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FIGURE 4.33 Types of lifters. (Reproduced with permission from Material Handling Engineering
Handbook and Directory, 1977/1978, published by Material Handling Engineering, Cleveland.)

tractor (Fig.4.34) which hauls trailers or cartloads of material; second, the individual unit-load
or pallet mover (Fig. 4.35); and third, the multishelved self-contained vehicle. The last type is
used primarily to move mail in office buildings or for food and supply deliveries in hospitals.

Guidance and Control Systems. Guidance and control systems are similar for all three sys-
tems. Two systems are used: optical, where the unit follows a line taped or painted on the floor
surface; or magnetic, where a thin wire is set in a shallow channel sealed over in the floor. This
latter system is less flexible and more costly to control but is not subject to obliteration or
wear, which can be a problem in certain factory environments.

The driverless tractor, being unable to reverse on its own trailers, generally requires a
closed-loop system. However, multiple-loop systems can be used. Unit-load movers are gen-
erally reversible and can operate on a spur.
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The programming information which determines the paths and stops can be preset on the
tractor programmer or can be controlled from a central dispatching point. These systems gen-
erally have the logic to allow the tractor to take the shortest route to the destination without
traveling through the entire loop. Radio-control transmitters are often used to reposition the
train within a loading station, eliminating unnecessary walking in operations such as order
picking or loading the train at the receiving dock.

Guide wire in
slot in floor
carries low-
frequency
guidance signal
which Guide-O-
Matic tractor
follows.

Tractor
steer
wheel

Magnetic
pick-up
which senses
guide path

Steering
servo control
system

Guidepath
wire in floor

The Barrett magnetic pick-up mounted on
tractor detects guidance signal. Any deviation
from guide path proportionally activates
steering motor which repositions front wheel
to accurately follow guidepath.

1),

If safety bumper at front of tractor is
depressed by contact with an object in guide
path, tractor stops immediately.

FIGURE 4.34 Typical features of a driverless

tractor system.

Loading and Unloading. Although all vehicles
can be loaded and unloaded with operator assis-
tance, both tractors and unit-load movers can
have automatic load and unload features. The
tractor-trailer arrangement can have an auto-
matic uncoupling option. More common are
options whereby the trailers have rollers on the
carrying surface and the loading-unloading sta-
tions where a pusher can be used to move the
load. Similar systems can be used for unit-load
movers, sometimes using powered roller systems.
More common is the lifting device established in
Fig. 4.35.This has particular potential in manufac-
turing operations where materials can be brought
directly into the work station.

Routes are dependent on surface conditions.
Cracked and broken slab can cause discontinuity
in the tape or wire guides. Inclines and declines
within a plant must be considered, in which case
an acceleration or deceleration feature must be
specified for the equipment. External routes
linked with automatic door control, internal traf-
fic lights, and automatic ramps to cover rail lines
have been used. However, external use of this
equipment is not widespread, and external sur-
faces must be prepared very carefully, especially
in regions where snow and ice are involved.

Safety. Driverless tractors are available with
many more safety options than any other auto-
matic conveying system and include such features
as encounter detection, sonic detectors, and opti-
cal detectors, which will all shut the tractor down if
an object is detected in the path. Additional safety
devices include a strobe light, siren, and panic but-
tons which can override all other controls. Using
warning signs and placing mirrors at corners and
blind spots are good preventive measures and so is
keeping the tractor speed below 5 mi/h.

ROBOTS

Robots are programmable machines capable of
automatically moving individual parts or objects
over precise paths in space.! A robot can also be
programmable so that it is able to move parts
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FIGURE 4.35 Individual unit load or pallet mover.

through different paths, capable of performing repetitive motions, able to duplicate the move-
ments of the human arm by moving parts through four axes in space.

Applications. Present applications related to materials handling include machine loading
and unloading, conveyor transfer, and pallet loading. The most practical applications for mate-
rials handling will be those areas that require repetitious manual operations, particularly those
involving the interface between workers and machines. Robots are also ideal for these types of
operations in poor working environments, such as those where heat, cold, fumes, or radiation
exposure is present. Painting and welding are typical major potential application areas.

Design Components. Robots (Fig. 4.36) are available with a wide range of capabilities and
in various design configurations. The major components include a manipulator which actually
performs an operation and moves parts, a controller that stores data and directs the move-
ments of the manipulator, and the energy source to power the robot.

A sophisticated robot with six axes of motion can perform many of the same movements
as the shoulder, elbow, and wrist. Simpler, less expensive units with two degrees of freedom,
called put-and-place units, are typically used for machine loading and should become widely
used in the materials-handling field in the next decade.

Manipulator. The handling of objects by the manipulator is facilitated by the use of tools
that give the robot “hand” capability. The general categories for this purpose are either grip-
pers or surface-lift devices.

MECHANICAL GRIPPERS. These grippers (Fig. 4.37) are usually movable fingerlike levers
paired to work in opposition to each other. They can be thought of as mechanical equivalents
of the thumb and forefinger.

SURFACE-LIFT DEVICES. These can include simple forklift attachments, vacuum pickups
(Fig. 4.38), hooks, or magnetic devices.

CONTROLLER. The controller initiates the motions of the manipulator through a
sequence at the desired points and stops the motion when required. The controller can be pro-
grammed by adjustment of mechanical cams, stops, and limit switches on the simpler types of
put-and-place robots. The more sophisticated robots can be “taught” a sequence of move-
ments by an operator. In the teaching mode, the programmer manually moves the manipula-
tor through the motions of the operation, and the coordinates of the path are stored in the
controller memory.

Energy Sources. Nonservo, or pick-and-place robots operate through activation of a
hydraulic or pneumatic system and are the simplest, lowest-cost units. They have limited flex-
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FIGURE 4.36 Robot with six axes of motion.
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FIGURE 4.37 Robot grippers equipped with spring-loaded fingers.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



MATERIALS HANDLING: FIXED-PATH EQUIPMENT

MATERIALS HANDLING: FIXED-PATH EQUIPMENT 4.57

Sprue gripper

FIGURE 4.38 Vacuum pickup device for robot.

ibility in terms of program capability and positioning capability but are highly reliable. In the
operation of this type of robot, as the sequence is indexed, the manipulator members move
until the present limit of travel is reached. Since there are only two positions for each axis to
assume, programming can be done by adjusting the end stops for each axis to establish the
operation sequence.

Servo-type robots use servo motors or valves to move the manipulator members and can
be further classified into either point-to-point or continuous-path types. Point-to-point servo
robots are programmed or taught by feeding them manipulator-position data at discrete
points and, in performing a task, they will internally select a path to that point. Continuous-
path servo robots are programmed or taught to follow a precise path and are used for opera-
tions where movement is important, particularly in spray painting.

Future Developments. The technology of robots will be expanded in the future to include
the capability to discriminate differences in objects by optical- or mechanical-sensing devices
which would send a feedback signal to the controller which will make a decision to initiate a
movement command to the manipulator. Further future developments include speech recog-
nition for robot programming and three-dimensional optical-sensing devices. Also, while
robots now in operation are generally large, floor-mounted units, future robots will also
include table-mounted units able to assist in small subassembly and final assembly operations.

Planning Considerations for the Use of Robots. There are four points that must be consid-
ered when evaluating the feasibility of using a robot in materials handling. They are rate of
handling, weight of the object, orientation of the object, and number of different items to be
handled.

Rate of Handling. Robots are not high-speed handling equipment. If the handling rate is
greater than 15 items per minute, another approach should be considered.

Weight of Object. The weight-handling capacity of robots is presently 500 to 2000 1b (227
to 907 kg), depending on the type of robot. The heavier the load, the lower the handling rate.
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Orientation of the Object. Position of the object is important and should be consistent. A

primary limitation of current robots is the precise orientation required of parts to be picked
up by the robot and, hence, a feeding or positioning mechanism to the robot itself is often
required.

Number of Items to be Handled. Setup time for product changes can be reduced by quick

changeover grippers and automatic program selecting capability. In cases where dissimilar
parts are handled in the same operation, a multipurpose gripper or “hand” should be used,
along with a sensing device that can command the robot to switch to a preset program.
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INTRODUCTION

The group of equipment that is described as mobile materials-handling equipment is made
up of machines that essentially depend on a self-contained power source for movement and
are independent in their movement route. The equipment, being self-contained material
movers, provides a flexible, relatively inexpensive transportation link between plant activi-
ties. This broadly classified group of equipment includes devices and equipment from the
simplest two-wheeled hand truck to highly sophisticated movers controlled by computer-
based systems.

Within the mobile materials-handling equipment group there is a wide array of general-
purpose and specialized material movers. Basically, there are two broad categories of mobile
equipment. The powered equipment depends on a built-in power source for its operation. The
unpowered device relies on a detachable prime mover, either a piece of powered equipment,
or in many cases, the equipment operator. The least complex equipment provides transporta-
tion between two points without positioning or lifting capabilities. Other units lift or roughly
position the load being transported as well as move the material. The multiple-axis movers
transport the load; they also have a position capability along two or more axes to accomplish
loading and unloading.

Generically, mobile materials-handling equipment falls into five groups, each of which will
be discussed in this chapter:

. Floor trucks and operator-powered movers
. Powered lift trucks

Burden carriers

. Tractors and tractor trains

[T I I S

. Mobile industrial cranes

4.59
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APPLICATION CONSIDERATIONS

Equipment Utilization and Selection

From available records, it appears that mobile equipment often has a low level of utilization.
Powered equipment is often employed well beyond its economic life, generating penalty costs
in spare-parts inventories, maintenance, and productivity.* Five to seven years has been cal-
culated to be the average economic life of a powered vehicle, provided proper maintenance
has been performed. Keeping a lift truck beyond the optimal time increases maintenance
costs by 30 to 40 percent. Proper operator training, which is required by the U.S. Occupational
Safety and Health Administration (OSHA), can improve efficiency and reduce maintenance
costs as well. By tracking costs and utilization, it is possible to reduce the size of the lift truck
fleet. Often, two old lift trucks can be replaced with one newer model.
Other general considerations in establishing equipment requirements include:

¢ Unit-load condition and size and center of load

e Terrain, environment, and aisle width in the movement area
¢ Length, type, and frequency of moves

¢ Positioning requirements of load(s)

¢ Operating economies and maintenance

e Standardization of equipment

« Critical nature of operation(s) serviced

Factors in Wheel Selection and Use

Solid Wheels. These are made in semisteel, forged steel, or molded plastic, hard rubber,
and composite materials. They should be limited to small diameters and low-speed movement
and should not be used to transmit power. They have low resistance to roll, but a short life
span when overloaded or subjected to rough floor conditions. They will cause load vibration
because of a lack of cushioning.

Rubber-Cushioned Tired Wheels. These consist of a metal wheel having a machined
diameter onto which a rubber tire is pressed or molded. It has the lightest load-carrying
capacity of those used on mobile equipment. Minimal power is required to move material,
since rolling friction is minimized.

Oil-Resistant Tired Wheels. The tires are made of special oil-resistant rubber compounds
which will resist the degrading effects of oil on rubber.

High-Traction Tired Wheels. The tires are made of rubber impregnated with abrasive or
other materials to give additional traction on ice or in wet conditions.

Low-Power Tired Wheels. The tires are fabricated from rubber compounds that offer
minimum roll resistance and have lower power requirements, causing less drain on battery-
operated equipment.

Nonmarking Tired Wheels. The tires use a rubber compound filler other than carbon to
avoid floor marking and contamination.

Conductive Tired Wheels. 'The tires avoid the chance of static sparking in hazardous or
explosive environments by maintaining vehicle-to-floor conductivity.

Laminated Tired Wheels. The tires for these wheels are made up of sections of pneumatic
tire carcasses threaded onto a steel band. Such tires are extremely tough, with a harsh ride.
They are well suited to littered environments, such as scrap yards, and trash handling.

Polyurethane Tired Wheels. Though more expensive than rubber, these wheels have a
significantly higher load-carrying capacity and are less susceptible to cuts than most rubber
and rubber-compound wheels. Wheel hardness of polyurethane tires results in a harsher ride
and increased plant floor damage.

* “Use the Optimum Economic Life to Help Cut Costs,” Modern Materials Handling, February 1991.
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Inflatable Tired Wheels. These wheels have vulcanized, reinforced rubber tires similar to
automotive tires. The tires are both tube and tubeless. They generally carry a lower load rat-
ing for their size than solid-tire wheels. Their use will provide greater load cushioning, higher
speed capability, easier maintenance, and less floor damage.

Factors in Internal-Combustion-Engine Selection and Use

Internal Combustion Engines. These are used in outdoor applications, in well-vented
interiors, and in nonhazardous environments. They are generally powered by gas or liquid
propane gas, although compressed natural gas (CNG) is a promising alternative. In anticipa-
tion of new government regulations, manufacturers are redesigning engines with reduced
emissions and improved fuel efficiency.

Industrial Engine. Typically, this heavier engine is designed to operate in a lower rpm
range than an automobile engine. It can be expected to give about 10,000 h of useful life
before overhaul. At an equivalent operating speed of 20 mi/h (32 km/h) in an automobile, this
would equate to 200,000 mi (321,800 km).

Automotive Engine. This is of lighter construction than the industrial engine and,
because of the quantities in which it is produced, is of relatively lower cost. It generally oper-
ates most efficiently in a higher rpm range than the industrial engine and can be expected to
give about 7000 h of useful life prior to overhaul. This life is equivalent to about 140,000 mi
(225,260 km) of automobile travel. An advantage of this type of engine is the availability of
replacement parts through automotive supply firms.

Air-Cooled Engine. This is restricted to lighter-duty applications where weight, size, and
initial cost are the prime concerns. The absence of a separate cooling system is a distinct
advantage, although this engine’s life expectancy is a relatively short 1500 to 2000 h of opera-
tion.

Diesel Engine. Typically, this type is installed in large pieces of equipment where the
additional size and cost is not significant. However, because of recent improvements in engine
design, diesel engines are becoming more prominent in smaller trucks. This is largely due to
the reduced need for periodic maintenance, greater fuel economy per hour of operation, and
longer expected life—up to 20,000 h.

Compressed Natural Gas Engine. This engine design is ideal for indoor use due to its low
noise and low emissions. CNG is a low-cost fuel and the truck can run a full shift before
requiring fuel. Other benefits include fewer oil changes and lower maintenance costs. This
truck is suited for most types of use and can accommodate loads up to 6000 1b (2700 kg).

Factors in Battery-Powered-Vehicle Selection and Use

Battery-Electric Equipment. This is mechanically simpler in design than engine-driven
equipment. Typically, the high-torque dc electric-drive motor is coupled directly to the drive
axle through a constant-mesh drive train. An electronic silicon-controlled rectifier (SCR)
speed-control device regulates the motor’s revolutions per minute through operator foot con-
trol. Direction is reversed electrically with a delay interlock to avoid reversing motor direc-
tion while in motion.

Storage Battery. These must be replenished frequently either by recharging or by
exchanging them for fully charged batteries. Batteries used in a given piece of equipment
should provide ample power to operate effectively for an 8-h day as determined by their
ampere-hour (Ah) rates. The Ah rating, to some degree, limits the effective operating range of
battery-operated equipment and requires that routine schedules for replenishment are fol-
lowed. Also, because of the weight of a large storage battery, equipment application is some-
times adversely limited.

Advantages of Battery Vehicles. The advantages are low fume emission and heat contam-
ination, quietness and cleanliness, and generally lower maintenance requirements.

Types of Batteries. The two primary types of batteries used are lead-acid and nickel-iron-
alkaline. A lead-acid battery will provide 2.0 to 2.3 V per cell, while the nickel-iron-alkaline
battery will provide 1.2 V per cell. Voltages used for modern battery-powered mobile equip-
ment are 12,24, 36, 48, and 72, with some higher voltages used in larger equipment.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



4.62

MATERIALS HANDLING: MOBILE EQUIPMENT

PLANT OPERATIONS

Advantages. The advantages of the lead-acid battery are a lower initial cost, high
ampere-hour capacity, and low resistance to self-discharge. The nickel-iron-alkaline battery is
desirable because of its longer life expectancy, resistance to physical damage, noncorrosive
electrolyte (KOH), and more rapid and less critical recharge rates.

Recharging Times. These are adjusted for different batteries by dividing the Ah rating of
the battery by the 8-h Ah rating of the charger and multiplying by 8. For example, a battery
having a 600-Ah rating and a 450-Ah charger will require

(600 + 450) x 8 = 10.64 h

Battery Charging Area. 'Warehouses utilizing multishift operations require remote charg-
ing of the equipment batteries. These areas require hoists, conveyors, chargers, and required
safety features (e.g., exhaust hoods and fans, shower and eyewash station, etc.).

FLOOR TRUCKS AND OPERATOR-POWERED MOVERS

This type of equipment is the most fundamental materials-handling aid available. The basic
simplicity permits easy adaptation for single-purpose application. Standard catalogs indicate
the wide variety available, often designed for specific industries. However, custom design may
be specified with very little, if any, cost penalty.

Generally, floor trucks are described as follows.

Two-Wheeled Hand Trucks. Two-wheeled hand trucks (Fig. 4.39) are essentially levers on
two wheels. The axle connecting the wheels serves as the fulcrum of the lever and carries up to
80 percent of the total load moved. The two-wheeled cart is normally used for short nonrepet-
itive moves of smaller loads over smooth floors. Carts are generally 48 to 64 in (1.2 to 1.6 m)
high, and are designed to carry a variety of materials in bags, barrels, bales, boxes, and bins. Typ-
ical accessories include height extension, stair climbers, safety brake, spread clamps, and straps.

Dollies. Dollies are smaller-wheeled platforms upon which a load is placed for short dis-
tance and intermittent moves. Typically, dollies are fitted with caster-type wheels and are
either pulled or pushed by an operator.

FIGURE 4.39 Two-wheeled hand trucks. (a) Appliance type, (b) drum and barrel mover, (c)
general type with Western handle, (d) general type with Eastern handle. (Reproduced with per-
mission from Material Handling Engineering Handbook and Directory, 1979-1980, published by
Material Handling Engineering magazine, Cleveland, Ohio.)
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FIGURE 4.40 Factory trucks and wheel arrangement patterns. (Repro-
duced with permission from Material Handling Engineering Handbook and
Directory, 1979-1980, published by Material Handling Engineering maga-
zine, Cleveland, Ohio.)
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Factory Trucks. Factory trucks (Fig. 4.40) are wheeled platforms or containers either moved
by an operator or towed by detachable power units. There is a wide variety of devices in this
group and an even wider variety of uses for materials movement and as mobile storage.

The hand factory truck is hand-powered, guided by the direction of the moving force, and
closely related to the dolly. Several wheel-arrangement patterns are available with tradeoffs
between maneuverability and stability.

The towed factory truck is connected to the prime mover by a tow bar which provides the
steering direction. Both two-wheel and four-wheel steering are available on towed factory
trucks. Two-wheeled steering is generally the least expensive and most commonplace.
Because of the steering geometry involved, each truck will follow a turn of shorter radius than
the preceding vehicle. As several of these units are connected in trains, the continual tighten-
ing of turns requires more space for maneuvering.

The four-wheel-steered truck, with prop-
erly adjusted steering, is capable of following
the same path as the vehicle in front of it.
Where long trains are economically justified
and desirable, the four-wheel-steered de-
vices may be used to minimize commitment
of valuable manufacturing space to aisles.

The Semilive Skid. The semilive skid is a
rectangular platform or box having two
wheels on one end and two fixed supports on
the other. The end having the fixed supports
is also fitted with a heavy pickup pin to
which a two-wheeled jack is attached. The
jack and handle are used as the lifting device
and tiller, allowing the skid to be maneu-
vered by the operator.

Hydraulic-Lift Trucks. Hydraulic-lift trucks
o (Fig. 4.41) are used for short distance moves
FIGURE 441 Hydraulic-lift truck. at the workplace. They generally range in
capacity from 2500 to 8000 1b (1130 to 3625
kg). These trucks require a minimum amount of maintenance, and can last for 20 years.? The
trucks can be equipped with a jacklike manually operated hydraulic lift or pedal operated sys-
tem to elevate a loaded pallet. Some units use an electrically driven hydraulic system to lift,
often above the maximum 5 in of the manual system. These lift trucks generally use forks for
lifting pallets or platforms for special containers and positioning heavy loads.

POWERED-LIFT TRUCKS

This equipment group represents what is probably the largest and most varied of equipment
for materials handling. The powered-lift truck owes its popularity to its versatility, being able
to easily pick up a unit load, transport it quickly in a variety of environments, and then posi-
tion the load vertically at almost any point within the capability of the equipment. Depending
on the volumes involved, they become less economical for moves over 300 ft (90 m) since
rated speeds are generally between 5 and 10 mi/h (7 and 14 km/h). Powered lift trucks are
usually fitted with lifting forks to carry a unit load, although a wide variety of special load-
carrying attachments can be used in place of forks. Power for lift trucks is either by internal-
combustion engine or battery electricity.

The various pieces of equipment in this group can be operated over a variety of terrains,
depending upon the design and, specifically, the wheel and tire combination used. Load-
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carrying capacities from 1000 to over 40,000 Ib (450 to 18,000 kg) are common. Large vehicles
are available with capacities in excess of 100,000 Ib (45,000 kg). The very large vehicles are
generally used outside, particularly for the moving and stacking of shipping containers.

Establishing aisle widths and their relation to fork-truck selection are critical when signif-
icant storage areas are involved. Clearly, the narrower the aisles, the more rows of storage.
Equipment manufacturers have been ingenious in designing specialty trucks to operate in
narrow aisles. It should be noted that manufacturers specify equipment turning circles and,
thus, aisles will require space to aid in fork-truck maneuverability. Specialty trucks designed
to operate in narrow aisles permit better space utilization, but tend to trade off some aspect
of performance, a factor to be considered in specifying specialty as opposed to general-pur-
pose equipment.

Truck capacity is generally calculated as follows (see Fig. 4.42):

A =distance, in, from center of front axle to heel of fork

B =distance, in, from heel of fork to center of load

C =distance (A + B) from center of front axle to center of load
D =length, in, of load on fork

W =weight of load, Ib

————— o) /
: Towing
I attachment
o
|
L O
L | )

| \

1

B—e-A > Center of gravity
C—l

FIGURE 4.42 Rated truck capacity and counterbalanced truck.

1. Inch - pound rating
Inch - pound rating=Wx C

2. Maximum load length for given load

inch - pound rating
w

C=

3. Maximum load for given load length

inch - pound rating
C

W=
A specific example is given to illustrate the actual calculations.
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1. Truck is rated 3000 Ib (W) at 20 in [3000-1b load which has a center 20 in (B) from heel of
fork].

2. Distance from center of axle to heel of fork is 10 in (A).
3. Pallet load to be handled is 2000 1b:

C=A+B=10+20=301in
Inch-pound rating = W x C =3000 x 30 = 90,000 in - Ib
_ inch - pound rating _ 90,000  _.
C= W =000 " 45 in
B=C-A=45-10=35in
D =2x B=2x35=70in allowable load length

4. When selecting attachments, refer to the truck manufacturer to determine the amount of
negative effect the attachment has on the truck’s useful load-carrying capacity.

Aisle widths are generally established as follows:

A = aisle width
TR = turning radius of truck
L =load length
C = aisle clearance (total on both sides)
AX =distance from rear corner of load to centerline of axle:

A=TR+L+C+AX
The several varieties of powered-lift trucks are described below.

Counterbalanced Trucks. The counterbalanced trucks (Fig. 4.42) use their large, carefully
positioned weight mass to offset (counterbalance) the moved load mass. These trucks are gen-
erally equipped with a tilting mast which will “tilt” the lifting mechanism rearward from the
vertical lifting position and further counterbalance the load during movement. The load is
positioned fully in front of the truck so that the truck structure does not interfere with adja-
cent stacks of material. This minimizes the aisle widths that are required.

Straddle Trucks. The straddle trucks (Fig. 4.43) differ from the counterbalanced type in that
they do not depend on weight mass to counteract the weight of the load being handled.
Instead, the straddle forklift positions the two main load-carrying wheels at or forward of the
material load center. The truck is extremely stable as a result of this arrangement.

The straddle design is more compact and of lighter weight than the counterbalanced type.
It is necessary, when negotiating loads into or out of racks, that either the straddle truck be
equipped with an extending fork mechanism (pantograph) or the racks be positioned or con-
structed to allow the forward wheels of the truck to enter them.

Side-Loading Trucks. Side-loading trucks (Fig. 4.44) are a unique combination of a
straddle-lift truck and a narrow-aisle truck. They are used where there are narrow aisles,
where rapid transportation is called for, and where long narrow loads such as pipe and bar
stock are handled. Side-loading trucks do not have to be turned to engage or place loads.

Nonrider Lift Trucks. Nonrider lift trucks (Fig. 4.45) are those where the operator walks
along with the truck, directing the operation through a control unit attached to the truck. These
units have basically the same features found in larger counterbalanced and straddle trucks.
They are used for lifting and stacking light loads and moving these loads short distances.

Straddle Carriers. Straddle carriers (Fig. 4.46) are large-capacity, highly maneuverable,
powered lift trucks. To load and unload, the vehicle is driven over the unit load(s). The actual
loading and unloading is extremely fast, although precise positioning of loads requires other
methods. Unit loads can be transported at rates approaching highway speeds.
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FIGURE 4.43 Straddle truck.

Order-Picker Trucks. Order-picker trucks have an elevated platform forward of the mast from
which the truck and the platform can be operated. Typically, the trucks are used for picking par-
tial loads in narrow aisles to heights of 36 ft, allowing for significant labor and space saving.

Materials-Handling Attachments

The most widely used attachments are the forks themselves. They can be set at various widths
and generally range between 30 and 60 in (80 and 160 cm) in length. The forks should be at
least two-thirds the length of the maximum load to be lifted.
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FIGURE 4.44 Side-loading truck.
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FIGURE 4.45 Nonrider lift trucks. (Reproduced with permission from Material Handling Engi-
neering Handbook and Directory, 1979-1980, published by Material Handling Engineering magazine,
Cleveland, Ohio.)

Standard two-stage uprights provide a lift height of approximately 18 ft (5.5 m), and three-
and four-stage uprights provide heights to 20 ft (6 m). Certain specialty vehicles are designed
to operate above 20 ft (6 m). The difference in fork height and total extended height is gener-
ally 4 ft (1.2 m), reflecting the height of the backrest. For low buildings, free-lift trucks should
be specified. This feature permits the forks to be raised to lift loads to nearly half the total lift
height without extending the uprights.

Frequently, a forklift truck will be fitted with an attachment or combination of attachments
which allows the vehicle to perform special handling functions or simply allows it to operate
more efficiently in a given situation. In some cases, these attachments replace the conven-
tional forks for handling products which the forks cannot. In other instances, the attachments
are used to augment the original fork function by giving the load-carrying forks additional
motions.

When selecting attachments, it is always wise to consult with the truck manufacturer since
attachments have a negative effect on a truck’s useful load-carrying capability. When attach-
ments are installed, the truck’s information plate must be restamped, indicating the new effec-
tive truck capacity as required by OSHA 1910.178(4).

Attachments usually limit a forklift truck to a specialized function and, to some extent,
limit its overall in-plant versatility. Some of the more simply designed attachments mount
on the fork attachment rails and require only a few minutes to install or remove. The more
complicated attachments, particularly those
requiring hydraulic connections, should be
considered as permanent conversions.

The following is a list and a brief descrip-
tion of some of the more common attach-
ments (Fig. 4.47):

1. Ram. A single projection, mounted in
place of the forks for carrying coiled
materials which can be easily entered
horizontally. Rams have a variety of
lengths and diameters to handle a vari-
ety of products, from steel coils to rolled

FIGURE 4.46 Straddle carrier. carpet.
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Fork
Rotator

Rotating
I Carriage

.| Fork
Positioner

FIGURE 4.47 Common materials handling attachments. (Reproduced with
permission from Material Handling Engineering 1979-1980, published by
Materials Handling Engineering magazine, Cleveland, Ohio.)

. Barrel attachment. Used to grasp the top seam of a steel drum and transport it in the
vertical position.

. Concrete-block fork. This and the similar brick fork are designed specifically for han-
dling stacks of masonry products without pallets.

. Paper-roll clamp. Specifically designed to carefully grasp and transport rolled materials
in the vertical position. It is frequently combined with a rotator which allows the roll to
be carried horizontally in the case of loosely rolled or easily damaged materials.

. Push-pull. Uses a polished platen instead of forks to carry the load. Its purpose is to
position loads in dense environments without the use of a pallet. In place of a pallet, a
thin slip sheet is used under the load. This sheet is grasped by hydraulic clamps and pulled
into the truck platen for loading and pushed off again into its next position.

. Bale clamp. Used to grasp and carry baled materials and depends on hydraulic pressure
to grasp the bales from the sides.

. Scoop. Used to handle loose or granular bulk material and consists of a metal bucket
mounted in place of the fork, with a dumping capability usually provided. Tilting the
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bucket for loading and transport is accomplished by tilting the lift truck’s mast forward
and back.

8. Squeeze clamp. Used to grasp the sides of boxed products in a manner similar to the
bale clamp, except that the grasping arms are smooth and deliver an even pressure to the
carton to avoid damaging its contents. This device eliminates the need for pallets. It
requires, however, additional side clearance on each side of the material moved to accom-
modate the clamps.

9. Top-handling lift. Used to handle folded cartons by hooking into the folded lip of the
top carton. The most important advantage is that extremely high storage density can be
accomplished since only minimum side clearances are required without the use of either
pallets or slip sheets.

10. Side shifter. Used with almost any type of attachment as well as forks, the side shifter
allows loads to be positioned accurately from right to left without relocating the truck.
Its major function is to speed the positioning of loads and to minimize rack space
between loads. The side shifter will also reduce wear on the truck itself by reducing repo-
sitioning.

11. Adjustable forks. Where a variety of pallet and load sizes are encountered, adjustable
forks are used. While most fork arrangements are manually adjustable, the mechanically
adjustable forks allow the operator to accomplish the operation while remaining in the
driver’s seat.

12. Load stabilizers. To assure that loosely arranged and unstable loads are firmly con-
tained during transit, various load stabilizers are available. Such a device is essentially a
vertical clamp which exerts a downward pressure on a load and thus holds it in position
while it is being moved.

13. Clamping forks. Similar in design to the fork positioner, clamping forks can be used to
pick up loads in a conventional manner or may be used to clamp loads between the
forks. This device is quite commonly used with special notched forks for transporting
drums.

14. Rotator. The use of a rotator allows a load to be rotated through 360°, generally for
dumping. The rotator is used with unit-load devices that fully enclose the forks and thus
remain attached to the fork during rotation. They are also used with various clamping
devices when rotation is required.

15. Extended-reach forks. Commonly used with straddle forklifts to enable the truck to
reach a load in the racks while the forward wheels remain outside of the rack space. The
attachment also allows racked materials to be reached when two-deep storage is used.
The reaching mechanism consists of a hydraulically operated pantograph system be-
tween the truck mast and the forks.

BURDEN CARRIERS

In the manufacturing process where sufficient volumes are involved, conveyor systems are
often used to move materials from point to point. When smaller volumes or several moves of
varying density are involved, however, a fixed-platform device is often used. These fixed-
platform vehicles depend on an auxiliary loading and unloading method and are not tied to a
specific unit-load module. Such devices are called burden carriers.

Burden carriers come in a wide variety of sizes and shapes. They are available in two basic
types (Fig. 4.48). One is the walkie (nonriding) type and the other is the riding type. Both are
available with battery-electric and internal-combustion power sources. They are usually lim-
ited in load-carrying capacity. High loads are generally handled by other types of handling
equipment.
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Walkie Burden Carrier. The walkie burden
carrier is typically a three-point suspension
hauler using battery-electric power, although
some units are available that are powered by
a small air-cooled engine. They are similar in
design to the previously discussed walkie lift
trucks, except that they have a fixed plat-
form. Load ranges of 1000 to 3000 Ib (450 to
1360 kg) are available and application is lim-
ited to noncontained loads. Loading is gener-
ally done by hand or, in the case of heavier
loads, by hoists and cranes.

03?[: Rider Burden Carrier. The rider-type bur-
den carrier is often tailored to a variety of
special applications such as personnel carri-
ers, fire trucks, and portable maintenance
shops. In its simplest form, the truck provides
adriver’s seat and a flat load-carrying bed. In
this configuration it serves most commonly
as a miscellaneous hauler to deliver supplies
and materials in-house for distances of more
: than 300 ft (90 m). The power source for the
rider-type truck is fairly evenly divided
between air-cooled gasoline engines and
battery-electricity. Both three-point and four-
point suspensions are common, with an oper-
ating suspension system being incorporated
FIGURE 4.48 Types of burden carriers. in many larger units, along with pneumatic
tires. These vehicles are able to negotiate

rougher terrains and may attain speeds of up to 20 mi/h (30 km/h).

TRACTORS AND TRACTOR TRAINS

The term tractor (Fig. 4.49) refers to a detachable power source supplying locomotion to one
or a group of load-bearing vehicles not having on-board power. The tractor is a steerable
mover which is directed by an operator. They are generally classified according to their draw-
bar pulling rating (DPR) into small, medium, and large sizes.

On all grades above 5 percent, the individual manufacturer should be consulted since a
variety of other factors which must be considered vary with individual tractor designs. Mini-
mum safety criteria for industrial tractors are covered in OSHA Standard Section 1910.178
(Powered Industrial Trucks) and should be referred to when equipment is being selected.

The main application for these vehicles is the movement of goods in volume over dis-
tances too long to be economically moved by fork trucks—approximately 300 ft (90 m).
Since the tractor trains are not self-loading, a system of tractor loading stations and surplus
tractors and trailers is required, involving constant hitching and unhitching of tractors and
trailers. An alternative is to use a forklift as a tractor with the operator of the fork truck load-
ing the trailers.

Apart from fork trucks, five types of tractors are used for most industrial applications.

Highway Tractors. Highway tractors are typically used in over-the-road applications and
are relatively specialized to serve this purpose. They do, however, find application in large
manufacturing complexes for the movement of materials between remote locations where
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FIGURE 4.49 Tractor used in industrial applications.

warranted by the speed and density of materials flow. This type of tractor is also frequently
used in factory shipping yards for the positioning of both loaded and unloaded semitrailers.

Walkie Tractors. Walkie tractors are the smaller variety of industrial tractors. These tractors
are battery-electric with motive power, braking, and steering being provided by a single wheel
or a close-coupled pair of wheels. The drive mechanism is tiller-controlled through hand con-
trols, as in other walkie equipment, and deadman controls are provided. Two other wheels are
provided for stability at the rear of the unit. A variety of coupling devices are available for
attaching the tractor to trailers and semilive skids.

Walkie-Rider Tractors. The walkie-rider tractor is essentially a larger version of the walkie
tractor. The major differences are that in a walkie-rider tractor a platform is provided for the
operator to stand on during operation and two travel speeds are provided. A slow speed com-
parable to the operator’s walking pace, on the order of 3 mi/h (5 km/h) and a higher speed of
roughly 7 mi/h (11 km/h) is common in this type of equipment. Owing to higher operating
speeds, these tractors have wider operating ranges. Because of the longer range of these trac-
tors, larger-capacity batteries are used and, therefore, the units are heavier and larger than
pure walkie tractors.

Rider Tractors. Rider tractors are available in both stand-up and sit-down configurations.
The stand-up variety is more compact and generally applicable to more congested situations.
The sit-down tractor is generally larger and is used where higher speed and longer distances,
up to > mi (0.8 km) or more, are encountered. Battery-electric and internal-combustion
engines are used as power sources in both versions; however, battery-electric power is more
prevalent in the stand-up models, and the internal-combustion engine is the frequent choice
in sit-down tractors.

Specialty Tractors. Specialty tractors are usually confined to very heavy load applications
and are often built as an integral part of the load carrier itself. Two more common applications
of these specialty tractors are large bulk-handling carriers for molten metals and granular
materials and for spotting of railway cars.

MOBILE INDUSTRIAL CRANES

Mobile industrial cranes (Fig. 4.50) serve a variety of plant and production-related materials-
handling functions. They are especially adaptable to loads of large or unusual size and where
careful placement is required. In some applications, they are used only to position a given
load, while in other applications they are used as both prime mover and positioner.

Mobile cranes differ from other plant hoisting equipment in that they operate independ-
ently of any supporting structure. The primary advantage of a crane is its ability to reach into
places not normally accessible by other types of materials-handling equipment. With the
exception of straddle cranes, the industrial crane depends on a boom for its reach and lift
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FIGURE 4.50 Mobile industrial crane.

capability. It is the positioning of the boom that ultimately determines where a load will be
placed and how large a load can be safely lifted.
The following text discusses the types of mobile cranes in use.

Portable Hand-Powered Crane. The portable hand-powered crane is similar in design to a
small manual-lift truck, except that the load-carrying forks have been replaced by a boom and
hook. This equipment is commonly used to move and position work pieces into and out of
process equipment where volumes do not warrant a permanently installed hoisting system. It
is also frequently found in maintenance and repair shops to assist in the disassembly and
reassembly of in-plant equipment. Lifting is accomplished either through a hand winch and
cable system or a manually operated hydraulic system. Typical lifting capacities are limited to
2000 1b (900 kg) or less.

Stevedore Crane. The stevedore crane is a nonswinging crane which requires that the hook
be positioned by maneuvering the entire vehicle. This limits its use to relatively unobstructed
areas. The boom may be extended outward by the operator to reach the load and returned
back to a position closer to the vehicle for transport. The crane is a relatively fast vehicle
which is used to pick up a load and transport it to a final destination.

The front, load-carrying wheels are also the powered wheels, with steering being achieved
by the trailing wheels. Both three- and four-point suspensions are used, and the crane is often
used to tow factory trucks while also loading and unloading them. Typical load capacities
range from 2 to 4 tons (1800 to 3600 kg).

Swing-Boom Crane. The swing-boom crane is a larger-capacity crane than the stevedore
crane and is used more for positioning loads than for transportation. The boom structure is
constructed so that it can be rotated by the operator through 180°. Outriggers are provided
for stability. They are usually powered by diesel or spark-ignition engines, with battery-
electric power also being available.

Full Revolving Cranes. Full revolving cranes are capable of swinging a load through a full
360° and are generally the largest of mobile cranes. Their use is normally one of positioning
loads as opposed to transportation. This type of crane will often be mounted on a truck-type
chassis for rapid movement between jobsites. Power is provided by diesel or spark-ignition
engines through direct hydraulic torque converters.

Load-lifting capacities at the boom’s most upright position can be as high as 100 tons
(90,000 kg) with reaches in excess of 100 ft (30 m) possible. Power is provided by diesel or
spark-ignition engines through direct hydraulic torque converters. Industrial applications are
almost totally limited to construction activities and maintenance of large structures.

Straddle Crane. The straddle crane has no boom but has a wheel-mounted framework on
which are mounted two hoists. These hoists are capable of moving within the limits of the
framework for precise load positioning. The straddle crane is related to the straddle carrier. It
is a highly versatile crane, finding application as both positioner and mover of materials. In
addition, its design is such that it is extremely stable and can move at relatively high speeds.
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The framework consists of four vertical columns mounted above the vehicle’s high flota-
tion wheels, supporting two horizontal crane rails which carry the traveling hoists. Load-
carrying capacity ranges from approximately 10 to 60 tons (9000 to 55,000 kg) per hoist for an
aggregate capacity of approximately 20 to 120 tons (18,000 to 110,000 kg).

A variety of power systems are used, all of which are engine-driven. Hydraulic systems are
those most commonly used for transport, hoisting, and positioning. However, one manufac-
turer employs an engine-driven electrical power plant to operate the crane’s functions
through electric motors.

The straddle crane is capable of operating in high-density areas and is highly maneuver-
able, since all four of its wheels can be turned and powered independently. Common applica-
tions are in steel storage yards, loading and handling of shipping containers, commercial
concrete castings, truck and car loading, and boatyards. Special load-handling devices are eas-
ily adapted to this crane, increasing its versatility.
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INTRODUCTION

In the overall materials-handling system, warehousing provides the facilities, equipment, per-
sonnel, and techniques required to receive, store, and ship raw materials, goods in process, and
finished goods. Storage facilities, equipment, and techniques vary widely depending on the
nature of the material to be handled and the volume of orders to be shipped. Characteristics
of materials, such as size, weight, durability, shelf life, and order lot size, are factors in design-
ing a warehousing system and in solving warehousing problems.

Economics is also of great importance in the design of warehousing systems. Storage and
retrieval costs are incurred, but add no value to the product. Thus, the investment in storage
and handling equipment and in floor space must be based on minimizing unit storage and
handling costs.

Other factors to be considered in designing warehousing systems include control of inven-
tory size and location, provisions for quality inspection, provisions for order picking and pack-
ing, staging for receiving and shipping, appropriate numbers of shipping and receiving docks,
and maintenance of records.

WAREHOUSING ACTIVITIES

Warehousing activities vary according to material amounts and characteristics. However, the
activities associated with warehousing generally include the following procedures:

1. Unload inbound shipments.

2. Accumulate received material in a staging area.

3. Examine the quantity and quality and assign a storage location.

4.75
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4. Transport the material to the storage area.

14

Place the material in the assigned storage location.

6. Retrieve the material from storage and place it in an order-picking line, if a picking line
is used.

7. Fill orders, if applicable.

8. Sort and pack, if applicable.

9. Accumulate for shipping.
10. Load and check outbound shipments.
11. Label package and carrier selection.

WAREHOUSING INFORMATION AND DOCUMENT CONTROL

Associated with the physical handling and storage of materials is an information- and
document-control system. The information- and document-control system provides for:

1. Acknowledging receipt of material for accounting purposes

Verifying the quality and quantity of received material

Updating the inventory records to reflect receipts

Locating all material in storage

Updating the inventory records to reflect shipments

U

Notification to the accounting function of shipments for billing purposes

Many information- and document-control systems are standard features of current ware-
house management systems (WMSs). The cost-effectiveness of such systems over manual sys-
tems depends on such factors as:

1. The number of line items in storage

2. The number of customers served

3. The volume of material shipped

4. The speed and accuracy required to process orders

Generally, WMSs, technology, and automation are cost-effective for industries and distri-
bution centers having many line items in storage, many customers, and a large volume of
goods shipped. Distributors in many diverse industries often utilize WMSs, technology, and
automated systems. Examples of technology include bar codes, radio-frequency (RF) tags,
and RF mobile computer terminals. Examples of automated systems include automated stor-
age and retrieval systems (AS/RSs), “pick-to-light” systems, high-speed sorting systems, and
conveyor systems.

TYPES OF MATERIALS

Materials to be stored may be broadly classified as bulk materials or packaged goods. Bulk
materials such as fuels, chemicals, minerals, and grain are stored in specialized storage facili-
ties and transported in pipes, screw conveyors, power shovels, etc. In the many industries
which handle and store bulk goods, each accomplishes these tasks with very specialized equip-
ment and techniques. This discussion will be limited to warehousing packaged goods. The
reader should consult specific publications that apply to bulk materials-handling industries
for particulars in bulk handling.
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Within the packaged-goods classification, materials are subdivided into categories accord-
ing to their state of completion in the manufacturing process. Categories include raw materi-
als, goods in process, and finished goods.

Raw materials. These vary widely in characteristics, depending on the industry. A few
examples are raw foods and ingredients for food processors, thousands of small parts for
electronics assemblers, engines and motors for manufacturers of vehicles, and wood and
finishes for furniture manufacturers. Raw materials are the goods on which the manufac-
turing process will operate to produce salable products. Indeed, the finished goods of one
manufacturer often become the raw materials of another.

Goods in process. This refers to goods which have completed some but not all of the
manufacturing process. Typically, a manufacturing process involves several operations uti-
lizing different equipment, skills, and materials. Goods in process are stored while awaiting
the next manufacturing operation. They are often stored along the manufacturing process
rather than in the warehouse proper.

Finished goods. These goods are those which have completed the manufacturing process
and are stored in inventory to fill customer orders. Finished goods may be further subdi-
vided into reserve and order-picking stock. Customer orders are filled from order-picking
stock while the picking stock is replenished from reserve stock.

The amount of raw materials, goods in process, and finished goods to be handled and
stored varies considerably from industry to industry. Industries having large inventories of
raw materials usually are converters of bulk materials such as paper and steel. Manufacturers
of highly complex equipment such as computers and automobiles require a significant
amount of raw-materials storage for parts as well.

Industries having significant needs for goods in process handling and storage are those
whose manufacturing process is not automated. Machine-shop and electronic-assembly oper-
ations are examples.

Finished-goods handling and storage capacity are a function of manufacturing volume and
product bulk. Industries having high-volume and high-bulk output generally require a con-
siderable handling capacity for finished goods. The paper conversion and bottling industries
are examples.

CONSIDERATIONS IN WAREHOUSE PLANNING

The objective of warehouse planning is to provide space and equipment to hold and preserve
goods until they are used or shipped in the most cost-effective manner. The efficient accom-
plishment of warehousing activities listed in Chap. 4.1 is dependent on thorough planning. The
following sections discuss these considerations as a guide to the warehouse planner.

Type and Number of Materials

The type and number of materials to be stored and handled form the basis for warehouse
planning. The physical characteristics of the material, to a great extent, determine materials-
storage and -handling methods. Physical factors include dimensions, weight, shape, and dura-
bility. As a first step in warehouse planning, all materials to be stored must be identified and
their physical characteristics listed.

The quantity of each material item to be stored must be established. The planner may
require assistance from sales management for finished-goods inventory levels and manufac-
turing management for establishing levels of raw materials and goods in process. In establish-
ing inventory levels, seasonality, changes in product mix, and expected turnover rate become
factors.
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With the inventory level of each item of stored material established, a storage unit is
selected. A storage unit is the least number of an item which is stored as one unit. Examples
include a single crated refrigerator, a pallet containing 20 cases of canned goods, and a bundle
of pipe. The storage unit is usually selected according to the physical characteristics of the
material, the available handling and storage equipment, the quantity, and the manner in which
the material is received or shipped.

A storage unit may be larger than a shipping unit or a manufacturing unit. In this case,
order-picking facilities are provided for items used or shipped in lots smaller than a storage
unit. The service level of storage in an order-picking operation must be established as well.

Factors affecting order-picking stock levels include minimum order quantity, volume, and
the physical characteristics discussed earlier. Sheet-metal screws, for example, might be in
3-months supply, while cased canned goods might be in only 8-h supply, and automotive com-
ponents at an assembly plant might be in only 4-h supply.

Storage Equipment

Storage-equipment selection follows the establishment of the reserve and order-filling inven-
tory storage units and levels.

In the case of selecting equipment for an existing building, the constraints of the building
itself must be taken into consideration. Storage equipment must be compatible with floor
loading capacity, clear height beneath sprinklers and structural steel, column spacing, and
location of shipping and receiving docks, etc.

The characteristics of the storage unit, pallet, drum, bundle, etc., largely determine the
type of storage equipment required. The inventory levels to be maintained determine the
number of pieces of storage equipment. Materials characteristics and the volume of materi-
als movement generally are deciding factors in selecting materials-handling equipment.
Materials-handling equipment is discussed in Chaps. 4.3 and 4.4.

Storage equipment usually consists of general-purpose or specialty storage racks of vary-
ing height, depth, and load capacity. However, the warehouse floor may serve as all or part of
the required equipment. Storage units such as pallets of cased canned goods, which have the
rigidity and stability to support loads placed on top of them, are normally stored on the floor
in stacks. Rolls of paper and coils of steel are frequently stacked on end. Storage units which
have rigidity and are many in number lend themselves to floor-stacking techniques.

Heavy or bulky storage units which lack rigidity or which are few in number are generally
better stored in storage racks. Storage units which are small, such as wristwatches or thumb-
tacks, are suitable for storage in shelving and bins. Containers used in conjunction with shelv-
ing or by themselves are discussed in Chap. 4.2.

Some types of available storage equipment are described below. Custom-designed special
equipment is offered by many storage-equipment manufacturers.

Pallet Frames. Pallet frames (Fig. 4.51) are
useful where materials lack the rigidity or
stability to be stacked on the floor and where
there are a large number of storage units in
inventory. The pallet frame attaches to the
pallet and extends above the material. The
frame acts as a structure on which another
pallet is stacked. Pallets so stacked are often
placed several stacks deep and thus conserve
floor space as compared with pallet racks
which require aisle access. The frames are
removable for pallet loads not requiring
FIGURE 4.51 Pallet frame. support.
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Pallet Racks. Pallet racks are the most commonly used storage aids and are available in
many configurations adapted to particular materials characteristics and turnover rates. Pallet
racks, for the purpose of this discussion, are classified into five groups.

One-Deep Pallet Racks. These are used when many items with small inventory quantities
must be stored for ready accessibility. They may be configured to accommodate containers
and other unit loads in addition to pallets. They are also used for order picking when it is most
economical to pick directly from storage units.

One-deep pallet racks consist of vertical upright frames connected by horizontal cross-
beams on which pallets and containers are placed one deep. Uprights are available in various
heights and depths, and crossbeams are available in various lengths to accommodate most
storage unit sizes. The load-carrying capacity for the upright and beam combinations is estab-
lished by the manufacturers.

The normal storage height for this type of rack is from 20 to 24 ft (6 to 7 m) from the floor
to the top of the top load. Lifting operations tend to be inefficient at greater heights because
it becomes too difficult for the lift operator to accurately place the storage unit. Specialized
equipment for heights greater than 24 ft (7 m) is available, however.

The horizontal crossbeams are adjustable so that the vertical height of the rack may be
divided into as many storage levels as desired. The individual storage-opening height is tai-
lored to suit the height of the storage unit. Clearance of 4 to 6 in (10 to 15 cm) from the top of
the load to the bottom of the crossbeam above it is usually provided. In establishing the max-
imum height of the top load, the height of the fire-protection sprinklers must be considered.
Most fire-protection codes and fire-insurance underwriters require a minimum clearance of
18 in (45 cm) between the top storage unit and the sprinklers. The warehouse planner should
consult the local applicable fire code and the insurance underwriter.

The horizontal width of the storage opening is determined by two factors. These are the
maximum weight and the maximum width of the loads to be stored in the opening. It should
be noted that the load width may be larger than the pallet width because of load overhang.
Normally, 4 in (10 cm) is provided horizontally between loads and between loads and
uprights. Typically, two pallet loads are placed side by side in one opening. When the horizon-
tal dimension of the opening has been determined, the rack manufacturer’s catalog is con-
sulted to select a compatible crossbeam length and weight capacity.

At this point in warehouse planning, the planner should calculate the floor load resulting
from the fully loaded pallet rack. The floor loading will become a design parameter for new
construction. In the case of an existing facility, the floor will be confirmed as adequate or the
rack arrangement will be shown to be unfeasible.

The number of pallet racks required is determined by dividing the maximum number of
storage units by the number of those units contained in one rack.

Two-Deep Pallet Racks. These racks (Fig. 4.52) are similar in design to the one-deep pal-
let rack except that two pallets, one behind the other, are stored in each position. Two-deep
racks are used when there is insufficient floor space to accommodate the required number of
one-deep racks. Two one-deep racks are normally placed side by side and require aisle access
from each side of the two-rack combination. The two-deep rack requires access from only one
side but stores the same amount of material as the two one-deep racks placed side by side. The
ratio of aisle to storage is thus reduced by using two-deep racks.

Two-deep racks have some costs associated with them, however. Lift equipment must be
fitted with extended reach capability in order to position loads in the rear storage position.
The efficiency of storing and retrieving the load in the rear storage position is less than with
single-position loading and unloading. Two-deep racks are often more expensive than their
two, one-deep, side-by-side counterparts. Storage units are sometimes damaged when posi-
tioned in or retrieved from the rear position.

The manner of selecting the height, depth, width, and number of two-deep racks is similar
to that for one-deep racks.

Drive-In or Drive-Through Pallet Racks. These racks (Fig. 4.53) are designed to provide
storage several pallets deep. The racks consist of vertical uprights which are braced across the
top of the rack. Angle-iron ledges are welded or bolted to the insides of the uprights to sup-
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FIGURE 4.53 Drive-in or drive-through rack. (Reproduced with
permission from Material Handling Handbook and Directory, 1977/
1978, published by Material Handling Engineering magazine, Cleve-
land, Ohio.)

port the pallets. This arrangement allows the lift vehicle to enter the rack to place or retrieve
a pallet.

Drive-in or -through pallet racks are used where floor space is limited and where there are
many storage units of a particular item to be accommodated. Palletized items shipped or
delivered by the entire truckload would be candidates for storage in this type of rack. The
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total number of positions of storage in one storage aisle in the rack could be designed to con-
tain one truckload.

There are several limitations of drive-in or -through racks. Pallets stored in the rear or
middle of a storage aisle cannot be retrieved until those in front are removed. This feature
limits first-in—first-out inventory control except by loading or unloading entire storage-aisle
lots one at a time. When entire storage-aisle lots are so treated, empty pallet positions are cre-
ated if less than the entire aisle is filled or emptied. Storage efficiency is thereby reduced.

The lift operator must move and lift the storage unit in very confined spaces. Damage to
the goods as a result of close tolerances is more frequent in this rack than in others. It is also
clear that the lift operator’s efficiency is reduced by the requirement of driving into the rack
in confined spaces.

Since the ledges that support the pallets are fixed, storage units of uniform dimensions are
required. Storage units having overhang on the side of the pallet generally do not lend them-
selves to this type of storage. Finally, the lift vehicle may be no wider than the distance
between the ledges. In selecting drive-in or -through racks, the planner should keep in mind
that the usual maximum height is again 20 to 24 ft (6 to 7 m) and that drive-in racks usually
are no more than six pallets deep. Due to their depth and the relative lack of bracing of their
own, higher drive-in and -through racks generally require bracing to the building structure.

Gravity-Flow Racks. These racks (Fig.4.54) are constructed to contain several pallets in
depth and to support the pallets on inclined roller conveyors. Pallets are loaded on the high
side of the roller conveyor and removed from the low side. As a pallet is removed from stor-
age, the pallets behind it roll down toward the retrieval opening.

Replenish Pick Replenish
pallet loads case loads pallet loads
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FIGURE 4.54 Gravity-flow racks.

Gravity-flow pallet racks and smaller versions for individual cartons and containers are
commonly employed in order-picking operations. A continuous supply of an item is presented
to the order picker without replenishment interference. Gravity-flow racks are also useful in
maintaining first-in—first-out inventory control.

Gravity-flow pallet racks generally do not exceed six pallets in depth because of the high
cost. However, the depth of the rack may be designed to contain a particular time period’s
supply. This configuration is appropriate when continuous replenishment is not employed.

The height of gravity-flow racks seldom exceeds 24 ft (7 m). The height of the rack is often
limited to that conveniently reached by the order picker. In some cases two-level picking on
the inside by personnel on foot is replenished by lift vehicles from the back side. See Fig. 4.54.

The height and width of storage or picking openings in a gravity-flow system are usually
fixed with little or no adjustment conveniently possible. Instead, storage units are arranged to
fit the gravity-flow configuration.

Gravity-flow racks may not be suited to very unstable storage units due to the shock of
impact of movement and sudden stops on the inclined roller conveyor. Such difficulties are
overcome by placing the unstable items in suitable containers.
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Logic-Flow Racks. These are, in principle, designed to accomplish the same functions as
gravity-flow racks. Instead of gravity providing the motive force to move full storage units to
the picking opening, a powered conveyor does so. In most applications the order picker oper-
ates the powered conveyor with start-stop control. This arrangement eliminates the shock of
impact experienced in gravity conveyors. Unstable and very delicate storage units are handled
and stored in this manner.

In general, due to its high cost, the logic-flow rack is employed only for very specific, small
storage situations. For the most part, these systems are manufactured from custom designs.

Bins and Shelving. Bins and shelving are widely used for the storage of goods in small lot
sizes as raw materials, goods in process, and as finished goods, particularly in order-picking
applications. They are available in many sizes, strengths, and degrees of closure. Indeed, pallet
racks, previously discussed, may easily be converted to shelving.

In selecting shelf and bin storage, the planner determines for each storage item an appro-
priate shelf opening and depth or bin-drawer size. Shelves, bins, and drawers may be fitted
with dividers to contain more than one item. The degree of protection from dust, light, theft,
etc., determines the degree of closure required. Shelving and bin closures are available from
totally open to totally enclosed and individually locked. Where many items require the same
degree of protection, the shelving-bin system may be enclosed in a protective enclosure such
as a clean room or refrigerated room.

Shelf, bin, and drawer arrangements can be obtained as separate units or in customized
combinations. Customized combinations are more costly but may be justified in situations
where stock may be advantageously stored in some picking order. Order-picking efficiency is
maximized by reducing search and travel time on the part of the order picker.

Automatic Storage and Retrieval Systems. Automatic storage and retrieval systems
(Fig. 4.55) are employed to achieve highly dense storage and very efficient placement and
retrieval of materials. Many of the other activities listed under “Warehousing Activities”
at the beginning of this chapter may also be mechanized and partially or fully automated as
well.

The mechanization and automation of warehousing activities require a high capital invest-
ment and a very comprehensive feasibility study to justify the investment. The success of
mechanized and automated warehousing also requires the complete commitment by manage-
ment to support the planning, design, procurement, installation, and especially testing and
implementation. In the past, planning to start up could take over 3 yr, but now manufacturers
of these systems are providing preengineered proven components such as controls and racks,
to reduce excessive start-up times.

Mechanized and automated warehousing systems may be considered by the planner if
some or all of the following conditions exist:

¢ Many varieties of items in storage
¢ High-volume storage items

¢ High turnover in general

¢ Highly seasonal storage items

e High cost of land and floor space
¢ High labor costs

¢ Need for rapid customer service

¢ Random storage desirable

e Storage units uniform in size

Automatic storage and retrieval systems, whether automated or not, achieve their high
density by storing goods at greater heights than in conventional racks. High cube warehous-
ing from 20 to 100 ft (6 to 30 m) is in use. At heights above 20 ft (6 m) the system may become
the structure of the building to which walls and the roof are attached.
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FIGURE 4.55 Automated storage and retrieval system.

The materials-handling equipment, referred to as storage and retrieval (S/R) machines,
can be stacker cranes, turret trucks or automatic guided vehicles. The S/R machine travels on
rails between the storage units and is guided by rails at the top of the storage units. It can oper-
ate in aisles as wide as itself. For example, turret trucks can accommodate up to 3300 pounds
(1500 kg) in aisles only 66 in (1.7 m) wide. Each aisle has a dedicated machine which services
both sides of the aisle, although systems can be designed to allow machine to transfer to other
aisles. To determine the feasibility of aisle transfer machines, one should consider planned sys-
tem utilization and required response time of storage and retrievals.

In a semiautomatic system, there is an operator on the S/R machine. In this type of system,
the S/R machine can have the operator travel with it horizontally and vertically or just hori-
zontally. The operator will select the bay and level on a keyboard, and the machine will posi-
tion itself to perform the operation. In a fully automatic system, the operator may control the
movements of the S/R machines from the computer console located at the pick and deposit
station of the system. There are also systems in which a computer system will issue the com-
mands to the S/R machines.

Goods to be placed in storage are often delivered to the S/R machine by conveyor; like-
wise, outgoing goods are sent by conveyor. Often, the conveyor is centrally located at the pick
and deposit station and can be semi- or fully automated.

The degree of mechanization and automatic control of warehousing varies from user to
user and from manufacturer to manufacturer. The planner should consider engaging consul-
tants and equipment manufacturers in the planning process. Most manufacturers provide
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planning guides to assist in identifying requirements. See Refs. 2 and 3 in Chap. 4.3 for more
information. Prior to or during the identification of requirements for a mechanized-
automated system, the planner should also determine requirements for a comparable con-
ventional warehouse system. The capital investment and the operating cost of each system are
than analyzed for economic justification.

Typically the automated system will require a higher initial capital investment but incur
lower annual operating costs than a conventional system. The automated system would be
economically justified if its payback period and return on investment are satisfactory to man-
agement. There also may be tax implications in choosing an automated storage and retrieval
system. Where the racking structure supports the building walls and roof, the structure may be
considered equipment. Equipment may be depreciated at a faster rate than buildings. Other
factors influencing the decision to mechanize and automate include:

¢ Competitive advantage in servicing customers
¢ Reliability and the need for backup systems
¢ Degree to which the market will change
¢ Time to become operational
¢ Availability of capital
Storage and retrieval for small lots can be accomplished with mechanized and automated
arrangements. Horizontal (Fig. 4.56) and vertical carousels are frequently used, and can
achieve picking rates of 100 picks/h. A vertical carousel uses less floor space and resembles a

horizontal carousel rotated onto one end. However, the vertical carousel requires an auto-
mated retrieval system, since it can reach heights of 35 ft (10.6 m). In either carousel system,

Reserve Stock

Replenishment Stations
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Carousel Bin Storage
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Order-picking Stations

Packing Area

FIGURE 4.56 Schematic plan of automated bin storage.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



MATERIALS HANDLING: WAREHOUSING AND STORAGE

MATERIALS HANDLING: WAREHOUSING AND STORAGE 4.85

bins of material are transported to a stationary order picker. The operator may select the pick-
ing face to be transported by an ON-OFF control panel in a semiautomatic configuration. Fre-
quently, the picking list is prepared by computer in the order of storage to minimize moves. In
automated systems, the computer automatically positions the next picking face as the order
picker indicates completion of the last pick or that the item is out of stock. Robotic arms,
guided by computer, may be used to perform the pick operations. Complete automation may
also include provisions for automatic packing-list preparation, billing, and reordering.

Whether manual or mechanized, shelving and bin storage may be arranged in multilevels
by the use of mezzanines. See Fig. 4.57. This configuration is appropriate when high bay space
is available and high storage density is required. In general, high-volume and high-weight
items are stored in lower levels, and lighter, slow-moving items in upper levels.

FIGURE 4.57 Multilevel shelving.

Shipping and Receiving Docks

Shipping and receiving docks are an important factor in warehouse planning because ineffi-
cient layouts may use too many lift trucks and personnel to achieve the necessary loading/
unloading rates. Of prime importance is the number of docks and type of equipment needed.
Recently, dock management software has been developed to track dock performance and
interface with other software.

In warehousing situations involving very high inbound and outbound volume, the princi-
ples of queuing theory are applied to assess peak dock activity. The peak dock activity, using
alternative numbers of docks, may then be simulated using computer models to determine the
best combination of receiving and shipping docks. Suppliers of dock equipment will often
assist in the planning.

In practice, warehouses having moderate to low inbound-outbound traffic are analyzed
from historic or expected data. The peak rate of deliveries and shipments is determined and
expressed in vehicles per hour. The rate at which vehicles are loaded and unloaded is also
determined and expressed in vehicles per hour per dock. Dividing the vehicle rate of arrival
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by the rate at which the vehicles are loaded or unloaded results in the number of docks
required.

EXAMPLE
Peak rate of truck deliveries = 10 trucks per hour

Rate at which trucks are unloaded = 2 trucks per hour per dock

rate of truck arrivals 10 trucks per hour
rate trucks are unloaded ~ 2 trucks per hour per dock

No. receiving docks required = =5 docks

The type of dock and the equipment provided at the dock are dependent upon the type of
material to be handled, the need for specialized loading/unloading equipment, and the need
for security or weather protection.

Types of Docks. Types of docks to be considered include the following.

Indoor Docks. These are designed to accommodate the delivery vehicle under the roof
of the warehouse building. Accommodation for entire tractor-trailers, trailers only, small
delivery trucks, and railcars are common. These arrangements are appropriate where there is
need to contain heated or cooled air, where security is important, and where materials-han-
dling systems such as bridge cranes load or unload the material.

Flush Docks. These are constructed flush with the warehouse floor and with the outer
wall of the building. This type of dock is generally built at a height above the outside grade
level to accommodate the height of the vehicles to be serviced. Where the terrain is flat, ramps
down to the docks are usually provided. This type of dock is normally provided with dock
seals for weather protection. Also typical are dock leveler installations to accommodate
minor differences in the heights of vehicle load beds.

Open Docks. These are less expensive than those previously discussed. However, they
offer the least protection from weather and pilferage. Open docks are appropriate in warmer
climates when handling goods which are not weather-sensitive or pilferable. When installed, a
canopy over the dock area is usually provided.

Sawtooth Docks. These are arranged at an angle to the face of the building wall. This con-
figuration is applicable where maneuvering room for shipping and delivery vehicles is limited.
The sawtooth arrangement may be fully enclosed, covered, or open, as described above.

Dock Equipment. This must accommodate the materials to be handled, the vehicle to be
serviced, the loading and unloading equipment, and the need for weather and security pro-
tection. Some standard equipment includes the following.

Dock Doors. These should be of the overhead type, counterbalanced for ease of opera-
tion. The doors should ride vertically along the wall of the building. Doors with tracks curving
inward, such as a household garage door, could be damaged by materials-handling equip-
ment. Doors are sized to accommodate the loaded materials-handling equipment passing
through them and/or the size and configuration of the delivery-shipping vehicle. Options
available for dock doors include the material from which the door is made, insulation, win-
dows, and mechanized door-opening or -closing operators.

Dock Levelers and Dock Boards. These provide a bridge between the delivery or ship-
ping vehicle and the dock (Fig. 4.58). They also serve to accommodate differences in height
between vehicles and the dock. Dock levelers are typically installed to be flush with the floor
of the dock when retracted. Models which attach to the outside of the dock as a retrofit are
also available. The levelers are activated or retracted by spring pressure or hydraulics. Dock
boards are reinforced steel plates which are manually lifted into place to form the bridge.

Factors used in selecting the appropriate dock leveler or board include the weight of the
heaviest load and materials-handling vehicle combination to cross it, the distance which the
unit must span for bridging, and the combined width of the load and materials-handling vehi-
cle. Manufacturers of this equipment offer a wide variety of weight capacities and sizes.
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FIGURE 4.58 Types of dock levelers and dock boards. (Reproduced with permis-
sion from Material Handling Handbook and Directory, 1977/1978, published by
Material Handling Engineering magazine, Cleveland, Ohio.)

Weather-Protection Equipment. This equipment (Fig. 4.59) consists of devices to seal or
cover the loading-dock area. Truck-dock seals used in conjunction with flush docks are popu-
lar. They have flexible construction and are often inflated. The arriving truck backs into the
seal surrounding the door to effect the seal. Also available are hood-type seals which are
mechanically activated. Made of flexible material, the hood extends out from the dock and
conforms to the shape of the truck or railcar.

Other devices in common use are inside docks (discussed previously) and canopies
extending over the outside dock area for rain protection. Where high activity means that dock
doors are seldom closed, weather curtains are indicated. The curtains consist of strips of clear
flexible material covering the door opening. Materials-handling equipment can drive through
the curtain. When there is no traffic through the curtain, the strips act, to some extent, to seal
the door from weather.

Dock Lighting. Dock lighting is required for nighttime operations. Floodlights are typical
for lighting outside driveways, rails, and maneuvering areas to facilitate spotting delivery and
shipping vehicles. Lighting for open docks is required to facilitate loading- and unloading-
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FIGURE 4.59 Types of dock weather protection.

vehicle movement. When dock seals or hoods are used, lighting may be required for the inside
of the truck or railcar. Portable or adjustable fixed lighting for these purposes is available.

Warehouse Layout

The warehouse layout is the final and perhaps the most important step in the planning
process. Prior to undertaking the layout, the planner establishes the activities to be completed
and the type and number of materials to be stored and handled, storage and handling equip-
ment, and docks. (See “Warehousing Activities” at the beginning of this chapter.) The ware-
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house layout should be planned to provide the space and arrangement that makes the best
use of

¢ Storage cubes
¢ Efficiency of the flow of materials from activity to activity
¢ Effective communications between activities
Because thousands of combinations of types, sizes, weights, and volumes of materials have

been observed, specific warehouse layout characteristics cannot be described in this book.
However, general principles for warehouse design are discussed below.

Location in Storage. The location in storage (Fig. 4.60) of particular items is of importance.
The following points should be considered.

Low-volume goods

1]

Medium-volume goods

High-volume goods

Heavy goods

FIN

Low- Medium- High- User of
volume volume volume stored
goods goods goods goods
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FIGURE 4.60 Location in storage according to volume.

¢ Items having a high turnover should be located near the user. The user may be a manufac-
turing operation, the shipping docks, or a quality-inspection area.

e Items having a high turnover should be stored and retrieved in the most convenient level
vertically—slow movers high and fast movers low.

e Heavy and/or difficult-to-move items should be stored low.
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Where few items but large volumes of commodities are characteristic, individual loads of an
item should be stored together in semidedicated areas.

Where many items, but few of each, are encountered, random storage should be considered.
A locator system is necessary.

The nature of some storage items may require them to be stored in dedicated space. Some
examples include hazardous materials, items of high value, and perishable goods.

Aisles

Minimum aisle width is determined by the loaded maneuvering characteristics of materials-
handling equipment. Determination of minimum aisle width is discussed in Chap. 4.4

Aisle width may be reduced by imposing one-way traffic.

Aisles should open from the supplying area and open to the user area for maximum effi-
ciency.
Aisles should not be located next to walls as only one storage face is presented.

Storage Equipment Location and Arrangement

The arrangement may be effected by column spacing in existing buildings or may determine
the column spacing in new facilities. Normally, one-deep, two-deep, and drive-in racks, as
well as shelving, are placed end on end, back-side along column lines. This arrangement
eliminates column interference with aisles. See Fig. 4.52.

One-deep, two-deep, and drive-in racks, as well as shelving, are most effectively placed
back-to-back in open floor areas. This arrangement minimizes access aisle requirements. In
the case of racks, space between them must be provided for pallet overhang. Frequently, the
width of a line of columns provides this space.

Storage racks, except gravity-flow and logic-flow, in addition to shelving, are efficiently
placed along walls with openings for doors and fire-protection equipment. See Fig. 4.52
The height of the storage equipment is limited to that which provides no less than 18 in (45
cm) of clearance beneath fire-protection sprinklers. Local codes or fire underwriters may
require a different clearance.

Docks

Receiving and shipping docks are usually located to accommodate the flow of materials in
the manufacturing process. The most common manufacturing flow patterns are straight-
through and U-shaped. See Fig. 4.61.

In the straight-through processes, raw materials are received and stored at the beginning of
the manufacturing process. Finished goods appear at the end of the process and are stored
and shipped from that location. Receiving and shipping areas which are so separated gen-
erally require more personnel and docks than an equivalent U-shaped arrangement.

In U-shaped process flow, raw materials arrive at the same side of the building as that from
which the finished goods are shipped. Shipping and receiving docks may be separated by no
more than an imaginary line. This arrangement may offer economies in lower personnel
requirements and in the number of docks since receiving and shipping personnel and equip-
ment may be interchanged when necessary. The U-shaped process flow is also advantageous
if high bay storage for both raw materials and finished goods is required.

Spacing between docks is established to minimize interference between the docks during
operations.

Areas adjacent to docks for staging off-loaded material or material awaiting shipment are
normally required.
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Receiving docks Shipping docks

T

|
Raw materials | Finished goods
storage l storage
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Manufacturing
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in-process storage

(a)

Raw Manufacturing Finished
materials and goods
Receiving storage in-process storage storage Shipping
docks docks

(b)

FIGURE 4.61 Materials flow patterns. (a) U-shaped materials flow, (b) straight-
through materials flow.

¢ Provisions for enclosed space near docks may include administrative offices, personnel

comfort facilities, and quality-inspection areas.

Building Characteristics

Storage height may be limited not only by fire codes but also by local zoning restrictions.

Building services such as piping and space heaters should be placed in aisles to avoid inter-
fering with storage equipment and to be accessible for maintenance.

Lighting is normally designed to aid materials-handling equipment operators and order-
picking personnel in locating and identifying stored items. Architectural and engineering
firms normally assist the planner in determining the number and location of lighting fixtures.

The type and number of units of fire-protection equipment are governed by fire code and
fire underwriter requirements. Generally, the flammability and the amount of material
stored determines the requirements.

Floors may be enhanced to increase durability and housekeeping qualities. Coatings are
available to increase surface hardness and wearability and to reduce dust. Typically, 3- to
4-in (8- to 10-cm) lines are painted on the floor to mark traffic and storage aisles.
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REGULATORY REQUIREMENTS

Although considerable federal and state legislation concerning air quality was developed dur-
ing the 1960s, the primary statutory framework now in place was established by the Clean Air
Act (CAA) of 1970. This legislation was amended in 1974 to incorporate a program to ensure
attainment of the ambient air-quality standards (AAQS) for certain pollutants, and emission
or performance standards for certain industrial sources. In 1977 Congress enacted additional
revisions, including the Prevention of Significant Deterioration (PSD) and nonattainment
requirements applicable to new or modified sources located in pollutant attainment or nonat-
tainment areas, respectively.

Reauthorization of the CAA was due in 1983; however, it was November 1990, after many
years of intensive and acrimonious debate by Congress, before the statute was amended
again. The CAA Amendments (CAAA) of 1990 were extensive and will double the annual
costs to industry in order to achieve compliance over the next 10 yr or more. The major com-
ponents of the preamendment clean air program are set forth here.

Pre-1990 Regulations and Standards

National Ambient Air-Quality Standards. The National Ambient Air-Quality Standards
(NAAQS) define the quality of air that must be achieved to prevent adverse effects. The pri-
mary air-quality standards specify levels of pollution that cannot be exceeded without threat-
ening adverse effects on human health. The secondary air-quality standards set limits that if
exceeded could result in adverse effects on public welfare, including property and vegetation.
For certain pollutants, both short- and long-term standards have been established. For each
type of pollutant for which health- and welfare-based air-quality criteria have been estab-
lished there is a set of these standards, each with its own regulatory program to limit atmos-
pheric concentration levels at or below the levels set by its standards. The secondary standards

4.93
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TABLE 4.10 National Primary and Secondary Ambient Air-Quality Standards

Type of  AveragingCompliance frequency Concentration
Pollutant standard time parameterpg/m’ ppm
Sulfur oxides Primary 24h Annual maximum#* 365 0.14
(as sulfur dioxide) Primary 1yr Arithmetic mean 80 0.03
Secondary 3h Annual maximum#* 1,300 0.5
Particulate matter of ~ Primary and 24h Three-year average of the 65 —
2.5 um or less (PM,s)  secondary’ 98th percentile daily value
Primary and 1lyr Three-year average 15 —
secondary’
Particulate matter of ~ Primary and 24h Annual maximum? 150 —
10 um or less (PM,) secondary 24h Annual arithmetic mean* 50 —
Carbon monoxide Primary and 1h Annual maximum#* 40,000 35
secondary 8h Annual maximum®* 10,000 9
Ozone Primary and 1h Annual maximum* 235 0.12
secondary
Primary and 8h Three-year average of — 0.08
secondary’ fourth-highest daily
maximum
Nitrogen dioxide Primary and 1yr Arithmetic mean 100 0.05
secondary
Lead Primary and 3 mo Arithmetic mean 1.5 —
secondary

* No more than one expected exceedance per year.

" A 1999 federal court ruling remanded these standards to EPA, which had proposed them in 1997, thus blocking
their implementation. The U.S. Supreme Court has agreed to reconsider that decision.

“In 1997, EPA proposed to revise the compliance frequency parameters for PM,, to a 3-yr average of the 99th per-
centile 24-h average concentration; averaging of exceedances per year over a 3-yr period; and a 3-yr average of the
annual arithmetic mean concentrations. A 1999 federal court ruling vacated these revisions, thus blocking their imple-
mentation. EPA has not contested this ruling.

are identical to these primary standards, except for sulfur dioxide (SO2), for which there is a
3-h, short-term secondary standard of 1300 mg/m3. Refer to Table 4.10, which presents the
current NAAQS, including the particulate matter of 10 mg or less (PM10) standard that
replaced the original total suspended particulate (TSP) standard in 1993. Whenever ambient
air pollution levels exceed the standard (i.e., nonattainment areas), the thrust of the program
is to mandate efforts to reduce air emissions to improve air quality.

State Implementation Plan. The State Implementation Plan (SIP) provides a scheme under
which the NAAQS are expected to be achieved and maintained. These plans, which must be
approved by the U.S. Environmental Protection Agency (EPA), provide comprehensive pro-
grams by each state to reduce pollution through a variety of specific abatement measures,
some of which are delineated in facility-specific compliance programs. Once approved by
EPA, these state-specific or facility-specific requirements become federally enforceable limi-
tations. When deficiencies in the SIPs become apparent, modifications can be made, using spe-
cific legal procedures set forth by EPA. However, the process of issuing or modifying a SIP
can be complicated and time consuming.

Air-Quality Control Regions. The Air-Quality Control Region (AQCR) is a basic delin-
eation of each state into appropriate geographical airsheds. Within an AQCR, a state must
define the attainment status for each pollutant. There are 247 AQCRs in the United States in
which air quality is defined by ambient-air monitoring data, estimates made from mathemat-
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ical dispersion analyses, or both. Each AQCR has its own program and schedule specified in
the SIPs (some AQCRs are interstate), which have been developed to achieve and/or main-
tain acceptable air quality.

New Source Performance Standards. The New Source Performance Standards (NSPS) are
an indirect way of attaining or maintaining air-quality standards by limiting emissions from
certain new or modified sources. These standards now cover more than 70 basic industrial and
process categories. A new plant is subject to the NSPS only if these standards are proposed by
EPA for a certain source category before the plant is under construction. Thus, before pro-
ceeding with a new plant, a company should determine which categories are covered by
NSPS. Industries affected by the NSPS are shown in Table 4.11. Industrial categories sched-
uled for NSPS development are listed in Table 4.12.

National Emission Standards for Hazardous Air Pollutants. The National Emission Stan-
dards for Hazardous Air Pollutants (NESHAPs) were designed as a means of limiting emis-
sions from both new and existing sources of pollutants that impair human health. However,
under the CAA, as amended in 1977, the development and promulgation of NESHAPs was
required to follow a rather lengthy and arduous path that was subject to several general cri-
teria that became the focus of regulatory and judicial challenges and interpretations, resulting
in subsequent delays. Therefore, during the 20 yr prior to the CAAA of 1990, only 22
NESHAPs were promulgated for 8 hazardous air pollutants (HAPs) emitted from narrowly
defined source categories (see Table 4.13). The main provisions of the act (in Section 112) that
brought about this rather ponderous process were the following:

e The requirement that a pollutant had to go through a rather lengthy, and often contested,
process of being listed as a HAP “which causes, or contributes to, air pollution which may
reasonably be anticipated to result in an increase in mortality or an increase in serious, irre-
versible, or incapacitating reversible, illness.” This listing process had to be completed
before standards could be developed (which process in itself required numerous internal
EPA, interagency, and public review steps).

¢ The requirement that NESHAPs “provide an ample margin of safety to protect the public
health” without any other Congressional guidance so that the regulatory development
process could not consider cost (as was permitted and required for the technology-based
NSPSs).

PSD/New Source Review. A special feature of the clean air program, largely added by the
1977 amendments, applies to new or modified facilities that cause a significant increase in air
emissions. The two primary features of this review process pertain to new or modified facili-
ties located in areas where a significantly emitted pollutant is either in attainment or not in
attainment of the applicable NAAQS. For those areas in attainment of the standard, the pro-
posed industrial project must avoid a significant deterioration of the air quality by complying
with the PSD requirements. In nonattainment areas, the project will be subject to New Source
Review (NSR) nonattainment requirements designed to achieve a net improvement of the air
quality. It is important to note that PSD and nonattainment requirements are applied sepa-
rately to each regulated pollutant. Thus, a new plant to be located in an area classified as
nonattainment for ozone and attainment for particulates and SO, could be required to com-
ply with both the PSD and the NSR nonattainment requirements. The principal requirements
of each program are presented here.

Prevention of Significant Deterioration. EPA’s regulations for PSD of air quality in clean
air areas represent one of the most complicated parts of the entire CAA. Their basic purpose
is to prevent unlimited industrial growth from degrading air quality in those areas where the
NAAQS are being met, to ensure preservation of cleaner air. The system designed to achieve
that goal includes technology standards to ensure that any new major facility or modification
incorporates the best available control technology (BACT), an incremental system to prevent

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



4.96

TABLE 4.11 Typical Categories for Federal New Source Performance Standards*
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Subpart Category 40 CFR 60 Proposed  Promulgated  Last revised
D Fossil-Fuel-Fired Steam Generators—8/17/71-9/19/78 8/17/71 12/23/71 9/24/96
Da Electric Utility Steam Generating Units—9/18/78 9/19/78 6/11/79 5/7/90
Db Industrial-Commercial-Institutional Steam Generating 6/19/84 11/25/86 10/8/97

Units (greater than 100 MBtu/h)
Dc Small Industrial-Commercial-Institutional Steam 6/9/89 9/12/90 5/8/96
Generating Units (10-100 MBtu/h)
E Incinerators 8/17/71 12/23/71 2/14/90
Ea Municipal Waste Combustors—12/20/89-9/20/94 12/20/89 2/11/91 12/19/94
Eb Large Municipal Waste Combustors—9/20/94 9/20/94 12/19/95 8125197
Ec Hospital/Medical/Infectious Waste Incinerators— 6/20/96 9/15/97 —
6/20/96
F Portland Cement Plants 8/17/71 12/23/71 2/14/89
G Nitric Acid Plants 8/17/71 12/23/71 2/14/89
H Sulfuric Acid Plants 8/17/71 12/23/71 2/14/89
I Hot-Mix Asphalt Facilities 6/11/73 3/8/74 2/14/89
J Petroleum Refineries 6/11/73 3/8/74 2/4/91
K Storage Vessels for Petroleum Liquids— 6/11/73 3/8/74 4/8/87
6/11/73-5/19/78
Ka Storage Vessels for Petroleum Liquids—5/18/78— 5/18/78 4/4/80 4/8/87
7/23/84
Kb Volatile Organic Liquid Storage Vessels—7/23/84 7/23/84 4/8/87 10/8/97
L Secondary Lead Smelters 6/11/73 3/8/74 2/14/89
M Secondary Brass and Bronze Production Plants 6/11/73 3/8/74 2/14/89
N Basic Oxygen Process (BOP) Furnaces—6/11/73 6/11/73 3/8/74 2/14/89
Na Secondary Emissions from BOP Steelmaking 1/20/83 1/2/86 2/14/89
Facilities—1/20/83
O Sewage Treatment Plants 6/11/73 3/8/74 2/3/94
P Primary Copper Smelters 10/16/74 1/15/76 2/14/89
Q Primary Zinc Smelters 10/16/74 1/15/76 2/14/89
R Primary Lead Smelters 10/16/74 1/15/76 2/14/89
S Primary Aluminum Reduction Plants 10/23/74 7125177 10/7/97
T Phosphate Fertilizer Industry (PFI): Wet-Process 10/22/74 8/6/75 2/14/89
Phosphoric Acid Plants
U PFI: Superphosphoric Acid Plants 10/22/74 8/6/75 2/14/89
A% PFI: Diammonium Phosphate Plants 10/22/74 8/6/75 2/14/89
w PFI: Triple Superphosphate Plants 10/22/74 8/6/75 5/17/89
X PFI: Granular Triple Superphosphate Storage 10/22/74 8/6/75 4/15/97
Facilities
Y Coal Preparation Plants 10/22/74 1/15/76 2/14/89
z Ferroalloy Production Facilities 10/21/74 5/4/76 2/14/90
AA Steel Plants: Electric Arc Furnaces—10/21/74— 10/21/74 9/23/75 5/17/89
8/17/83
AAa Steel Plants: Electric Arc Furnaces—8/17/83 8/17/83 10/31/84 5/117/89
BB Kraft Pulp Mills 9/24/76 2/23/78 2/14/90
CC Glass Manufacturing Plants 6/15/79 10/7/80 5/17/89
DD Grain Elevators 1/13/77 8/3/78 2/14/89
EE Surface Coating of Metal Furniture 11/28/80 10/29/82 12/13/90
GG Stationary Gas Turbines 10/3/77 9/10/79 6/27/89
HH Lime Manufacturing Plants 5/3/77 4/26/84 2/14/89
KK Lead-Acid Battery Manufacturing Plants 1/14/80 4/16/82 2/14/89
LL Metallic Mineral Processing Plants 8/24/82 2/21/84 2/14/89
MM Automobile and Light-Duty Truck Surface Coating 10/5/79 12/24/80 10/11/94
Operations
NN Phosphate Rock Plants 9/21/79 4/16/82 5/17/89
PP Ammonium Sulfate Manufacture 2/4/80 11/12/80 2/14/89
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TABLE 4.11 Typical Categories for Federal New Source Performance Standards* (Continued)

Subpart Category 40 CFR 60 Proposed Promulgated  Last revised
QQ Graphic Arts Industry: Publication Rotogravure Printing 10/28/80 11/8/82 —
RR Pressure-Sensitive Tape and Label Surface Coating 12/30/80 10/18/83 12/13/90

Operations
SS Industrial Surface Coating: Large Appliances 12/24/80 10/27/82 12/13/90
TT Metal Coil Surface Coating 1/5/81 11/1/82 5/3/91
uu Asphalt Processing and Asphalt Roofing Manufacture 11/18/80 8/6/82 6/27/89
\'A% Equipment Leaks of VOCs in the Synthetic Organic 1/5/81 10/18/83 6/12/96
Chemical Manufacturing Industry (SOCMI)
wWw Beverage Can Surface Coating Industry 11/26/80 8/25/83 12/13/90
XX Bulk Gasoline Terminals 12/17/80 8/18/83 2/14/89
AAA Residential Wood Heaters 7/1/88 2/26/88 6/29/95
BBB Rubber Tire Manufacturing Industry 1/20/83 911587 9/19/89
DDD VOC Emissions from the Polymer Mfg. Industry 9/30/87 12/11/90 3/22/91
FFF Coating of Flexible Vinyl and Urethane Coating and 1/18/83 6/29/84 8/17/84
Printing
GGG Equipment Leaks of VOCs in Petroleum Refineries 1/4/83 5/30/84 —
HHH Synthetic Fiber Production Facilities 11/23/82 4/5/84 6/23/94
III VOC Emissions from SOCMI Air Oxidation Unit 10/21/83 6/29/90 9/7/190
Processes
ARAJ Petroleum Dry Cleaners 12/14/82 9/21/84 11/27/85
KKK Equipment Leaks of VOCs from Onshore Natural Gas 1/20/84 6/24/85 1/21/86
Processing Plants
LLL Onshore Natural Gas Processing: SO, Emissions 1/20/84 10/01/85 2/14/89
NNN VOC Emissions from SOCMI Distillation Operations 12/30/83 6/29/90 11/27/95
000 Nonmetallic Mineral Processing Plants 8/31/83 8/1/85 6/9/97
PPP Wool Fiberglass Insulation Manufacturing Plants 2/7/84 2/25/85 2/14/89
QQQ VOC Emissions from Petroleum Refinery Wastewater 5/4/87 11/23/88 8/18/95
Systems
RRR VOC Emissions from SOCMI Reactor Processes 6/29/90 8/31/93 11/27/95
SSS Magnetic Tape Coating Facilities 1/22/86 10/3/88 11/29/88
TTT Industrial Surface Coating: Surface Coating of Plastic 1/1/86 1/29/88 6/15/89
Parts for Business Machines
uUuu Calciners and Dryers in Mineral Industries 4/23/86 9/28/92 7/29/93
\"A'A% Polymeric Coating of Supporting Substrates Facilities 4/30/87 9/11/89 —
WWW  Municipal Solid Waste Landfills 5/30/91 3/12/96 6/16/98

* For complete list, consult U.S. Environmental Protection Agency, Washington, D.C.

any single project from having undue impacts on air quality, and an intricate scheme of pro-
cedural and technical requirements to ensure compliance with the technological and incre-
mental limitations. In brief, the system works as follows:

Best Available Control Technology (BACT). All new plants and modifications subject to
PSD must install BACT. What constitutes BACT is determined on a case-by-case basis. Dur-
ing the late 1980s, EPA instituted a top-down system of BACT determination under which the
applicant first identifies the most stringent state-of-the-art control technology that could pos-
sibly be used, and then places the burden on the applicant to justify any variations from such
controls by demonstrating that they cannot be used with respect to the actual proposed facil-
ity based on technological, environmental, energy, or cost considerations. Top-down BACT,
requiring consideration of the most stringent alternative first, has been set aside by the courts;
however, it is still being implemented by many state agencies. EPA has established a BACT
clearinghouse for each source category. Nevertheless, it is the responsibility of the applicant
to define, support, and defend the selected BACT.

Increments of Air Quality. Even after satisfying the BACT controls, the applicant will not
be permitted to proceed unless the remaining emissions can be accommodated within an
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TABLE 4.12 Industrial Categories for Which New Source Performance Standards

Are to Be Developed

Stationary fuel combustion
Stationary internal combustion engines

Metallurgical processes
By-product coke ovens
Foundries: gray iron
Foundries: steel
Secondary aluminum
Secondary copper
Secondary zinc
Uranium refining

Mineral products
Brick and related clay products
Castable refractories
Ceramic clay
Gypsum
Perlite
Sintering: clay and fly ash

Polymers and resins
ABS-SAN resins
Acrylic resins
Phenolic resins
Polyester resins
Polyethylene
Polypropylene
Polystyrene
Urea-melamine resins

Food and agricultural
Alfalfa dehydrating
Ammonium nitrate fertilizer
Animal feed defluorination
Starch
Urea (for fertilizer and polymers)
Vegetable oil

Waste disposal
Hazardous waste transfer, storage,
and disposal facilities

Basic chemical manufacture
Synthetic organic chemical manufacturing
Borax and boric acid
Hydrofluoric acid
Phosphoric acid: thermal process
Potash
Sodium carbonate

Chemical products manufacture
Ammonia
Carbon black
Charcoal
Detergent
Explosives
Fuel conversion
Printing ink
Synthetic fibers
Synthetic rubber
Varnish

Evaporative loss sources
Industrial surface coating: fabric
Industrial surface coating: paper

Petroleum industry
Crude oil and natural gas production
Gasoline additives
Petroleum refinery
Transportation and marketing

Wood processing
Chemical wood pulping: acid sulfite
Chemical wood pulping: neutral sulfite (NSSC)
Plywood manufacture

Consumer products
Textile processing

available increment of air quality. The incremental limitations rest first upon an area classifi-
cation system under which all areas in the country meeting air-quality standards are classified
as either Class I (to be kept in especially pristine condition) or Class II (where normal indus-
trial growth is to be permitted). Whichever area is involved, emissions from the new facility or
modification must not cause a projected degradation in preexisting air quality beyond the
amount of the allowable increment. The idea is that in areas that today are much cleaner than
required to satisfy the NAAQS, the air cannot be degraded so that it just barely satisfies the
air-quality standards. In fact, in Class I areas, virtually no degradation will be allowed. It
should be noted that these increments have been established for SO,, nitrogen dioxide (NO,),
and particulates. Air-quality modeling analyses must be conducted to demonstrate compli-
ance with applicable PSD increments and NAAQS. Depending on the geographical and top-
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TABLE 4.13 Typical Categories for Federal Risk-Based National Emission Standards
for Hazardous Air Pollutants*

Subpart Category 40 CFR 61 Pollutant Promulgated Last revised

B Radon from Underground Uranium Mines Radon 12/15/89 —

C Beryllium Beryllium 4/6/73 11/7/85

D Beryllium Rocket Motor Firing Beryllium 4/6/73 11/7/85

E Mercury Mercury 4/6/73 9/23/88

F Vinyl Chloride Vinyl chloride 10/21/76 12/23/92

H Radionuclides Other than Radon from DOE Radionuclides 12/15/89 —
Facilities (except radon)

I Radionuclides from Federal Facilities Other Radionuclides 12/15/89 12/30/96
than NRC Licensees and Not Covered by
Subpart H

J Equipment Leaks (Fugitives) of Benzene Benzene 6/6/84 —

K Radionuclides from Elemental Phosphorus Radionuclides 12/15/89 12/19/91
Plants

L Benzene from Coke By-product Recovery Benzene 9/14/89 12/19/91
Plants

M Asbestos Asbestos 4/5/84 6/19/95

N Inorganic Arsenic from Glass Arsenic 8/4/86 5/31/90
Manufacturing Plants

O Inorganic Arsenic from Primary Copper Arsenic 8/4/86 5/31/90
Smelters

P Inorganic Arsenic from Arsenic Trioxide and Arsenic 8/4/86 10/3/86
Metallic Arsenic Production Facilities

Q Radon from DOE Facilities Radon 12/15/89 —

R Radon Emissions from Phosphogypsum Radon 6/3/92 —
Stacks

T Radon from the Disposal of Uranium Mill Radon 12/15/89 7/15/94
Tailings

\'% Equipment Leaks (Fugitive Emission Volatile HAP' 6/6/84 7/10/90
Sources)

W Radon from Operating Mill Tailings Radon 12/15/89 —

Y Benzene from Benzene Storage Vessels Benzene 9/14/89 12/11/89

BB Benzene from Benzene Transfer Operations Benzene 3/7/90 10/31/90

FF Benzene from Benzene Waste Operations Benzene 3/7/90 1/7/193

* For complete list, consult U.S. Environmental Protection Agency, Washington, DC.

 Volatile HAPs currently include vinyl chloride and benzene.

4.99

ographical features, as well as the existing sources in the vicinity of the proposed facility, the
modeling analysis can be extremely complicated and costly. A modeling protocol is typically
required by regulatory authorities before any refined or detailed analysis is conducted.
Preconstruction Approval.  Plants and modifications subject to PSD review cannot begin
construction until a permit has been issued. To complete PSD reviews in areas where the air-
quality baseline has not been established, which have become less common because PSD has
been in effect for an extended period, an applicant generally must present extensive monitor-
ing data to establish the baseline against which the increment will be calculated. Both meteor-
ological and air-quality monitoring may be required for a period ranging from 4 to 12 months.
These preconstruction requirements may delay any permit submission by a total of 7 to 18
months. A typical schedule of activities for a PSD-affected facility is shown in Fig. 4.62.
Plants subject to PSD review include plants within 28 specified industrial categories (see
Table 4.14) if potential emissions of any regulated pollutant exceed 100 tons per year (tpy)
and plants in other industrial categories if potential emissions exceed 250 tpy. These plants are
defined as “major sources” under the PSD program. Modifications to major sources that
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TYPICAL SCHEDULE OF ACTIVITIES
FOR PERMITTING PSD-AFFECTED FACILITIES

PSD ACTIVITIES SCHEDULE (MONTHS)

01 23 45 6 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

© ®

A. NO PRE-CONSTRUCTION MONITORING
1. MEETING WITH CLIENT
2. MEETING WITH AGENCY
3. SUBMIT MODELING PROTOCOL
AND AGENCY REVIEW
4. SUBMIT MONITORING EXEMPTION REQUEST
AND AGENCY REVIEW
5. PREPARE PERMIT
6. AGENCY REVIEW/APPROVAL *
B. PRE-CONSTRUCTION MONITORING REQUIRED
1. MEETING WITH CLIENT
2. MEETING WITH AGENCY
3. SUBMIT MODELING PROTOCOL
AND AGENCY REVIEW
4. SUBMIT MONITORING PLAN
FOR REVIEW AND APPROVAL
5. SITE PREPARATION, INSTALLATION
AND START-UP OF MONITORING SYSTEM
6. CONDUCT ROUTINE MONITORING
AND Q/A ACTIVITIES
7. PROCESS DATA FOR
MODELING ANALYSIS
PREPARE PERMIT : - : Lo R I
. AGENCY BEVIEW/APPROVAL * |1

1 MONTH COMPLETENESS DETERMINATION
4TO 8 MONTHS AGENCY REVIEW/APPROVAL
1TO 3MONTHS HEARING AND COMMENT PERIOD (IF REQUIRED)
170 3 MONTHS FINAL AGENCY REVIEW/APPROVAL (IF REQUIRED)

FIGURE 4.62

Typical schedule of activities for permitting PSD-affected facilities.

would result in a “significant net emissions increase” of any regulated pollutant also are sub-
ject to PSD review requirements (see Table 4.15). The significance levels vary for many of the
regulated pollutants, but for SO,, nitrogen oxides (NO,), and volatile organic compounds
(VOCs), an increase of 40 tpy is deemed significant.

New Source Review. In areas classified as nonattainment for any regulated pollutant, a dif-
ferent set of special rules restricts the construction of new sources. The basic thrust of these
NSR rules is to require that such new sources install state-of-the-art control technology and
also provide supplemental reductions in emissions from neighboring sources to more than
offset whatever new emissions would result from the new source even after best controls are
utilized. The principal requirements are as follows:

e Lowest achievable emission rate (LAER). This requirement deliberately imposes a
technology-forcing standard of control. The 1977 amendments specified that it must reflect:
(1) the most stringent emission limitation contained in any SIP (unless the applicant can
demonstrate that such limitations are not achievable), or (2) the most stringent emission
limitation achieved in practice within the industrial category, whichever is more stringent.
In no event can LAER be less stringent than any applicable NSPS. Often it is comparable
to the BACT standard, but in many cases it can be more stringent. Specific applications of
this standard must be determined on a case-by-case basis.
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TABLE 4.14 100-tpy PSD Source Categories*

1. Fossil-fuel-fired steam electric plants of more than 250 MBtu/h heat input
2. Coal cleaning plants (with thermal dryers)
3. Kraft pulp mills
4. Portland cement plants
5. Primary zinc smelters
6. Iron- and steel-mill plants
7. Primary aluminum ore reduction plants
8. Primary copper smelters
9. Municipal incinerators capable of charging more than 250 tons of refuse per day
10. Hydrofluoric acid plants
11. Sulfuric acid plants
12. Nitric acid plants
13. Petroleum refineries
14. Lime plants
15. Phosphate rock processing plants
16. Coke oven batteries
17. Sulfur recovery plants
18. Carbon black plants (furnace process)
19. Primary lead smelters
20. Fuel conversion plants
21. Sintering plants
22. Secondary metal production plants
23. Chemical process plants
24. Fossil-fuel boilers (or combinations thereof) totaling more than 250 MBtu/h heat input
25. Petroleum storage and transfer units with a total storage capacity exceeding 300,000 barrels
26. Taconite ore processing plants
27. Glass fiber processing plants
28. Charcoal production plants

* From EPA PSD regulations, 40 CFR 52.21(b)(1)(i)(a).

e Emission offsets. The key feature of offsets is that they must comprise legally enforceable
reductions in emissions from other sources above and beyond those that would otherwise
be required. These can be derived from installation of advanced controls producing extra
reductions in emissions from existing sources or from the shutdown of such sources. Under
the 1977 amendments, offsets can be traded on the market and, subject to certain limita-
tions, can be “banked” for future use. Offsets must be measured against prior actual emis-
sions and must be sufficient to cover potential emissions from the new source. They must
also produce a “net air-quality benefit” in the vicinity of the new source.

e Other requirements.  All other plants in the state owned by the same company must be in
compliance with applicable regulations, and the state’s SIP must also be carried out.

e Sources covered. Any new plant with potential emissions of 100 tpy or more of particu-
lates, SO,, NO,, VOCs, or carbon monoxide (CO) was subject to the requirements of the
1977 amendments. Modifications to these major sources are subject to review if they result
in significant increases, as with the PSD program. Under the CAAA, these levels have
been lowered for the more seriously polluted ozone (Os), CO, and PM;, nonattainment
areas.

The most significant impact of these nonattainment requirements has been the restrictive
effect of limitations on the availability of offsets. In earlier years, offsets could be more read-
ily found, but as the regulatory requirements have become more stringent, especially in the
more serious nonattainment areas, it has become increasingly difficult to find potential reduc-
tions in current emissions beyond those already demanded by regulatory controls.
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Because of the procedural delays and difficulties of complying with PSD or nonattainment
regulations, companies have sought to avoid these requirements by designing projects that
cause little or no net increase in emissions. Federally enforceable permit conditions have been
developed and approved by the permitting authority as a means of avoiding these require-
ments. A set of internal “netting” rules governing the assessment of net emissions increases

AIR POLLUTION CONTROL

TABLE 4.15 Significant Net Emissions Increase*

Pollutant Increase, tpy

CO 100
NO, (as NO,) 40
SO, 40
Particulate matter 25

TSP 25

PM, <15
Ozone 40 of volatile organic

compounds

Lead 0.6
Asbestos 0.007°
Beryllium 0.0004"
Mercury 0.17
Vinyl chloride 1
Fluorides 3
Sulfuric acid mist 7
Hydrogen sulfide 10
Total reduced sulfur 10
Reduced sulfur compounds 10
Municipal waste combustor (MWC)

MWC acid gases 40

MWC metals 15

MWC organics 35x10°°
Other CAA pollutants >0

* From EPA PSD regulations, 40 CFR 52.21(b)(23)(i).

" Title 11T of the CAAA added a new section (112(b)(6)) that excludes
these HAPs listed in Section 112(b)(1) of the revised act from federal PSD
requirements. Current EPA policy (New Source Review Program Transi-
tional Guidance, March 11, 1991) clarifies that states with approved PSD
programs may continue to regulate these pollutants under state PSD regula-
tions.

*EPA regulations, 40 CFR 52.21(b)(23)(ii), specify that any net emis-
sions increase is considered significant for any CAA pollutants for which sig-
nificant emission increase levels are not specified by 40 CFR 52.21(b)(23)(i)
(e.g., arsenic, benzene, and radionuclides). However, current EPA policy
(New Source Review Program Transitional Guidance, March 11, 1991) in
response to the CAAA, specifies that HAPs under Section 112 of the CAA
are no longer considered regulated pollutants under federal PSD. However,
several other pollutants regulated under the CAA are still considered signif-
icant for any net emission increase because they are not regulated or listed as
HAPs under Section 112.

has also allowed certain projects to avoid the NSR process entirely.

Post-1990 Regulations and Standards

The CAAAs have had a major impact on virtually every industrial and many commercial
operations throughout the country. These are potentially onerous requirements that have
affected the economic viability of some existing facilities and the design and scheduled oper-
ation of new or modified facilities. Fortunately, the requirements of many provisions of the
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CAAA were implemented over a 10-yr or longer period. Unfortunately, the economic burden
to industry over this period may represent an incremental cost increase on a national basis of
$20 to $30 billion per year.

The primary provisions of the act are summarized here:

e Nonattainment. Title I of the act established a new classification of nonattainment areas
for each pollutant and included deadlines and mandated degrees of emission reductions
required to achieve attainment, based on the severity of present pollution levels.

e Mobile sources. As part of the O; and CO nonattainment programs, Title II directed fur-
ther tightening of emission standards applicable to motor vehicles. The Title II provision
also established new requirements for petroleum companies to produce alternative fuels
for motor vehicles, and for the automotive industry to design and manufacture vehicles that
are capable of using such alternative fuels, intended for sale to fleet operations in desig-
nated areas.

e Air toxics. Title III established requirements to limit routine emissions of HAPs and
measures to prevent accidental releases of extremely hazardous substances (EHSs).

e Acid rain. Title IV provisions established a new set of requirements, primarily on coal-
fired power plants, designed to cut emissions of SO, in half and to reduce emissions of NO,.
The amendments also provided market-driven mechanisms to facilitate achievement with
the acid rain requirements.

Operating permit program. Title V stipulated that each state develop and implement a
comprehensive new operating permit program for all significant air emission sources. The
program had to require rigorous monitoring, reporting, and compliance certification, as well
as annual permit fees.

Stratospheric ozone. Title VI established new requirements to restrict emissions of chlo-
rofluorocarbons (CFCs) as a major step toward addressing problems of stratospheric ozone
depletion and global warming.

e Enforcement. Title VII greatly strengthened enforcement authorities, particularly by
adding new criminal sanctions. Unlike the other provisions of the act, the new enforcement
requirements were effective the day the act was signed into law.

The three areas of primary concern to industry are the nonattainment, air toxics, and per-
mit provisions of the CAAAs. The major requirements and planning considerations associ-
ated with each of these provisions are discussed in the remainder of this chapter. It is
important to note that development and implementation of the regulations for some of these
provisions have been delayed by EPA and various states. As a result, it is incumbent upon
each company to track the status and schedule of new regulations, including penalties for
noncompliance, and appropriately comment on proposed rules as they are developed.

Nonattainment Requirements. Currently, there are roughly 100 areas of nonattainment for
O;, over 40 for CO, and 70 for particulate matter. Also, there are a number of areas not in
compliance with SO, standards. Thus, existing or proposed new or modified industrial facili-
ties located in or near these areas will be subject to a variety of new requirements designed to
limit existing and future emissions of these nonattainment pollutants. For certain existing
sources, reasonably available control technology (RACT) requirements have or will be
imposed. The construction of a new or modified source may require the installation of LAER
technology and emission offsets.

RACT. The CAAAs have expanded the type and number of existing sources that will be
subject to the RACT requirements. Previously, the requirement was generally applicable to
major emission sources (i.e., with the potential to emit 100 tpy) of VOCs located in O; nonat-
tainment areas. Up to this point, the O; nonattainment problem was addressed almost exclu-
sively through the control of VOCs. The CAAAs extend applications of this basic RACT
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requirement to NO,, with RACT now being applied to smaller sources in more seriously pol-
luted areas. NO, in the presence of VOCs and sunlight can contribute to the formation of
ground-level O;. Existing major sources subject to the new RACT requirement are shown in
Table 4.16.

It is important to note that any existing source located in an 11-state area extending from the
Washington metropolitan area to Maine, with the potential to emit 50 tpy of VOCs and 100 tpy
of NO,, will also be defined as a major source and be subject to RACT requirements. This area
has been established by the CAAA and is known as the Northeast Ozone Transport Region.

A determination of the practices or procedures required to satisfy RACT regulations can
or should be made on a case-by-case review of the circumstances at each individual facility.
However, EPA has adopted the mechanism of issuing Control Technology Guidelines
(CTGs) to provide a generic definition of RACT for specified industrial categories. Although
this procedure has provoked criticism of EPA, it has, in effect, required states to apply the
CTG requirements as though they have regulatory effect. EPA issued 29 CTGs prior to the
CAAA and another 8 draft or final CTGs in the early 1990s. CTGs have been developed and
issued only for VOC source categories. In addition, alternative control technique (ACT) doc-
uments were issued in the early 1990s for 3 additional VOC sources and 10 NO, source or con-
trol device scenarios. Because RACT had to be defined, approved, and installed for existing
applicable sources by May 31, 1995, EPA guidance was not available for all NO, emission
sources. As a result, categorical limits and/or presumptive requirements were established by
various states for NO,-related combustion sources.

For sources potentially subject to these regulations, it is important to quantify VOC and/or
NO, emissions over a range of operating conditions. It may be possible to accept permit con-
ditions to limit emissions such that the source is not defined as a major source and thus not
subject to the RACT requirements. In any event, it will be important to review the specific
regulations and discuss the requirements with regulatory authorities prior to preparing any
RACT determination. RACT determinations will vary greatly from state to state, especially
for NO, emission sources. Some states established presumptive RACT levels for certain
sources, while other states implemented case-by-case RACT, often with the intent of granting
greater flexibility to industry, but sometimes with the effect of greater uncertainly, cost of
analysis, and inclusion of smaller sources.

NSR/LAER. One of the most significant impacts of the nonattainment requirements affect-
ing American industry is on the construction of new facilities or modification of existing facil-
ities. When any increase in emissions of a major source above the minimum amounts would
result from an expansion or modernization project or certain other changes, the project will
be subject to NSR requirements. These requirements under the CAAAs have expanded and
complicated the permitting process. The principal requirements are: (1) a construction permit
must be obtained, (2) technology standards reflecting LAER must be satisfied, and (3) offsets
representing emission reductions from other sources must be provided.

The definition of source applicability or what constitutes a major source is the primary con-
cern. The CAAAs reduced the previous definition (100 tpy) to lower levels in certain O;, CO,
and PM,, nonattainment areas. This will expand the reach of NSR to cover smaller sources. In

TABLE 4.16 Existing Source RACT Applicability Requirements for Each
Ozone Nonattainment Area Category

Category of nonattainment area Size of VOC or NO, sources affected
Extreme 10
Severe 25
Serious 50
Moderate and marginal 100

Ozone attainment status and classification must be identified. Size is defined as the
potential to emit VOCs or NO, in tons per year.
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addition, new or modified NO, emission sources in O; nonattainment areas will be subject to
the same threshold levels and NSR requirements as VOC emission sources. The CAAAs
make no change in the LAER technology requirements. However, the CAAAs do tighten the
offset requirements by increasing the ratio of offsets needed in areas with higher Oj; levels.
The revised major source definition and offset ratios are presented in Table 4.17.

The enhanced NSR requirements, as well as the expanded regulations, will have a dramatic
effect on new source construction and availability of emission offsets. Existing sources will apply
RACT to control NO, and/or VOC emissions. Unless an existing source “overcontrols” either
VOC and/or NO, emissions beyond RACT-related requirements or a source is permanently
shut down, emission credits or offsets may not become available. Thus, any existing source
would be well advised to “bank” or save any internally created emission credits. These internally
derived emission-reduction credits may represent the only offsets available within certain geo-
graphic areas, especially for NO, sources. However, the geographic area may expand consider-
ably for existing sources or sources proposed in the Northeast Ozone Transport Region. With
EPA’s approval, it is the intent for states located in the region, as some already have, to allow
intrastate emission trading and the establishment of a regional emission bank. This approach
would significantly improve the likelihood for industrial growth because of an expanded geo-
graphic area and the opportunity to trade emission offsets on a regional basis.

One final aspect peculiar to new or modified major sources pertains to NO, emissions. NO,
emission sources in certain ozone nonattainment areas can be subject to both PSD and NSR
nonattainment requirements. For example, an existing major source (i.e., greater than 100 tpy
of one of the 28 PSD source categories) located in a severe nonattainment area intends to
install an NO, emission source with the potential to emit 50 tpy. The source would be required
to apply LAER (i.e., more stringent than BACT) and obtain offsets at a 1.3-to-1 ratio. How-
ever, a modeling analysis may be required to demonstrate that the PSD increment and/or the
applicable NAAQS will not be exceeded. The applicant needs to be aware of these unusual
and unique situations, which must be considered in developing an overall permitting strategy.

Air Toxics

Routine Release Conditions. The CAAAs include a substantially revised program to reg-
ulate HAPs. The revised program substantially streamlined NESHAP development by listing
HAPs in the CAAAs and by setting standards based on available control technology rather
than health effects. Residual health-effect risks after implementation of technology-based
standards will later determine whether additional regulation is needed. HAPs were defined as
189 listed substances that may cause health and environmental effects at low concentrations
and are not regulated as criteria pollutants (refer to Table 4.18).

The CAAAs define a major HAP source as any stationary source or group of stationary
sources located within a contiguous area under common ownership that emits or has the

TABLE 4.17 Major Source Definitions and Offset Ratios in Ozone

Nonattainment Areas
Category Size of major source, tpy Offset ratios

Marginal 100 1.1:1
Moderate 100* 1.15:1
Serious 50% 1.2:1
Severe 25% 1.3:1
Extreme 10 1.5:1
Ozone transport region 50 VOC, 100 NO, 1.15:1

not classified as serious,
severe, Or extreme

* States have the option of choosing a major source definition of 5 tpy (and
accepting other conditions) in order to avoid complying with a requirement that
emissions be reduced 15 percent over the first 6 yr. See Section 182(b)(1)(A)(ii).
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TABLE 4.18 Section 112 Hazardous Air Pollutants®

Chemical Abstracts Chemical Abstracts
Service number Pollutant Service number Pollutant
75-07-0 Acetaldehyde 132-64-9 Dibenzofuran
60-35-5 Acetamide 96-12-8 1,2-Dibromo-3-chloropropane
75-05-8 Acetonitrile 84-74-2 Dibutyl phthalate
98-86-2 Acetophenone 106-46-7 1,4-Dichlorobenzene
53-96-3 2-Acetylaminofluorene 91-94-1 3,3’-Dichlorobenzidine
107-02-8 Acrolein 111-44-4 Dichloroethyl ether (bis[2-
79-06-1 Acrylamide chloroethyl]ether)
79-10-7 Acrylic acid 542-75-6 1,3-Dichloropropene
107-13-1 Acrylonitrile 62-73-7 Dichlorvos
107-05-1 Allyl chloride 111-42-2 Diethanolamine
92-67-1 4-Aminobiphenyl 64-67-5 Diethyl sulfate
62-53-3 Aniline 119-90-4 3,3’-Dimethoxybenzidine
90-04-0 o-Anisidine 60-11-7 4-Dimethylaminoazobenzene
1332-21-4 Asbestos 121-69-7 N,N-Dimethylaniline
71-43-2 Benzene (including benzene from 119-93-7 3,3’-Dimethylbenzidine
gasoline) 79-44-7 Dimethylcarbamoyl chloride
92-87-5 Benzidine 68-12-2 N,N-Dimethylformamide
98-07-7 Benzotrichloride 57-14-7 1,1-Dimethylhydrazine
100-44-7 Benzyl chloride 131-11-3 Dimethyl phthalate
92-52-4 Biphenyl 77-78-1 Dimethyl sulfate
117-81-7 Bis(2-ethylhexyl)phthalate (DEHP) NA 4,6-Dinitro-o-cresol (including
542-88-1 Bis(chloromethyl) ether salts)
75-25-2 Bromoform 51-28-5 2.,4-Dinitrophenol
106-99-0 1,3-Butadiene 121-14-2 2.,4-Dinitrotoluene
156-62-7 Calcium cyanamide 123-91-1 1,4-Dioxane (1,4-diethylene-
105-60-2 Caprolactam (removed 6/18/96, oxide)
61 FR 30816) 122-66-7 1,2-Diphenylhydrazine
133-06-2 Captan 106-89-8 Epichlorohydrin (1-chloro-2,3-
63-25-2 Carbaryl epoxypropane)
75-15-0 Carbon disulfide 106-88-7 1,2-Epoxybutane
56-23-5 Carbon tetrachloride 140-88-5 Ethyl acrylate
463-58-1 Carbonyl sulfide 100-41-4 Ethylbenzene
120-80-9 Catechol 51-79-6 Ethyl carbamate (urethane)
133-90-4 Chloramben 75-00-3 Ethyl chloride (chloroethane)
57-74-9 Chlordane 106-93-4 Ethylene dibromide (dibromo-
7782-50-5 Chlorine ethane)
79-11-8 Chloroacetic acid 107-06-2 Ethylene dichloride (1,2-
532-27-4 2-Chloroacetophenone dichloroethane)
108-90-7 Chlorobenzene 107-21-1 Ethylene glycol
510-15-6 Chlorobenzilate 151-56-4 Ethyleneimine (Aziridine)
67-66-3 Chloroform 75-21-8 Ethylene oxide
107-30-2 Chloromethyl methyl ether 96-45-7 Ethylene thiourea
126-99-8 Chloroprene 75-34-3 Ethylidene dichloride (1,1-
1319-77-3 Cresol/cresylic acid (mixed isomers) dichloroethane)
95-48-7 o-Cresol 50-00-0 Formaldehyde
108-39-4 m-Cresol 76-44-8 Heptachlor
106-44-5 p-Cresol 118-74-1 Hexachlorobenzene
98-82-8 Cumene 87-68-3 Hexachlorobutadiene
NA 2,4-D (2,4-dichlorophenoxyacetic NA 1,2,3,4,5,6-Hexachlorocyclo-
acid) (including salts and esters) hexane (all stereoisomers,
72-55-9 DDE (1,1-dichloro-2,2-bis including lindane)
(p-chlorophenyl) ethylene) 77-47-4 Hexachlorocyclopentadiene
334-88-3 Diazomethane 67-72-1 Hexachloroethane
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TABLE 4.18 Section 112 Hazardous Air Pollutants® (Continued)
Chemical Abstracts Chemical Abstracts
Service number Pollutant Service number Pollutant
822-06-0 Hexamethylene diisocyanate 78-87-5 Propylene dichloride (1,2-di-
680-31-9 Hexamethylphosphoramide chloropropane)
110-54-3 Hexane 75-56-9 Propylene oxide
302-01-2 Hydrazine 75-55-8 1,2-Propylenimine (2-methyl-
7647-01-0 Hydrochloric acid (hydrogen aziridine)
chloride) 91-22-5 Quinoline
7664-39-3 Hydrogen fluoride (hydrofluoric 106-51-4 Quinone (p-benzoquinone)
acid) 100-42-5 Styrene
123-31-9 Hydroquinone 96-09-3 Styrene oxide
78-59-1 Isophorone 1746-01-6 2,3,7,8-Tetrachlorodibenzo-p-
108-31-6 Maleic anhydride dioxin
67-56-1 Methanol 79-34-5 1,1,2,2-Tetrachloroethane
72-43-5 Methoxychlor 127-18-4 Tetrachloroethylene (per-
74-83-9 Methyl bromide (bromomethane) chloroethylene)
74-87-3 Methyl chloride (chloromethane) 7550-45-0 Titanium tetrachloride
71-55-6 Methyl chloroform (1,1,1-trichloro- 108-88-3 Toluene
ethane) 95-80-7 Toluene-2,4-diamine
78-93-3 Methyl ethyl ketone (2-butanone) 584-84-9 2,4-Toluene diisocyanate
60-34-4 Methylhydrazine 95-53-4 o-Toluidine
74-88-4 Methyl iodide (iodomethane) 8001-35-2 Toxaphene (chlorinated
108-10-1 Methyl isobutyl ketone (hexone) camphene)
624-83-9 Methyl isocyanate 120-82-1 1,2,4-Trichlorobenzene
80-62-6 Methyl methacrylate 79-00-5 1,1,2-Trichloroethane
1634-04-4 Methyl fert-butyl ether 79-01-6 Trichloroethylene
101-14-4 4,4’-Methylene bis(2-chloroaniline) 95-95-4 2.,4,5-Trichlorophenol
75-09-2 Methylene chloride (dichloro- 88-06-2 2,4,6-Trichlorophenol
methane) 121-44-8 Triethylamine
101-68-8 4,4-Methylenediphenyl diisocyanate 1582-09-8 Trifluralin
(MDI) 540-84-1 2,2,4-Trimethylpentane
101-77-9 4,4-Methylenedianiline 108-05-4 Vinyl acetate
91-20-3 Naphthalene 593-60-2 Vinyl bromide
98-95-3 Nitrobenzene 75-01-4 Vinyl chloride
92-93-3 4-Nitrobiphenyl 75-35-4 Vinylidene chloride (1,1-dichlo-
100-02-7 4-Nitrophenol roethylene)
79-46-9 2-Nitropropane 1330-20-7 Xylenes (mixed isomers)
684-93-5 N-Nitroso-N-methylurea 95-47-6 o-Xylene
62-75-9 N-Nitrosodimethylamine 108-38-3 m-Xylene
59-89-2 N-Nitrosomorpholine 106-42-3 p-Xylene
56-38-2 Parathion Antimony compounds
82-68-8 Pentachloronitrobenzene (quinto- Arsenic compounds (inorganic,
benzene) including arsine)
87-86-5 Pentachlorophenol Beryllium compounds
108-95-2 Phenol Cadmium compounds
106-50-3 p-Phenylenediamine Chromium compounds
75-44-5 Phosgene Cobalt compounds
7803-51-2 Phosphine Coke oven emissions
7723-14-0 Phosphorus Cyanide compounds®
85-44-9 Phthalic anhydride Glycol ethers®
1336-36-3 Polychlorinated biphenyls (Aroclors) Lead compounds
1120-71-4 1,3-Propane sultone Manganese compounds
57-57-8 B-Propiolactone Mercury compounds
123-38-6 Propionaldehyde Fine mineral fibers?
114-26-1 Propoxur (Baygon) Nickel compounds
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TABLE 4.18 Section 112 Hazardous Air Pollutants® (Continued)

Chemical Abstracts
Service number Pollutant

Polycyclic organic matter®
Radionuclides (including radon)’
Selenium compounds

Note: For all listings above that contain the word compounds and for glycol ethers, the following applies. Unless otherwise specified,
these listings are defined as including any unique chemical substance that contains the named chemical (i.e., antimony, arsenic, etc.) as part
of that chemical’s infrastructure. See August 14,2000, memo from John Seitz, EPA, OAQPS on Guidance on the Major Source Determina-
tion for Certain Hazardous Air Pollutants for further information.

“ This draft list from the EPA OAQPS Technology Transfer Network web site (as of November 2000) includes current EPA staff recom-
mendations for technical corrections and clarifications of the hazardous air pollutants (HAPs) list in Section 112(b)(1) of the Clean Air Act.
This draft has been distributed to apprise interested parties of potential future changes in the HAPs list and is informational only. The rec-
ommended revisions of the current HAPs list, which are included in this draft, do not themselves change the list as adopted by Congress and
have no legal effect. EPA intends to propose specific revisions of the HAPs list, including any technical corrections or clarifications of the
list, only through notice and comment rulemaking. Hydrogen sulfide, which had been inadvertently added to the original list of HAPs as pub-
lished in the CAAAs, Section 112(b)(1) by a clerical error, was removed by a joint resolution of Congress that was approved by the presi-
dent on December 4, 1991.

» X’CN where X = H’ or any other group where a formal dissociation may occur. For example, KCN or Ca(CN),.

¢ On January 12,1999 (64 FR 1780), EPA proposed to modify the definition of glycol ethers to exclude surfactant alcohol ethoxylates and
their derivatives (SAEDs). On August 2, 2000 (65 FR 47342), EPA published the final action. This action deletes each individual compound
in a group called the surfactant alcohol ethoxylates and their derivatives (SAEDs) from the glycol ethers category in the list of HAPs estab-
lished by Section 112(b)(1) of the CAA. EPA also made conforming changes in the definition of glycol ethers with respect to the designa-
tion of hazardous substances under the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).

The following definition of the glycol ethers category of hazardous air pollutants applies instead of the definition set forth in 42 U.S.C.
7412(b)(1), footnote 2:

Glycol ethers include mono- and diethers of ethylene glycol, diethylene glycol, and triethylene glycol R-(OCH,CH,),-OR”

where n=1,2,0or3
R =alkyl C7 or less, or phenyl or alkyl substituted phenyl
R’ =H, or alkyl C7 or less, or carboxylic acid ester, sulfate, phosphate, nitrate, or sulfonate
The following definition is currently set forth in 42 U.S.C. 7412(b)(1):
Includes mono- and diethers of ethylene glycol, diethylene glycol, and triethylene glycol R-(OCH,CH,),-OR’
where n=1,2,or3.
R =alky or aryl groups.
R’ =R, H, or groups that, when removed, yield glycol ethers with the structure R-(OCH2CH),-OH.
Polymers are excluded from the glycol category.

¢ Includes mineral fiber emissions from facilities manufacturing or processing glass rock or slag fibers (or other mineral-derived fibers)
of average diameter of 1 um or less. (This definition is currently under review.)

¢ Includes organic compounds with more than one benzene ring, and that have a boiling point greater than or equal to 100°C. (This def-
inition is currently under review.)

! A type of atom that spontaneously undergoes radioactive decay.

potential to emit, considering controls, 10 tpy or more of any single HAP or 25 tpy or more of
any combination of HAPs. Even seemingly minor facilities may be considered major sources
of HAP emissions under these extremely stringent definitions. It should be noted that the
EPA administrator has the discretionary power to establish lower-quantity threshold values
for highly toxic or carcinogenic compounds. The triggering levels for these substances could
be considerably less than 10 tpy.

The first step in determining the impact of the new air toxics programs is to simply com-
pare the results of the facility emission inventory to the 10- and 25-ton thresholds. For certain
operations, secondary by-products may be chemically created and exist in the effluent dis-
charge stream. If they are triggered for any one or more of the 189 HAPs, then the following
provisions need to be evaluated in detail.

The new HAP emissions control program requires the installation of state-of-the-art pol-
lution control technology on the vast majority of emission sources. However, process modifi-
cations or product substitution may represent an acceptable alternative approach.

The HAP provisions regulate emissions in a two-step process:
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1. Promulgation over 10 yr of emissions limits reflecting maximum achievable control tech-
nologies (MACTs) for 174 categories of industrial sources potentially emitting HAPs.

2. Residual risk determination to control categories of sources whose emissions still present
health risks even after the application of MACTs.

In Step 1, EPA is mandated to develop a technology-based regulatory framework (the
MACTs) to regulate source categories and limit HAP emissions by source categories over the
10 yr following passage of the CAAAs. HAP emissions will be reduced by setting limits on
specific industrial emission sources. EPA identified for development of regulations 174 cate-
gories of industrial sources that emit substantial quantities of HAPs. Emissions levels reflect-
ing MACTs are established for each regulated source category. These levels are used
ultimately to set source-specific limits in facility operating permits. The entire process is simi-
lar to that for National Pollutant Discharge Elimination System (NPDES) permits in which
effluent guidelines are used to set facility-specific limits. The identified source categories and
the status of the MACT standards are given in Table 4.19.

The MACT determination process was outlined in the CAAA. MACTs were defined by
Congress as the “maximum degree of reduction in emissions . . . taking into consideration the
cost of achieving such emission reductions and any non-air quality, health and environmental
impact and energy requirements . . . achievable for new and existing sources.” The procedure
for determining MACTSs was also established by Congress. For new sources, the MACT for a
source category is to be the control achieved in practice by the best-controlled similar source.
In essence, for new stationary sources the HAP standards must be at least as effective as
BACT requirements.

For existing sources, the MACT is required to be the average of the top 12 percent of the
best-controlled sources in the source category, excluding those sources utilizing technology
considered to meet the LAER, within 18 months of proposal or 30 months of promulgation.
If there are fewer than 30 sources in the source category, the MACT for existing sources is to
be the average emission level of the five best-performing sources. Thus, for existing major
sources, HAP emission standards may be less stringent than the standards for new stationary
sources in the same category, but may not permit less control than that achieved by the best-
performing controls. The original MACT can also be achieved by process and material modi-
fications in addition to the emission, design, equipment, work practice, or operational
standards available for NESHAPs.

As previously described, step 1 in the HAP program is setting the technology-based con-
trol standards for HAP emissions sources. Step 2 is determining whether more stringent lim-
its are required to protect public health and the environment with an ample margin of safety
after setting the control standards. The issue of residual risk and its measurement and control
has been studied by the government for several years. Within 8 yr after implementation of a
particular standard, EPA must establish a second tier of emission standards for pollutants that
present a cancer risk that is greater than 1 in 1 million, even when complying with the MACT
emission limits established by this program. Thus, HAP emission sources may become subject
to a second phase of increasingly stringent regulation. It is important to note that some states
may retain their existing air-toxics regulations. These regulations may be in the form of ambi-
ent air concentration level guidelines. Thus, after the application of MACT, a source may be
required to demonstrate compliance with a state’s more stringent health-rated standard.

Accidental Release Conditions. The CAAAs include requirements for preventing and
minimizing the consequences of accidental releases of hazardous substances. Part of the law
required the Occupational Safety and Health Administration (OSHA) to promulgate a chem-
ical process safety management standard to protect workers from hazards associated with
accidental releases of extremely hazardous chemicals in the workplace. The final standard,
called the Process Hazard Safety Standard, was published in the Federal Register on February
24,1992.

The CAAAs also required EPA to promulgate the final form of the accidental release pre-
vention regulations by November 15, 1993, for preventing and minimizing, if necessary, the
consequences of accidental air releases from stationary facilities. The proposed risk manage-
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TABLE 4.19 National Emission Standards for Hazardous Air Pollutants from Source Categories
(MACT Standards)*

40 CFR
CAAA Part 63 Compliance
Industry group and source category deadline Proposed Promulgated subpart date
Agricultural chemical production®
Butadiene-furfural cotrimer (R-11)
production 11/15/00  11/10/97 06/23/99 MMM 06/30/02
Captafol production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
Captan production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
4-Chloro-2-methylphenoxyacetic acid
production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
Chloroneb production
Chlorothalonil production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
2,4-D salt and ester production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
Dacthal™ production 11/15/97  11/10/97 06/23/99 MMM¢ 06/30/02
4,6-Dinitro-o-cresol production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
Sodium pentachlorophenate production ~ 11/15/97  11/10/97 06/23/99 MMM® 06/30/02
Tordon™ acid production 11/15/97  11/10/97 06/23/99 MMM 06/30/02
Ferrous metal processing
Coke by-product plants 11/15/00  (To be delisted)
Coke ovens—charging, top side, and
door leaks 12/31/92  12/04/92 10/27/93 L Various
Coke ovens—pushing, quenching, and
battery stacks 11/15/00  (09/00) (09/01) (CCCCC)
Ferroalloy production 11/15/97  08/04/98 05/20/99 XXX 05/20/01
Integrated iron and steel manufacturing ~ 11/15/00  (09/00) (09/01) (FFFFF)
Iron foundries 11/15/00  (02/01) (02/02) (EEEEE)
Steel foundries 11/15/00  (02/01) (02/02) (EEEEE)
Steel pickling—HCI process 11/15/97  09/18/97 06/22/99 CCC 06/22/01
Fiber production processes
Acrylic fiber/modacrylic fiber production ~ 11/15/97  10/14/98 06/29/99 XX,SS, TT,  06/29/02
UU,WW
Rayon production 11/15/00  08/28/00 (04/01) uuuu
Spandex production 11/15/00  (06/00) (04/01) (XXX)
Food and agriculture processes
Baker’s yeast manufacturing 11/15/00  10/19/98 (12/00) CCCC
Cellulose food casing manufacturing 11/15/00  08/28/00 (04/01) uuuu
Vegetable oil production 11/15/00  05/26/00 (04/01) GGGG
Fuel combustion
Engine test facilities 11/15/00  (02/01) (05/02) (DDDDD)
Industrial boilers 11/15/00  (01/01) (02/02) (DDDDD)
Institutional/commercial boilers 11/15/00  (01/01) (02/02) (DDDDD)
Process heaters 11/15/00  (01/01) (02/02) (DDDDD)
Stationary internal combustion engines 11/15/00  (09/00) (11/01)
Stationary turbines 11/15/00  (09/00) (09/01) YYYY
Liquid distribution
Gasoline distribution (Stage I) 11/15/94  02/08/94 12/14/94 R 12/15/97
Marine vessel loading operations? 11/15/97  05/13/94 09/19/95 Y 09/19/99
Organic liquid distribution (nongasoline) ~ 11/15/00  (09/00) (10/01) (EEEE) 09/19/98 MACT;
09/19/98 RACT
Mineral product processing
Alumina processing 11/15/00  (05/01) (05/02)
Asphalt/coal tar application—metal
pipes 11/15/00  (05/01) (05/02)
Asphalt concrete manufacturing 11/15/00  (Expected to be
delisted)
Asphalt processing 11/15/00  (02/01) (05/02)
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TABLE 4.19 National Emission Standards for Hazardous Air Pollutants from Source Categories

(MACT Standards)* (Continued )

40 CFR
CAAA Part 63 Compliance
Industry group and source category deadline Proposed Promulgated subpart date
Asphalt roofing manufacturing 11/15/00  (02/01) (05/02)
Chromium refractory production 11/15/00  (05/01) (05/02)
Clay product manufacturing 11/15/00  (05/01) (05/02)
Lime manufacturing 11/15/00  (05/01) (05/02) (AAAAA)
Mineral wool production 11/15/00  05/08/97 06/01/99 DDD 06/01/02
Portland cement manufacturing 11/15/97  03/24/98 06/14/99 LLL 06/10/02
Taconite iron ore processing 11/15/00  (03/01) (03/02)
Wool fiberglass manufacturing 11/15/97  03/31/97 06/14/99 NNN 06/14/01
Wet-formed fiberglass mat production 11/15/00  05/26/00 (04/01) HHHH
Nonferrous metal processing
Aluminum production, primary 11/15/97  09/26/96 10/07/97 LL 10/07/99
Aluminum production, secondary 11/15/97  02/11/99 03/23/00 RRR 03/23/03
Copper smelting, primary 11/15/97  04/20/98 (11/00) QQQ
Lead smelting, primary 11/15/97  04/17/98 06/04/99 TTT 06/04/02
Lead smelting, secondary 11/15/94  06/09/94 06/23/95 X 06/23/97
Magnesium refining, primary 11/15/00  (03/01) (03/02)
Petroleum and natural gas production and
refining
Oil and natural gas production 11/15/97  02/06/98 06/17/99 HH 06/17/02
Natural gas transmission and storage 11/15/97  02/06/98 06/17/99 HHH 06/17/02
Petroleum refineries—catalytic cracking
(fluid and other) units, catalytic
reforming units, and sulfur plant units ~ 11/15/97  09/11/98 (09/00) uUuu
Petroleum refineries—other sources not
distinctly listed 11/15/94  07/15/94 08/18/95 CC 08/18/98
Pharmaceutical production processes
Pharmaceutical production 11/15/97  04/02/97 09/21/98 GGG* 09/21/01
Polymer and resin production
Acetal resin production 11/15/97  10/14/98 06/29/99 YY,SS,TT,  06/29/02
UU,WW
Acrylonitrile-butadiene-styrene resin
production 11/15/94  03/29/95 09/12/96 1JJe 07/31/97
Alkyd resin production 11/15/00  (07/00) (07/01) (FFFF)
Amino resin production 11/15/97  12/14/98 01/20/00 000 01/20/03
Boat manufacturing 11/15/00  07/14/00 (04/01) VVVV
Butyl rubber production 11/15/94  06/12/95 09/05/96 U 07/31/97
Carboxymethylcellulose production 11/15/00  08/28/00 (04/01) Uuuu
Cellophane production 11/15/00  08/28/00 (04/01) uUuuu
Cellulose ether production 11/15/00  08/28/00 (04/01) Uuuu
Epichlorohydrin elastomer production 11/15/94  06/12/95 09/05/96 U 07/31/97
Epoxy resin production 11/15/94  05/16/94 03/08/95 w 03/03/98
Ethylene-propylene rubber production 11/15/94  06/12/95 09/05/96 U 07/31/97
Flexible polyurethane foam production  11/15/97  12/27/96 10/07/98 111 10/08/01
Hypalon™ production 11/15/94  06/12/95 09/05/96 U 07/31/97
Maleic anhydride copolymer production ~ 11/15/00  (07/00) (07/01) (FFFF)
Methylcellulose production 11/15/00  08/28/00 (04/01) Uuuu
Methyl methacrylate—acrylonitrile—
butadiene—styrene resin production 11/15/94  03/29/95 09/12/96 JJJ¢ 07/31/97
Methyl methacrylate-butadiene—styrene
terpolymer production 11/15/94  03/29/95 09/12/96 JJJ¢ 07/31/97
Neoprene production 11/15/94  06/12/95 09/05/96 Ue 07/31/97
Nitrile butadiene rubber production 11/15/94  06/12/95 09/05/96 U 07/31/97
Nitrile resins 11/15/00  03/29/95 09/12/96 1JJe 07/31/97
Nonnylon polyamide production 11/15/94  05/16/94 03/08/95 w 03/03/98
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TABLE 4.19 National Emission Standards for Hazardous Air Pollutants from Source Categories
(MACT Standards)* (Continued )

40 CFR
CAAA Part 63 Compliance
Industry group and source category deadline Proposed Promulgated subpart date
Phenolic resin production 11/15/97  12/14/98 01/20/00 000 01/20/03
Polybutadiene rubber production 11/15/94  06/12/95 09/05/96 U 07/31/97
Polycarbonate production 11/15/97 10/14/98 06/29/99 YY,SS,TT, 06/29/02
UU,WW
Polyester resin production 11/15/00  (07/00) (07/01) (FFFF)
Polyether polyol production 11/15/97  09/04/97 06/01/99 PPP 06/01/02
Polyethylene terephthalate resin
production 11/15/94  03/29/95 09/12/96 JJJ¢ 07/31/97
Polymerized vinylidene chloride
production 11/15/00  (07/00) (07/01) (FFFF)
Polymethyl methacrylate resin
production 11/15/00  (07/00) (07/01) (FFFF)
Polystyrene resin production 11/15/94  03/29/95 09/12/96 JJJe 07/31/97
Polysulfide rubber production 11/15/94  06/12/95 09/05/96 U 07/31/97
Polyvinyl acetate emulsion production 11/15/00  (07/00) (07/01) (FFFF)
Polyvinyl alcohol production 11/15/00  (07/00) (07/01) (FFFF)
Polyvinyl butyral production 11/15/00  (07/00) (07/01) (FFFF)
Polyvinyl chloride and copolymer
production 11/15/00  (07/00) (07/01)
Reinforced plastic composites production ~ 11/15/00  (08/00) (08/01) (WWWW)
Styrene-acrylonitrile resin production 11/15/94  03/29/95 09/12/96 JIJ¢ 07/31/97
Styrene-butadiene rubber and latex
production 11/15/94  06/12/95 09/05/96 U 07/31/97
Production of inorganic chemicals
Ammonium sulfate production—
caprolactam by-product plants 11/15/00  (07/00) (07/01) (FFFF)
Antimony oxide manufacturing 11/15/00  Delisted 11/18/99
Carbon black production 11/15/00  (04/00) (04/01)
Chlorine production 11/15/00  (08/00) (08/01)
Cyanide chemical manufacturing 11/15/00  (06/00) (04/01)
Fume silica production 11/15/00  (02/01) (02/02)
Hydrochloric acid production 11/15/00  (02/01) (02/02)
Hydrogen fluoride production 11/15/00  10/14/98 06/29/99 YY,SS, TT,  06/29/02
UU,WW
Phosphate fertilizer production 11/15/97  12/27/96 06/10/99 BB 06/10/02
Phosphoric acid manufacturing 11/15/97  12/27/96 06/10/99 AA 06/10/02
Uranium hexafluoride production 11/15/00  (05/01) (05/02)
Production of organic chemicals
Ethylene processes 11/15/00  (06/00) (04/01) (XX)
Quaternary ammonium compound
production 11/15/00  (07/00) (07/01) (FFFF)
Synthetic organic chemical
manufacturing industry 11/15/92 12/31/92 04/22/94 F,G H,I 05/14/01
Tetrahydrobenzaldehyde (butadiene
dimers) 11/15/97  08/22/97 05/12/98 F 05/12/99, 5/12/98
(new sources)
Surface coating processes
Aecrospace industries 11/15/94  06/06/94 09/01/95 GG 09/01/98
Auto and light-duty truck (surface
coating) 11/15/00  (02/01) (02/02) (II1I)
Flat wood paneling (surface coating) 11/15/00  (12/00) (12/01) (QQQQ)
Large appliance (surface coating) 11/15/00  (08/00) (08/01) (NNNN)
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TABLE 4.19 National Emission Standards for Hazardous Air Pollutants from Source Categories

(MACT Standards)* (Continued )

40 CFR
CAAA Part 63 Compliance
Industry group and source category deadline Proposed Promulgated subpart date
Magnetic tapes (surface coating) 11/15/94  03/11/94 12/15/94 EE 12/15/96 without
new control de-
vices; 12/15/97
with new con-
trol devices
Manufacture of paints, coatings, and
adhesives 11/15/00  (07/00) (07/01) (FFFF)
Metal can (surface coating) 11/15/00  (05/01) (05/02) (KKKK)
Metal coil (surface coating) 11/15/00  7/18/00 (04/01) SSSS
Metal furniture (surface coating) 11/15/00  (08/00) (08/01) (RRRR)
Miscellaneous metal parts and products
(surface coating) 11/15/00  (02/01) (02/02) (MMMM)
Paper and other webs (surface coating) 11/15/00  09/13/00 (06/01) RAAR)
Plastic parts and products (surface
coating) 11/15/00  (12/00) (12/01) (PPPP)
Printing, coating, and dyeing of fabrics 11/15/00  (04/01) (04/02) 0000
Printing/publishing (surface coating) 11/15/94  03/14/95 05/30/96 KK 05/30/99
Shipbuilding and ship repair (surface
coating) 11/15/94  12/06/94 12/15/95 11 12/16/96
Wood furniture (surface coating) 11/15/94  12/06/94 12/07/95 1 11/21/97
Waste treatment and disposal
Hazardous waste incineration 11/15/00  04/19/96 09/30/99 EEE 06/19/01
Municipal landfills 11/15/00  (08/00) (09/01) (AAAA)
Off-site waste and recovery operations 11/15/94  10/13/94 07/01/96 DD, OO, 07/01/00
RR,VV
Publicly owned treatment works
emissions 11/15/95  12/01/98 10/26/99 \'A'A% 10/26/02
Sewage sludge incineration 11/15/00  (Pending,
possibly under
Section 129)
Site remediation 11/15/00  (03/01) (03/02) (GGGGG)
Miscellaneous processes
Aerosol-can-filling facilities 11/15/00  Delisted 11/18/99
Benzyltrimethylammonium chloride
production 11/15/00  (07/00) (07/01) (FFFF)
Carbonyl sulfide production 11/15/00  (07/00) (07/01) (FFFF)
Chelating agent production 11/15/00  (07/00) (07/01) (FFFF)
Chlorinated paraffin production 11/15/00  (07/00) (07/01) (FFFF)
Chromic acid anodizing 11/15/94  12/16/93 01/25/95 N 01/25/97
Commercial sterilization facilities 11/15/94  03/07/94 12/06/94 O 12/06/98
Decorative chromium electroplating 11/15/94  12/16/93 01/25/95 N 01/25/96
Dry cleaning (perchloroethylene)—
dry-to-dry and transfer machines 11/15/92  12/09/91 09/22/93 M 09/23/96
Dry cleaners (petroleum solvent) 11/15/00  (May be delisted)
Ethylidene norbomene production 11/15/00  (07/00) (07/01) (FFFF)
Explosive production 11/15/00  (07/00) (07/01) (FFFF)
Flexible polyurethane foam fabrication
operations 11/15/00  (12/00) (05/02)
Friction product manufacturing 11/15/00  (12/00) (12/01)
Halogenated solvent cleaners 11/15/94  11/29/93 12/01/94 T 12/02/97
Hard chromium electroplating 11/15/94  12/16/93 01/25/95 N 01/25/97
Hydrazine production 11/15/00  (07/00) (07/01) (FFFF)
Industrial process cooling towers 11/15/94  08/12/93 09/08/94 Q 03/08/95
Leather tanning and finishing operations ~ 11/15/00  (06/00) (04/01) (TTTT)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



AIR POLLUTION CONTROL

4.114 PLANT OPERATIONS

TABLE 4.19 National Emission Standards for Hazardous Air Pollutants from Source Categories
(MACT Standards)* (Continued )

40 CFR
CAAA Part 63 Compliance
Industry group and source category deadline Proposed Promulgated subpart date
OBPA (oxy-bisphenoxarsine)/1,3-
diisocyanate production 11/15/00  (07/00) (07/01) (FFFF)
Paint stripper users 11/15/00  (05/01) (05/02)
Photographic chemical production 11/15/00  (07/00) (07/01) (FFFF)
Phthalate plasticizer production 11/15/00  (07/00) (07/01) (FFFF)
Plywood/particle board manufacturing 11/15/00  (12/00) (12/01) (2727)
Pump and paper production
Kraft, soda, sulfite, semichemical,
mechanical pulping; and non-wood-
fiber pulping 11/15/97  12/17/93 04/15/98 S 04/15/01 noncom-
bustible; 04/16/01
nonchemical
Chemical recovery combustion sources ~ 11/15/00  04/15/98 (12/15/00 MM 4/16/01
court-ordered)
Rocket engine test firing 11/15/00  (02/01) (05/02)
Rubber chemical manufacturing 11/15/00  (07/00) (07/01) (FFFF)
Semiconductor manufacturing 11/15/00  (05/01) (05/02) (BBBB)
Symmetrical tetrachloropyridine 11/15/00  (07/00) (07/01) (FFFF)
production 12/31/92 04/22/94 H.I 05/12/99; 05/12/98
(new sources)
Tire production 11/15/00  (07/00) (08/01) (XXXX)
Categories of area sources
Chromic acid anodizing 11/15/94  12/16/94 01/25/95 N 01/25/97
Commerecial sterilization facilities 11/15/94  03/07/94 12/06/94 (0] 12/06/98
Decorative chromium electroplating 11/15/94  12/16/93 01/25/95 N 01/25/96
Dry cleaning (perchloroethylene)—
dry-to-dry and transfer machines 11/15/92  12/09/91 09/22/93 M 09/23/96
Halogenated solvent cleaners 11/15/94  11/29/93 12/02/94 T 12/02/97
Hard chromium electroplating 11/15/94  12/16/93 01/25/95 N 01/25/97
Lead smelting, secondary 11/15/97  06/09/94 06/23/95 X 06/23/97
Oil and natural gas production® 11/15/97  02/06/98 06/17/99 HH 06/17/02

“ Dates and subpart identifiers in parentheses are those expected by EPA as of August 3, 2000, per the EPA OAQPS TTN web site. The
following categories were also delisted on the date listed in parentheses: asbestos processing (10/30/95); electric arc furnace, stainless and
nonstainless steel (06/04/96); chromium chemical manufacturing (06/04/96); nylon 6 production (02/12/98); wood treatment (06/04/96); cya-
nuric chloride production (02/12/98); and lead-acid battery manufacturing (5/17/96).

The following categories are identified on the upcoming standards list as of April 3,2000, on the EPA OAQPS TTN web site:

Category Expected proposal Expected promulgation
Ceramics 05/01 05/02
Brick and structural clay products 02/01 02/02
Lightweight aggregate 05/01 05/02

® In the November 10, 1997 preambile to the proposed Subpart MMM MACT standards, EPA also noted its plan to combine the 11 indi-
vidual agricultural chemical sources categories into a single category under this title, Pesticide Active Ingredient Production, as was done in
the June 23,1999, promulgation.

¢ Leak detection and repair (LDAR) provisions of the hazardous organic NESHAP (HON) rule of 40 CFR 63, Subparts H and I, apply
to the emission of certain chemicals from facilities in this source category (see relevant subpart and 40 CFR 63.190 for details).

4 Marine vessel loading source category was added November 12, 1993.

¢ EPA noted its plans to add this source category when it proposed the listed Subpart HH MACT standards.

Source: Compiled by Elsevier Science Inc.
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ment planning regulations were issued on October 20, 1993, and the final regulations on Jan-
uary 31,1994, as 40 Code of Federal Regulations (CFR) 68. Whereas the OSHA standard pro-
tects the worker from accidental releases, the EPA regulations protect the community and the
environment, covering the off-site effects of accidental releases as well as on-site prevention
and response. The accidental release program was developed in close coordination with the
existing OSHA process safety management standard in order to minimize any unnecessary
duplication of certain requirements.

EPA’s accidental release prevention regulations required certain facilities handling more
than a threshold amount of EHSs to develop detailed and integrated accidental release pre-
vention and risk management plans, in most cases far beyond what has previously been
expected of industry. EPA’s initial proposed list of 162 EHSs was published in the January 19,
1993, Federal Register. The current list of toxic and flammable substances and their threshold
quantities, as well as the reference and threshold quantities for explosives, are given in 40
CFR 68.130.

Operating Permit Program Requirements. The CAAAs established a massive new oper-
ating permit program to be administered by state agencies. EPA’s formal requirements
regarding permit programs were promulgated as 40 CFR Part 70 on July 21, 1992. The new
operating permit program generally has been administered by state and local permitting
authorities and has required nearly all sources of even minor amounts of air emissions to
apply for and obtain an operating permit. As shown in Table 4.20, the federal operating per-
mit program is substantially different from previous operating permit requirements.

Existing major sources as well as newly constructed sources will require permits. Even
those facilities and operations previously grandfathered from permit requirements will now
be required to obtain permits. After the permit program is in full force, a facility will not be
able to operate without both obtaining a permit and meeting the requirements stated in the
permit.

The operating permit program is generally modeled after the NPDES program under the
Clean Water Act (CWA). Under the CA A As, operating permits became the “centerpiece for
compliance”—the new operating permits are intended to contain all of a facility’s require-
ments for compliance with all air-quality regulations in one enforceable document. A typical
operating permit for a facility is many pages in length and may require the collection and
maintenance of reams of emissions data for each source or source grouping. Furthermore,
industrial facilities are required to pay permit fees as a condition of the permit. The new oper-
ating permits are vastly different from previous operating permits.

Initially, all major sources of air pollution were required to obtain an operating permit. The
definition of major varies, depending on the regulatory program and geographic location of
the facility. Using the emission inventory data developed as part of the compliance review,
Table 4.21 provides a summary of the types of sources required to apply for operating permits.

When an industrial operation is subject to the permit program as a major source for any
one pollutant, all potential emissions of every regulated pollutant at the facility must be
addressed in the permit application. The following section outlines the minimum operating
permit program elements.

TABLE 4.20 Comparison of Pre- and Post-1990 Operating Permits

Pre-1990 Post-1990
Compliance required with nonspecific state Permit lists stack-by-stack allowable emissions
regulations
Emission monitoring rarely required Continuous compliance monitoring
Annual emission reports (not compliance) Annual emission reporting; annual compliance
certification

Five-year maximum term
Significant permit fees
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TABLE 4.21 Operating Permit Program Applicability

Major source threshold

Source type (potential to emit)
HAP 10 tpy* any single HAP or 25 tpy aggregate
HAP emissions
VOC in an ozone nonattainment area 10-100 tpy VOC emissions
VOC in Northeast Transport Region 50 tpy VOC emissions
NOy in an ozone nonattainment area 10-100 tpy NO, emissions
CO in a serious nonattainment area 50 tpy
Particulate matter (PM,, nonattainment area) 50-70 tpy
All others 100 tpy any emissions

Sources subject to NSPS, National Emission
Standards for Hazardous Air Pollutants
(NESHAPs), PSD/NSR and acid rain regulations No threshold quantity

* Tons per year.

At a minimum, state agencies must include certain specific elements in their operating per-
mit programs for approval by EPA: requirements for permit applications, emission monitor-
ing, compliance certification reporting, permit fee authority, personnel, funding, and authority
to issue and process permits.

By regulation, facilities were required to submit permit applications by November 1995 at
the latest. Although many states required permit application submittal before November
1994, due to delays in EPA regulations guidance and program approval, as well as extended
schedules in some state programs, some initial applications had not been submitted by Janu-
ary 2001. To submit a timely and complete permit application, facilities must begin to prepare
the information months or years before the submittal deadline. With dozens to hundreds of
individual emissions units in a large industrial facility, accurate and well-documented infor-
mation is essential. Unless a company negotiates its permits properly, after these emission
limitations have been established, much of the operating flexibility of the past may be gone.

The permit application should include the following

¢ Potential emission of each regulated pollutant from a company’s facilities

¢ Existing emission limits on a pollutant-by-pollutant basis for both hourly and annual emis-
sions, whether by regulation or existing permit

¢ Any desired emissions or existing limits

¢ Potential emission rates in tons per year and in compliance terms (e.g., pounds per gallon,
pounds per million Btu)

It is possible that the permit will cap both annual and short-term emissions for certain
sources or groupings of sources. The permit application must cite and describe the regulatory
requirements applicable to the facility. Requirements expected to become applicable during
the term of a permit must also be identified in the application. EPA has issued several white
papers that have clarified and narrowed the information required in the application, and are
intended to facilitate operational flexibility.

Title V permits become the principal mechanism for detailing the specific requirements
applicable to individual sources. It is extremely important to negotiate a permit that will allow
substantial operating flexibility. Otherwise, the time required to modify air permits may seri-
ously impede product development and facility planning processes.

If a facility is out of compliance at the time the permit application is submitted, a schedule
for compliance, including enforceable milestones, is required. This compliance plan then
becomes an enforceable part of the facility permit.

The new operating permit program establishes procedures for several classes of changes at
industrial facilities (Table 4.22). In the past, many of these changes required no EPA involve-
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TABLE 4.22 Minor Versus Significant Permit Applications

Minor modifications Significant modifications

Comply with applicable requirements. Violates existing applicable requirements.

Small emissions increases. Not a minor modification or an administrative
amendment; change is typically a Title I
modification.

No change to certain types of permit Change to permit condition established to avoid

conditions or case-by-case determinations. regulatory applicability or change to previous

case-by-case determination on emissions permits
or ambient impacts.

Insignificant monitoring changes. Significant monitoring changes.

Insignificant reporting or recordkeeping Relaxation of reporting or recordkeeping
change. permit conditions.

Facility can make change before modification is Full review process before facility can make
reviewed if state regulations accept EPA change.
guidance.

No shield. State may allow a shield.

ment. In the future, however, almost any change in method of operation will require EPA
approval. Changes at sources are classified as: (1) administrative permit amendments, (2)
minor permit modifications, or (3) significant permit modifications.

The new air permits summarize existing restrictions applicable to an operation. A permit
change is not required to authorize a change in practice that is otherwise legal under the
state’s rules and regulations. Any change in practices or procedures that is within the opera-
tional flexibility provided by the permit and is otherwise legal may be made without a permit
modification. Permit modifications, particularly significant ones subject to EPA involvement,
could take from many months to more than a year for approval [40 CFR 70.7(e)(4)(ii) speci-
fies that the review of the majority of significant permit modifications should be completed
within 9 months]. Preparation of complete permit applications and their timely submittal are
critical items in responding to the CAAA permitting requirements. The permit application
and permit eventually crafted by the agencies based on the application will define a com-
pany’s operations for many years to come. Applications require careful consideration of each
item required in the permit application, as well as consideration of the potential for future
process modifications or production increases, to ensure that the operating permit provides
sufficient flexibility to allow the facility to run within a range of likely emissions and to avoid
very lengthy permit modifications.

Compliance Assurance Monitoring. One substantial requirement related to the new feder-
ally mandated operating permit program is the Compliance Assurance Monitoring (CAM)
rules that were promulgated as 40 CFR 64 on October 22, 1997. The CAM rules apply only to
facilities subject to the new federal operating permit program. In particular, only sources that
emit certain threshold levels of pollutants and utilize air pollution control devices must meet
these monitoring, recordkeeping, and reporting requirements. If the new operating permit
application was submitted prior to enactment of the final CAM rule, compliance need not be
implemented until the permit is renewed. In order to address this delay, EPA issued Periodic
Monitoring Guidance for Title V Operating Permits in September 1998. However, in April
2000 the federal appeals court ruled that the guidance must be set aside because it consisted
of far more than interpretation of existing regulations.

Regulatory Information Sources. For information on the current status of air-quality regu-
lations and related background documents, see the EPA Office of Air Quality Planning and
Standards (OAQPS) Technology Transfer Network (TTN) web site at www.epa.gov/ttn/.
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EMISSIONS SURVEY

The initial step in defining the emissions levels and determining the BACT or LAER tech-
nology (for a modification or a proposed new facility) or RACT or MACT requirements (to
control atmospheric emissions from an existing plant) is an emissions survey. All applicable
pollutant sources and quantities of emissions must be identified. The results of this survey will
provide management with a representative and comprehensive overview and with sufficient
detail with which to formulate abatement plans and design programs in order to file the per-
mit application. The basic steps in a typical survey include the following:

¢ Cataloging emission sources
¢ Quantifying emissions
¢ Preparing a source identification file

Cataloging Emission Sources

General Plant Information. The first step in such cataloging activities is to develop general
plant information. This information is required to provide a general background and
overview of the proposed or existing plant and/or its modifications, and define applicable reg-
ulatory requirements. The following data should be provided:

¢ A schematic block flow diagram of the process(es) for the plant showing the flow of raw
materials into and out of the process(es), and the design/operation of the air pollution con-
trol equipment. This diagram should identify sources of all potentially regulated pollutants,
both process and fugitive emissions, which could be released into the atmosphere. Potential
secondary or transformation by-product pollutants may need to be considered.

¢ A materials balance across the process(es) and across the air pollution control equipment.

¢ Airflows, either shown on a schematic block flow diagram for the process(es) and the con-
trol equipment, or provided separately.

¢ Dimensions of the plant buildings showing the length, width, and height of all structures,
present and proposed.

¢ Details of existing and proposed stack(s): height, diameter, exit gas flow, and temperature.
e Details of the design characteristics of the air pollution control equipment.

¢ Details on the potential release of fugitive emissions from existing or proposed new opera-
tions.

¢ A facility plot plan, including all fenced-off areas, identifying all sources, buildings, and plant
property lines.

Process Flowsheets. The second step is to prepare process flowsheets in sufficient detail to
indicate the flow of all raw materials, additives, by-products, and waste streams. The flowsheet
should identify all points of feed input, and all points at which atmospheric, liquid, and solid
wastes are discharged. The engineer or supervisor responsible for each process should verify
that the flowsheets identify all sources. Many plants have numerous sources, which must be
identified correctly for tracking purposes.

Survey Data Sheets. Analysis of process flowsheets can be further verified by review of
prior permit applications, process blueprints, photographs, and inspection manuals. With the
aid of these and any other resources available, the emissions surveyor can then develop
checklists in the form of survey data sheets that will be used during the plant tour to ensure
complete and efficient gathering of pertinent data. These survey data sheets will pertain
chiefly to process and feed data, and control equipment and emissions data. In addition, the
survey form should identify the permit status (i.e., grandfathered, exempt, regulated, or not
permitted) and the expiration dates of permits for each stack and/or vent. Figure 4.63 shows
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an example of a process survey data sheet, representing presurvey evaluation of a fuel-fired
combustion source. Such an example can be modified to apply to most types of emission
sources now in operation. The process survey data sheet should include the following:

¢ Detailed information on operating conditions for the process as designed

e Identification of normal and maximum throughput or processing rates during continuous,
batch, or intermittent operation, with frequency of emission discharges for each

¢ Description of raw materials, products, and wastes

¢ Values for normal operating temperature, equipment performance ratings, flows, pressures,
and similar data that are routinely monitored and/or recorded

POWER PLANT SURVEY FORM

Type of Heat Exchanger Primary Standby
Coal-tired g a
Oil-fired @] O
Gas-fired 0 a

If multiple-fired, check appropriate boxes

Rated Input Capacity Btu/hr
Maximum Operating Rate_________ Btu/hr
Rated Steam Output Ib/hr___(a) Btu/hr steam
Maximum Steam Output Ib/hr. (a) Btu/hr steam
Furnace Volume width____ft x depth ft x height _ft = cu ft
Operating Schedule hr/day____day/wk . wk/yr
Coal Firing
Type of Firing O Grate Type
[ Spreader stoker
O Pulverized coal O Orybotom [ Wet bottom
O Cyclone
Fly Ash Reinjection O ves O No
Soot Blowing
OO Continuous
O Intermittent
Time Interval Between Biowing minutes
Duration minutes
Outside Coal Storage 0O ves 0O No
Maximum Amount Stored Outside tons

FIGURE 4.63 Sample presurvey data sheet for fossil-fuel-fired steam generators.
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Control Equipment Survey Information. The information given in a control equipment
survey sheet is outlined in Tables 4.23 to 4.27. Table 4.23 shows information for a general sur-
vey evaluation form, while Tables 4.24 to 4.27 outline data requirements for control methods
for particulates and acid gases.

Identical information and data must be developed and evaluated for any new or modified
facility in order to select the control system that represents BACT or LAER technology.

Tour of Plant Facilities. The fourth step is a tour of the plant facilities. The tour should

include discussions with the process engineer or supervisor in order to ensure identification of
all sources, verify the process and control-equipment flowsheets, and account for any equip-

TABLE 4.23 General Control Equipment Data

A. At maximum continuous production rate (MCPR)
1. Inlet and outlet absolute cubic feet per minute (acfm).*
2. Inlet and outlet gas temperatures.
3. a. Inlet and outlet percent of H,O.
b. Dew point.
4. Inlet pollutant levels for:
a. TSP, Ib/h, gr/scf,* etc.; also provide particulate size distribution.
b. SO,, Ib/h, gr/scf, etc.
c. NO,, Ib/h, gr/scf, etc.
d. HC,' Ib/h, gr/scf, etc.
e. CO,lIb/h, gr/sct, etc.
. Expected and guaranteed efficiencies for each of the above pollutants.
. Expected and guaranteed pollutant levels at outlet for each of the above pollutants.
. If available, make, model, and type of control system(s).
. Explain basis for acfm and of selection for design. Caution: These may be different from
data used in dispersion modeling.
9. Material balance across control equipment.
10. Block flow diagram of control equipment.
11. Inlet particulate size distribution.
B. For system(s) that may have a lower efficiency at normal operating rates as compared to MCPR,
provide all data outlined above at normal operating rate.

e BN e V)]

* Actual cubic-feet per minute.

" Total suspended particulates.

* Grains per standard cubic foot; 1 gr = 1/7000 1b.

§ Hydrocarbon.

Note: If available, provide specification sheets. Provide drawings of internals.

TABLE 4.24 Multiclone and Cyclone Data

. Number of tubes for multiclones (multiple cyclones).

. Length of tubes.

. Fractional size efficiency vs. P curves.

. Diameter of tubes for multiclone or diameter of cyclone.
. Pressure drop in H,O column.

. Particulate size distribution into cyclone and/or multiclone.
Grain loading at inlet and/or outlet, gr/dscf*

ACFM at °F.

. Design efficiency.

. Disposal and handling of dry, collected dust.

. Preventive maintenance program.

— OV A LN

UGN

* Grains per dry standard cubic foot.
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TABLE 4.25 Data for Scrubber for SO, and/or Other Pollutants

4.121

19.

20.
21.
22.
23.
24.

. Design inlet and outlet volume flows, temperatures, percent moisture, and SO, loadings.
. Type of scrubber: wet or dry? If wet, operational mode.

. Is reheat necessary? Describe.

. Percentage of exhaust gases? Describe.

. Any prequench section? Describe.

. Type of demister.

. Type of internal construction.

. Minimum number of isolatable modules.

. Minimum liquid-to-gas ratio.

. Minimum-maximum pH of scrubbing liquor.

. Maximum gas face velocity.

. Minimum ratio of reagent to SO, and chemical composition solution.

. Pressure drop in H,O column.

. Is any bypass to be provided?

. Outline any measures to be taken to produce more uniform SO, loading to the scrubber

(e.g., precleaning, coal blending, etc.).

. Design efficiency for PM and/or SO, and/or other pollutants.
. Redundancy of control equipment.
. Parameters for packed-bed scrubbers:

a. Type of packing

b. Packing size and/or shape

c. Packing height

Parameters for spray scrubbers:

a. Number of nozzles

b. Nozzle droplet size

c. Nozzle design and/or shape

d. Nozzle pressure, pounds per square inch gauge (psig)
Materials of construction.

Disposal of sludge or wet dust.

Effluent to streams from sludge pond.
Percolation from sludge ponds to aquifers.
Preventive maintenance program.

TABLE 4.26 Fabric Filter or Baghouse Data

1.

A~

O 00 O W

Type of filter media:

. Chemical composition

. Woven cloth or felt

. Porosity of new cloth

. Weight of cloth, oz/yd?

. Napped or nonnapped fibers in woven bags
Life of bags

o0 o

. Air-to-cloth ratio.
. Cleaning mechanism.
. Number of compartments. Can one compartment be shut down for maintenance while the

rest of the baghouse continues operation? How is overall collection efficiency affected?

. How is damage from gas dew point circumvented? What is dew point?
. Overall collection efficiency.

. Materials of construction.

. Disposal of collected materials.

. Preventive maintenance program.
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TABLE 4.27 Electrostatic Precipitator (ESP) Data

1. Collection area, ft%/1000 acfm.

2. Number of fields.

3. Number of compartments. Can one compartment be shut down for maintenance while rest of
ESP continues operation? How is the overall collection efficiency affected during maintenance?

4. Gas velocity through ESP, ft/s.

5. Description of gas conditioning techniques.

6. Design of charging area: weighted wires, rigid frames, etc.

7

8

. Temperature of operation.
. Resistivity of fly ash or particulate matter at temperature of operation.

9. Inlet gas details: How is turbulence minimized? Any aerodynamic gas flow studies?
10. Rapping or cleaning details: provisions to minimize reentrainment when cleaning.
11. Design efficiency for preventive maintenance.

12. Design of collecting rappers to prevent bridging, plugging, or improper operation.
13. Materials of construction.

14. Disposal of collected materials.

15. Preventive maintenance program.

ment modifications already made. Sufficient data should be gathered to allow computation of
material balances in order to have a basis for quantifying each emission source.

The plant tour starts at the files. There the surveyor will gather design specifications for
each process and control device. Correspondence may also yield pertinent information relat-
ing to operations and maintenance (O&M) of process and control equipment, current status
of compliance, comments of control agencies, public complaints, and the like. This kind of
background information can enhance the understanding needed for a meaningful on-site
inspection of each process and control device. If the particular (existing) emission source
requires an air permit, most of the pertinent information on the operating and emission char-
acteristics are contained in the permit. Under the new operating permit program, permits
must be renewed every 5 yr.

Each air containment source generally has a duct that vents from the process to an outside
chimney or stack. The exhaust gas is moved by a fan or, in some instances where heat is
applied, by natural draft. For each operation, the ducting should be followed from the process
to the point of entry to the atmosphere. In some instances, the exhaust gas stream is difficult
to follow. The introduction of makeup air, splitting of gas streams, and ducting of several oper-
ations to a common stack complicate the overall exhaust system structure and require careful
tracing to ensure that exhaust-gas paths are properly defined. Placement of fans and control
devices must be noted along with the height and location of each stack. Air-conditioning,
heating, and makeup vents must not be mistaken for process stacks. After defining all process
sources, the surveyor should check the roof to identify any unaccounted-for emission points.
Finally, potential sources of fugitive emissions should be confirmed.

Quantifying Emissions

All of the data obtained thus far from the process flowsheets, process survey forms, control
equipment survey forms, stack survey forms, photographs, correspondence, discussions, and
the plant tour can now be organized to develop an emission survey plan. This plan must indi-
cate the quantity of emissions estimated from each source, with possible variations due to sea-
son, time of day, feed materials, and similar variables. The emissions characterization should
identify all important parameters affecting control of the pollutants and possible sampling
techniques. These data will be used to review the compliance status for each source. These
programs will describe the plans that will be implemented by the company to achieve or main-
tain compliance, and should contain the following increments of progress or milestones:
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e Date of submittal of the final compliance plan or permit to the appropriate air pollution
control agency

¢ Date of issuance of an approved compliance plan or permit

e Date by which contracts for emission control systems or process modifications will be
awarded, or date by which orders will be issued for purchase of component parts to accom-
plish emission control or process modification

e Date of initiation of on-site construction or installation of emission control equipment or
process change

¢ Date by which on-site construction or installation of emission control equipment or process
modification is to be completed

¢ Date by which final compliance or full operation is to be achieved

Figure 4.62 presents an example of the activities that must be completed before compli-
ance can be achieved. Depending on the nature of the emission source and the complexity
and size of the modifications required, the time requirements for compliance can range from
a few months to several years.

Quantification techniques can then be applied in order to develop and utilize the emission
survey information. Mass balances usually can be established around each process, particu-
larly when the throughput rates and the composition of raw materials are known. The materi-
als balance will indicate the extent of solid, liquid, and gaseous wastes.

A review of applicable air pollution control regulations will provide the basis for the mass
balance. The control regulations state which pollutants are regulated and define each pollu-
tant. The definition of each pollutant determines the conditions under which the pollutant is
sampled and its chemical and physical makeup. For instance, because water vapor is not con-
sidered an air pollutant, it is not necessary to accurately account for it in the mass balance.
Emissions of SO, or organic substances are usually regulated and must be estimated in the
materials balance.

A materials balance for gaseous pollutants can be determined by analysis of raw materi-
als, fuels, and products to give the gaseous pollutant potential of many of the compounds
liberated during a combustion or chemical process. Knowledge of fuel composition is espe-
cially useful in estimating emissions because many compounds in the fuel become airborne
gases after combustion (e.g., sulfur in fuel oil exhausts as SO,). Other constituents, such as
ash and volatile matter, directly affect the quantity of particulate emissions. Stack sampling
tests may be the only acceptable way to quantify emissions of certain pollutants (e.g., VOCs
and HAPs).

In reviewing a permit application, the regulatory authorities typically use an EPA publi-
cation titled “Compilation of Air Pollutant Emission Factors” (AP-42), in order to estimate
the potential uncontrolled and controlled emissions of a particular pollutant. This docu-
ment and all its supplements should be obtained by the plant engineer and used as refer-
ence material.

Preparing a Source Identification File

A source identification file provides a means of standardizing data for the emission survey.
For each pollutant source, a standard identification form gives a description of the process, a
summary of emission data, the current compliance status, and the proposed actions, if any are
intended. A basic source identification form is shown in Fig. 4.64. Some sources involve sev-
eral emission points with more than one pollutant at each point.

The source identification file should be indexed to provide easy access by any concerned
party. The index should list all sources and identify the emission point for each source.
Assignment of a number for each emission point will facilitate an alphanumeric search for
emission points in the source identification file.
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Emission Point No.

Emission Point Name

Date of Record

Source Name

Description of Source

Type of Permit

Date of Permit

Applicable Regulation(s)

Particulate Emissions units

Allowable Emission units

Method of Determination

Gaseous Emissions

type units

Allowable Emissions units

Method of Determination

Compliance Status

Date Contract Awarded

Date Construction Began

Monitoring

ambient

stack

FIGURE 4.64 Source identification form.

EMISSION CONTROL METHODS

Emission control alternatives might be broadly grouped under the following categories: (1)
process or raw material changes that reduce the quantity of pollutant, (2) changes that elimi-
nate production of a particularly undesirable pollutant, and (3) collection and removal of the
pollutant from the gas stream. Current designs employ some combination of these alterna-
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tives, with interaction between the alternatives. For example, using a scrubber to selectively
remove a pollutant may lower an exhaust-gas temperature, which could significantly reduce
the thermal buoyancy of the effective plume rise, thereby necessitating the requirement for
plume reheat and/or increase in stack height. Disposal of an undesirable liquid or removal of
solid waste from a gas stream may be a greater problem than abatement of gaseous pollutants.
Clearly, there must be a compromise. The control system must be evaluated with regard to
capital and operating costs, level of control, by-product generation, reliability, and other prac-
tical considerations.

The most important process parameters for selection of control equipment are the following:

Flue-gas characteristics

¢ Total flue-gas flow rate

¢ Flue-gas temperature

¢ Control efficiency required

e Composition of emissions

¢ Corrosiveness of flue gas over operating range
e Moisture content

e Stack pressure

Process or site characteristics (field survey)

e Reuse or recycling of collected emissions

¢ Availability of space

¢ Availability of additional electrical power

¢ Availability of water

¢ Availability of wastewater treatment facilities
¢ Frequency of start-up and shutdown

Controlling Particulate and SO, Emissions

Traditional and nontraditional air pollution control systems that primarily limit particulate
and SO, emissions are discussed in this subsection. It is important to note that many HAPs are
also considered to be particulate matter. Thus, controlling particulate emissions will limit
HAP emissions. Some of the devices described here can be used in series or alone to reduce
particulate and acid gas emissions to acceptable levels.

Mechanical Collectors. The most familiar and widely used mechanical collector is the
cyclone separator (Fig. 4.65). Gas enters tangentially at the top of a cylindrical shell and is
forced downward in a spiral of decreasing diameter in a conical section. Particles are cen-
trifugally thrust outward and forced to spiral downward to the bottom, which is closed by an
air lock. Because gas cannot escape at the bottom, it is forced to turn and travel, still whirling,
back up the center of the vortex and exit at the top. Particles are discharged from the bottom
through the air lock.

The tighter the spiral in which gas must flow, the greater the centrifugal force acting on a
particle of given mass, and thus the more efficient the cyclone can be. Top diameters of
cyclones range from more than 120 in (3 m) to as small as 24 in (60 cm), and capabilities reach
85 percent efficiency with particles as small as 10 um at pressure drops from 0.5- to 3-in (13-
to 77-mm) water gauge.

Cyclones alone are seldom adequate for pollution control, except where the load consists
almost entirely of coarse particles, such as in woodworking shops, or where particle density is
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unusually high. Cyclones are often used when there is a special reason to separate and collect
reusable coarse particles from useless fine particles (for example, in fluid-bed catalyst regen-
erators through which the fine particles pass for subsequent separation by more efficient
means). Cyclones are sometimes applied where gas cooling is necessary (for example, where
the cyclone is followed by a fabric filter, the cyclone scalps the coarse fractions of the dust load
and at the same time provides cooling).

Scrubbers. Scrubbers are collectors capable of separating solid or liquid particles from a gas
stream. They are also used to separate a chemically reactive or soluble gas constituent from
other gas constituents in a flue-gas stream. The most common use for gas separation involves
its use in flue-gas desulfurization (FGD).

In the simplest application of scrubbing, liquid is sprayed in at the top of a column, and col-
lision for particulate wetting or capture occurs as drops fall through a rising gas stream. Pressure
drop is low, and application is limited to situations where 50 percent efficiency or less is accept-
able and the percentage of particles smaller than 10 um is low, or where coarse particles are to
be scalped ahead of a precipitator or a more efficient scrubber. A spray column is often used pri-
marily for quenching hot gas, with coarse particulate removal a useful but incidental effect.

Centrifugal Scrubbers. In a centrifugal scrubber, column design and directed sprays cause
droplets and gas to mix in a rising vortex such that centrifugal force increases the momentum
of collisions between particles and drops. Thus, smaller particles can be captured, and effi-
ciencies as high as 90 percent can be achieved with particles as small as 5 um, at pressure drops
from 2- to 6-in (50- to 150-mm) water gauge.

Packed Scrubbers. A column may be fitted with impingement plates, wetted mesh, or
fibrous packing, or packed with saddles, rings, or other solid shapes. In such scrubbers, typi-
cally at a 1- to 10-in (25- to 250-mm) water-gauge pressure drop, efficiencies can reach 95
percent with particles as small as 5 um. Packed beds designed for gas absorption, however,
are subject to fouling if the gas stream contains a significant fraction of solid particles. In
designs that use sprays to wash the packing, or that are packed with small spheres agitated
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by the gas flow, the fouling problem is reduced. In some systems, a moist chemical-foam
packing is used which drains slowly from the scrubber along with captured particulates and
is then replaced.

Venturi Scrubbers. A venturi tube operating on the eductor or ejector principle, with
scrubbing liquid as the motive fluid, can collect particles as small as submicrometer size
with efficiencies as high as 95 percent, if grain loading is low. Gas-pressure drop is not
needed for power input, and there can even be a gain in gas pressure across such a scrubber.
The disadvantages are the requirement for substantial scrubbing-liquid flow at high pres-
sure and the scrubber’s inability to remove large particles because the induced gas-stream
velocity is low.

Scrubbing a particulate- and acid-containing gas stream by bringing it into contact with a
liquid is an effective means of removing both the dust and the acids. The collected particles,
along with any acids (in either a “raw” or neutralized form), are disposed of in a wet form and
present their own set of disposal problems. This is one of the major drawbacks to wet scrub-
bing and a reason that dry scrubbing systems are gaining wide acceptance.

When treating an acid-gas stream, an alkali compound (such as caustic soda or lime) is
added to the scrubber water. The water is brought into contact with the gas stream through
dispersed droplets (spray tower), contraction of the gas stream (venturi), or countercurrent
flow (collision). This violent contact removes the particles and acids from the gas stream, but
wet scrubbing is very dependent on size and concentration (for gases) at a potentially high
energy cost. In general, the greater the degree of acid gas or the amount of particulate
removal required (or the smaller the particle to be removed), the more energy must be
expended to reach this goal. This energy usage is found in both the pumps to move the scrub-
bing liquor and the fan power to move the gas.

Semidry Scrubbers. Semidry scrubbing systems start with a wet scrubbing medium (usu-
ally a lime slurry or a soda ash solution) and produce a dry waste product. The central device
of a semidry scrubbing system is the spray dryer, similar to equipment that has been used for
years in industry to manufacture everything from powdered coffee and milk to paint pigments
and detergents.

In a semidry scrubbing system, the solution or slurry is dispersed by nozzles or rotary
atomization systems into a fine cloud of droplets. These droplets are brought into contact with
a hot gas stream (and herein lies a disadvantage to semidry scrubbing systems) that proceeds
to evaporate the water in the droplets. As the water evaporates, the acids in the gas stream
react with the alkali material in the drying droplets and neutralize them, forming a fine pow-
der. Most of this powder is removed from the bottom of the spray dryer, while the remainder
is entrained in the gas stream and carried out to either a fabric filter or an electrostatic pre-
cipitator (ESP).

The necessity for a secondary emissions control device is another disadvantage of semidry
scrubbing systems; this usually will result in a cost about 5 to 10 percent higher than for wet
scrubbing systems. Two major advantages of the semidry scrubbing system are its relative sim-
plicity to operate and the relative ease (compared to wet scrubbing systems) of the disposal of
the dry waste product.

Another advantage of the semidry scrubbing systems is that, combined with a fabric filter,
there is almost complete (95 percent for SO,, 90 to 95 percent for HCI) removal of acid gases,
particulates, metals, and, when used with activated-carbon injection, dioxins and furans.

Dry Injection Systems. Dry injection systems are effective in removing acids from gas
streams. In operation, this method is very similar to the semidry scrubbing system in that a dry
powder (usually lime or soda ash) is injected into a gas stream. In some applications this pow-
der injection may be enhanced by a separate fine water spray to humidify the gas stream.

The acids will react with the injected powder and, again like the semidry systems, be
removed from the gas stream (along with other particles) in either an ESP or a fabric filter.
Two great advantages of the dry injection system are the simplicity of its operation and,
depending on the layout and length of ductwork, its ease of retrofit into a manufacturing facil-
ity with an existing particulate control device.
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One major disadvantage of the dry injection system is that without the aid of gas-liquid-
solid mass transfer, as in the wet or semidry scrubbing systems, addition of alkali at a ratio
much higher than stoichiometric is required for an equivalent removal.

Fabric Filters. Fabric filters collect solid particles by passing gas through cloth bags that
most particles cannot penetrate. As the layer of collected material builds on the fabric, the
pressure differential required for continued gas flow increases; consequently, the accumulated
dust must be removed at frequent intervals. Fabric used to form the filter elements can range
from nylon to wool to Teflon-coated fiberglass, shaped into cylindrical bags or envelopes with
a roughly elliptical cross section.

Fabric filters are capable of 99+ percent collection efficiency with particles as small as
submicrometer size. High efficiency is attained with moderate pressure drops, typically in
the range from 2- to 4-in (50- to 100-mm) water gauge. Power input is thus comparable to
that of multitube mechanical collectors, while the capability to collect fine particles is much
greater. Operating costs, including maintenance, are somewhat higher, however, because
some moving parts are involved and bags must be replaced periodically. Unlike wet scrub-
bers, the performance of fabric filters is relatively unaffected by variations in gas-flow rate.
Fabric filters are sometimes preceded by mechanical dust collectors or settling chambers
in the baghouse when excessive grain loading or abrasive, coarse particles, or both, are
involved.

At certain times during operation, the pressure drop will increase to the point that neces-
sitates removal of the particles from the fabric. Depending on the filter system design, the
cleaning process is accomplished by shaking the bags, sending a pulse of compressed air into
the filter bag, or sending a stream of clean gas in a reverse direction through the filter com-
partment.

As effective as fabric filters are, there are some drawbacks to their use. Excessive pressure
drops may occur as the fabric becomes plugged with small particles or from water droplets in
the gas stream; ripping or pinholing of the fabric will reduce its effectiveness; and retrofit of
filters may be difficult, depending on the layout of the process and the facility.

Electrostatic Precipitators. Electrostatic precipitators (ESPs) are extremely efficient air
pollution control devices that can remove more than 99 percent of the particles in a gas
stream (Fig. 4.66). This high efficiency is possible because, unlike other pollution control
devices, the precipitator applies the collecting force only to the particles to be collected, not to
the entire gas stream. Thus, an extremely low, energy-saving power input [about 200 W per
1000 ft*/min (0.5 m%/s)] is required.

In operation, a voltage source creates a negatively charged area, usually by means of wires
suspended in the gas-flow path. On either side of this charged area are grounded collecting
plates. The high potential difference between these plates and the discharge wires creates a
powerful electric field. As the polluted gas passes through this field, particles suspended in the
gas become electrically charged and are drawn out of the gas flow by the collecting plates.
They adhere to these plates until removed for disposal. Removal is accomplished mechani-
cally by periodic vibration, rapping, or rinsing. The gas stream, now substantially free of par-
ticulate pollution, continues to flow for release to the atmosphere.

Because its collection mechanism depends on charging the particles in the gas stream, an
ESP will be strongly affected by the characteristics of both the particles and the gas stream in
which they are contained. Particles with too high a conductivity (low resistivity) will bleed
their charge either before being collected or will be released back into the gas stream after
impacting with the collecting electrodes.

Conversely, particles with very low conductivity (high resistivity) will not be easily
charged and may require a very large precipitator to achieve an adequate collection effi-
ciency. In specifying a precipitator, the user should have either a qualified testing company
or a reputable vendor perform resistivity and particle size distribution measurements on
the gas stream to be controlled to develop the needed design data. If this testing is not pos-
sible, then a qualified consultant or company experienced in precipitator design should be
used.
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FIGURE 4.66 Electrostatic precipitator.

Controlling VOC Emissions

The air pollution control equipment marketplace offers many competing technologies for
controlling emissions of volatile organic compounds (VOCs). It is important to note that over
half of the HAPs are considered VOCs. Thus, controlling VOCs will limit HAP emissions. If
any technology was economically and technically superior under all conditions, it would be
the only one on the market. In fact, each technology used to control VOCs is superior under
some set of conditions.

The reasons for choosing one control technology over another are situation-specific. Some
general guidelines to VOC-control technologies and the situations where they may be appro-
priate are presented in this subsection. Table 4.28 summarizes the control technologies and
their applications.

High-VOC Airstreams. Airstreams with a high VOC content are defined here as those con-
taining several hundred parts per million (ppm) and greater.

Refrigerated Vapor Condensor. This removes VOCs from a gas stream by condensation
at very low temperatures, typically around —112°F (-80°C). As an example, refrigerated con-
densation is used to remove gasoline from air displaced by fuel transfer operations. It is most
applicable to gas streams with flow rates less than 1000 standard cubic feet per minute (scfm)
and VOC concentrations of at least several hundred ppm.

Many hydrocarbons have significant vapor pressures even at —112°F (-80°C). This limits
attainable recovery. For example, the vapor pressure of toluene at —112°F (-80°C) is 0.052
mmHg or 69 parts per million by volume (ppmv) at atmospheric pressure. If the initial toluene
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TABLE 4.28 Control Technologies for VOCs

Airstreams with a high VOC content (>500 ppm)
® Refrigerated vapor condenser

® Solvent vapor adsorption

® Flare

Airstreams with a moderate VOC content (about 100 to 500 ppm)
Thermal incinerator

Catalytic incinerator

Regenerative (ceramic) incinerator

Regenerative carbon adsorber

Airstreams with low VOC content (<100 ppm)
Once-through carbon adsorption

Carbon adsorber-incinerator systems
Catalytic oxidation

Biological systems

Reducing process airflow rates

concentration is 1000 ppmv, at least 90 percent removal is attainable. If the initial toluene con-
centration is 100 ppmyv, recovery can be no better than 30 percent.

Everything passing through the system is cooled to —112°F (-80°C)—VOC:s, air, inert gas,
and water vapor. Water is converted to ice, which could plug the system. Therefore, high
humidity must be avoided. Refrigeration requirements are a large part of the cost of operat-
ing the system, and refrigerating low VOC concentrations has less efficient recovery and
higher operating costs. This restricts refrigerated condensation to relatively high VOC con-
centrations at relatively low flowrate conditions. Should the recovered VOC have value—for
example, for reuse—the operating costs can be offset.

Alternatively, a chilled vapor condenser can be employed if the vapor pressure and con-
centration of the VOC will allow removal efficiencies meeting the targeted emission rate at
operating temperatures higher than approximately 30°F (-1°C).

Solvent Vapor Adsorption. VOC-containing air passes through a nonvolatile solvent,
which adsorbs most of the VOCs. VOC:s are stripped from the loaded solvent with heat and a
partial vacuum and are recovered by condensation. Recovered VOCs can be recycled, which
can offset some or all of the costs of operating the system. The VOC concentration must be at
least 100 ppmv. Skid-mounted package units might be used for fuel transfer and can handle up
to 1000 scfm. Larger custom units can handle several thousand scfm and might be used for
controlling chlorinated hydrocarbon emissions from degreasers.

Flares. Flares are considered an acceptable device for emission control. Instances where
there is both a sustained high gas flow and a high VOC concentration are rare because the
losses would be economically unacceptable. A flare would be effective for controlling inter-
mittent short-term high-flowrate or high-concentration surges.

The flare has the advantages of relatively low capital cost, minimal operating cost, and the
ability to handle VOC surges. VOC control of 95 to 98 percent can be assumed. In addition,
flares are a combustion source and will result in emissions of NO, and CO.

Moderate VOC Concentration. Airstreams with moderate VOC concentrations are defined
here as ranging from 100 to 500 ppmv.

Thermal Incinerators. 'VOC-containing air is heated in a combustion chamber to a tem-
perature of 1400° to 1800°F (760° to 982°C). A supplemental fuel is always required and nat-
ural gas is the usual choice. A temperature of 1436°F (780°C) is adequate for most VOCs and
will ensure more than 99 percent destruction. The heat content of the VOC usually does not
contribute significantly to the fuel requirements.

Heat exchangers can be built into the incinerator to use the stack gas to preheat the incom-
ing VOC stream. Up to 65 percent heat recovery is attainable. The heat exchanger reduces the
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fuel at the expense of a higher capital cost. The incinerator may need to be made of more
expensive metals if chlorides are present.

The thermal incinerator is a simple and effective system. The disadvantage is the cost of
the supplemental fuel and the increase in emissions of combustion-related gases (i.e., NO,
and CO). Fuel cost is less of a concern for low airflow rates and where operation is not con-
tinuous. For example, a 2000-scfm incinerator would require about 3.5 MBtu/h. For a one-
shift, 5-days-per-week operation, the incinerator would operate about 2200 h/yr (allowing
for warm-up), creating an annual fuel requirement of about 7700 MBtu/h. Depending on
natural gas prices, a $100,000 heat exchanger might not be justifiable. For the same
airstream and a three-shift operation, a heat exchanger probably would be a good invest-
ment.

For a 20,000-scfm air stream, fuel requirements would be about 35 MBtu/h. Such a thermal
incinerator should certainly have a heat exchanger; therefore, other VOC control methods
should be considered.

Catalytic Incinerator. VOC combustion takes place on a catalyst surface at about 800°F
(427°C). Fuel costs are lower than for a thermal incinerator because it takes less fuel to heat
air to 800°F (427°C) than to 1436°F (780°C). Also, the heat value of the VOC may contribute
significantly to the fuel requirements.

The cost of the catalyst is a significant part of the cost of a catalytic incinerator. This is off-
set because a catalytic incinerator can be made of less expensive materials due to the lower
combustion temperature. The lower fuel cost means that catalytic incineration can be evalu-
ated as an alternative to thermal incineration at airflow rates above a few thousand scfm. A
catalytic incinerator will typically achieve greater than 98 percent destruction of VOCs. This
is very acceptable for controlling VOCs from coating and printing operations.

Replacing the catalyst is expensive; therefore, catalytic incinerators should not be used
when the catalyst could be contaminated. Burning chloride-containing VOCs produces HCI,
which can attack the catalyst. Sulfur-containing VOCs can also attack some catalysts.
Airstreams that contain suspended particulate matter or produce particulate matter upon
combustion can cause the catalyst to be coated and rendered inert. If there is a VOC surge in
the airstream, the VOCs’ fuel value could cause an exothermic reaction, raising the combus-
tion temperature above the design limit and rendering the catalyst inert (“burning” the cata-
lyst). This could result from a drying oven being loaded with freshly coated surfaces, thus
producing an initial rapid evaporation of the VOCs.

Regenerative (Ceramic) Incineration. The regenerative incinerator has a ceramic heat
exchanger. Heat from burning the VOCs is transferred to the ceramic exchanger. This heat
then is used to heat the incoming VOC stream. The system has dual exchangers, with one
exchanger being heated while the other is giving up its heat. The incinerator achieves 98 to 99
percent destruction of VOCs at a combustion temperature of about 1400°F (760°C) with a
thermal efficiency of up to 95 percent. The regenerative incinerator can be modified to
include a catalyst in the regenerative ceramic beds, which allows the combined benefits of
regenerative incineration with catalytic incineration. The result is lower combustion chamber
temperature, further reducing fuel requirements while maintaining a high level of VOC
destruction efficiency and heat recovery. The regenerative incinerator has the highest thermal
efficiency of any incinerator, and therefore the lowest fuel cost. Capital costs, however, are
higher than for other incineration systems. It is very effective in treating high-volume
airstreams containing a VOC concentration up to a few hundred ppm.

The units typically range from 5000 to 100,000 scfm and weigh several tons. The size and
weight restrict the location of the incinerator. The recuperative incinerator should be consid-
ered when airflow rates are several thousand scfm.

Regenerative Carbon Adsorption. VOC-containing air passes through a bed of activated
carbon. The VOCs are adsorbed onto the carbon. When the bed is sufficiently loaded, VOCs
are stripped from the bed using low-pressure steam followed by air drying. Steam and VOCs
are recovered by condensation. For continuous operation, there are two or three carbon beds,
with one bed being regenerated while the other beds are loading. Regenerative carbon
adsorption requires on-site steam and compressed air.
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Carbon adsorption works very well for water-insoluble organic compounds that are liquid
at room temperature. Process economics benefit if the recovered VOCs can be recycled. A
single-stage unit can achieve up to 99 percent control. Carbon adsorption is usable for VOC
concentrations between 10 and several hundred ppm.

Carbon adsorption is less effective for the following conditions:

¢ Organic compounds that are gases or very low boiling-point liquids at ambient tempera-
tures

¢ Airstreams above 100°F (38°C)
¢ Airstreams above 50 percent relative humidity

Under these conditions, VOCs are not tightly held on carbon, and control efficiencies can
be unsatisfactorily low. Ketones can undergo exothermic polymerization on the carbon sur-
face, coating the carbon with a solid polymer that is not removable by steam stripping, thus
rendering the carbon nonadsorptive. The heat buildup can cause the carbon bed to ignite. If
the VOCs are water-soluble, they are dissolved in the condensed steam and the condensate
requires treatment prior to discharge. Using an alternative VOC-control method is usually
preferable to treating the VOCs in the condensate.

Low VOC Concentration. Airstreams with a low VOC concentration are those below 100
ppm.

Once-Through Carbon Adsorption. This differs from regenerative carbon adsorption in
that activated carbon is in canisters furnished by the carbon supplier. VOC-containing air
passes through the canisters. Instead of regenerating the carbon, spent canisters are ex-
changed by the supplier for fresh canisters.

Advantages are: minimal capital investment is needed; steam and compressed air are not
required, which makes canisters suitable for field sites; minimal labor and attention are
required; and effective VOC loading is better in the low-ppm concentration range.

Activated carbon will load 0.3 Ib of typical VOCs per 1b of carbon at 100 ppm and 0.15 1b
per 1b of carbon at 5 ppm. Steam stripping will leave 0.2 and 0.13 1b of VOCs on the carbon,
respectively. Therefore, for regenerative carbon the working margin is 0.1 1b of VOC per Ib of
carbon at 100 ppm (0.3 —0.2) and 0.02 Ib of VOC per Ib of carbon at 5 ppm (0.15 — 0.13). Thus,
at 5 ppm, once-through carbon can load 0.15 Ib of VOC per Ib of carbon, compared with 0.02
1b for regenerative systems.

The carbon canisters lack instrumentation and controls; therefore, the carbon could
become overloaded unless it is carefully monitored. Fluctuating or less-than-design airflow
rates could cause the carbon to form channels, reducing the effective capacity of the canister.

The VOC control cost is high for nonregenerative carbon. At a loading of 0.15 1b of VOC
per Ib of carbon and a carbon cost of $2.40 per 1b, the VOC control cost for carbon alone is
$32,000 per ton ($2.40/0.15 x 2000). Any VOC control strategy is expensive for 5-ppm
streams.

Carbon Adsorber-Incinerator Systems. A combination of a carbon adsorber and an incin-
erator can be used to control a high-volume, low-VOC-content stream. For example, suppose it
is necessary to control a 100,000-scfm stream having a 30-ppm VOC content and that incinera-
tion is the appropriate control method. Whichever mode of incineration was used, the fuel cost
would be very high. However, the fuel cost could be greatly reduced by first passing the
airstream through a carbon adsorber, followed by stripping the adsorber with warm air [approx-
imately 250°F (121°C)], and then routing that airstream to the incinerator. The airstream out of
the carbon adsorber could be 10,000 scfm with a VOC content of 300 ppm. In a catalytic incin-
erator, little or no supplemental fuel would be required. Capital costs for two control systems
would be higher than for a single system, and two control systems would have more chance of
being out of commission, but they would significantly reduce a very high fuel cost.

Catalytic Oxidation. A catalyst, typically a monolithic honeycomb type with a metal or
ceramic substrate, is inserted into the process stream, typically a waste stream from a com-
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bustion source; VOCs are converted to H,O and CO. The catalyst requires an operating tem-
perature of 250 to 1200°F (121 to 680°C) to achieve a high destruction efficiency of up to 90
percent. Disadvantages of catalytic oxidation include the potential for catalyst poisoning by
chemicals in the waste stream, the potential for plugging if particulate matter is present in the
gas stream, and the potential for damage by a transient increase in VOC concentration, which
can cause a temperature surge.

Biological Systems. Biological systems use microbes in an aerobic environment to biode-
grade VOC:s to CO, and H,O. Biological systems can take the form of biofilters, trickling fil-
ters, or bioscrubbers. Bioscrubbers are not yet common in the United States and are not
addressed in the following paragraphs.

VOC-removal efficiencies as high as 95 percent have been achieved with biofilters. Biofil-
ters typically have low operating costs with minimal emissions of other pollutants, such as
NOy and CO. However, space requirements are higher and capital costs are moderate to
higher compared to other VOC-abatement equipment. A number of factors must be consid-
ered in selection of a biofilter, including the following:

¢ Biodegradability of the VOCs, which differs by compound
e Compound solubility into the biomass
¢ VOC loading rate and concentration

e Temperature of the process stream being treated, because the optimum temperature range
for microbial activity is 77 to 95°F (24 to 34°C)

¢ Acid by-product formation, typically from chlorinated VOCs, which affects biomass pH and
effectiveness

¢ Acclimation period for the microbes to achieve optimum degradation, which can differ
according to the VOCs present in the process stream to be cleaned

¢ Particulate matter or grease in the process stream, which can clog the biofilter media

¢ Operational characteristics of the process, because biosystems tend to operate best when
the process stream to be treated is continuous-flow, with a constant composition

¢ Source of moisture to maintain biological activity

Reducing Process Airflow Rates. Regulatory agencies now look at making VOC controls
more feasible by reducing process airflow rates. For example, suppose a coating operation has
five stations, each with an airflow rate of 20,000 scfm and a VOC content of 80 ppm. The com-
bined airflow rate is 100,000 scfm and the VOC content is still 80 ppm. VOC controls would
be very expensive. However, if the airflow from the five stations was put in series (the air from
Station 1 goes to Station 2, which goes to Station 3, etc.), then the airflow rate is 20,000 scfm
with a VOC content of 400 ppm. If the lower flammability level of this VOC is 1.6 percent or
16,000 ppm, the VOC content is still well below 25 percent of the lower explosive limit (LEL)
and may be economically controllable. When VOC controls are required, it may be technically
and economically preferable to reduce the process airflow rate rather than buy a larger and
more expensive control system.

Controlling NO, Emissions

Nitrogen oxides (NO,) are products of all conventional combustion processes. Nitric oxide
(NO) is the predominant form of NO, emitted by such sources, with lesser amounts of nitro-
gen dioxide (NO,) and nitrous oxide (N,0). The NO can further oxidize in the atmosphere to
NO,. The generation of NO, from fuel combustion is a result of two formation mechanisms.
Fuel NO, is formed by the reaction of nitrogen chemically bound in the fuel and oxygen in the
combustion air at high temperature in the combustion zone. Thermal NO, is produced by the
reaction of the molecular nitrogen and oxygen contained in the combustion air at high tem-
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perature in the combustion zone. The main factors influencing the NO, reaction are combus-
tion temperature, residence time within the combustion zone, amount of fuel-bound nitrogen,
and oxygen levels present in the combustion zone.

For some combustion sources, RACT, BACT, and LAER have and will require add-on
controls or combustion modifications to limit NO, emissions. These add-on control technolo-
gies are relatively new and can represent high capital and maintenance costs, especially for
industrial boilers and heaters. The low-cost combustion-modification techniques involve
burner modifications with total capital cost under $50,000 per boiler.

Combustion Modification Techniques

Burners Out of Service (BOOS). On multiple-burner units, simply taking one or more
burners out of service lowers the potential flame temperature (PFT) through several mecha-
nisms. These include increasing gas flow to any particular remaining burner and reducing the
flame temperature by reducing the flame-to-flame radiant exchange.

BOOS costs little to implement. This technique often is most effective in reducing NO, for
burners at middle to upper elevations in a boiler.

Boiler Derating. Boiler derating can be an acceptable procedure for industrial boilers
under certain conditions. For example, steam demand may decrease when certain processes
are phased out or replaced by a more energy-efficient process, or a plant’s energy use can be
reduced through efficiency planning. In such cases, the boilers may be derated to fire at lower
loads.

Derating can be as simple as reducing the firing rate, or a facility may be permanently de-
rated, for regulatory reasons, to take advantage of a higher NO, limit for a lower-rated boiler.
Even permanent derating can be accomplished inexpensively—for example, by installing a
permanent restriction, such as an orifice plate, in the fuel line. If a boiler derating is impossi-
ble, often the burners themselves can be modified to reduce NO, concentrations.

Burner System Modification (BSM). BSM is a relatively underused and low-cost strategy
that can produce marked NO, reductions. It can be used on ring and spud burners, the two
main types. BSM may also consist of modifications to the air registers surrounding the burner.
These modifications may require a level of expertise not usually found in the boiler house.
However, many industrial facilities possess both a machine shop and fabrication capabilities.
In such a case, the costs of BSM can be reduced by performing the work in-house under the
guidance of a qualified combustion consultant.

Oxygen and Combustible Trim. Installation of oxygen or combustible trim controls
increases boiler efficiency and reduces NO, by limiting the amount of influent air admitted to
the boiler. Systems costing less than $10,000 are available to monitor and automatically trim
O, or combustibles to the desired levels. O, is usually reduced to about 3 percent. Com-
bustible trim reduces combustible concentration to a target level, e.g., 200 parts per million by
volume, dry (ppmvd) in the furnace. Combustibles are usually reduced to lower levels at the
stack outlet due to their subsequent oxidation in the boiler. An alternative type of trim—the
deliberate generation of combustibles—forces oxygen concentration to its minimum possible
concentration, thereby reducing PFT. However, combustibles must not exceed certain levels
because boiler corrosion can be accelerated by attendant flame impingement and a reducing
atmosphere, or, in the case of unstable flames, by an alternating reducing and oxidizing atmo-
sphere.

Steam Injection (SI) and Water Injection (WI). SI and WI are commonly applied to gas
turbines to limit NO, emissions. SI reduces the PFT by diluting oxygen near the burner
front and directly removing heat from the burner flame. WI functions in a similar way, but
removes even more heat from the burner flame due to its heat of vaporization. Both SI and
WI lower boiler thermal efficiency—typically by no more than 1 or 2 percent. Most indus-
trial boilers can handle these losses, although utility units cannot. SI or WI may be the
lowest-cost option for reducing NO, to less than 40 ppmvd, if simple combustion modifica-
tions are not successful.
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Staged Combustion (SC). This technique deliberately partitions the air (air staging) or
fuel (fuel staging) to create an initial fuel-rich zone, followed by an air-rich one to complete
the combustion. SC uses a volume of air that is equal to or slightly greater than that for con-
ventional combustion; however, the PFT is reduced because initial oxygen concentrations are
reduced. SCis usually done in two separate sections of the boiler, and requires a large furnace
volume. SC is sometimes adaptable to smaller boilers. Some low-NO, burners stage combus-
tion over short lengths to reduce NO,.

The term staging means allowing fuel and air to react in multiple zones, or stages, rather
than all at once. Compared with conventional combustion, SC tends to limit large excesses of
temperature and oxygen, producing lower NO,. This can be accomplished over small dis-
tances along the burner itself if the fuel, air, or both are injected at multiple locations along
the burner.

Alternate Fuels. This term refers to fuels other than natural gas and fuel oil. If a boiler
cannot meet mandated NO, levels with its existing fuel, a switch to an alternate fuel may
prove worthwhile. Capital costs for implementing alternate fuels range widely. For example, a
facility containing equipment that can handle both fuel oil and natural gas can switch between
fuels with minimal costs. However, if using an alternate fuel requires new handling and stor-
age equipment, costs may exceed $50,000 per boiler.

Flue-Gas Recirculation (FGR). In this technique, a portion of the flue gas is withdrawn
from the boiler stack and introduced with the combustion air. The oxygen availability is
reduced, thus reducing the PFT and NO,. Most applications recirculate roughly 20 percent of
the flue gas to achieve less than 40 ppmvd NO,. However, excessive FGR can produce unsafe,
unstable flames and result in an increase in CO emissions.

Low-NO, Burners (LNB). These reduce NO, by replacing high-NO,-producing burners.
Most, but not all, LNBs are spud-type burners specifically designed to produce flames with
lower PFT. This is usually done with bluff bodies and gas ports that induce recirculation zones
and reduce local oxygen concentrations close to the burner (effectively producing staged
combustion). Bluff bodies also increase flame stability, which is more critically needed when
local oxygen concentrations are deliberately reduced. LNB is often combined with FGR,
which, in tandem, can reduce NO, emissions by 60 to 90 percent.

Postcombustion Techniques

Selective Catalytic Reduction (SCR). In the SCR process, NO, is reduced to N, and
H,O by ammonia (NH;) within a temperature range of approximately 540 to 840<F (283 to
433C) in the presence of a catalyst, usually a base metal. The lower end of the operating
temperature range is feasible when the acid gas impurity level is relatively low. NH; has
been used as an acceptable reducing agent for NO, in combustion gases because it selec-
tively reacts with NO,, while other reducing agents, such as hydrogen (H,), carbon monox-
ide (CO), and methane (CH,), also readily react with O, in the gases. In a typical
configuration, flue gas from the combustion source is passed through a reactor, which con-
tains the catalyst bed. Parallel-flow catalyst beds may be used in which the combustion
exhaust gas flows through channels rather than ports to minimize blinding of the catalyst by
particulate matter. NH; in vapor phase is injected into the flue gas downstream of the other
control equipment that may be required for the particular combustion process (for removal
of pollutants such as particulate matter and SO,). The NHj; is normally injected at a 1-to-1
molar ratio based on the NO, concentration in the flue gas. Major capital equipment for
SCR consists of the reactor and catalyst, NH; storage tanks, and an NHj injection system
using either compressed air or steam as a carrier gas. Because of the toxic and explosive
characteristics of NH;, appropriate storage and handling safety features must be provided if
anhydrous NH; is used. In addition, NHj; slip is highly regulated by the agencies, and is gen-
erally limited in permits to 10 ppmv (dry, 15 percent O,) or less. The two critical variables to
ensure low NH; slip are controlling the NHj; injection rate and ensuring proper mixing of
the NH; in the gas stream prior to reaching the catalyst bed. NO,-removal efficiencies
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approaching 9 percent have been reported when using SCR systems for boiler and gas-
turbine applications.

Selective Noncatalytic Reduction (SNCR). This process involves NH;, either anhydrous
or in solution with water, or urea injection without a catalyst. A major commercially avail-
able SNCR system is the Exxon Thermal DeNO, NH; (anhydrous or aqueous) injection
system.

Exxon Thermal DeNO,. Exxon Thermal DeNO, ammonia injection, like SCR, uses the
NO,/NH; reaction to convert NO, to molecular nitrogen. However, without catalyst use or
supplemental hydrogen injection, NO, reduction reaction temperatures must be tightly con-
trolled between 1600 and 2200°F (871 and 1204°C) [between 1600 and 1800°F (871 and
981°C) for optimum efficiency]. Below 1600°F (871°C), and without hydrogen also being
injected, NH; will not fully react, resulting in what is called NH; breakthrough or slip. If the
temperature rises above 1800°F (981°C), a competing reaction begins to predominate:

NH; + 5/4 O, - NO +3/2 H,O

As indicated, this reaction increases NO emissions. Therefore, the region within the boiler
where NH; is injected must be carefully selected to ensure that the optimum reduction reac-
tion temperature will be maintained.

For this noncatalytic NO, reducing process, NH; must be injected at a 2-to-1 molar ratio
(based on the flue-gas NO, concentration). Therefore, there is some slip of NHj; that does not
react completely and can potentially cause odors. Also, fine particulate emissions that create
a visible plume can be formed from the reaction of NH; and HCI (a solid-fuel combustion by-
product) downwind of the stack. Therefore, it is important to keep the NO, injection rate to
the minimum necessary.

SCONO,™ System. The SCONO, process, employing catalytic combustion to reduce
emissions of NO,, is patented by Goal Line Environmental Technologies, LLC. A precious-
metal catalyst is coated with an absorptive liquid. The catalyst oxidizes NO to NO,. The liquid
coating on the catalyst absorbs the NO,. To prevent saturation of the absorptive liquid, the
liquid is regenerated by passing a dilute hydrogen-reducing gas across the catalyst surface.
The absorbed NO, is released as N, and H,O. Unlike SCR or SNCR, no NHj is required, thus
eliminating the concern about NH; slip emissions. The optimum operating temperature range
for the system is 300 to 700°F (199 to 369°C). An additional benefit of the system is that cata-
lyst also converts CO to CO,. The N,, H,0, and CO, are exhausted to the atmosphere. The
SCONO, system is equipped with a regeneration-gas-production module, which uses natural
gas and air reactions to produce the regeneration gas. A disadvantage of this system is that the
catalyst is subject to attack from sulfur oxides. Therefore, depending on the sulfur content of
the fuel combusted, another system patented by Goal Line may be required to remove sulfur
compounds from the combustion-source exhaust stream entering the SCONO, system. Most
of the commercially available demonstrations of the SCONO, system have been conducted
on combined-cycle cogeneration systems firing natural gas and comprised of a combustion
turbine, duct burner, and heat-recovery steam generator. According to the manufacturer, NO,
and CO emissions can be reduced to 2 and 1 ppm, respectively. The manufacturer claims that
the technology also can be applied to simple-cycle combustion turbines, boilers, and internal
combustion engines if a heat exchanger is used to cool the turbine exhaust gases to 650°F
(392°0).

Catalytic Combustion. Catalytic combustion is a process by which a lean fuel-air mix-
ture is passed over a catalyst to flamelessly initiate combustion. The air and fuel are pre-
mixed upstream of the catalyst. A portion of the fuel is burned in the catalyst and the balance
is burned downstream of the catalyst. This technique allows combustion temperatures to
remain below 2730°F (1500°C), which is below the optimum temperature for production of
thermal NO, (the nitrogen and oxygen in the air react to form NO,). The result is very low
NO, emissions, on the order of 3 ppm. The technology is being demonstrated on a gas turbine
and has been deemed by EPA to have proven that the reductions have been achieved in
practice.
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GLOSSARY

Alkalinity Ability to neutralize acids—determined by the water’s content of carbonates,
bicarbonates, hydroxides, and borates, silicates, and phosphates, if present. Expressed in mil-
ligrams per liter of calcium carbonate (CaCo;).

BOD; (biochemical oxygen demand) A measure of oxygen metabolized, in milligrams per
liter, in 5 days by microorganisms that consume biodegradable organics in wastewater under
aerobic (with air) conditions.

COD (chemical oxygen demand) The amount of oxygen, in milligrams per liter, needed to
oxidize both organic and oxidizable inorganic compounds.

Effluent The liquid end product discharging from a process.

Floating matter Matter that passes through a 2000-um sieve and separates by flotation
in1h.

Settleable solids Solids larger than 0.01 mm in diameter settling in 2 h under quiescence.
Suspended solids Small filterable particles of solid pollutants in wastewater. The examination
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of suspended solids and the BOD:s test constitute the two main determinations for water
quality.
Total solids All dissolved, suspended, and settleable solids contained in a liquid.

Turbidity The amount of suspended matter in wastewater; quantity obtained by measuring
its light-scattering ability.

DESCRIPTION OF THE PROBLEM

The passage of the Federal Water Pollution Control Act as amended in 1977 under Public Law
92-217 forced the plant engineer to become familiar with its many ramifications. Among the
provisions of this act that are of direct interest to industry is the establishment of water qual-
ity standards typified by Table 4.29, column A, for maintaining aquatic life. These restrictions
are enforced by the requirement that a permit be issued before discharges are permitted
under the National Pollutant Discharge Elimination System (NPDES). Every holder of a
NPDES permit is required to comply with monitoring sampling, recording, and reporting
requirements.

In 1987, further amendments were incorporated into the Water Quality Act (WQA).
These amendments were aimed principally to improve water quality in areas that lacked

TABLE 4.29 Maximum Discharge Limits

A
Direct discharge B*

Constituent or recycle, mg/L To POTW
Ammonia nitrogen (as N) 1.5 —
Arsenic (total) 1.0 —
Barium (total) 5.0 —
Boron (total) 1.0 1.0
Cadmium (total) 0.05 2.0
Chromium (total) — 25.0
Chromium (total hexavalent) 0.05 10.0
Chromium (total trivalent) 1.0 —
Copper (total) 0.02 3.0
Cyanide (total) 0.025 @150°F & pH4.5=2.0
Fluoride (total) 14 —
Iron (total) 1.0 50.0
Iron (dissolved) 0.5 —
Lead (total) 0.1 0.5
Manganese (total) 1.0 —
Mercury (total) 0.0005 0.0005
Nickel (total) 1.0 10.0
Fats, oils, and greases (FOG) 15.0 100.0 total
pH 5.0-10.0 4.5-10.0
Phenols 0.1 —
Phosphorus (as P) 1.0 —
Selenium (total) 1.0 —
Silver 0.005 —
Sulfate 500.0 —
Temperature 150°F (65°C)
Zinc (total) 1.0 —
Total dissolved solids 1000.0 No limit

* Units are milligrams per liter unless otherwise specified.
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compliance with minimum national discharge standards. This is an ongoing, active regulatory
area; the reader is urged to check the latest regulations before proceeding with plant modi-
fications.

Many local ordinances have pretreatment requirements limiting high effluent concentra-
tions of wastes and toxic materials which might adversely affect treatment processes of pub-
licly owned treatment works (POTWs). A typical list of effluent limitations is shown in Table
4.29, column B. When discharging to POTWs, industry is expected to pay its proportionate
share of capital cost of the POTWs collection and treatment equipment. These user fees are
usually based on a multiplier of BODs, suspended solids, and liquid volume, and vary with
each municipality.

For specific pollutants, effluent guidelines for specific industrial categories are published in
the Code of Federal Regulations (40 CFR 401).

Different effluent levels are allowable depending on the following:

Industrial subcategory
Control technology required (e.g., best available technology economically achievable)
Existing or new source (new sources are more severely regulated than existing sources)

Where the effluents are discharged (effluent levels discharged into POTWs are different
from direct discharges into navigable water)

BN

For details pertaining to emissions by specific industry, the Code of Federal Regulations
should be consulted. Because the promulgation of effluent guidelines is an ongoing process,
the EPA should be contacted for the latest information.

All pollutants are classified as either conventional, toxic, or nonconventional. Conven-
tional pollutants include BODs, TSS (total suspended solids), and pH. There are 129 priority
pollutants that appear on the toxics list in the Federal Register 43(164)4108 (February 1978).
Nonconventional pollutants are those that are neither toxic nor conventional, such as nitro-
gen, oil, and grease. Best conventional pollutant control technology was required for conven-
tional pollutants by July 1, 1984. Best available technology economically achievable was also
required for toxic and nonconventional pollutants by the same date.

PLANT SURVEY

The accurate measurement of flow volume and pollutants in the waste flow are essential in
assessing any wastewater problem, and in designing a wastewater treatment system. Limita-
tions on effluent (see Table 4.29) make it imperative to analyze flows and impurities quickly,
accurately, and at reasonable cost.

The best approach is to make a comprehensive wastewater survey that will (1) determine
the quantity of wastewater discharge, (2) locate the major sources of waste within the plant,
(3) determine wastewater composition, (4) explore in-plant or process changes to minimize
the waste problem, (5) establish the basis for wastewater treatment, and (6) evaluate effect of
wastes on the receiving stream.

Composition of wastewater varies with the amount of impurities initially present in water
and the chemical analysis of any pollutants that are added. While domestic sewage has a fairly
uniform composition, industrial wastes have an almost infinite variety of characteristics, as
shown in Table 4.30. Wastewaters should be analyzed for at least BODs, COD, color, total
solids (suspended and dissolved), pH, and turbidity. Other impurities of interest will vary with
the source and type of wastewater.

Concentration of pollutants must be correlated with average, minimum, and maximum
flows encountered. The analysis program must also take effluent water quality standards into
account (see Table 4.29) and the BOD; reduction required to meet them. Any toxic impurities
in the wastewater that adversely affect water quality must be determined.
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TABLE 4.30 Typical Process Discharge Volumes, BODs, and Suspended Solids for Industrial Wastewater
Before Treatment

Unit Discharge per unit BOD:, Suspended
processed Gallons Liters mg/L solids, mg/L
Aluminum & copper b (kg) 12-13 45-50 N/A 300-500
Automotive Car 10,800 40,900 190 215
Beverage, malt bbl (L) 330 1250 390-1800 70-100
Canning
Fruit Case 20-40 75-150 300-1600 200-500
Vegetable Case 50-100 190-380 700-2000 300-2000
Coal washing ton (tonne) 125 138 N/A 2000-3000
Cooking ton (tonne) 1500-2800 1650-3090 50-200 90
Dairy, milk gal (L) 4-12 1545 1800 560-4000
Electrical kWh (kJ) 80 110 N/A 50-2000
Laundry
Commercial wash ton (tonne) 8600 36,000 600-1860 400-2200
Industrial ton (tonne) 5000 20,000 650-1300 4900-8600
Manufacturing, gen. fabr. ton (tonne) 700 3000 50-1500 200-15,000
Meat packing
Cattle Animal 400-2000 1515-7575 400-900 400-800
Chicken Bird 8-9 30-34 150-2400 100-1500
Hogs Animal 300-600 1136-2273 1000 650
Office building Person 30-45 114-170 117 176
Paint, latex gal (L) 3 11 2000-3000 15,000-60,000
Paper making Ib. (kg) 65 108 200-800 500-1200
Pharmaceutical — — — 600-2500 500-1000
Phenolic resins ton (tonne) 75,000 313,000 11,500 40
Railway maintenance Locomotive 3000 11,360 500-800 200-600
Refining bbl crude 770 2900 100-500 300-700
Rubber, synthetic Car tire 500 1890 25-1600 60-2200
Steel
Cold-rolled b (kg) 9 15 150 100-300
Hot-rolled 1b (kg) 18 30 80 500-2000
Tanning, hide b (kg) 8-12 30-45 900 6000
Textiles
Synthetic b (kg) 12-25 45-95 1500-6000 500
Wool 1b (kg) 70 265 900 100
Vegetable oil gal (L) 22 83 3050 900

Sampling and Flow Measurement

The starting point in any wastewater survey is an effective program of sampling and flow meas-
urement. To be useful, a sample of wastewater must accurately represent the source from which
it is taken and be large enough to run all the laboratory tests required. This means the method of
sampling must be tailored to the type and kind of wastewater flow. A close check of each waste
source will reveal whether flow is continuous or intermittent and any wide swings in flow rate.
It is also important to know if the concentration of pollutants changes drastically or is
fairly constant. The presence of oil or excessive suspended solids may also cause problems.
An integral part of this program is the need to obtain flow information on various in-plant
streams as well as the plant outfalls. Wastewater flows are measured for the following reasons:

1. To determine the quantity of water being discharged, as well as variations in the flow rate

2. To determine the number of pounds of constituents being discharged on the basis of the
analytical data and the determined flow rate
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3. To evaluate segregation possibilities
4. To determine the effect of the wastewater discharge on the receiving stream, if applicable

Measuring Rate of Flow. Rates of flow can be approximated by the methods discussed in
the following paragraphs.

Water Meters on Influent Lines. Water consumption in the plant should be determined
during a wastewater survey to check on wastewater-flow measurements and to compute a
water balance for the plant. Meters can also be installed at particular water-using operations
to obtain flow data.

Container and Stopwatch. The time required to obtain a given volume of water in a con-
tainer is measured. Volume can be determined either by weight added or by a calibrated col-
lection container. The weight of water added is divided by 8.34 Ib/gal to determine the number
of gallons collected. The flow is then determined by the formula

Gal in container x 60  gal/min

: . - = =Ls!
Time, s, to fill container 15.85

If the container fills in less than 10 s, the accuracy of this method is questionable.

Weirs. A weir acts like a dam or obstruction, with the water flowing through the notch,
which is usually rectangular or V-shaped.

To ensure accurate weir measurements:

1. The weir crest must be sharp or at least square-edged. Steel is the best construction mate-
rial, but tempered wood is also used.

The weir must be ventilated. There must be air on the underside of the falling water.
Leaks around the weir plate must be sealed.

The weir must be exactly level.

Weirs should be kept clean.

AN I

The head on the weir should be measured at a distance of 2.5 times the head upstream
from the weir.

7. The channel upstream from the weir should be straight, level, and free from disturbing
influences. A stilling box may be used to quiet the water flow.

8. The weir should be sized after the flow is estimated by other methods. The head on any
weir should be greater than 3 in (7.6 cm) but not more than 2 ft (61 cm).

The flow over V-notched (triangular) weirs and rectangular weirs can be taken from the
nomographs shown in Fig. 4.67.

Parshall Flume. A Parshall flume (Fig. 4.68) can be used to measure flows in open chan-
nels at or near ground surface. This device is valuable when it is not possible to dam the water.
It is also advisable for a permanent installation because it is self-cleaning.

Flow under submerged conditions can be calculated from readings taken at gauges. If the
water surface downstream from the flume is high enough to retard the rate of discharge, sub-
merged flow exists. When there is no backwater effect, water passing through the throat and
diverging section assumes a level which corresponds to the floor of the channel. This pattern
demonstrates free flow.

The flow of a free discharge from a Parshall flume is calculated by

0O=4WH,n

where Q =flow, ft¥/s
W = throat width, ft
H, =head of water above level floor, ft
n  =1.522 Wb
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FIGURE 4.67 Nomographs for measuring flow over weirs.

or in metric units
0 =8.52x 10°(11.4 log W)H,(1.57 + 0.09 log W)

where Q =flow,m%h
W =throat width, m
H, =head of water above level floor, m

Flow under submerged conditions can be calculated from readings taken at gauges, one
located at a point two-thirds the length of the converging section measured back from the
crest of the flume H, and one located near the downstream end of the throat section H,.
Degree of submergence is given by the ratio H,/H,.

Sample Collection and Analysis. Wastewaters are sampled and analyzed to identify those
pollutants that require treatment and to select the proper treatment process.

Collecting Samples. Since a wastewater’s characteristics can vary considerably, composite
samples are collected to obtain a truer representation of the waste. Small samples are col-
lected at frequent intervals during the sampling period. They are mixed together to form the
composite sample.

Compositing Samples. Depending on plant operation, 8-, 16-, or 24-h composites can be
collected. Daily sampling for 3 days generally constitutes a sampling program. Samples can be
composited on the basis of the following criteria.
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FIGURE 4.68 Parshall flume.

Flow. The amount of sample collected at any time during the sampling period is propor-
tional to the flow of wastewater at that time.

Time. The same amount of sample is collected at every interval during the sampling period
regardless of variations in wastewater flows.

Sample Size. The sample size collected at any one time should be at least 200 mL. Com-
posite samples can be collected either manually or with automatic samplers. Automatic,
battery-operated samplers are available for collecting composite samples on the basis of flow
or time.

Amount of sample to be collected depends upon the laboratory tests to be run. The
amount of sample required for each test to be performed should be determined before the
sampling program is begun to ensure that sufficient sample is collected.

Analytical Determinations. Determinations that may be conducted on a wastewater

sample are:

pH Copper
Alkalinity or acidity Nickel
Total hardness Zinc

Chloride Chromium, hexavalent
Sulfate Chromium, total
Suspended solids Iron

Volatile suspended solids Manganese

Settleable solids
Total nitrogen
Ammonia nitrogen

Solvent soluble (oil)
Phenol
Biochemical oxygen demand (BODjs)
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Total phosphate Chemical oxygen demand (COD)
Total solids Total organic carbon (TOC)
Volatile total solids Cyanide

Standard methods are available for conducting these determinations. Phases involved in a
full pollution control program are:

I. Definition of the problem and development of an action plan (survey or feasibility study)
II. Detailed engineering
III. Construction and start-up

An outline of the steps involved in each of these phases is shown in Table 4.31.

TREATMENT

The necessity of effective industrial wastewater treatment must be considered an integral part
of the manufacturing process, and the cost of treatment must be charged against the product.

The method of treatment depends on economic considerations and the degree of treat-
ment required. The best alternative system for pollutant removal must be selected on the
basis of a case-by-case study of efficiency and actual costs. It must be recognized that a com-
plete system may involve several unit components and that pretreatment is required before
tertiary treatment.

Figure 4.69 illustrates various treatment units combined to form a treatment system. Fig-
ure 4.70 shows the various treatment processes classified according to type, and illustrates
how they can be combined to give the desired effluent quality.

Primary Treatment

The physical removal of combined chemical coagulation and physical removal of solids from
wastewater is classified as primary treatment, especially if these processes are followed by
biological treatment. pH adjustment is frequently used to convert soluble contaminants such
as heavy metals to particulate matter, which can then be removed.

Oily waters are usually treated separately to remove the oil prior to mixing them with
other waste streams. Chemicals can be used to enhance gravity separation of oil when emul-
sions are present.

Figure 4.71 presents a general guide for the design of a gravity separator based on param-
eters set forth by the American Petroleum Institute. It is desirable to have a minimum depth
of 5 ft (1.5 m), a maximum horizontal flow-through velocity not exceeding 3 ft*/min (0.015
L/s), and a minimum length-to-width ratio of 3:1 with a depth-to-width ratio of 0.3 to 0.5.

Alkaline or acidic waste streams must be neutralized before secondary treatment or
discharge.

Secondary Treatment

Secondary treatment is used to remove soluble and residual suspended organic pollutants.
Biological treatment is often a very cost-effective treatment method, depending on the nature
of the organics and the flow and load. If the effluent quality required is higher than that which
can be obtained by biological treatment, or if the organics are not biodegradable, tertiary
processes are needed to remove the nondegradable fraction.

Commonly used biological treatment processes include anaerobic treatment for high-
strength wastes (BOD > 2000 mg/L), and a wide variety of aerobic processes including acti-
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TABLE 4.31 Pollution Control Program

1. Survey or feasibility study
A. Fact finding:

II.

II1.

MUuAs®w NELOURBN -

o

. Develop a plant water balance for average and peak operating conditions.

. Inventory all industrial processes using water.

. Determine characteristics of the receiving waterway both upstream and downstream from plant’s discharge.

. Determine chemical characteristics of waste streams.

. Study all operations using water and producing wastes.

. Determine local requirements with respect to pollution.

nalyze data to determine:

. Sources of offending contaminants.

. Feasibility of segregating contaminated wastes requiring treatment from dilute wastes which would be accept-
able without treatment.

. Availability of “natural” dilution waters, that is, waters employed for useful purposes but not contaminated.

. Quality of effluent required for compliance with discharge standards.

. Whether treatment is necessary.

xploit in-plant and/or process changes to minimize the problems by:

. Reducing wastes or waste volume at sources.

. Exploring the possibilities for reuse of process materials without treatment.

. Investigating recovery of valuable process materials.

. Reexamining the degrees of treatment required to meet standards.

. Reevaluating to decide whether treatment is necessary.

etailed report on the engineering survey:

. Recommend a preliminary course of action.

. Advise management whether a waste-treatment plant is necessary.

. Describe the general type of plant required.

. Provide preliminary estimate of construction cost.

5. Prepare preliminary estimate of operating costs.

N =

WA W

A LN =

Detailed engineering

A.

B.

Process design and evaluation:

1. Assign liaison and engineering personnel as required.

2. Evaluate bench scale or pilot plant data.

3. Translate the total evaluated data into process flow diagrams and functional specifications for the treatment
plant.

4. Prepare plot plan showing layout on plant site.

5. Assemble an engineering report for review and approval.

6. Obtain preliminary approval of regulatory agency.

Definitive engineering:

1. Prepare detailed engineering flow diagrams which form the basis of final plant design.

2. Obtain approval of overall plant design.

3. Complete the definitive design.

4. Obtain final approval and permit of regulatory agency.

Construction and start-up

A.

B.

Procurement and scheduling:

1. Prepare complete equipment specifications, bills of material, and preliminary timetable.

2. Prepare item delivery and installation schedule.

3. Use critical-path scheduling when warranted.

4. Coordinate and inspect all phases of the work performed by fabricators.

Facilities erection and testing:

1. Plan, supervise, and coordinate erection of the complete wastewater-treatment plant.

2. Conduct unit tests, after assembly, to assure proper functioning of all related facilities.

3. Inspect, adjust, and calibrate instruments and controls to conform to high accuracy standards, with engineers
performing the work.
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TABLE 4.31 Pollution Control Program (Continued)

C. Operator training:
1. Prepare detailed operating manuals for all unit operations in the plant.
2. Assemble vendors’ manuals for use by plant personnel in maintaining, repairing, and replacing mechanical,
instrument, and electric equipment parts.
3. Assist with training of operating crews while construction work is in the final stages.
D. Start-up of treatment facilities:
1. Initiate a control testing program.
a. Operational
b. Quality of effluent
. Initiate an efficiency testing program.
. Establish conditions for operations.
. Initiate a development program.
. Establish record-keeping procedures.
upervise operation.

vk W

E.

vated sludge, PACT, aerated lagoons, trickling filters, rotating biological contractors (RBCs),
and biofilters.

Tertiary processes are selected based on the type of contaminants to be removed (suspended
or dissolved, organic or inorganic) and the required quality of the treated final effluent.

Table 4.32 is indicative of removal efficiencies for unit treatment processes.

EQUIPMENT

Various unit items of equipment are combined to provide the degree of treatment required.

Floc-clarifier

Influent EQualization I %]{Irl{ = Backwash
- Air 104 o ]
Acid |\ N/ N/ Effluent
S Aaazgggbi .
Sodium fL”T(]f [ Filter
bisulfite eeding Polymer Sludge =
system
Alum  Polymer Gravity thickener
M~ FITT
Floc-clarifier %@

I el S
Equalization %@ L
and reduction

Cake to L

basin — >  disposal

Belt press
FIGURE 4.69 General manufacturing wastewater treatment.
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FIGURE 4.70 Alternatives for wastewater pollutant removal processes and how they may be combined in
treatment programs. PACT = powder activated carbon treatment; RBC = rotating biological contactor; GAC =
granular activated carbon.
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FIGURE 4.71 Design of gravity separator.
Bar Screens

A mechanically cleaned bar screen, like the one shown in Fig. 4.72, is the simplest tool for
removing debris or suspended matter which could damage equipment or disrupt the treat-
ment process. All solids with larger than %- to 2-in (2- to 5-cm) bar rack openings are trapped
on the upstream side and removed by moving rakes.
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Clarifiers

TABLE 4.32 Treatment-Process Removal Efficiencies

Removal efficiency, %

Total Fats,
Suspended dissolved oils, &

Treatment method BOD; solids solids greases
Screening 0-5 5-20 0 0
Sedimentation 5-15 15-6 0 5-15
Chemical precipitation 25-60 30-90 0-50 10-40
Dissolved-air flotation 10-30 70-85 10-20 80-95
Trickling filter 40-85 80-90 0-30 10-20
Nonaerated lagoon 30-70 30-70 30-80 0-40
Aerated lagoon 50-80 50-90 0-40 5-15
Activated-sludge 70-90 85-95 0-40 0-15
Filtration 80-85 30-70 10-60 0-10
Activated carbon 95-99 95-99 10 N/A
Ion-exchange N/A N/A 95-99 N/A
Reverse osmosis N/A N/A 99 N/A

Clarifiers used for removal of settleable solids and readily floating oils and greases are either
rectangular or circular basins (Figs. 4.73 and 4.74). Clarifiers are sized on the basis of settling
rate (area) and detention time (volume). Inclined plates can be included to increase the effec-
tive settling area of a clarifier and reduce space requirements.

Typical overflow rates vary from 250 to 1400 gal/(day)(ft*) [10 to 50 m*/(day)(m?)]. Deten-
tion time is in the range of 1 to 4 h.

Flocculation Systems

Flocculation is the agglomeration of finely divided suspended matter and floc caused by gen-
tly stirring or agitating the wastewater. The resulting increase in particle size increases the set-
tling rate and improves suspended solids removal by providing more efficient contact
between suspended solids, dissolved impurities, and chemical coagulants.

Mechanical flocculation uses paddles slowly rotating on a horizontal or vertical axis.
Peripheral speed at the paddle tip is about 1 ft/s. Various other mechanical devices are used to
achieve the same result. An air flocculation system has diffusers along one side of the basin
near the bottom to produce a gentle rollover action perpendicular to flow.

The size of the required basin is determined by the detention time, which is normally in the
range of 20 to 30 min at rated flow. In some cases involving industrial wastes, detention may
be reduced to as little as 10 min.

Combined Equipment

Many clarifier designs, such as the solids contact unit, combine mixing, flocculation, and coag-
ulation in one basin. This may have economic advantages and may produce better-quality
effluent with shorter overall detention time than the approach using separate treatment units.

Flotation Systems

Flotation is sedimentation in reverse to remove floatable materials and solids with a specific
gravity so close to that of water that they settle very slowly or not at all. The principle of air
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FIGURE 4.72 Mechanically cleaned bar screen. (Envirex.)
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FIGURE 4.73 Clarifier for a rectangular basin. (Envirex.)
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flotation is based on the fact that when the pressure on a liquid is reduced, dissolved gases are
released as extremely fine bubbles. These bubbles attach themselves to any suspended matter
present and rapidly float them to the surface, where they concentrate and can be removed by
skimming.

Pressure-flotation units dissolve air in the water under pressure and then release it to the
atmosphere in the flotation tank.

Flotation equipment may be circular or rectangular.

Recycle Pressurization. The rectangular unit in Fig. 4.75 illustrates the use of recycle pres-
surization. Air is injected into the effluent recycle stream before it discharges into the inlet
compartment of the flotation unit. There it is mixed with the incoming raw waste and releases
the required air for flotation. The amount of effluent recycled varies from 25 to 50 percent of
the forward flow. This approach has advantages when the raw waste is highly variable in com-
position or contains large amounts of solids.

Flotation units are normally designed for a feed-flow detention period of 15 min and an
overflow rate of 1.5 to 4.0 gal/(min)(ft*) [760 to 2025 L/(day)(m?)]. Increased detention time
is needed if floated sludge must be thickened since surface area is based on the loading rate
of solids.

High-Rate Gravity Filters. High-rate gravity filters remove suspended solids and operate

in the range of 5 to 10 gal/(min)(ft?) [2532 to 5063 L/(day)(m?)]. They may be vertical or hor-
izontal and filled with a variety of media such as anthracite coal, sand, and gravel (Fig. 4.76).

PRODUCT RECOVERY

In many cases, industrial wastes contain valuable products such as high-value metals, acids,
and other substances which can be used for manufacturing by-products, and these, when
recovered, will yield high economic returns. Also obtainable are solvents, recovered with
activated-carbon adsorption used for removal and recycling of solvents contained in the waste
as vapors; these solvents include hydrocarbons, esters, alcohols, freons, ketones, and chlori-
nated or fluorinated organic compounds.

In the plating industry, rinse waters contain many of the following contaminants, usually in
intolerable amounts: hexavalent chromium; sodium cyanide; complex cyanides of the heavy
metals, such as cadmium, copper, zinc, and sometimes silver and gold; soluble nickel salts;
strong mineral acids; and strong alkalis. Of these, the most toxic are the hexavalent chromium
and cyanide ions.

Batch Treatment Method

There are several basic methods of treating wastewater or spent process solutions. One of the
oldest is the batch treatment method whereby the waste is usually collected in a single vessel
and chemically treated. The supernatant or clear treated portion of the batch is discharged
and the settled sludge is sent to a sludge dewatering device, such as a filer press or vacuum fil-
ter. Heavy metals, such as copper, nickel, zinc, or lead, can be treated with sodium hydroxide
or lime to form insoluble metal hydroxides. Hexavalent chromium is typically converted to
trivalent chromium by the addition of an acid and a reducing agent, such as sodium metabisul-
fite or sodium hydrosulfite. The chromium is precipitated as a hydroxide by the addition of
sodium hydroxide or lime. Toxic chemicals, such as cyanides, are oxidized to carbon dioxide
and nitrogen by the addition of sodium hydroxide and bleach or chlorine gas. More difficult
wastes containing complexing or chelating agents may need to be treated with a strong reduc-
ing agent, such as sodium borohydride, sodium sulfide, or an organosulfide such as dithiocar-
bomate (DTC).
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¥ RETURN SLUDGE

& o

FIGURE 4.76 Solids contact clarifier: (1) influent channel, (2) inlet orifice, (3) effluent channel, (4) effluent
weir and scum baffle, (5) full surface skimming, (6) scum removal, (7) common channel wall, (8) deflector baffle,
(9) influent skirt baffle, (10) large inlet area, (11) sludge remover, and (12) tank drain. (Envirex.)

Continuous-Flow Method

Another approach to treatment of rinse water is the continuous-flow method. This approach
incorporates a number of properly sized reactors and a solids separation device. To be effec-
tive, good instrumentation to monitor pH and reliable chemical reagent delivery systems are
critical for proper operation. Chromium, cyanides, and heavy metals are effectively treated in
a continuous-flow system. Depending on the discharge parameters, there are a number of
options for solids separation. A conventional lamella clarifier can be employed if the allow-
able discharge of suspended solids is in the range of 10 to 20 mg/L. Additional solids polish-
ing can be accomplished by filtering the effluent from the clarifier through a sand or multimedia
filer. In place of the clarifier, more advanced filtration process, known as microfiltration, can
be used. Instead of relying on gravity for solids settling in a clarifier, the microfilter uses poly-
meric membranes to separate the particles for the wastewater.

Usually associated with a continuous-flow treatment system is a sludge thicker or storage
system and a filter press to dewater the sludge.

lon Exchange

Ton exchange plays an important part in waste treatment, chemical reclamation, and water
recycling. Ion exchange is a reversible, chemically driven process that sorbs hazardous ions
onto specially treated porous organic materials (usually beads) and replaces them with non-
toxic ions. The sorbed ions are then chemically stripped from the beads and recovered in the
form of a more concentrated solution, called the regenerant.

Ion exchange is an ideal means for collecting low concentrations of ionic materials (such
as metal salts) from dilute rinse waters. The metals in the regenerant can either be treated via
conventional waste treatment to form metal hydroxides or recovered as a metallic by-product
using electrowinning technology. If the total ionic loading is low enough (i.e., <500 mg/L), the
effluent from the cation-exchange unit can be treated through another anion-exchange unit
to completely purify the water. This deionized water can then be reused in the process. The
purity of the water will usually be less than 1 mg/L of the total dissolved solids at a cost of
roughly 5 cents per 1000 gal of treated wastewater.
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If chemical reclamation is the objective, process segregation is necessary. This is particu-
larly true when chrome is to be recovered from rinse waters. Cyanide rinses, copper and nickel
plating rinses, and alkaline or acid rinses must be removed from the chrome rinse waters.
The rinse waters containing the chrome will first pass through a cation-exchange unit where
the chrome-bath impurities, such as copper, nickel, and trivalent chromium, are removed. The
hexavalent chromium is removed in the anion-exchange unit. If so desired, since the water has
been deionized, it can be recycled as high-purity rinse water.

Upon exhaustion, the cation exchanger is regenerated with acid and the anion exchanger
is regenerated with caustic. The cationic regenerant solution will need to be treated for heavy
metal reduction by either batch treatment or being bled into a continuous-flow treatment sys-
tem. The anionic regenerant will contain sodium chromate and some caustic soda. This anionic
regenerant can then be converted to chromic acid by passing through the cation exchanger.
The resultant chromic acid can be used for bath replenishment.

Table 4.33 shows the recovery value of by-products from plating wastes using ion exchange
and other recovery technologies.

Closed-Loop System

In the area of metal fabrication, parts are frequently washed or rinsed to clean away oils and
other wastes. With a little care, improved wash operations cut downtime, reduce energy
requirements, and cut soap costs. This is accomplished by a closed-loop washwater treatment
system.

A typical closed-loop system (Fig.4.77) is best described as a continuous-batch oil separator.
It has dual compartments holding caustic wash solution, each equipped with an oil roll skimmer
and separated by a waste tank. Piping leads from each compartment to a series of washers and
back to a pump. Automated valves control flow from the pump to one of the two compartments.

One compartment continuously supplies caustic solution to a group of washers as the
other stands for 24 h, allowing heavy materials to settle as oils float to the surface. Then, sur-
face oils containing less than 0.1 percent water are skimmed off and drained into a waste tank;
these may then be sold to an oil reclamation firm. While one wash solution in the first com-
partment undergoes treatment, the clean solution in the other compartment is circulated
through the washers.

Another technology for treating aqueous alkaline cleaners uses ultrafiltration membranes.
Polymeric membranes are typically used for low-temperature alkaline baths [<110°F (43°C)],
whereas ceramic membranes are used for higher-temperature applications. The contaminated
alkaline cleaner is pumped from the cleaning line to the membrane system. A feed valve,
which is controlled by a level sensor, maintains a constant volume of cleaner in the process
compartment. The contaminated cleaner is then pumped through a bag filter and into a set-
tling compartment, where the free oils and sludge are removed. From the middle of the set-
tling compartment, the fluid is pumped into the process chamber. The contaminants and
emulsified oils are then concentrated.

TABLE 4.33 Economic Value of By-Product Recovery

Process By-product Concentration, mg/L 2000 value, $/1000 gal
Rinse water Copper 100-500 1.7-8.5
Nickel 150-900 2.3-19.8
Zinc 70-350 1.1-6.8
Cadmium 50-250 3.4-17.0
Chromium 400-2000 9.0-42.6
Tin 100-600 2.3-13.6
Aluminum, bright dip Phosphoric acid 10% 1260

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



LIQUID-WASTE DISPOSAL

LIQUID-WASTE DISPOSAL 4.157

MAKE UP OIL ROLL
WATERB SKIMMER

COLLECTION | .SEPARATOR

> TO
HEAT TREAT

~.
sl A
\\
N
~

S
S
-
-
/' /,
_ ALKALINE )
- WASHER(S)

e
~“ REUSEABLE

-

PRe ALKALINE
~7 CLEANING WATER

e

SPENT ALKALINE N7

OILY PARTS
OILY WASH WATER FEED

FIGURE 4.77 Alkaline wash system.

The solution is pumped through the membrane at a high flow rate. The emulsified oil and
other contaminants are separated from the alkaline cleaner solution. The purified aqueous
cleaner rapidly flows back to the cleaner line.

Treatment of Spent Coolants

Spent coolants can be treated for recovery of oil by acidification and centrifugation or by heat
treatment at 223°F (106°C) for 22 h.

In the heat-treatment process, three distinct layers develop after there is water loss of
approximately 12 percent through evaporation. The top layer consists of reusable oil, amount-
ing to approximately 24 percent of the original scum volume; the middle layer, containing
approximately 16 percent of the scum, is called the rag layer and consists of flocculated par-
ticulate matter; the bottom layer contains approximately 48 percent of the total scum and
appears as relatively clear water. This bottom water layer is returned to the spent-coolant
holding tanks for retreatment, and the rag, or intermediate, layer is combined with the swarf-
ing dust and other heavy solids for removal by haulage.

A portion of the recovered oil can be used as the fuel for heating the floated scum, thereby
making the system self-sustaining. The balance can be reprocessed for reuse as coolant. A sim-
ple product balance would show that for every 100 L of coolant treated, from 0.3 L to as much
as 5 L of reusable oil can be recovered. A minimum flow of about 30,000 L of coolant per day
might be selected as an economic break-even point.

At this minimum flow, taking, on an average, 3 L of recoverable oil for each 100 L of feed,
750 L per day of coolant would be recovered. Of this, approximately 50 L would be required
to heat the scum to 223°F (106°C) for the 22-h break period, leaving a net total of 700 L of
recovered oil.

Cost recovery can vary, depending on the type of coolant used. Caution should be exer-
cised when this system is used where plated parts are machined, as there is the hazard of
cyanide buildup in the oil after prolonged usage.
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Water Recovery

Recycled water may ultimately be the major valuable product because of increasing water-
supply costs, increasing water-treatment costs, and mounting charges for using municipal
wastewater facilities. The recovery of product fines, usable water, and thermal energy are
important methods of reducing overall waste-disposal costs and should be seriously consid-
ered in every case.

Frequently, waste streams can be eliminated or reduced by process modifications or
improvements. A notable example of this is the use of save-rinse and spray-rinse tanks in plat-
ing lines. This measure brings about a substantial reduction in waste volume and frequently a
net reduction in metal dragout.

Segregation of waste streams is a necessity at times, not from the product-recovery point
of view, but from the operational point of view. An example of this is segregation of acidic
metal rinses from cyanide streams to avoid the production of toxic hydrogen cyanide (HCN)
and thus eliminate potential safety hazards.

The prime requirement of waste treatment, by-product recovery, and water reuse is that
the principal product or products of the plant be satisfactory to the consumer, and the sec-
ondary requirement is that the operation of the plants be efficient and economical.

By-Product Recovery and Use

The urgent problems facing industries are how to recover by-products from the waste materi-
als inherent in every industrial operation and what to do with the by-products. Confronted
with the growing dangers of pollution, the anticipation of government regulation, and the loss
of valuable materials through unprofitable waste-disposal methods, industries are forced to
develop sophisticated refining methods for processing chemical and industrial by-products
and even to develop markets for by-products.

Industry is becoming increasingly aware of the necessity for pollution abatement and
product recovery, not only because of its effect upon the general welfare of the public, but also
because of its own dependence upon rivers and streams for suitable water for manufacturing
processes. Industries are also increasingly aware of the fact that the benefits accruing from
pollution abatement through product recovery may be quite significant.

SOURCE CONTROL AND WATER REUSE AND RECYCLING

The plant layout and arrangement of process and manufacturing sequences must be consid-
ered with regard to wastewater pollution control. This means undertaking a complete engi-
neering survey of water use to develop an accurate water balance for peak and average
operating conditions. In effect, what is needed is a complete inventory of all plant operations
that use water and produce wastes.

With these data in hand, a fresh look should be taken at plant and process operations to
see if any changes can be made that will reduce the amount of water used or decrease the flow
of wastewater produced. A simple process adjustment is often all that is required to lower the
concentration of pollutants. Perhaps there are valuable chemicals that can be recovered; or
there may be an alternative approach that might change the nature of the waste to make it
easier to handle. Sometimes, segregating a contaminated process water from the rest of the
waste discharge can reduce the size of the wastewater-treatment system.

The survey will uncover applications for water that can be recycled for repeated reuse.
Some wastewater, now discharged to the sewer, may be well suited for cooling or boiler feed.
The economics of using cooling towers to replace once-through cooling systems should be
reconsidered. In some cases it may even pay to switch to air-cooled heat exchangers.

Machinery or operations having a common waste product can be connected to a central-
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ized system of contaminant collection and treatment. With early involvement, the plant engi-
neer can anticipate potential pollution problems and advise preventive measures. Where pos-
sible, the plant engineer should strive to prevent pollution at the source, thus minimizing the
need to incorporate pollution control facilities. Typical methods of preventing pollution at the
source include:

1. Substituting process materials

2. Modifying manufacturing procedures
3. Changing production equipment

4. Recycling process water

Examples of materials substitution are the use of chlorinated solvents of less toxicity for
carbon tetrachloride and using a paint with reduced lead or zinc content.

Cascading or countercurrent water-use systems (where an operation that requires rela-
tively low quality water uses wastewater from another operation) or recycling systems (where
water is treated and returned to the same operation) can greatly reduce intake water require-
ments.

The quantities listed in column B, Table 4.29, should be considered the maximum pollutant
values for reuse of process water.
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INTRODUCTION

One of the most significant factors in the successful operation of any industrial plant is the
proper disposal of solid waste.

Obviously, such waste can be simply hauled away to an appropriate disposal site as it is
generated, either by an outside contractor or by plant personnel. This chapter, however, dis-
cusses the alternative: employing an in-plant system to reduce the volume and weight of solid
waste as generated so as to reduce haulage costs. However, hazardous material must be dis-
posed of (usually with treatment) by specialists; this subject is discussed in the last portion of
this chapter.

SYSTEM DESIGN

Due to large variations in the types of waste found in an industrial plant, each refuse-handling
system should be custom designed to fit the needs of each plant. The key to a successful design
is understanding current operations—that of the plant engineer as well as the operations of
the outside solid waste managers (refuse collectors, equipment distributors, and manufac-
turers) servicing the plant. With this combination of knowledge, the most economical and effi-
cient waste-handling system for a plant can be designed.

First, five essential factors must be analyzed:

. The volume of waste produced

. Its composition and characteristics

. Special handling requirements

. Location and other physical constraints

N AW N =

. Requirements for safety and security

4.161
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DISPOSAL METHODS

Compaction

Having evaluated the five criteria, the plant engineer must determine the best method of dis-
posal to be used. Two common methods employed in many industrial plants are (1) com-
paction and (2) incineration.

Compaction is the method whereby a large volume of solid waste is reduced (squeezed) under
high pressure, minimizing both container space and the number of times the container must be
emptied. This reduces collection costs and permits a safe, clean method of handling in-plant
refuse. The installation of an efficient compaction system, including chutes, conveyors, and large
refuse-compactor containers, can reduce in-plant trash-handling costs by as much as 90 percent.
Also, with an appropriate installation, rear-door pilfering can be practically eliminated.

Purchasers often want to specify compaction ratio or the density that can be produced by a
compactor. Most manufacturers decline to guarantee specific compaction performance because
it depends on both the specific machine employed and the material being compacted. Typically,
however, compactors will reduce the volume of wastes by factors ranging from 2 to 5.

Stationary Compactors. If stationary compaction is chosen, several factors must be consid-
ered. The parameters of stationary compactors including charging-chamber volume, pressure
of the packer ram, cycle time, penetration of the packing ram into the compaction container,
and the compactor base size.

To assist purchasers of stationary compactors, the Waste Equipment Technology Associa-
tion (WASTEC) of the Environmental Industry Associations (EIA) has developed a stan-
dardized method of rating compactors. Periodically (generally every 3 years), WASTEC
publishes a book of standardized ratings for the equipment sold by its compactor manufac-
turer members.

Figure 4.78 shows a sketch of the most widely used style of stationary compactor, the hor-
izontal detachable unit. Ratings are also provided for compactors with pivoting rams and self-
contained compactors in which the compaction ram is integrally mounted within a refuse
container.

Charging Chamber Volume. This must be large enough to accommodate, without any diffi-
culty, the largest piece of refuse generated by the user.

Additional considerations must be taken into account when determining charging-
chamber size. For example, the industrial plant may utilize in-plant trash carts of a specific
size, so the charging chamber should be able to receive the entire contents of the full trash cart
or a full container load. In many instances, this could mean that the charging area should be
substantially greater than the largest single piece of refuse generated at the location.

Physical Dimensions of the Compactor. It may seem obvious that a compactor machine
must fit properly into the space where it is intended to operate. However, errors made in this
area are common, and utmost care is advised in planning. Conversely, a number of installation
possibilities exist which may enable the utilization of a machine that, at first glance, would not
appear to fit into the available space.

As a general rule, the placing of a stationary compactor should be calculated not only on
the basis of the actual operating machine, but must include: (1) space for access to the charg-
ing chamber; (2) space for the container for the compacted wastes; and (3) space required for
the pickup vehicle to maneuver, pull away the full container, replace an empty one, and then
haul the full box away. Finally, sufficient room must be provided at the loading area to accom-
modate trash carts, containers, or even a conveyor chute leading to the hopper.
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FIGURE 4.78 Horizontal commercial-industrial stationary compactor.

Dock space may be saved and plant security increased by installing the machine through
the wall so that the charging area and the working mechanism remain inside the building, but
the container is attached to the machine through an opening in the wall. Also, chutes from
upper floors may run to the charging area, decreasing internal transportation costs and reduc-
ing the need for additional dock space.

Cycle Time. Cycle time is an important parameter of container specification. It refers to
the time required for a fully retracted ram face to pack the refuse from the charging box into
the container and return to its original fully retracted position ready for another load of
refuse.

Cycle times run as short as 20 s to more than 1 min. Short cycle times are important if the
application under consideration requires the capability of accepting refuse very quickly. A
purchaser should carefully consider whether a compactor with a short cycle time is needed.
Often, compactors built with a rapid cycle utilize a small-diameter hydraulic cylinder that
consequently exerts a relatively low force on the ram face, thereby sacrificing compaction
pressure and material density.

Pressure of the Ram Face. A third important parameter of a stationary-compactor specifi-
cation is the pressure of the ram face. Pressure, in pounds per square inch, is more important
than total force in determining compaction density.
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The ram pressure is the total force exerted on the ram, divided by the area of the ram. For
a hydraulically operated compactor, the total ram force is the product of the hydraulic pres-
sure and the hydraulic cylinder area.

For example, a compactor with a ram face measuring 30 x 60 in (0.8 x 1.6 m) has an area of
1800 in? (1.3 m?). If it is acted upon by a 5-in (12-cm) diameter hydraulic cylinder with a fluid
pressure of 2000 1b/ft, the total ram force will be 39,200 1b (175,000 N), and the pressure
exerted by the ram will be 21.7 1b/in* (140,000 N/m?).

Most compactors have both a normal and a maximum pressure rating. The higher pressure
is used when finally packing out a container to make it easy to detach the container and
ensure that the waste remains within it.

Penetration of the Ram into the Container. The penetration of the ram face into the con-
tainer is an important factor in the operation of a compactor. Essentially, it represents the
position of the forward ram stroke available for final compaction of the refuse load into
the container. As the container begins to fill up with compacted waste, there is a tendency for
the portion of refuse closest to the ram to fall back into the charging area. This is of most con-
cern when the container is detached because waste falling from the container will litter the
environment. The further a ram penetrates into the compaction container, the easier it is to
load and detach a container cleanly.

Base Size. Compactor specifications are summarized as a single parameter, the base size.
This is defined as the volume of waste theoretically moved through the compactor in a single
stroke. Purchasers commonly use the base size as the primary specification, adding the param-
eters listed earlier as necessary. Table 4.34 gives typical uses of compactors of various base
sizes.

Rated stationary compactors manufactured by members of WASTEC carry the WASTEC
Rating Seal. This seal assures performance conforming to established standards, certified by a
registered professional engineer. Table 4.35 gives a hypothetical sample listing of rated com-
pactors.

In addition to obtaining a compactor, the plant engineer will have to specify a container,
which is usually provided by the refuse hauler. Before purchasing any equipment, compactor
or container, the engineer should always consult the hauler to determine what type, size, and
weight of containers can be handled. Some points to watch for are the following:

1. The container must be able to withstand the pressure of the waste without damage or dis-
tortion.

2. Roll-off and drop-off hoists that are used to remove containers have weight limits. The
hoist will not be able to lift containers that exceed these limits.

3. State highway laws limit the amount of weight that can be carried on each chassis.

4. The length of the container affects the compaction ratio. The larger the container, gener-
ally the less the compaction.

TABLE 4.34 Typical Compactor Applications

Base size
Use yd? m®
High-rise apartment building Uptol 0.8
Commercial establishment 1to4 0.8to3
Industrial plants 1.5t07 1.2to5.5
Transfer stations 7to12 55t09
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There is no single formula to use in selecting a compactor for a plant. However, careful

consideration of the tangible and intangible factors that have been outlined here will aid in
avoiding costly mistakes.

In-Plant Incineration

An alternative method of disposal is incineration. Although incinerators are more expensive
to build and install than stationary compactors, their use can provide additional savings in
refuse-hauling costs. Energy recovery in the form of steam may also be considered as a source
of additional savings.

1.

When one is considering an incinerator, one should evaluate the following factors:

Any limitations imposed by air pollution emission limits in the area of the plant.
The physical constraints imposed by the dimensions of the plant.

The appropriateness in quantity and composition of the solid waste generated within the
plant: a sufficiently high fired Btu value

Fuel requirements. Most incinerators require supplementary fuel, either gas or oil, to con-
trol air pollution. Fuel costs can be high, and fuel availability may become uncertain. How-
ever, energy recovery can offset some of the costs.

By-product disposal: adequate methods of disposal must be provided to handle the by-
products of the incinerated waste.

Controlled-air incinerators (Fig. 4.79), the most frequently used incinerators today, were

first commercially available in the United States in the early 1960s, but they were not really
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FIGURE 4.79 Controlled-air incinerator. (Adapted with permission from
the American City & County Magazine.)
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accepted until the late 1960s and early 1970s. This acceptance was mostly due to the increas-
ing demands for high performance as measured by very low particulate emissions and a very
high reduction ratio.

Most controlled-air incinerators employ two chambers. These chambers are designated
lower, or primary, and upper, or secondary. Performance of the antipollution functions of the
system depends on controlling the conditions within these two chambers. The lower chamber
is required to operate at low interior gas velocities and under controlled temperature condi-
tions. This is done by limiting the air introduced into the primary chamber to less than the
amount required for complete combustion (hence, the process is called starved-air incinera-
tion). This gives the lower chamber the operating characteristics of a partial oxidation system.

The heat released in the lower chamber is controlled by limiting the introduction of com-
bustion air to an amount which will give partial oxidation of the waste in the chamber. The
heat is sufficient to sustain the partial oxidation reactions. The gases from the lower chamber
pass into the upper chamber through a turbulent zone, where additional air is added and igni-
tion takes place to complete the oxidation reactions. The noncombustible portion of the waste
and carbonaceous residue from the reactions remain in the lower chamber. The noncom-
bustibles are rendered sterile by the relatively high temperature, while the carbonaceous
material is further oxidized by the incoming air. The result is a high-quality sterile ash.

The gas velocity in the lower chamber is influenced by several factors. The gas which
evolves from the chamber is a result of the interaction of the air, the auxiliary fuel, and the
oxidation and volatilization products from the waste. The quantity of gas from the waste can
vary substantially depending on chamber conditions of the waste and could therefore alter
the gas velocity in the lower chamber significantly. The airflow controls of the upper and
lower chambers are integrated in order to minimize cycling and provide a uniform flow of
gases. This is important for controlling pollution performance and especially so for an efficient
energy-recovery system.

When volatilization proceeds at an excessive rate as a result of the high temperatures, two
distinct adverse effects ensue. First, the velocity in the lower chamber will exceed the design
velocity, and particles which are too large to be oxidized properly will be carried into the
upper chamber. Second, the gases will flow to the upper chamber at a rate which exceeds the
capacity of the chamber and can result in excessive particulate emissions or smoking.

The function of the upper chamber is to complete the oxidation reactions of the com-
bustible products as they are received from the lower chamber. In order to accomplish this,
conditions in the chamber must be controlled within a rather narrow band, from inputs which
vary rather widely. The control system is designed to maintain the required conditions by
modulating both air and fuel to the system. This in effect controls the air input, auxiliary fuel
input, and gas flow from the lower chamber.

The gases pass from the lower chamber into the upper chamber through a turbulent mixing
region in a controlled manner. Additional air is introduced into the system and the gases are
ignited, again under controlled conditions. The gas temperature at this point is somewhat
higher than the in the lower chamber, and the atmosphere is oxidizing (more than sufficient air
for complete combustion). Temperatures in the upper chamber are limited to less than 2500°F
(1400°C) in order to minimize production of nitrogen oxides and in the interest of equipment
durability. On the lower-temperature side, it is recommended that at least 1800°F (1000°C) be
maintained in order to stabilize an adequate reaction rate to complete the combustion process.
The desired operating temperature point is adjustable but is factory preset for maximum per-
formance. The primary means of controlling the temperature in the upper chamber is to con-
trol the quantity of combustion air. Air quantity is decreased when the temperature drops
below the set-point and increased when the temperature rises above the set-point.

If heat is to be recovered, the gas temperature at the inlet to the heat exchanger is not
allowed to exceed 1800°F (1000°C). This is done to protect the heat exchanger and is an addi-
tion to the normal safety controls. An overtemperature condition will automatically drive the
hot-gas flow to the abort stack.

Compared with compaction, incineration is a more costly and more complex way of dis-
posing of waste; however, the energy-recovery potential may in the long run prove to be a
decisive factor for incineration in many plants.
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REGULATIONS

Transportation, treatment, storage, and disposal of hazardous waste are regulated under the
Resource Conservation Recovery Act (RCRA), enacted in 1976 and amended in 1984 (usu-
ally referred to as the Solid Waste Disposal Act).

The Hazardous Materials Transportation Act was enacted in 1974. In 1990 it was amended
to incorporate tighter regulations on transportation of hazardous materials on highways, rail-
ways, and waterways. Authority to determine what is a hazardous material rests with the U.S.
Department of Transportation.

To arrange for disposal of hazardous wastes, a plant engineer should contact a waste serv-
ice company that is fully permitted to transport and dispose of those wastes. The company
should provide a written statement certifying where the wastes are to be taken and how they
are to be treated or disposed of. The disposal facilities should be inspected and the actual
waste disposition verified.

The hazardous-waste generator will be requested to initiate a manifest for shipments of
hazardous wastes going off-site for disposal and will also be required to designate where the
wastes are taken.

This is an on-going, active regulatory area; the reader is urged to check the latest regula-
tions before proceeding with plant modifications.
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GLOSSARY

Boiling point The temperature at which the liquid boils when under normal atmospheric
pressure (14.7 psia). The boiling point increases as pressure increases and is dependent on the
total pressure.

Combustible A material or structure that can burn is considered combustible. Combustible
is a relative term; many materials that will burn under one set of conditions will not burn
under others, e.g., structural steel is noncombustible, but fine steel wool is combustible. The
term combustible does not usually indicate ease of ignition, burning intensity, or rate of burn-
ing, except when modified, as in highly combustible interior finish.

Fire prevention Measures directed toward avoiding the inception of fire.

Fire load The amount of combustibles present in a given situation, usually expressed in
terms of weight of combustible material per unit area. This measure is employed frequently to
calculate the degree of fire resistance required to withstand a fire or to judge the rate of appli-
cation and quantity of extinguishing agent needed to control or extinguish a fire.

Fire point The lowest temperature of a liquid in an open container at which vapors are
evolved fast enough to support continuous combustion.

Fire resistance A relative term, used with a numerical rating or modifying adjective to indi-
cate the extent to which a material or structure resists the effect of fire, e.g., “fire resistance
of 2h.”

Fire-resistive Pertains to properties or designs that resist the effects of any fire to which a
material or structure may be expected to be subjected. Fire-resistive materials or assemblies of
materials are noncombustible, but noncombustible materials are not necessarily fire-resistive;
fire-resistive implies a higher degree of fire resistance than noncombustible. Fire-resistive
construction is defined in terms of specified fire resistance as measured by the standard time-
temperature curve.

Fire-retardant Usually denotes a substantially lower degree of fire resistance than fire-
resistive and is often used to refer to materials or structures which are combustible in whole
or in part, but have been subjected to treatments or have surface coverings to prevent or
retard ignition or the spread of fire under the conditions for which they are designed.

Flame-resistant A term that may be used more or less interchangeably with flame-
retardant.

Flame-retardant Materials, usually decorative, which due to chemical treatment or inherent
properties, do not ignite readily or propagate flaming under small to moderate exposure.

Flammable A combustible material that ignites very easily, burns intensely, or has a rapid
rate of flame spread. Flammable is used in a general sense without reference to specific limits
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of ignition temperature, rate of burning, or other property. Flammable and inflammable are
identical in meaning. Flammable is used in preference to inflammable.

Flammable limits The extreme concentration limits of a combustible in an oxidant through
which a flame will continue to propagate at the specified temperature and pressure. For
example, hydrogen-air mixtures will propagate flame between 4.0 and 75 percent by volume
of hydrogen at 21°C and atmospheric pressure. The smaller value is the lower (lean) limit, and
the larger value is the upper (rich) limit of flammability. For liquid fuels in equilibrium with
their vapors in air, a minimum temperature exists for each fuel above which sufficient vapor
is released to form a flammable vapor-air mixture. There is also a maximum temperature
above which the vapor concentration is too high to propagate flame. These minimum and
maximum temperatures are referred to respectively as the lower and upper flash points in air.
The flash-point temperatures for a combustible liquid vary directly with environmental pres-
sure.

Flashover The phenomenon of a developing fire (or radiant heat source) producing radiant
energy at wall and ceiling surfaces within a compartment. The radiant feedback from those
surfaces heats the contents of the fire area so that all the combustibles in the space become
heated to their ignition temperature.

Flash point The lowest temperature at which the vapor pressure of a liquid will produce a
flammable mixture and resultant flame. The flame will not continue to burn at this tempera-
ture if the source of ignition is removed.

Glowing combustion and flame Combustion is the process of exothermic, self-catalyzed
reaction involving either a condensed-phase or a gas-phased fuel, or both. The process is
usually (but not necessarily) associated with oxidation of a fuel by atmospheric oxygen.
Condensed-phase combustion is usually referred to as glowing combustion, while gas-phase
combustion is referred to as a flame.

Ignition temperature (autoignition temperature, autogenous ignition temperature) The
minimum temperature to which a substance in air must be heated in order to initiate, or cause,
self-sustained combustion independently of the heating or heated element. The ignition tem-
perature of a combustible solid is influenced by rate of airflow, rate of heating, and size and
shape of the solid.

Latent heat Heat is absorbed by a substance when converted from a solid to a liquid and
from a liquid to a gas. Conversely, heat is released during conversion of a gas to a liquid, or a
liquid to a solid. Latent heat is the quantity of heat absorbed or given off by a substance in
passing between liquid and gaseous phases (latent heat of vaporization) or between solid and
liquid phases (latent heat of fusion). The high heat of vaporization of water is a reason for the
effectiveness of water as an extinguishing agent.

Noncombustible Not combustible.
Nonflammable Not flammable.

Specific heat The heat, or thermal capacity, of a substance is the number of calories required
to raise 1 g of a particular substance 1°C. The specific heats of various substances vary over a
considerable range; for all common substances, except water, they are less than unity. Specific-
heat figures are significant in fire protection as they indicate the relative quantity of heat
needed to raise the temperature to a point of danger, or the quantity of heat that must be
removed to cool a hot substance to a safe temperature.

Vapor density The weight of a volume of pure gas compared with the weight of an equal vol-
ume of dry air at the same temperature and pressure. A figure less than 1 indicates that a gas
is lighter than air, and a figure greater than 1 indicates that a gas is heavier than air. If a flam-
mable gas with a vapor density greater than 1 escapes from its container, it may travel at a low
level to a source of ignition.

Vapor pressure Because molecules of a liquid are always in motion (with the amount of
motion depending on the temperature of the liquid), the molecules are continuously escaping
from the free surface of the liquid to the space above. Some molecules remain in space while
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others, due to random motion, collide with the liquid. If the liquid is in an open container, mol-
ecules (collectively called vapor) escape from the surface, and the liquid is said to evaporate.
If, on the other hand, the liquid is in a closed container, the motion of the escaping molecules
is confined to the vapor space above the surface of the liquid. As an increasing number strike
and reenter the liquid, a point of equilibrium is eventually reached with the rate of escape of
molecules from the liquid equals the rate of return to the liquid. The pressure exerted by the
escaping vapor at the point of equilibrium is called vapor pressure. Vapor pressure is meas-
ured in millimeters of mercury (mmHg), or torr.

INTRODUCTION

Fire protection is an area in which most plant engineers can make a significant contribution
to plant operations. At many facilities, the chief engineer may also serve as the fire marshal or
fire chief. Even at larger plants, where there is a full-time safety or fire-protection engineer
responsible for plant protection and loss prevention, the plant engineer should be familiar
with the fire problem, fire-prevention methods, and fire-protection systems.

Fires in private industry have a great potential for significant economic and financial loss
to both the industrial plant and the community. Recovery from an industrial fire includes not
only replacement of equipment and facilities at higher costs, but also temporary and perma-
nent lost business income, loss of skilled employees during the time the plant is closed, loss of
profits on damaged finished goods, and extra expenses to restore operations. Many plants
destroyed by fire do not reopen, contributing to local unemployment and disrupting the lives
of employees.

This chapter is intended to give the plant engineer a basic understanding of fire protection
and prevention, to provide some basic information about fire, and to identify other resources
for the incorporation of fire safety in every aspect of plant operations.

In addition to the National Fire Protection Association (NFPA) in Quincy, Mass., and the
Federal Emergency Management Agency (FEMA) in Washington, D.C., the following fire
protection services are also available in most cities in the United States: the Society of Fire
Protection Engineers (SFPE), fire protection consultants, equipment manufacturers, testing
laboratories, companies specializing in special-hazard protection and control, fire investiga-
tion firms, and organizations that perform fire-protection equipment testing, installation, and
servicing. There are also state and regional training facilities, and the resources of municipal
fire departments should not be overlooked.

This chapter does not attempt to discuss management programs which may have signifi-
cant impact on plant fire protection. Information regarding risk management, personnel
training, plant fire brigades, plant emergency organization, and fire-prevention programs
must be obtained from other sources.

THE NATURE OF FIRE

A simple method of visualizing what fire is and how burning takes place is to use a four-sided
object, a tetrahedron. Each surface of the tetrahedron is used to represent one of the condi-
tions necessary for fire to occur (see Fig. 4.80).

The four components of this simple fire model are fuel, heat, oxidant, and the chemical
chain reaction. While this model does not provide a complete scientific description of fire, it is
sufficient for explaining most fire-protection concepts. In chemical terminology, the fuel com-
ponent may also be referred to as a reducing agent. During the fire reaction the reducing
agent looses electrons. The heat component includes both the heat which causes the fire and
the heat emitted by the fire which causes it to be self-sustaining. The oxidant required for fire
is most often provided by the oxygen in the ambient air, approxim1lately 21 percent. Although
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FIGURE 4.80 Tetrahedron fire model. (From R. Tuve, Principles of
Fire Protection Chemistry, NFPA, Quincy, Mass., 1998.)

oxygen is the most common oxidizing agent and is usually necessary for fire to occur, there are
some chemicals that release oxygen and some that can burn in an oxygen-free atmosphere.

Vapor State of Fuel

Before a fuel can be burned it must be in a vapor state. Therefore, flammable gases are most
easily ignited. Even solids and liquids, such as wood and gasoline, must be vaporized before
they will burn. The decomposition of matter due to heat which generates flammable vapors is
called pyrolysis.

The initial vaporization of the fuel may be caused by heat from a source of ignition such as
a chemical reaction, electric energy, or mechanical heat energy. Ambient heat may also be suf-
ficient to vaporize fuels which are normally liquids.

Once sufficient vaporization has occurred, the combustible vapors can be ignited by an
open flame of spark or, at a sufficiently high temperature, the vapor and oxygen mixture will
ignite spontaneously.

After ignition of the vaporized fuel has occurred, the heat generated by the fire will cause
further vaporization of the fuel and the intensity of the fire will increase. This process is
known as radiation feedback.

Heat Transfer

The heat that causes the fuel to ignite and the heat generated by the resulting fire can be
transmitted by one or all of the following three methods:

e Conduction. Heat transferred by direct contact from one body to another.

* Radiation. Energy travel through space or materials as waves.

e Convection. Heat transferred by a circulating medium, either a gas or a liquid.

Products of Combustion

There are four categories of products of combustion: (1) fire gases, (2) flame, (3) heat, and
(4) smoke. All of these products are produced in varying degrees by each fire. The material or
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materials that are involved in the fire and the resulting chemical reactions produced by the
fire determine the products of combustion.

Fire Gases. The primary cause of loss of life in fires is the inhalation of heated, toxic, and
oxygen-deficient gases and smoke. The amount and kind of fire gases present during and after
a fire vary widely with the chemical composition of the material burning, the amount of avail-
able oxygen, and the temperature. The effect of toxic gases and smoke on people will depend
on the time of exposure, the concentration of gases in air, and the physical condition of the
individual.

There are usually several gases present during a fire. Those that are commonly considered
lethal are carbon monoxide, carbon dioxide, hydrogen sulfide, sulfur dioxide, ammonia,
hydrogen cyanide, hydrogen chloride, nitrogen dioxide, acrolein, and phosgene.

Flame. The burning of materials in a normal oxygen-rich atmosphere is generally accompa-
nied by flame. For this reason, flame is considered a distinct product of combustion. Burns can
be caused by direct contact with flames or heat radiated from flames. Flame is rarely sepa-
rated from the burning materials by an appreciable distance.

Heat. Heat is the combustion product most responsible for fire spread. Exposure to heat
from a fire will affect persons in proportion to the length of exposure and the temperature of
the heat. The dangers of exposure to heat from fire range from minor injury to death. Expo-
sure to heated air increases the heart rate and causes dehydration, exhaustion, blockage of the
respiratory tract, and burns. Fire fighters should not enter atmospheres exceeding 120°F
(48°C) to 130°F (54°C) without special protective clothing and masks. The maximum surviv-
able breathing level of heat from fire in a dry atmosphere for a short period has been esti-
mated at 300°F (148°C). Any moisture present in the air greatly increases the danger and
sharply reduces the time of survival.

Smoke. Smoke is matter consisting of very fine solid particles and condensed vapor. Fire
gases from common combustibles (such as wood) contain water vapor, carbon dioxide, and
carbon monoxide. Under the usual conditions of insufficient oxygen for complete combus-
tion, methane, methanol, formaldehyde, and formic and acetic acids are also present. These
gases are usually evolved from the combustible with sufficient velocity to carry droplets of
flammable tars which appear as smoke. Particles of carbon develop from the decomposition
of these tars; they are also present in the fire gases from the burning of petroleum products,
particularly from the heavier oils and distillates.

Modes of Combustion

Fire Control

The combustion process may occur in two modes, flaming (including explosion) and flameless
(including glow and deep-seated glowing embers). The flaming mode is characterized by rel-
atively high burning rates. Intense and high levels of heat are usually associated with the flam-
ing mode.

The flaming and flameless modes are not mutually exclusive; combustion may involve one
or both modes. Often combustion may occur in the flaming mode and gradually make a tran-
sition to the flammable mode. At one point in this process both modes occur simultaneously.

Fire prevention and fire extinguishment can be described in terms of the fire model previ-
ously discussed. Fire prevention is generally a matter of keeping heat and fuel separated; or,
in some processes, keeping heated fuel from combining with oxygen.
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Fire extinguishment can be summarized by four methods:

1. Removal or dilution of air or oxygen to a point where combustion ceases
2. Removal of fuel to a point where there is nothing remaining to oxidize

3. Cooling of the fuel to point where combustible vapors are no longer evolved or where
activation energy is lowered to the extent that no activated atoms or free radicals are pro-
duced

4. Interruption of the flame chemistry of the chain reaction of combustion by injection of
compounds capable of quenching free-radical products

Removal of Oxygen. The amount of dilution of oxygen necessary to stop the combustion
varies greatly with the kind of material that is burning. Ordinary hydrocarbon gases and
vapors will not burn when the oxygen level is below 15 percent. Acetylene will continue to
burn unless the oxygen concentration is lowered, but will continue to glow on the surface even
if the oxygen level is as low as 4 to 5 percent.

A fire in a closed space can extinguish itself by consuming the oxygen. However, incom-
plete combustion, which takes place when the oxygen is consumed, usually results in consid-
erable generation of flammable gases.

A commonly used method of putting a fire out by removing or diluting the oxygen is by
flooding the entire fire area with carbon dioxide or with some other inert gas.

Fuel Removal. Fuel removal can be accomplished in a variety of ways. One of the most
common examples is the practice of building a firebreak across the path of an advancing for-
est fire.

Fires in large coal or wood pulp piles can usually be controlled only by moving the pile of
the fire zone. Fires in large oil storage tanks have been controlled by pumping the oil out of
the burning tank into an empty tank. If a gas line is ruptured and the gas ignited, shutting off
the supply of gas is the only way to stop the fire.

If it is not practical to remove the fuel, extinguishment can be accomplished by shutting off
the fuel vapors or by covering the burning or glowing fuel. The use of fire-fighting foams and
dry powder extinguishers are effective procedures for covering or coating a fire.

Cooling. For most common combustibles such as wood, paper, and cloth, the simplest and
most effective means of removing the heat of a fire is through the application of water. Water
application can be varied and will depend on the fire.

Applying water to the burning fuel cools the fuel until the rate of release of combustible
vapors and gases is reduced and ultimately stopped. Heat developed by a fire is carried away
by radiation, conduction, and convection. This helps reduce the amount of heat and makes the
use of water more effective. Only a relatively small proportion of the heat evolved needs to be
cooled by the water in order to extinguish the fire.

Effective use of water cannot be accomplished if the water cannot reach the burning fuel
directly. For this reason, areas where firefighters cannot readily reach the fire with water
streams, such as high-rise buildings and high-piled storage areas, must be provided with auto-
matic sprinklers or other automatic fire-protection system.

Interruption of Chemical Reaction. Extinguishment by cooling, by oxygen dilution, and by
fuel removal, is applicable to all classes of flaming and glowing fires. Extinguishment by chem-
ical flame inhibition applies to the flaming mode only.

In the fourth method of extinguishment, the action occurs only during contact of the
chemical agents with activated groups or with atoms being produced by the combustion
process. In a sense this could be seen as a temporary extinguishment process, operating only
when the agent particles are present in the flame. If activation energy continues to exist after
withdrawal of the flame-inhibiting agent, the flame reaction will reestablish and will
continue.
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Summary
Combustion occurs under the following conditions:

1. An oxidizing agent, a combustible material, and an ignition source are essential for com-
bustion

2. The combustible material must be heated to its ignition temperature before it will burn

3. Combustion will continue until:
a. The combustible material is consumed or removed.
b. The oxidizing agent concentration is lowered to below the concentration necessary to
support combustion.
¢. The combustible material is cooled below its ignition temperature.
d. Flames are chemically inhibited.

THE PLANT FIRE PROBLEM: CAUSES AND PREVENTION

In general, the cause of most plant fires is the exposure of a fuel to a source of heat. Where the
fuel, such as accumulations of trash or debris, is not necessary plant operation, fires can be
prevented by removal of the fuel. Where the exposed fuel, such as raw materials or finished
products, is essential, the source of heat must be protected or controlled.

Some of the most common sources of heat and fuel that cause plant fires are heating and
cooking equipment, smoking, electric equipment, burning, flammable liquids, open flames and
sparks, incendiary (arson), spontaneous ignition, gas fires, and explosions. These sources of
heat are summarized here.

Heating and Cooking Equipment
Defective or Overheated Equipment. This includes improperly maintained or operated fur-
naces, smoke pipes, vents, portable and stationary heaters, industrial commercial furnaces, and

incinerators.

Chimneys and Flues. Fire can arise from ignition of accumulated soot or inadequate sepa-
ration from combustible material.

Hot Ashes and Coals. These can cause problems when improper disposal or disposal in
combustible containers or with combustible debris occurs.

Improper Location. This can mean installation too close to combustible or accumulation of
combustibles near an appliance.

Electric Equipment

Wiring and Distribution Equipment. These include short-circuit faults, arcs, and sparks
from damaged, defective, or improperly installed components.

Motors and Appliances. These include careless use, improper installation, and poor main-
tenance.

Flammable Liquids

Storage and Handling. These hazards include careless spills, leaking fuel, and overturned
tanks.
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Inadequate Safeguards. Fires can be started by improper storage containers or facilities,
improper electrical equipment near open processes, or improper bonding and grounding of
transfer processes.

Open Flames and Sparks

Trash and Rubbish. Burning trash and rubbish can furnish the fuel for accidental ignition;
careless burning ignites other material.

Sparks and Embers. Problems include ignition of roof coverings by sparks from chimneys,
incinerators, rubbish fires, locomotives, etc.

Welding and Cutting. Hazards include ignition of combustibles by the arc or flame itself,
heat conduction through the metals being welded or cut, molten slag and metal from the cut,
and sparks.

Friction, Sparks from Machinery. Friction heat or sparks resulting from impact between
two hard surfaces are a hazard.

Thawing Pipes. Open-flame devices are a hazard when used in the dangerous practice of
thawing pipes.

Other Open Flames. These include ignition sources such as candles, locomotive sparks,
incinerator sparks, and chimney sparks.

Lighming. This includes building fires caused by the effects of lightning.

Exposure. Exposure fires are those originating in places other than buildings, but which
ignite buildings.

Incendiary, Suspicious. These are fires that are known to be or thought to have been set,
fires set to defraud insurance companies, fires set by mentally disturbed persons, and fires set
by malicious persons.

Spontaneous Ignition. This means fires resulting from the uncontrolled spontaneous heat-
ing of materials.

Gas Fires and Explosions. These are fires and explosions that involve gas that has escaped
from piping, storage tanks, equipment, or appliances and fires caused by misuse or faulty
operation of gas appliances.

Smoking. The use of smoking materials in flammable or explosive atmospheres, or discard-
ing smoking materials in combustible debris.

PLANT FIRE HAZARDS

Fire hazards in industrial and manufacturing plants are a mix of exotic hazards specific to par-
ticular industries and common hazards analogous to those found in any other type of
property—electrical systems, heating, smoking, common appliances and tools, even cooking,
and children playing with fire. Many texts and handbooks exist to address the methods for
preventing, mitigating, and controlling fires involving each of the many special industrial haz-
ards. These references are listed in the bibliography at the end of this chapter.

From a statistical perspective, structure fires in industrial and manufacturing properties
are separable into two primary categories: (1) basic industry, utility, and defense properties;
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and (2) manufacturing properties. This concept is illustrated in Table 4.36, which summarizes
the structure fires that occurred in industrial and manufacturing facilities from 1993 to 1997.

Basic industry, utility, and defense properties include agriculture, forestry, mining, laborato-
ries, energy production, communication facilities and defense sites. Manufacturing properties
include those properties that make products of all kinds or are engaged in processing, assem-
bling, mixing, packing, finishing, decorating, repairing, and similar operations. Only fires
reported to public fire departments are included in these statistics. Tables 2 through 10 pro-
vide variations of other useful information on structure fires that have occurred in industrial
and manufacturing facilities.

There are several noteworthy points of information in the statistical data of Tables 4.37 to
4.45. In summary, an average of 17,000 reported structure fires caused 16 civilian deaths, 631
civilian injuries, and $776.5 million in direct property damage per year. One-fifth of these
structure fires occurred in facilities manufacturing metal or metal products.

TABLE 4.36 Industrial and Manufacturing Facility Structure Fires
Annual average of 1993-1997 structure fires.

Direct
Civilian  Civilian  property damage,
Occupancy Fires deaths  injuries in millions
Industry, utility, and defense 4,200 2 75 $129.5
Energy production facility 200 1 4 22.5
Laboratory 300 0 23 5.1
Communication, defense, or document facility 200 0 5 7.6
Energy distribution property or utility facility 500 0* 12 12.9
Agricultural or farm production facility 2,300 1 13 55.7
Forest, fish hatchery, or hunting area 100 0 0 0.7
Mine or quarry 200 0 3 4.6
Nonmetallic mineral or mineral product
manufacturing facility 300 0 12 12.7
Unclassified or unknown-type industry, utility,
or defense 200 0 3 7.8
Manufacturing 12,800 15 556 647.0
Food product manufacturing 1,200 1 32 65.0
Beverage, tobacco, or related oil product
manufacturing 200 0 9 29
Textile manufacturing 600 1 34 150.8
Wearing apparel or leather or rubber product
manufacturing 400 0 21 37.7
Wood, furniture, paper, or printing product
manufacturing 3,000 0 72 113.4
Chemical, plastic, or petroleum product
manufacturing 1,300 6 116 58.0
Metal or metal product manufacturing 3,600 4 186 141.1
Vehicle assembly or manufacturing 600 1 31 24.0
Other manufacturing 1,000 0 30 30.6
Unclassified or unknown-type manufacturing 800 2 24 235
Total 17,000 16 631 $776.5

* Not zero, but rounds to zero.

Note: These are fires reported to U.S. municipal fire departments and so exclude fires reported only to federal or
state agencies or industrial fire brigades. Fires are rounded to the nearest 100, deaths and injuries to the nearest 1, and
direct property damage to the nearest $100,000. Sums may not equal totals due to rounding errors. Damage has not been
adjusted for inflation.

Source: National estimates based on NFIRS and NFPA survey, NFPA, Quincy, Mass.
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TABLE 4.37 Fire Protection Features Involved in Industrial and Manufacturing
Structure Fires

Annual average of 1993-1997 structure fires.

Percentage of fires in buildings with smoke or other fire

alarms present 322%
Percentage of fires in buildings having smoke or other fire alarms in

which devices were operational 82.4%
Percentage of fires in buildings with operational smoke or other

fire alarms (product of first two statistics) 26.6%
Percentage of fires in buildings with automatic suppression systems 41.2%
Deaths per 1000 fires with automatic suppression system present 1.1
Deaths per 1000 fires with no automatic suppression system present 1.2
Reduction in deaths per 1000 fires when automatic suppression

system was present 10.8%
Average loss per fire when automatic suppression system was present $19,871
Average loss per fire with no automatic suppression system $53,646
Reduction in loss per fire when automatic suppression system

was present 63.0%

Source: National estimates based on NFIRS and NFPA survey, NFPA, Quincy, Mass.

TABLE 4.38 Industrial and Manufacturing Facility Structure Fires, by Year

Direct
Civilian Civilian property damage,
Year Fires deaths injuries millions
1980 42,100 21 775 $ 608.9
1981 39,000 31 1322 659.3
1982 35,000 50 1118 449.6
1983 29,900 51 1091 727.1
1984 30,400 88 853 803.5
1985 30,900 37 779 569.0
1986 26,400 24 821 516.0
1987 25,800 44 991 5423
1988 24,100 30 847 675.7
1989 21,700 60 783 1795.7
1990 18,700 79 830 688.7
1991 18,300 21 641 646.6
1992 17,500 11 545 538.6
1993 16,400 13 893 566.1
1994 18,000 16 648 567.4
1995 16,300 32 587 1253.8
1996 16,500 8 540 785.8
1997 17,800 16 485 709.4
1980-1997
annual average 24,700 35 808 $ 728.0
1993-1997

annual average 17,000 17 631 $ 776.5

Note: These are fires reported to U.S. municipal fire departments and so exclude fires reported only to federal or
state agencies or industrial fire brigades. Fires are expressed to the nearest 100, deaths and injuries are rounded to the
nearest 1, and property damage is rounded to the nearest $100,000. Property damage figures have not been adjusted for
inflation.

Source: National estimates based on NFIRS and NFPA survey, NFPA, Quincy, Mass.
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