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This book presents a comprehensive and rigorous treatment of the technology of
producing and fransporting natural gas. The design of a development plan for a
natural gas field always depends on the reserveir and well characteristics, tubing
and flowline performance, and compressor and processing equipment character-
istics. This text emphasizes a systems approach fo natural gas production, since
change in each component will affect the performance of the other components.

Most of us who teach others have heard the adage that the best way to learn a
subject in depth is to teach it. As a case in point, Natural Gas Production
Engineering is a history of many years of successfully using the material for natural
gas engineering courses at The University of Tulsa, The Pennsylvania State
University, and adult education courses in the United States and overseas. This
book is arranged so that it can be used as a text or reference work for students and
practicing engineers, geologists, and managers in the crude oil and natural gas
production industry.

Chapters 1 to 3 serve as an introduction to the subject. Chapter 1 traces the
development of the natural gas industry and tries to instill in the reader an
awareness of the increased role natural gas will play as a source of energy. Chapter
2 reviews the properties of natural gases and condensate systems that are of
importance in solving gas well performance, gas production, and gas transmission
problems. Chapter 3 discusses some concepts of thermodynamics that are used
throughout the book.

Chapters 4 through 8 focus on separation and processing, compression,
measurement, and flow of gas in pipelines, tubings and annuli. Multiphase flow in
pipes is treated and procedures for the design and selection of surface equipment
are clearly outlined. Methods for determining static and flowing bottom-hole
pressures from wellhead data are presented for both shallow wells and very deep
wells producing sour gas. The problem of liquid loading in gas wells is also
addressed.

Much of the material on which this book is based was drawn from the
publications of the Society of Petroleum Engineers of the American Institute of
Mining, Metallurgical and Petroleum Engineers, the American Gas Association,
the Division of Production of the American Petroleum Institute, the Gas Proces-
sors Suppliers Association, the Petroleum Extension Service of the University of
Texas at Austin, and the Gas Conditioning Conference of the University of
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Oklahoma. Tribute is due to these organizations and also to a host of schools and
authors who sponsor programs and have contributed to petroleum literature in
various other publications.

I am indebted to my students whose enthusiasm for the subject has made
teaching a pleasure. To my colleagues who have adopted this material in various
petroleum and natural gas engineering departments in the U.S. and overseas, 1
would like to express my gratitude for their constructive criticisms and comments
that became textbook inputs. Special thanks is also owed Peggy Conrad for typing
the manuscript.

I am grateful to the editorial staff of John Wiley,including Merrill Floyd and
Deborah Herbert, for their patience and politeness. My thanks is also owed to
Cindy Stein and the members of Wiley’s production staff for a fine job.

Chi U. Ikoku
University Park, Pennsylvania
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QUANTITIES IN ALPHABETICAL ORDER

{*) Dimensions: L = length, m = mass, q = electrical charge, 1 = time, and T =

temperature.

(**) To avoid conflicting designation in some cases, use of reserve symbols and reserve

subscripts is permitted.

SPE
Quantity Standard

air requirement a
angle o alpha
angle § theta
angle, contact . theta
angle of dip oy alpha
area A
Arrhenius reaction rate velocity constant w
breadth, width, or {primarily in fracturing) thick-

ness b
burning-zone advance rate vy
capillary pressure P
charge o
coefficient, convective heat transfer h
coefficient, heat transfer, interphase convective

(use h, or convective coefficient symbol, with

pertinent phase subscripts added)
coefficient, heat transfer, over-ali U
coefficient, heat transfer, radiation I
components, number of C
compressibility ¢
compressibility factor z
concentration C
condensate or natural gas liquids content Cr

Courtesy of Society of Petroleum Engineers of

Reserve SPE
Letter
Symbols**

£
B beta

v gamma
v, gamma
0, theta

)

Z

w
Ve, us
P, p.

Ilh, hT

UT? Uﬂ
IT: IS

n.

k, « kappa
¥4

¢ H

Cg, g

American Institute of Mining,Metallurgical, and Petroleum Engineers, Inc.

Dimen-
sions*

m/t>T
mtT
mit*F

Lt¥m

various
various



xiv Nomenclatare

Quantity

conductivity

conductivity, thermal (always with additional
phase or systemsubscripis)

contact angle

damage ratio {“‘skin” conditions relative to forma-
tion conditions unaffected by well operations)

density

depth

diameter

diffusion coefficient

dimensionless fluid influx function, linear aquifer

dispersion coefficient

displacement

displacement ratio

distance between adjacent rows of injection and
production wells

distance between like wells (injection or produc-
tion} in a row

distance, length, or length of path

efficiency

electrical resistivity

electromotive force (voltage)

elevation referred to datum

encroachmeut or influx rate

energy

enthalpy (always with phase or system subscripts)

enthalpy (net) of steam or enthalpy above reser-
VOIr temperature

enthalpy, specific

entropy, specific

entropy, total

equilibrium ratio

fluid influx function, linear aquifer, dimensionless

flow rate or flux, per umit area (volumetsic vel-
ocity)

flow rate or production rate

fluid {generalized}

flux

force

formation volume factor

fraction gas

fraction liquid

frequency

fuel consumption

SPE
Standard

o sigma

K
9, theta

£
p tho
D
d
D

Crp
K

$
8 delta

_,

[
=
Qo

-

rr_o:zzh"’fn: TS Nm® e
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IR M E MR ®

Reserve SPE
Letter
Symbols**

¥ gamma

A lambda
Y. gamma

Fy

D

v, H

D

pmn, § delta
QI:D

d

Dimen-
sions*

various

mL/eT

m/L?

L2t

L%t

mLYtq?
mL*’g

L’
mLY?
mL%¢?

mLY?
Li?
L2/2T
mL%t2T

Li

L't
various
various
ml/t?

it
Various



Nomenclatare

Quantity

fuel deposition rate

gas (any gas, including air}—always with identify-
ing subscripts

gas in place in reservoir, total initiaf

gas-oil ratio, producing (if needed, the reserve
symbolscould be applied to other gas-oil ratios)

general and individual bed thickness

gradient

heat flow rate

heat of vaporization, latent

heat or thermal diffusivity

heat transfer coefficient, convective

heat transfer coefficient, interphase convection
{use A, or convective coefficient symbol with
pertinent subscripts added)

heat transfer coefficient, over-all

heat transfer coefficient, radiation

height (elevation)

height {other than elevation)

hydraulic radius

index of refraction

influx {encroachment) rate

influx function, fluid, linear aquifer, dimension-
less

initial water saturation

injectivity index

intercept

interfacial or surface tension

interstitial-water saturation in oil band

irreducible water saturation

kinematic viscosity

length

length, path length, or distance

mass flow rate

mobility ratio

mobility ratio, diffuse-front approximation,
[(Ap + A)swept! (Aadumswep); D signifies dis-
placing; 4 signifies displaced; mobilities are ev-
aluated at average saturation conditions behind
and ahead of front

mobilityratio, sharp-frontapproximation, (Ap/As)

mability ratio, total, [(A)swepr/(AJunswept]s
“swept” and *unswept” refer to invaded and
uninvaded regions behind and ahead of leading
edge of a displacement front

SPE
Standard

o

e Fx aQ

alpha

:.r-n_h

RN ENG

Reserve SPE
Leiter
Symbols**

Ng

oq O

e

] Fgg

d, e

v gamma
q, P phicsy
A, lambda
a, T, eta
i,y hT

Un Uy
[T! Ig
D h
d, e
Ry

p mu
i

QII.D

Pwi rho, Swi
i

Y

¥, Y gamma
Swo

Piw ThO, Siw
N

s, I script I
s, I'script I
m

Fy

M Dd» M s
By

Dimen-
sions*

m/L%

varous
L3

various
mL2?
LAt
L%t
m/t’T

m/t*T
meT

L3t

L*/m
various
m/t?

L4t
L
L
m/t



xvi  Nomenclature
SPE
Quantity Standard

mobility, total, of all fluids in a particular region

of the reservoir; e.g., (A, + Ay + A} A, lambda
modulns, bulk K
modulus of elasticity in shear G
modulus of elasticity (Young’s modulus) E
mole fraction gas fe
mole fraction liquid fr
molecular refraction R
moles, number of n
moles of liquid phase L
moles of vapor phase 14
moles, total n
number (of moles, or components, or wells, etc.} n
oil (always with identifying subscripts) R
oil in place in reservoir, initial N
oxygen utilization €,
path length, length, or distance - L
permeability k
Poisson’s ratio p mu
porosity ¢ phi
pressure - p
production rate or flow rate q
productivity index J
quality (usually of steam) fs
radial distance Ar
radius r
radius, hydraufic Fe
ratio, damage {“*skin” conditions relative to for-

mation conditions unaffected by well opera-

tions) F
ratio initial reservoir free gas volume to initial

reservoir oil volume m
ratio, mobility M
ratio, mobility, diffuse-front approximation,

{()“-D + )“-d)swcpt/()\d)unswcpll; D signifies dis-

placing; d signifies displaced; mobilities are

evaluated at average saturation conditions be-

hind and ahead of front Mz
ratio, mobility, sharp-front approximation,

(Ap/Ag) M
ratio, mobility, total, [(Adswept/(Adunswepi b

“swept” and “unswept’” refer to invaded and

uninvaded regions behind and ahead of leading

edge of a displacement front M,
reaction rate constant k

Reserve SPE
Lefter Dimen-

Symbols**  sions*
A lambdag,, LPtm
K, m/Lt2
E, m/Lt?
Y m/Lt?
FS

F Ly f i

N 12

N

Ry

n,

m, N,

N

n various
n L?
E,

5, I script I L

K L?
vnu, o sigma

f, € epsilon

P m/Lt
[0] L
j L*t/m
O, x

AR L

R L

Ry L

Fa

F For F go

F

M Dd» Mru

Fx

Fy

r, LA



Nomenclature

Quantity

reciprocal formation volume factor, volume at
standard conditions divided by volume at reser-
voir conditions

reciprocal permeability

resistance

resistance

resistivity, electrical

saturation

saturation, water, initial

saturation, water, 1rreducible

skin effect

skin (radius of well damage or stimulation)

slope

specific gravity

specific heat (always with phase or system sub-
scripts)

specific heats ratio

specific injectivity index

specific productivity index

specitic volume

specific weight

stimulation radius of well (skin)

strain, normal and general

strain, shear

strain, volnme

stress, normal and general

stress, shear

surface tension

temperature

thermal coductivity {always with additional phase
or system subscripts)

thermal cubic expansion coefficient

thermal or heat diffusivity

thickness (general and individual bed)

time

total mobility of all fluids in a particular region
of the reservoir; e.g., (A, + Ag + A,)

total mobility ratio, [(AJswept/ (Adunswepcls
“swept” and “unswept” refer to invaded and
uninvaded regions behind and ahead of leading
edge of a displacement front

transfer coefficient, convective heat

transfer coefficient, heat, interphase convective
(use A, or convective coefficient symbol with
pertinent phase subscripts added)

Xvii

SPE
Standard

AT M ot
i -
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Q

"‘-5’1
7

Py

m
¥ gamma

C
¥ gamma
1
I

4
Foon

s

£ epsilon
¥ gamma
0 theta
o sigma
T tau

o Sigma
T

ky

B beta
o alpha
k

i

X, lambda

Reserve SPE
Letter
Symbols**

L F

® omega
R

R

R

prho, s
Puwi I'hD, Swi
Paw TRO, 53,
§, o sigma

vJ'

¥ gamma

R,

e, e, epsilon
&, epsilon
9, theta

s

S

¥, ¥ gamma
B theta

A lambda
b

i, T eta
d, e

T tau

A lambda,,

hky kr

Dimen-
sions*

112

mL%tg?
various
mLq?

L
various

L21%T

Lt/m
Lt/m
L¥m
m/LrT?
L

m/Li?
m/Lt
mit?
T

mLAYT
1/T
L%t

L

1

L¥*/m



xviii Nomenclatore

Qnantity

transfer coefficient, heat, over-all

transfer coefficient, heat, radiation

utilization, oxygen

velocity

viscosity

volume

volumetric velocity (flow rate or flux, per unit
area)

water (always with identifying subscripts)

water in place in reservoir, initial

water saturation, imitial

water saturation, irreducible

wave number

weight

wet-gas content

width, breadth, or {primarily in fracturing) thick-
ness

work

Subseripts

Snbscript

air

atmospheric

average of mean saturation

band or oil band

base

boundary conditions, external

breakthrough

bnbble point or saturation

burned or burning

calculated

capillary (usually with capillary pressure, P}
casing or casinghead

contact (usvally with contact angle, 0,)

core

cumulative influx (encroachment)

damage or damaged (includes “skin” conditions)
depleted region, depletion

dispersed

dispersion

Reserve SPE
SPE Letter Dimen-
Standard  Symbols** sions*
U Uy, Uy m/t°T
1 Iy Iy m/eT
€o, E,
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u U psi L
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Sm’ Puwi l‘hO, Swi
S,-w Piw l'hO, Siw
o sigma v /L
w w, G mL/t?
Coye Cugr Mg various
b w L
w w mL2t?
Reserve SPE
SPE Letter
Standard Subscripts**
a A
a A
s p1ho, §
b B
b r, B beia
e o
BT bt
b s
b B
C calc
c C
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c C
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e i
s d
d 5 delta
d b
K d



Nomenclature

Subscript

displaced

displacing or displacement
entry

equivalent

estimated

experimental

fill-up

finger or fingering

flash separation

fraction or fractional
fracture, fractured, or fracturing

free (usually with gas or gas-oil ratio quantities)

front, front region, or interface
gas

Zross

heat or thermal

hole

horizontal

hydrocarbon

imbibition

influx (encroachment), cumulative
injected, cumulative

injection, injected, or injecting
inper or interior

interface, front region, or front
imterference

invaded

invaded zone

invasion

irreducible

linear, lineal

liquid or liquid phase

lower

mean or average saturation
mixture

mobility

nonwetting

normalized (fractional or relative)
il

outer or exterior

permeability

pore (usually with volume, V)

production period (usually with time, 1,)

radius, radial, or radial distance
reference

SPE
Standard
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seript [

> & Wl

lambda

£
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My e o o3

Reserve SPE
Letier
Subscripts**
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s, @ sigma
E
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f
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cript i
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i, i script i
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L
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Subscript

relative

reservoir

residual

saturation, mean or average
saturation or bubble point
segregation(usually with segregation rate, g,)
shear

skin (stimulation or damage})
stip or slippage

solid(s)

stabilization (usmally with time)
steam or steam zone
stimulation (includes “skin’* conditions)
storage or storage capacity
strain

surface

swept or swept region

system

temperature

thermal (heat)

total, total system
transmissibility

treatment or treating

tubing or tubin head

unswept or unswept region
upper

vaporization, vapor, or vapor phase
velocity

vertical

volumetnc or volume .

water

weight

wellhead

wetting

SPE
Standard

epsilon

ECCTTRRED D g™ T gD @ 9 mah o e v bl oyt

T T E

Reserve SPE
Letter
Snhscripts**

8, @ sigma
e

o sigma

S, o sigma
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T
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INTRODUCTION

1.1 DEVELOPMENT OF NATURAL GAS

Natural gas, which was once an almost embarrassing and unwanted by-product—
or more correctly a coproduct—of crude oil production, now provides about
one-fifth of all the world’s primary energy requirements (Table 1.1}. This remark-
able development has taken place in only a few years with the increased availabil-
ity of the gas resources of the countries shown m Table 1.2, and the construction
of long-distance, large-diameter steel pipelines which, have brought these ample
supplies of gaseous fuel to domestic, commercial, and industrial users many miles
away from the fields themselves.

Since its discovery in the United States at Fredonia, New York, in 1821,
natural gas has been used as fuel in areas immediately surrounding the gas fields.
In the 1920s and 1930s, a few long-distance pipelines from 22 to 24 in. in diameter,
operating at 400 to 600 psi, wete installed to transport gas to industrial areas
remote from the fields. In the early years of the natural gas industry, when gas
accompanied crude oil, it had to find-a market or be flared; in the absence of
effective conservation practices, oilwell gas was often flared in huge quantities,
Consequently, gas production at that time was often short-lived, and gas could be
purchased for as little as 1 or 2 cents per 1000 cu {t in the field.

The natural gas industry of today did not emerge until after World War 1.
The consumption of natural gas in all end-use classifications {residential, corm-
mercial, industrial, and power generation) has increased rapidly since then, This
growth has resulted from several factors, including development of new markets,
replacement of coal as a fuel for providing space and industrial process heat, use of
natural gas in making petrochemicals and fertilizers, and strong demand for
low-sulfur fuels which emerged in the middle 1960s. The resultant expansion of
natural gas service has been remarkable.

The rapidly growing energy demands of Western Europe, Japan, and the
United States could not be satisfied without importing gas from far afield. Natural
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8 Iutroduction

gas, liquefied by a refrigeration cycle, can now be transported efficiently and
rapidly across the oceans of the world by insulated tankers. The use of refrigera-
tion to liguefy dry natural gas, and hence reduce its volume to the point where it
becomes economically attractive to transport across oceans by tanker, was first
attempted on a small scale in Hungary in 1934 and later used in the United States
for moving gas in liquid form from the gas fields in Louisiana up the Mississippi
River to Chicago in 1951.

The first use of a similar process on a large scale outside the United States was
the liquefaction by a refrigerative cycle of some of the gas from the Hassi R'Mel
gas field in Algeria and the export from 1964 onward of the resultant liquefied
natural gas (LNG) by specially designed insulated tankers to Britain and France.
Natural gas is in this way reduced to about one six-hundredth of its original
volume and the nonmethane components are largely eliminated.

At the receiving terminals, the LNG is reconverted into a gaseous state by
passage through a regasifying plant, whence it can be fed as required into the
normal gas distribution grid of the importing country. Alternatively, it can be
stored for future use in insulated tanks or subsurface storages. Apart from its
obvious applications as a storable and transportable form of natural gas, LNG has
many applications in its own nght—partu:ularly as a nonpolluting fuel for aircraft
and ground vehicles.

Current production from conventional sources is not sufficient to satisfy all
demands for natural gas; however, there has been lack of agreement as to the
extent of the gas shortage. With the exception of past production, all resounrce
base parameters (Table 1.3) are subject 1o some uncertainty. Standardized defini-
tions for natural gas supply indicators are not always used, estimation procedures
differ, and professional judgment must be exercised in making resource esti-
mates. Estimates of the undiscovered natural gas reserves that may eventually be
found also differ greatly. McKelvey’s system of nomenclature and definitions
provides an excellent guide (Fig. 1.1).

The following definitions will help distinguish between the terms proved
reserves and potential resources:

Proved reserves are those quantities of gas that have been found by the drill.
They can be proved by known reservoir characteristics such as production data,
pressure relationships, and other data, so that volumes of gas can be deter-
mined with reasonable accuracy.

Potential resources constitute those quantities of natural gas that are believed to
exist in various rocks of the earth’s crust but have not yet been found by the
drill. They are future supplies beyond the proved reserves,

Different methodologies have been used in arriving at estimates of the future
potential of natural gas. Some estimates were based on growth curves, extrapola-
tions of past production, exploratory footage drilled, and discovery rates, Empiri-
cal models of gas discoveries and production have also been developed and
converted to mathematical models. Future gas supplies as a ratio of the amount of
oil to be discovered is a method that has been used also. Another approach is a
volumetric appraisal of the potential of undrilled areas. Different limiting as-
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Fig. 1.1 Classification of mineral reserves and resources. (After McKelvey.)

sumptions have been made, such as drilling depths, water depths in offshore
areas, economics, and technological factors.

The Potential Gas Committee is working toward standardization of reserve
estimates. It compares the geological factors that control known occurrences of
gas with geclogical conditions that are present in areas believed to be prospective
for gas occurrence. The figures submitted by the Poteantial Gas Committee are
believed to be the “most likely” or mean values. Limitations on the estimates are
to a drilling depth of 30,000 ft and, for offshore areas, out to 1000 m (3281 ft) of
water depth.

Three separate categories are used to express the estimates of the Potential
Gas Committee. The probable potential future supply is that gas expected to be
found in close proximity to or associated with known producing fields in known
producing formations and with similar geological conditions. The possible poten-
tial future supply is that gas expected to be found in provinces or basins that are
productive but in more remote portions of those areas, further away from the
producing fields. The speculative future potential supply is that gas expected to be
found in frontier areas that have been completely unexplored or inadequately
tested.

Potential Gas Commitiee figures to the end of 1978 for the United States
(including Alaska) for supplics of gas expected to be found in conventional
reservoirs by conventional exploratory methods and drilling techniques are as
follows (after Grow):

Probable 199 trillion cu ft
Possible 399 trillion ca ft
Speculative _421 trillion cu ft

Total 1019 trillion cu ft

(at 14.73 psia and 60°F)
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In Table 1.4, these estimates have been broken down according to onshore,
both normal and decp, and offshore, with separate figures given for Alaska.

Supplements to natural gas produced from conventional sources may provide
poxtions of the world’s future energy. Such supplements may include gas produc-
tion resulting from stimulation of tight gas reservoirs in the western United States,
methane gas occluded in coal, and natural gas contained in geopressured reser-
voirs. Artificial or substitute natural gas may include gas generated by gasifying
coal, oil shale, or hydrocarbon liquids. In addition, gas generated from organic
wastes and plant material and hydrogen gas produced from either water or other
hydrogen compounds are potential substitute gaseous fuels.

A recent study by the American Gas Association (AGA) indicates that
waorldwide capability exists for substantially increasing conventional natural gas
production in the coming decade and for sustaining preduction well above today’s
level until at least the year 2020. This study estimates the level of production that
could be achieved, rather than a projected “actual” production volume, since it is
not possible to predict the economiic and political factors that will influence future
production decisions within a region.

The major findings of this study may be summarized as follows:

1. While annual world conventional natural-gas production is now only about 50
trillion cu ft (Tcf), proved reserves are estimated at about 2200 Tcf, and
remaining undiscovered resources are estimated at about 7500 Tcf.

2. Cumulative worldwide conventional production of natural gas to 1975 is
estimated at about 854 Tcf or about 40% of presently estimated proved
reserves and only 11% of remaining undiscovered gas resources.

3. Even at an annual world natural gas production rate of double the present
rate, that is, 100 Tcf/year, the estimated world remaining conventional natu-
ral gas resource base would be large enough to sustain production at or near
this level for at least anothe. 50 years.

4. Under a gas-pricing scenario that would allow a natural gas price of $20/bbl
crude oil equivalent (1974 dollars) in the period after 1985, it is estimated that
world gas production could rise to about 70 Tcf by 1985 and to about 132 Tcf
by the year 2000.

5. At these production rate increases (4.4%/year through 2000), it is estimated
that production would peak shortly after the year 2000 and decline to about
115 Tcf by 2020. By that time, about 50% of the presently estimated remain-
ing gas-resource base would have been produced.

6. Key areas of the world where substantial potential exists for greatly increasing
production over the next decade include the OPEC groups and the USSR.
These estimates do not assume any production from the numercus sources of

conventional and supplemental sources of gas from geopressured resources, tight

gas formations, coal beds, shales, and biomass. These represent an additional and
substantial gas-resource base, estimated in the range of several thousand trillion
cubic feet, which could add significantly to world gas production in the years after

2000.
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TABLE 1.4
Potential Gas Comimittee Estimates of Gas Reserves in United States
to 12/31/78

(trillion cubic feety

Probable Possible Speculative Total

Onshore—less than 15,000 ft

43 states 112 188 155 415
Alaska n 19 29 59
Total 123 207 144 474

Onshore—15,000 to 30,000 ft

48 states 29 95 75 199
Alaska {no estimates) — — — —
Total 29 95 75 199
Offshore
43 states 45 76 25 216
Alaska 2 21 107 130
Total 47 97 202 346
Grand Totals
48 states 186 359 285 830
Alaska 13 A0 136 189
Total 199 399 421 1019

Source: After Grow.

1.2 TYPES OF NATURAL GAS ACCUMULATIONS

1.2.1 Conventional Natural Gas

Dry patural gas is composed primarily of hydrocarbons (¢compounds containing
only hydrogen and carbon). Methane (CH,), the simplest and most basic com-
pounds of the hydrocarbon serigs, is the major component. Others, fractionally
small but important, include ethane (C;Hg), propane (CsHg), butane (CsH g},
and heavier, more complex hydrocarbons. In processing, most of the butane and
heavier hydrocarbons, as well as a portion of the ethane and propane, are
frequently removed from the gasin the form of liquids. Most of the water, gaseous
sulfur compounds, nitrogen, carbon dioxide, and other impurities found in natu-
ral gas are also removed in various processing stages. The composition and the
Btu content of unprocessed natural gas produced from different reservoirs vary
widely.

In addition to composition and Btu content, gas is commonly designated in
terms of the nature of its occurrence underground. It is called nonassociated gas if
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it is found in a reservoir that contains a minimal quantity of crude oil. It is called
either dissolved or associated gas if it is found in a crude oil reservoir. Dissolved
gas is that portion of the gas dissolved in the crude oil and associated gas
{sometimes called gas-cap gas) is free gas in coutact with the crude oil. All crude
oil reservoirs contain dissolved gas and may or may not coniain associated gas.

Some gases are called gas condensates or simply condensates. Although they
occur as gases in underground reservoirs, they have a high content of hydrocarbon
liquids. On production, they may yield considerable quantities of hydrocarbon
liguids.

The properties of the produced fluids from crude oil and natural gas wells
vary widely. Nonassociated gas may be produced at a high pressure and may
require minimal treatment before it is trapsferred into a pipeline. The produced
stream from a crude oil reservoir is normally separated in a single stage by passing
it through a free-water knockout to remove water and sand and then through a
low-pressure separator to split the oil and gas streams. Frequently, the fow-
pressure gas recovered from a single separator cannot be economically com-
pressed and transmitted to shore or to an existing gas pipeline. As a consequence,
this gas is often vented to the atmosphere or flared.

1.2.2 Gas in Tight Sands

Many geologic formations, located for the most part in the Rocky Mountain states
of the United States, contain large quantities of submarginal natural gas re-
sources. The prospective reservoirs generally have porosities of 5 to 15%, immo-
bile water saturations of 50 to 70%, and gas permeabilities of 0.001 to 1 millidarcy
(md). At higher gas permeabilities, the formations are generally amenable to
conventional fracturing and completion methods.

The formations themselves are of two general types with numerous grada-
tions between. One type consists of massive, more or less homogeneous sand
bodies of uniform thickness and considerable areal extent. The other consists of
shales and clays containing sandy zones or lenticular sandstone members. In
either case, the basins containing the tight formations should measure in the
thousands of square miles in order to provide suitabie targets. In some places
aquifers included in the stratigraphic section may strongly influence hydrauhc
fracturing possibilities.

Within the United States, many areas contain formations that meet the de-
finitions of tight gas sand. The largest portion of the gas resource is found in the
Green River Basin of Wyoming, the Piceance Basin of Colorado, and the Uinta
Basin of Utah (Fig. 1.2). Table 1.5 shows the estimates of the gas resources of
these basins. These resources were determined volumetrically on the basis of total
pay interval and net pay thickness. The estimates were also assigned levels of
confidence: Category 1, good well control; Category 2, inferred from geological
interpretation but having sparse well control; and Category 3, speculative because
of lack of testing.
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Fig. 1.2 Tight gas-sand basins in the Rocky Mountains of the United States. (After
Meyer.)

Artificial Fracturing

Acrtificially fracturing tight formations increases the area of rock surface in direct
communication with the wellbore, thereby creating a pressure sink into which the
gas in the low-permeability sand may move. Three techniques accomplish fractur-
ing, or enhancement of fracturing, with varying degrees of success.

The first, nuclear stimulation, is accomplished by detonating a nuclear device
underground in a well drilled into the gas sand. The detonation creates a “chim-
ney” of broken rocks and a system of fractures radiating outward from the
chimney into the gas-bearing formation. Thus, a borehole of several hundred feet
rather than a few inches is created. The locations of three nuclear-stimulation
projects, Gasbuggy, Rulison, and Rio Blanco, carried out by the U.S. Atomic
Energy Commission during the period 1964—1973, are shown in Fig. 1.2, At
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TABLE 1.5
Estimate of Gas Resources in Tight Sandstones
Depth interval, Area, Gas in place,
ft square miles 10°% cu fi
Piceance basin
Category 1 56008750 550 103.2
Category 2 5600—8750 650 103.9
Total 1200 207.3
Green River basin
Category 1 8000—12,000 140 371
Category 2 9500-15,800 500 94.5
Category 3 9000—12,000 500 94.5
Total 1140 240.0
Uinta basin
Category 1 8000-11,000 300 101.6
Category 2 8000-11,000 200 47.5
Total 500 149.1
Total 2840 596.2

Source: After Meyer.

present, there are no plans to continue the nuclear-stimulation program. The
reasons for this are based on the environmental effects, availability of nuclear
devices, and feasibility questions.

Chemical explosive fracturing was tried without much success on tight sands.
This technology appears to be most useful in areas with natural fractures, which
are lacking in most tight gas sands. Moreaver, this technique is quite dangerous to
the operator.

Artificial hydraulic fracturing of reservoir rocks has been a useful technique
for increasing the productivity of oil and gas wells. Now the technique is being
used on a massive scale to release gas bound up in rocks of very low permeability.
Most such strata contain few if any natural fractures to provide avenues for
migration of the gas to the wellbore. In massive hydraulic fracturing (MHF) a
fracturing fluid is purnped into the wellbore under very high pressure for many
hours to induce the fracture. The fracturing fluid is followed by a fluid containing a
propping agent, such as sand or glass beads. When pumping stops, the fluids are
forced back into the wellbore, ieaving the proppant behind to hold the fracture
apart, thus providing communication over a large area to the wellbore. Most
desirable for a tight gas formation is the single propped fracture, vertical or nearly
s0, extending 1000 to 2000 {t on either side of the borehole and having a height of
100 to 500 ft. The efficacy of MHF has been demonstrated in many areas.
However, it is not likely to be widely used in the United States until wellhead gas
prices rise to as much as $2/1000 cu ft.
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1.2.3 Gas in Tight Shales

The most important black shale—producing areas in the eastern United States are
in Kentucky, Ohio, Virginia, and West Virginia. Of these, eastern Kentucky and
western West Virginia are considered the most important. Approximately 71,000
wells in these states have been classified as gas producers, of which approximately
9600 or 14% are estimated to be shale producers. Estimated 1975 production from
all sources within the four states was 299,465 x 10° cu ft. The Devonian shale of
the eastern Kentucky field accounted for 14% of this production (Ray).

The Devonian shales meet the definition of organic-rich shale because they
contain 5 to 65% indigencus organic matter. The most prevalent constituent of
the shale is quartz; other components are kaclinite, pyrite, and accessory minerals
such as feldspar, caicite, gypsum, apatite, zircon, titanite, and muscovite. The
shale is generally fissile, finely laminated, and varicolored but predominantly
black, brown, or greenish-gray. Core analysis has determined that the shale itself
may have up to 12% porosity; however, permeability values are commonly less
than 1 md. Itis thoughi, therefore, that the majority of production is controlled by
naturatly occurring fractures and is further influenced by bedding planes and
jointing. The outstanding feature of the eastern Kentucky shales is the long, slow
declining productive life of the gas produced from them. Many wells have pro-
duced significant amounts of gas for more than 50 years. These production
characteristics provide a reliable energy source that can be, and has been, aug-
mented by shatlower production with a much faster depletion rate. An added
advantage of the eastern Kentucky shale gas is the high Btu value, as high as 1250
Btu/cu ft. The petrochemical potential of this gas also adds to its resource value.

Much research is currently underway in the United States to test the eco-
nomic effectiveness of various stimulation techniques in shales. Among the more
promising are chemical-explosive fracturing and massive hydraulic fracturing.
Chemical-explosive fracturing is a process for injecting an explosive into a forma-
tion and detonating it chemically. Many variations in types and amounts of
explosives have been experimentally tried. Stapdard practice involved the shoot-
ing of the entire section in one shot, the formation being exposed to approxi-
mately 10 1b of 80% gelatinated nitroglycerin per foot of section. Massive hy-
draulic fracturing entails injecting enormous amounts of fluid and sand, of the
magnitude of 350,000 gal of fluid and a million pounds of sand, into & formation to
artificially fracture it and prop the fractures open, This permits the passage of
fluids to the wellbore from the area of the formation fractured.

It is estimated that approximately 20 X 10° sq mi of the earth are underlain
by sedimentary rocks and over 5% of the sedimentary rocks in the United States
are shales. Projected worldwide, organic shales could have considerable influence
on the future energy picture through both conventional drilling and distillation
methods.

1.2.4 Methane Gas Occluded in Coal

The total amount of methane gas in minable coal beds with depths less than 3000 ft
has been estimated to be 260 Tcf as compared to the total proved gas reserves of
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the United States, which was 250 Tcf at year-end, 1973. Although the estimated
size of the resource base seems significant, the recovery of this type of gas may not
exceed 35 to 40 Tef, owing to practical constraints.

1.2.5 Natural Gas from Geopressured Reservoirs

In a rapidly subsiding basin area, clays often seal underlying formations and trap
their contained fluids. After further subsidence, the pressure and temperature of
the trapped fluids exceed those normally anticipated at reservoir depth. These
reservoirs, commonly called geopressured reservoirs, have been found in many
parts of the world during the search for oil and gas. In the United States they are
located predominantly both onshore and offshore in 2 band along the Gulf of
Mexico. In length, the band extends from Florida to Texas; in width, it extends
from about 100 mi iniand to the edge of the continental shelf.

The high-pressure water in the geopressured reservoirs may contain up to 40
scf of gas per barrel of water. The resource base in the Gulf Coast area has been
estimated to be 2700 Tcf. However, any prediction of the amount of gas from
geopressured reservoirs that may be available to augment the future supply of
conventional natural gas would be extremely speculative. The inadequacy of the
present description of the resource base precludes analysis of the overall econom-
ics or timing of the exploitation of this energy source.

In some applications, hot water from geopressured reservoirs may serve as a
source of natural gas, a fresh water supply, and a means of generating electric
power. The additional benefits that could be obtained from such multipurpose
uses may be a factor in the development of the resource.

REFERENCES

American Petroleum Institute. Basic Petroleum Data Book: Petrolewm Industry
Statistics. Washington: API, 1982.

Grow, G, C. “Future Potential Gas Supply in the United States—Current Esti-
mates and Methods of the Potential Gas Committee.”” Presented at the
American Institute of Chemical Engineers’ meeting at Philadelphia, Penn-
sylvania, June 9, 1980.

McCormick, W. R.,Jr., R. B. Kalisch, and T. J. Wander. “AGA Study Assesses
World Natural Gas Supply.” Oil and Gas Journal, pp. 103—106, February
13, 1978.

McKelvey, V. E. “Mineral Resource Estimates and Public Policy.” American
Scientist 60, pp. 32—40, January—February 1972.

Meyer, R. F. “The Resource Potential of Gas in Tight Formations.” The Future
Supply of Nature-made Petroleum and Gas. Laxenburg, Austna: Pergamon
Press, Ch. 36, 1976.

Ray, E. O. “Devonian Shale Production, Eastern Kentucky Field.” The Future
Supply of Nature-made Petroleum and Gas. Laxenburg, Austria: Pergamon
Press, Ch. 38, 1976.



2

PROPERTIES OF
NATURAL GASES
AND CONDENSATE
SYSTEMS

2.1 INTRODUCTION

Natural gas is a mixture of hydrocarbon gases and impurities. The hydrocarbon
gases normaily found in patural gas are methane, ethane, propane, butanes,
pentanes, and small amounts of hexanes, heptanes, octanes, and the heavier
gases. The impurities found in natural gas include carbon dioxide, hydrogen
sulfide, nitrogen, water vapor, and heavier hydrocarbons. Usually, the propane
and heavier hydrocarbon fractions are removed for additional processing because
of their high market value as gasoline-blending stock and chemical-plant raw
feedstock. What usually reaches the transmission line for sale as natural gas is
mostly a mixture of methane and ethane with some small percentage of propane.

This chapter reviews those physical properties of natural gases that are
important in solving gas well performance, gas production, and gas transmission
problems. The properties of a natural gas may be determined either directly from
laboratory tests or predictions from known chemical composition of the gas. In
the latter case, the calculations are based on the physical properties of individual
components of the gas and on physical laws, often referred to as mixing rules,
relating the properties of the components to those of the mixture.
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2.2 COMPOSITION OF NATURAL GAS

There is no one composition or mixture that can be referred to as the natural gas.
Each gas stream produced has its own composition. Two wells from the same
reservoir may have different compositions. Also, each gas stream produced from
a natural gas reservoir can change composition as the reservoir is depleted.
Samples of the well stream should be analyzed periodically, since it may be
necessary to change the production equipment to satisfy the new gas composition.

Table 2.1 shows some typical natural gas streams. Well stream 1 is typical of
an associated gas, that is, gas produced with crude oil. Well streams 2 and 3 are
typical nonassociated low-pressure and high-pressure gases, respectively.

Natural gas is normally regarded as a mixture of straight-chain or paraffin
hydrocarbon gases. In straight-chain hydrocarbons, the carbon atoms are at-
tached to form chains. However, cyclic and aromatic hydrocarbon gases are
occasionally found in natural gas mixtares. In cyclic hydrocarbons, the carbon
atoms are arranged to form rings. Figure 2.1 shows the structures of some
straight-chain and cyclic hydrocarbons. The hydrocarbons listed in Table 2.1 are
straight-chain or paraffinic compounds.

2.3 PHASE BFHAVIOR

Conventional gas reservoirs have been characterized in many different ways but
most commonly on the basis of the surface-producing gas-oil ratio. Using this
method, any well (or field) that produces at a gas-oil ratio (GOR) in excess of
100,000 cu ft per barrel of oil [standard cubic feet per stock tank barrel (scf/STB)]
is considered a gas well; one producing with a GOR of 5000 to 100,000 scf/STB, a
gas-condensate well; and one producing with a GOR of zero to several thousand
scf/STB, an oil well. In practice, similar surface gas-cil ratios have been obtained
for reservoirs containing a variety of hydrocarbon fluid compositions, existing
over a wide range of reservoir pressures and temperatures, and producing with
natural or artificial mechanisms. This has resulted in both technical and Iegal
misunderstanding of the nature of conventional gas reservoirs, Therefore, the
simplified classification described above s considered inadequate.

Conventional gas reservoirs should be defired on the basis of their initial
reservoir pressure and temperature on the usual pressure-temperature (P-T)
phase diagram (Fig. 2.2). P-T phase diagrams show the effects of pressure and
temperature on the physical state of a hydrocarbon system. Howevez, the phase
diagram in Fig. 2.2 is for a specific composition. Although a different fluid would
have a different phase diagram, the general configuration is similar.

In Fig. 2.2, the area enclosed by the bubble point (BP) line A-5-C and the
dew point (DP) line C-D-T-B to the lower lefl is the region of pressure-tempera-
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TABLE 2.1
Typical Natural Gas Analyses
well No. 1 well No. 2 Well No. 3
Component Mole Percent Mole Percent Mole Percent
Methane 27.52 71.01 91.25
Ethane 16.34 13.09 3.61
Propane 29.18 7.9 137
i-butane 5.37 1.68 0.31
n-butane 17.18 2.09 0.44
i-pentane 2.18 117 0.16
n-pentane 1.72 1.22 0.17
Hexane 0.47 1.02 0.27
Heptanes and
heavier 0.04 0.81 2.42
Carbon dioxide 0.00 0.00 0.00
Hydrogen sulfide 0.00 0.00 0.00
Nitrogen 0.00 0.00 0.00
Total 100.00 100.00 100.00

Source: Courtesy Petroleum Extension Service.

Note: Production from many wells will contain smal! quantities of carbon dioxide, hydrogen
sulfide, and nitrogen.

ture combinations in which both gas and liquid phases will exist. The curves within
the two-phase region show the gas-liquid percentages for any temperature and
pressure. The line A-S-C-T-B separates the two-phase region from the single-
phase regions where ali the fluids exist in a single phase. The bubble point line
A-S-C separates the two phase region from the single-phase liquid region, while
the dew point line C-D-T-B separates it from the single-phase gas region. Point C
where the bubble point and dew point lines meet is called the critical point, and
the corresponding temperature is called critical temperature T,.

Consider a reservoir initially at 3000 psia and 125°F represented on the figure
by point 1;. (The subscripts { and a depict the initial and abandonment conditions. )
The pressure and temperature conditions are such that the initial state of the
hydrocarbons is a liquid, that is, oil. Thus, point 1; delineates an oil reservoir. This
type is called a bubble point reservoir, for as pressure declines in the reservoir
(due to production) isothermally, the bubble point will be reached, in this case at
2550 psia, point S on the dashed line. Bubbie point refers to the highest pressure at
which the first bubble gas comes out of solution from the oil and exists as free gas
in the reservoir. It is also known as the saturation pressure.

Below this pressure, a free-gas phase will appear. Eventually the free gas
evolved begins to flow to the well bore in ever-increasing quantities. Conversely,
the oil flows in ever-decreasing quantities. The actual amount of free gas liber-
ated will depend on the composition of the oil. Oils originally containing large
amounts of the lighter hydrocarbons [high {API) gravity] will telease large
amounts of gas, while those cils originally containing only small amounts of the
lighter hydrocarbons (fow API gravity) will liberate much smaller amounts of gas.
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Fig.2.I Hydrocarbon gas molecule structures. (Courtesy Petroleum Extension Service.}

Other names for this type of oil reservoir are undersaturated, depletion, dissolved
gas, solution gas drive, expansion, and internal gas drive,

If the same hydrocarbon mixture occurred at 2000 psia and 210°F, point 2 in
the figure, it would be an oil reservoir with an initial gas cap. Both phases exist in
equilibrium. The slightest reduction in pressure causes liberation of gas from oil,
making this a saturated oil reservoir. The initial pressure of the reservoir and the
saturation pressure of the oil zone will be identical. Hence, if the initial reservoir
pressure equals the reservoir saturation pressure, the reservoir has an initial gas
cap. The oil zone will be produced as a bubble point reservoir, modified by the
presence of the gas cap. The gas cap will be at the dew point and may be either
retrograde (discussed later) or nonretrograde (Fig. 2.3).

Next, consider a reservoir at a temperature of 230°F and with an initial
pressure of 3300 psia, shown as point 3;in Fig. 2.2. Since the initial conditions of
pressure and temperature are to the right of the critical point and outside the
phase envelope, this reservoir exists initially in the paseous state. As production
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begins from the reservoir and pressure declines, no change in the state of the
reservoir fluids occurs until the dew point pressure is reached at 2700 psia, point
D.

Below this pressure a liquid condenses out of the reservoir fluid as a fog or
dew. This is not considered to be a normal situation since, for most hydrocarbon
fluids, a pressure reduction tends to increase the amount of gas. Therefore, this
behavior is usually referred to as retrograde condensation, signifying that vapor-
ization generally occurs during isothermal expansion rather than condensation.
The condensation leaves the gas phase with a lower liquid content. As the
condensed liquid adheres to the walls of the pore spaces of the rock, it is immobile.
Thus, the gas produced at the surface will have a lower liquid content, and the
producing GOR will rise. As the liquefiable portions of the reservoir fluids are
usually the most valuable components, the loss of part of these fluids could
substantjally reduce the ultimate income from the property, which must be
considered in an economic evaluation.

Examination of Fig. 2.2 will show that for a reservoir fluid to exhibit the
phenomenon of retrograde condensation, the initial conditions of pressure and
temperature must exist outside the phase envelope to the right of the critical point
C and to the left of point T or within the phase envelope in the region marked X.
The point T is called the cricondentherm and is the maximum temperature at
which two phases can exist in equilibrium (300°F for the example). The process of
retrograde condensation continues until a point of maximum liquid volume is
reached, 10% at 2250 psia (point E).

In some cases, a sufficient volume of liquid will be condensed in the reservoir
to provide mobility of the liquid phase. In such cases the susface fluid composition
depends on the relative mobilities of the vapor and liquid in the reservoir. As
production continues from point E to the abandonment pressure 3,, vaporization
of the retrograde liquid occurs. This revaporization aids liquid recovery and may
be evidenced by decreasing GOR on the surface.

This example assumes that the reservoir fluid composition remains constant.
Unfortunately, as retrograde condensation occurs, the reservoir fluid composi-
tion changes and the P-T envelope shifts, increasing retrograde liquid condensa-
tion. Generally, for a particular initial hydrocarbon fluid, retrograde loss in-
creases at lower reservoir temperature, higher abandonment pressure, and for
greater shifting of the phase envelope to the right.

As a final illustration, consider a reservoir initially at 350°F and 3600 psia,
represented by point 4, in Fig. 2.2. Since the initial reservoir conditions exist to the
right of the critical point C and outside the phase envelope, the reservoir fluid will
be 100% gas. Furthermore, since the reservoir temperature exceeds the cricon-
dentherm 7', at no point in the isothermal depletion cycle (along path 4,—4,) is the
phase envelope crossed. Therefore, the fluid in the reservoir never changes
composition; it is always in the gaseous state.

However, after the reservoir fluid leaves the reservoir and enters the well-
bore, the temperature, as well as the pressure, will decline until surface tempera-
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ture and pressure conditions are reached. The fluid produced through the well-
bore and into surface separators at point 4,, though of the same composition
as that in the reservoir, has entered the two-phase region due to the temperature
and pressure decline along line 4,—4,. This accounts for the production of a
considerable amount of liquid at the surface from a gas in the reservoir; therefore,
this reservoir is referred to as a wet gas reservoir.

If the phase diagram is such that the separator conditions, point 4,, lies
outside the two-phase envelope in the single-phase (gas) region, then only gas will
exist on the surface. No liquid will be formed in the reservoir or at the surface and
the gas is called dry natural gas. The word dry indicates that the liquid does not
contain enough of the heavier hydrocarbons to form a liquid at surface conditions.
Nevertheless, it may contain liquid fractions, which can be removed by low-
temperature separation or by natural gasoline plants.

2.4 THE IDEAL GAS

As a starting point in the study of the properties of real gases, we consider a
hypothetical fluid known as an ideal gas. An ideal gas is a fluid in which the
volume occupied by the molecules is insignificant with respect to the volume
occupied by the total fluid, there are no attractive or repulsive forces between the
molecnies or between the molecules and the walls of the container, and all
collisions of molecules are perfectly elastic, that is, there is no loss in internal
encrgy upon collision.

At low pressures, most gases behave like the ideal gas. In addition, under
normal distribution pressures, natural gas follows the ideal gas laws quite closely.
Under these conditions it is not normally necessary, therefore, that an accurate
determination of any deviation from these laws be made. However, when gas
pressures increase, a wide variation between the actual and ideal volumes of the
gas may occur. To understand fully what happens when natural gas is subjected to
changes in pressure and temperature, the fundamental gas laws must be reviewed.
The nomenclature is as follows:

Vi = volume of gas under original conditions, ft*

V, = volume of gas under changed conditions, ft3
Ty = absolute temperature of the gas under original condition, °R (°F + 460)
T, = absolute temperature of the gas under changed conditions, °R

P = absolute pressure of the gas under original conditions, psia
p2 = absolute pressure of the gas under changed conditions, psia
2.4.1 Boyle’s Law

Robert Boyle (1627—1691), during the course of experiments with air, observed
the following relationbetween pressure and volume: if the temperature of a given
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guantity of gas is held constant, the volume of gas varies inversely with the
absolute pressure. This relation, written as an equation, is

£ __= or V, = p,V- or V = constant
—_—— Pi¥y = pa¥a P @1)

In the application of Boyle’s law, volume at a second set of pressure condi-
tions is generally desired. A rearrangement of Eq, 2.1 gives the formula more
readily used:

4
V, =V, X —
2T g, 2.2)
Example 2.1. A quantity of gas at a pressure of 50 psig has a volume of 1000 cu ft.
If the gas is compressed to 100 psig, what volume would it occupy? Assume the
barometric pressure is 14.73 psia and the temperature of the gas remains constant.
Solution
Vy = 1000 cu ft
21 = (50 4+ 14.73) = 64.73 psia
pz = (100 + 14.73) = 114.73 psia

Substituting in Eq. 2.2 would give

114.73

V, = 1000 x = 564.19 cu ft

2.4.2 Charles” Law

About 100 years after the discovery of Boyle’s law, Jacques A. Charles (1746—
1823) and Joseph L. Gay-Lussac (1778—1850) independently discovered the law
that is usually called Charles’ law. This law is in two parts:

1. [Ifthe pressure on a particular quantity of gas is held constant, then, with any
change of state, the volume will vary directly as the absolute temperature.
Expressed as an equation,

Vi Ty n T T

or — = or = constant
vV, Tz Vi Vs 14 (2.3)

Again, since the volume at a second set of temperature conditions is desired
usually more than any other information, a handy arrangement of Eq. 2.3 is
given as Eq. 2.4

T,
Vo=V, x =2
T (2.4)
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If the volume of a particular quantity of gas is held constant, then, with any
change of state, the absolute pressure will vary directly as the absolute
tempcrature:

T I, T,
—— = or —_—= = or — = constant
n o P P2 P (2.5)

In this instance, the pressure at a second temperature condition would be of
more interest. Equation 2.5 could thus be written as

2
= X —
P2 =P (2.6)

Example 2.2,

(@)

(b)

A given mass of gas has a volume of 300 cu ft when the temperature is 50°F
and the pressure is 10 psig. If the pressure remains the same, but the
temperature is changed to 100°F, what will be the volume of the gas?
Aumospheric pressure may be taken as 14.73 psia.

What would be the new pressure of the gas in the above example if the
volume remains the same and the temperature is increased from 50 to 100°F
as indicated?

Solution

(a)

Vi =500cu it
T; = 50 + 460 = 510 "R
7T, = 100 + 460 = 560 °R

Using Eq. 2.4,

= 549.02 cn ft

(b) p = (10 + 14.73) = 24.73 psia
Using Eq. 2.6,

= 2473 x 560
Pz =27 510
= 27.15 psia or 12.42 psig

2.4.3 Boyle’s and Charles’ Laws

The separate relations of Boyle’s and Charles” laws may be combined to give

Vv, V-
Piva _ P2¥a a constant (nearly)
Tl._ Z @7
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This equation is known as Boyle’s—Charles’ law and as the simpfe gas law. Tt
is one of the most widely used relations in gas measurement work, since it
approximately represents the behavior of many gases under conditions close to
ordinary atmospheric temperatures and pressures. One can substitute known
values in the combined formula and solve for any one unknown value.In cases
where one of the parameters, such as temperature, is not to be considered, it may
be treated as having the same value on both sides of the formula. However, Eq.
2.7is deficient in one important respect: It does not show the relations connecting
volumes and masses of gases.

Example 2.3.

(a) How many cubic feet of an ideal gas, measured at standard conditions of
60°F and 14.73 psia, are required to fill a 100-cu fi tank to a pressure of 40
psia when the temperature of the gas in the tank is 90°F? Atmospheric
pressure is 14.4 psia.

(b} What would be the reading on the pressure gauge if the tank in the above
example is cooled to 60°F after being filled with the ideal gas?

Solution

{a) p, =40 + 14.4 = 54.4 psia
P2 = Pre = 14.73 psia
Ty = 90 + 460 = 550 °R
T, = T, = 520°R
Vi = 100 cu ft

Using Eq. 2.7,

[

(54.4)100) _ (14.73)(V,.)

550 520
Ve = 349 scf
(b) T, =60+ 460 = 520 "R
V; =100cuft
p2=7

Using Eq. 2.7 again,

(54.4)(100) _ (p2)(100)
550 520
P2 = 51.4 psia or 37.0 psig

2.4.4 Avogadro’s Law

Amadeo Avogadro proposed a law in the nineteenth century which states that,
under the same conditions of temperature and pressure, equal volumes of all ideal
gases contain the same number of molecules. It has been shown that there are
2.733 x 10* molecules in 1 ponnd-mole of any gas.
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From Avogadro’s law, it may be seen that the weight of a given volume of gas
is a function of the weights of the molecules, and that there is some volume at
which the gas would weigh, in pounds, the pumerical value of its molecular
weight. The volume at which the weight of the gas in pounds is equal to the
numerical value of its molecular weight is known as the mole-volume. A pound-
mole of an ideal gas occupies 378.6 cu ft at 60°F and 14.73 psia. These conditions of
temperature and pressure are commonly referred to as standard conditions.

2.4.5 The ldeal Gas Law

The equation of state for an ideal gas may be derived from a combination of
Boyle’s, Charles’/Gay Lussac’s, and Avogadro’s laws as

pV = nRT (2.8)

where

p = absolute pressure, psia

V = volume, cu ft

T = absolute temperature, °R

n = number of pound-moles,where 1 lb-mol is the molecular weight of
the gas (1b}

R = the universal gas constant that, for the above units, has the value
10.732 psia cu ftflb-mol "R

Equation 2.8 is only applicable at pressures close to atmospheric, for which it was
experimentally derived, and at which gases behave as ideal.

Since the number of pound-moles of a gas is equal to the mass of the gas
divided by the molecular weight of the gas, the ideal gas law can be expressed as

v ="_RT
PY =y 2.9)

where
m = mass of gas, Ib
M = molecular weight of gas Ibm/lb-mol

Equation 2.9 may be rearranged to give the mass and density, p, of the gas:

MpV
m=——
RT (2.10)

and

V ‘RT (2.11)
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Example 2.4. Using the fact that 1 pound-moie of an ideal gas occupies 378.6 scf,
calculate the value of the universal gas constant, R.

Solution
p = 14.73 psia
V = 378.6 scf
=1
T = 520 °R

Using Eq. 2.8,

(14.73 psia)(378.6 cu ft) = (1 b-mol)(R)(520 °R)
R = 10.732 psia cu ft/Ib-mol °R

The numerical value of R depends on the units used to express temperature,
pressure, and volume. Table 2.2 gives numerical values of R for various systems of
units.

Example 2.5. Repeat Example 2.3 using the ideal gas Jaw, Eq. 2.8.
Solution

Vv 54.4 psia)(100 cu ft
@ n=tl- (54.4 psia)(i00 cu 1) = 0.922 Ib-mol
pT  (10.732 psia cu ft/lb-mol °R)(550 °R)
V.o = (0.922 Ib-mot)(378.6 scflb-mol) = 349 scf
RT  (0.922)(10.732)(520
(b) =2 ¢ X )(520) = 51.4 psia or 37.0 psig

Vv (100)

2.5 PROPERTIES OF GASEOUS MIXTURES

Natural gas engineers invariably deal with gas mixtures and rarely with single-
component gases. Since natural gas is a mixture of hydrocarbon compounds and
because this mixture is varied in types as well as the relative amounts of the
compound, the overall physical properties will vary. The overall physical proper-
ties of a natural gas determine the behavior of the gas under various processing
conditions. If the composition of the gas mixture is known, the overall physical
properties can be established from the physical properties of each pure compo-
nent in the mixtare using Kay’s mixing rules. Physical properties that are most
useful in natural gas processing are molecular weight, beiling point, freezing
point, density, critical temperature, critical pressure, heat of vaporization, and
specific heat.

Table A.1is a tabulation of physical constant of a number of hydrocarbon
compounds, other chemicals, and some common gases, taken from GPSA Engi-



30  Properties of Natnral Gases and Condensate Systems

‘VEJON £saunon raznog

SYL'€80°0 (U 1eq b [owy
§'pLEg (W B 3 roun
£6'866 3o 8H ww | [ow-q|
YyLEL o wie b | |ow-q)|
£76h51 3 o 3 ho/q) 4o ou-q
TELOL 3 n3 15d Ho [oul-g|
S'yLEs ajnol ! [ouny 86°b5S 3 8H ww Y, [ow-q|
058°1Z yn 8H w ¥ low-g|
£'6H51 qI-y Ao [ow gj $T0EL0 3 wne s low-q|
00'295'000°0 Ay-any Ho jow g §'¥LE'800°0 (W e b low 3
8" 08£'000°0 y-dy Ao ow qj v8'v80°0 SE| LAU2/8y N low 8
6'586°L mg ¥ [ow gj SPL'E80°0 ST 1eq ! low 8
¥9£°79 12| 8 ww b jow 8
S'pLEg ajnof b tow 8 5079 S ue 3 [ou 8
6'86°L auofed ! jow 8 Z4'250'780°0 13 une M jow 8§

¥ ASsau3 sunyesadwis u b4 AWNJOA aInssaag aanjesadwaj u

*§3|qe} Ul Paysl| s10)2e)
UOISIFALOD WO PBIRIND[EY S3N{BA J3YIO [y "2|0W 8 | JO aWInjoA 341 JOy WIE | pue D0 ) $.8)| § bLE 7T S MO|3q PRISH| SHUN JO siseq
IYU = Ad Ul ¥ JUBISUOD) §BD) 34} JO SAn|EA
T’211dvl



Properties of Gaseous Mixtures 31

neering Dara Book. Table 2.3 gives additional physical constants for the paraffin
hydrocarbons methane through r-decane, including isobutane and isopentane.

2.5.1 Composition

The composition of a natural gas mixture may be expressed as either the mole
fraction, volume fraction, or weight fraction of its components. These may also be
expressed as mole percent, volume percent, or weight percent by multiplying the
fractional values by 100. Velume fraction is based on gas component volumes
measured at standard conditions, so that volume fraction is equivalent to mole
fraction.

The mole fraction, y;, is defined as

My
Yi= <o
" En (2.12)
where
y; = mole fraction of component {
n; = number of moles of component i
Zn; = total number of moles of all components in the mixture

Volume fraction is defined as

v,
(volume fraction), = — = y;
ZV; (2.13)

where

I

Vi = volume occupied by component ¢ at standard conditions
2V; = volume of total mixture measured at standard conditions

Weight fraction w;, is defined as

Wi
w; = ——
ZW; (2.14)
where
w; = weight fraction of component i
W; = weight of component i
ZW; = total weight of mixture

Itis easy to convert from mole fraction (or volume fraction) to weight fraction
and vice versa. These are illustrated in Examples 2.6 and 2.7.



32  Properties of Natural Gases and Condensate Systems

' STE ELS'ETL BLbLz) 99'8LL 090°sLL Z0L0LL 062801 696°T0L 2066 £90° L6 266'sY — paby jedmy
[R4773 59669 L6¥e §0ss TS5 9600k £000% [t P4 4143 S41ST 8'99LL 26001 seB (eapr ‘i noymg
645'07 L0207 79402 0bg'07 Fr607 680°LZ 0R0'lZ 862 LY fi14t4 59912 £2€°22 SP8'ET sed qunig
P61'0T e80T $09'0C 189’02 Y80z $26'02 69907 6L 1T t60°LL £157 1T P - onby| qunig
4,09 12 UO{SNGLIED JO 1Eay S50JD
YL TEL 9098 296 59k 9'8gY o5y 2058 1628 €919 w20z 9499 eisd “aunssaug
R ERuL] ZTH9S LIS I¢sh 2'58€ 0L 59€ 59'50€ 86'b2T 10'90Z 60'06 9981~ 4, ‘aanesadwal
SCOIIPUOY (IR
384 BUEEL SH9pL 95°Z91 L8728 00°£07 6407 86267 11144 13744 §'0RT 14 s reapy ‘[0A pinb)jjoa seny
3201 9Lk 85'6L €21Z 9E9T 947 BELT 181 59°0F £'9F (43 65 sef [pap] ‘pinbyf jedseS ) o)
[2Afxd ®e 6E°6L 9t L1 £5'S) L2 €L SE°EL £6'LL BE'ZL oL AN v'9 jow giRDy
visd 969'kL pue 4,09 (2 ONRI FWA{OA
[ 374 86°LEC LTV S0'¥IT &0 £L06lL £106L SL'ESL 9L'ESL 0TYLL [ZA1S 'ty seH [eapy ) no wg
Stiedy ke 6EP6'C 965F'E £546°T Uuskz 171 44 §H0°T 7900'T 7" e BESS0 68 123p1 00°L = JIE ‘Anaead ayedg
e1sd 569" bi puE 4,09 | SeB jo Aisuaq
ULy 8009 £88°S LS 978’ 1575 66L'S S98°t 989’y ey 296°T 57 e v 1 m.i ¥e o8/
12 PALIE] £68'S seLs 9SS 1928 TS gy 69 a4 LET [x4 wnnaes Ut ‘4,09 18 95Q
19 99 89 271 Lut L'26 rsé FOLL 6L Tl §55C [ ld¥,
wEro L0 8302°0 79990 0r99°0 OLEYD 2689°0 r5'0 1£95'0 24059 (i) £0 2,09/3.09 18 Allazi8 oypads
pisd 969"5L pue 4,09 18 piaby jo Aisusg
46600 6210 £50 0oL 956¢ [Tigq L 24 91§ 473 38 1008) {0003) eisd *4,00) IF aunssaud r0dep
90T - azre - oL - 0'LEL-  BSBEL- IS W I'SE~  SDZIZ-~ BTESI- WSuE- 68" 267~ 9 96T~ 4, “eisd genrpt e wind Fuizady
2¥ 5P LYV EOE 414 £1°607 TL5SL T6'96 [4%:1 0iE 0601 29'r — e iTl- 69'857— 4. ‘e1sd 969°pt 1e Jutod Bugiog
LA A 394141 e eLL SOZ'00L 02198 LS WL (2484 (2481 260°vb 0£0'085 £H0°9L WBram Jenasjoyy
auexaq SurRUON LT TBTe] auwdaly auexay aurjuay  aueyuados| L aIuengos| auvdosg aueyly aueyIaw Juaupdwo)
N N N N N N ‘N

ser) [eANJEN 4O SuBUOdILOD) JAYIO PUE SUOGIEI0IPAH UljeIRd JO SIUBISUOD [eDISAUd

€T 319vL



Properties of Gaseous Mixtures 33

"SL-PELT LONENIAN VD) 13200

BLtb i TFEoL’ L £bI6E°L yoiet’| 98rIE L BHISEL ELESE°L 9EEL - - - - 4,89 18 i xapu| sajdes0y
- - - od B &9 £ g6 OL0+ L+ 9L+ - 183[2 Yauieasay
- - - a0 a9 9Ty €06 968 926 L 26 50"+ - e3> Joapy
Aaunu auEpPD
ROTS0 BzZzso BELS0 £825'0 ZE£5°0 L¥vS'0 £965°0 96950 $695°0 0Z65°0 95260 - 4o “qynIg--pInby| %3
oe0°L WL Fagi P50’ L £90°L 940°) RLO'L &0l 26071 LEL°L wHUL 20871 >U\uu =N
L6960 L9560 Wit £49€°0 ££9¢°0 BO9ICD TS5E°0 STSED Ll 11] GEYEQ 9ErE"0 220%'0 sed eaps ‘3, ‘qrig—sed 2o
SERED 0¥BE'D {oz8e°0) 52860 VRED £8BL0 L2860 380 zRe 188€°0 £606°0 9975°0 seB [eap| 'y, ‘quig—sed ©
¥isd 959°1 PUE 1,09 12 1Ay dyads
By eLL 9L ¢l £9°BEL WeEL S6°EFL 65 ESL [AY' ¢% . 59°%9L £85I 50'€BL rarz ZT6IT 1uied Buliog je qynig
#isd 969" 1 1¢ uO[eZIOdRA |0 Jed){
92z 6T - 0L &L e ()] b5 ve 6 sk 0'SL 1 uj % [0 4addn
BZ0 870 95°0 oL Tt bl L 49 i 34 | 34 o dje Ul % [0a JIMOT
©15d 960" ¥ PUE 001 J€ S1[Lf AljLgRILuR]y
6% L9 59765 08'78 Sk gL'eg BL'8E wie wie v 09t ¥5'6 sed [eapl—se® y 13 | umng o) Je Y Ny
eI ETTTON] IUBIO auedagy BURXIH aueua aurjuados] BuEing AUEINQO§] surdeuy auryd AT (vaucdwe)
-N B N N N N N

(penunuo)) €7 319v1L



34 Properties of Natural Gases and Condensate Systems

EXAMPLE 2.6.
Conversion from Mole Fraction (or Volume Fraction) to Weight Fraction

‘Weight Fraction
Mole Fraction Molecular Weight w; = yMy/
Component Yi M; viM; Zy:Mp)
Methane 0.946 16.043 15.177 0.903
Ethane 0.046 30.070 1.383 0.082
Nitrogen 0.006 , 28.013 0,168 0,010
Carbon dioxide 0.002 44.010 0.088 0.005
1.000 16.816 1.000

EXAMPLE 2.7,
Conversion from Weight Fraction to Mole Fraction (or Volume Fraction)

Mole Fraction

WeightFraction  Molecular Weight yi= oM

Component w; M; wyM; SlwyM:)
Methane 0.880 16.043 0.0549 0,937
Ethane 0.040 *30.070 0.0013 0.022
Propane 0.038 44.097 0.0009 0.015
Nitrogen 0.042 28.013 0.0015 0.026
1.000 0.0586 1.000

2.5.2 Apparent Molecufar Weight

Although, in a strict sense, a gas mixture does not have a unique molecular
weight, it behaves as though it does. Thus, the concept of apparent or average
molecular weight is quite useful in characterizing a gas mixture. The apparent
molecolar weight of a gas mixture is a pseudo property of the mixture and is
defined as

M, = ZyM,; (2.15)

where
M, = apparent molecular weight of mixture
y; = mole fraction of component i
M, = molecular weight of component i

Il

It

The gas laws can be applied to gas mixtures by simply using apparent molecular
weight instead of the single-component molecular weight in the formulas.
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EXAMPLE 2.8.
Apparent Molecular Weight of a Gas Mixture

Muole Fraction Molecular Weight
Component ¥ M; yviM;
Methane 0.937 16.043 15.032
Ethane 0.022 30.070 0.662
Propane 0.015 44.097 0.661
Nitrogen 0.026 28.013 0.728
1.000 17.083

Therefore, the apparent molecular weight of the mixture is 17.08 lbm/ib-mol.
Similarly, the apparent molecular weight of the gas mixture in Example 2.6 is
16.82 Ibnvib-mol.

2,6 BEHAVIOR OF REAL GASES

The ideal gas describes the behavior of most gases at pressurc and temperature
conditions close to atmospheric. Most ratural gas engineers and operating per-
sonnel, at one time or another, become involved with the erratic behavior of
natural gas under pressure. At moderate pressures, the gas tends to compress
more than the ideal gas law indicates, particularly for temperatures close to the
critical temperature. At high pressnres the gas tends to compress less than the
ideal gas law predicts. In most engineering problems the pressures of interest fall
within the moderate range and the real gases are described as supercompressible.

To correct for the deviation between the measured or abserved volume and
that calculated using the ideal gas law, an empirical factor z, called the gas
deviation factor or the z-factor, is used. In the literature, this factor is sometimes
referred to as the compressibility factor, which can result in confusion with
another gas property. In order to avoid ambiguity, this factor will be referred to as
the gas deviation factor or z-factor throughout this text.

The gas deviation factor is defined as

Actual volume of n moles of gas
at certain p and T

1deal (calculated) volume of
moles of gas at same p and T (2.16)

2.6.1 Real Gas Equation of State

All gases deviate from ideal gas laws under most conditions. Numerous attempts
have been made to account for these deviations of a real gas from the ideal gas
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equation of state. One of the more celebrated of these is the equation of van der
Waals. More recent and more successful equations of state have been derived, for
instance, the Beattie—Bridgeman and Benedict—Webb—Rubin equations, But
the real gas equation most commonly used in practice by the industry is

pV = znRT 2.17)

The units are the same as listed for Eq. 2.8; z, which is dimensionless, is the gas
deviation factor. The z-factor can be interpreted as a term by which the pressure
must be corrected to account for the departure from the ideal gas equation by
expressing Eq. 2.17 as

(E) V = nRT
z (2.18)
Also, using the ideal gas law (Eq. 2.8) and the definition of z (Eq. 2.16),
1 4
zZ =
nRT/p

or

pV = znRT 2.17)

Equation 2.17 may be written, for a certain gquantity of gas, as

Vi _ Va2
ZITI Zsz (2. 19)

where

z; = gas deviation factor under conditions 1, dimensionless
z, = gas deviation factor under conditions 2, dimensionless

The z-factor is a function of both absolute pressure and absolute tempera-
ture; but for this book’s purposes, the main interest fies in determining z as a
function of pressuzre at constant reservoir or transmission temperature. The z(p)
relationship obtained is then appropriate for the description of isothermal reser-
voir depletion or isothermal transmission problems.

Equation 2.17 may be written in terms of specific volume v or density p and
gas gravity v,

zmRT

PV = (2.20)

ZRT
v=—
Py (2.21)
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or

1 B pM _ 2.7py,
v zRT T (2.22)

where
v = specific volume, cu ft/lbm
m = mass of gas, Ibm
M = molecular weight of gas, Ibm/lb-mol
p = density of the gas, Ibm/cu ft
v, = specific gravity of the gas (air = 1)

Comparing the density of a gas, at any pressure and temperature, to the
density of air at the same conditions gives
Py (M/2)gss
Pair  (M/Z}air

And, in particular, at standard conditions:

Pgas _ M gas

Pair ¢ M

(2.23)

2.6.2 The Theorem of Corresponding States

Beginning with his thesis in 1873, J. D. van der Waals proposed his theorem of
corresponding states. Before stating this theorem and discussing some of its uses,
the following terms will be defined.
Critical pressure is that pressure which a gas exerts when in equilibrium with the
liquid phase and at the critical temperature. It may also be defined as the
saturation pressure corresponding to the critical temperature.

Critical temperature is thai temperature (of a gas) above which a gas cannot be
liquefied by the application of pressure alone, regardless of the amount of
pressure.

Critical volume is the volume of 1 pound-mass of gas at the critical temperature
and pressure; that is, the specific volume of the gas at critical temperature and
critical pressure.
Reduced temperature, reduced pressure, and reduced volume are the ratios
of the actual temperature, pressure, and specific volume to the critical tempera-
ture, critical pressure, and critical volume, respectively:

T, =

SN

(2.24)
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p=%
Pe (2.25)
=Y _P
L T (2.26)

For any substance, the absolute magnitude of pressure or temperature is not
really what counts in locating a state point, that is, in the liquid region or
two-phase region or superheat region, etc. The value of the pressure and tempera-
ture relative to a corresponding critical value reailly counts. Thus, the reduced
coordinates are most important. The physical characteristics of a substance are
controlled by the relative nearness of any state point to the critical point. If the
pressure relative to the critical pressure and the temperature relative to the critical
temperature are the same for two different substances, then the substances are in
corresponding states and any other property, like the density relative to the
critical density, will be the same for both substances.

This is the theorem or principle of corresponding states. Stated in other
words, the deviation of a real gas from the ideal gas law is the same for different
gases at the same corresponding conditions of reduced temperature and reduced
pressure. The theorem of corresponding states is accurate within several percent
for widely dissimilar types of substances and much more accurate than this for
restricted substances having physiochemically simifar characteristics.

The theorem of corresponding states has many practical applications. The
most common use is in evaluating the deviation of real gases from the equation of
state for an ideal gas. This permits evaluation of other thermodynamic property
deviations from ideal gas relationships. Equation 2.21 can be expressed in the
form

P/pe = (/2 )/ VIT/T) = (2/2)(p/pXT/TO)
or
Pr= prTr(Z/Zc) (2' 27)

By the theorem of corresponding states, reduced pressure and temperature define
the reduced density, or

o, = flpn T,) (2.28)
Simultaneous solation of Eqs. 2.27 and 2.28 yields the general principle
zfz. = flp, T;) (2.29)

1f the form of the algebraic function f in Eq. 2.28 is known, then z. can be defined.
Using Eq. 2.29, the z-factor for any gas mixture is defined solely by reduced
temperature and reduced pressure:

z = f(p, T)) (2.30)
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Reduced vapor pressure, reduced enthalpy, reduced entropy, etc. are exam-
ples of this theorem’s uses for the purposes of generalizing results. The generaliza-
tion of vapor pressure data permits description of such data for many gases on one
chart. Also, the pressure-density-temperature relationship may be generalized
for many different liquids by use of reduced coordinates.

2.6.3 Determination of z-factor

Experimental Determination

Some quantity of gas (n moles) is charged into a cylinder, the volume of which can
be altered by the movement of a pistonr. The container is maintained at the desired
temperature T throughout the experiment. If V, is the gas volume at an atmo-
spheric pressure of 14.7 psia then, applying the real gas law Eq. 2.17, 14.7
V, = nRTsince z = 1 at atmospheric pressure. At any higher pressure p for which
the corresponding volume of the gasis V, pV = ZnRT. Dividing these equations
gives z = pV/14.7 V.

By varying p and measuring V, the isothermal Z(p) function can be readily
obtained. This is the most satisfactory method of determining the function; but in
the majority of cases, the time and expense involved are not warranted since
reliable methods of direct calculation are available.

The z-factor Carrelation of Standing and Katz

In 1941, Standing and Katz presented a z-factor chart (Fig. 2.4) based on binary
mixtures and saturated hydrocarbon vapor data. Figure 2.4 is a correlation of the
z-factor as a functior of reduced temperature and pressure. This chart is generally
reliable for sweet and natural gases and correctable for those containing hydrogen
sulfide and carbon dioxide. It has become one of the most widely accepted
correlations in the petroleum industry. This correlation requires a knowledge of
the composition of the gas or, at least, the gas gravity.

In order to use the Standing—Katz correlation, it is first necessary—from a
knowledge of the gas composition—to determine the pseudo critical pressure and
temperature, or the apparent molecular weight of the mixture. These pseudo-
properties are given by Kay's mixing rules as

Pseudocritical pressure, Ppe = IR T
i

(2.31)

Pseudocritical temperature, T, = 12 yiTu 2.32)
1 i = M,

Apparent molecular weight, M, 2:’ yiM; (2.15)

where
y: = mole fraction of component { in gaseous state
Pe = pseudocritical pressure of component §
T.; = pseudocritical temperature of component {
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Fig. 2.4 Gas deviation factor for natural gases. (After Standing and Katz.)

In cases where the composition of a natural gas is not available, the pseudo-
critical pressure and pseudocritical temperature may be approximated from Fig.
2.5 and a knowledge of the gas gravity (Brown et al., Carr et al.). Useful cor-
relations derived from Fig. 2.5 and more recent data from other sources by
Thomas, Hankinson, and Phillips are:
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Ppe = 709.604 — 58.718 v,
T, = 170.491 + 307.344 v,

(2.33)
(2.34)

The allowable concentrations of sour gases and other nonhydrocarbons for the
above equations are 3% H,S, 5% N,, or a total impurity content of 7%.
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The next step is to calculate the pseudoreduced pressure and temperature:

Ppr = P/Ppe (2.35)
T, = T/T, (2.36)

pC

where p and T are the absolute pressure and absolute temperature at which
z-factor is required. With these two reduced parameters the Standing—Katz
correlation, which consists of a set of isotherms giving z as a function of the
pseudoreduced pressure, can be used to determine the z-factor.

EXAMPLE 2.9 (sweet natural gas)

P T
Component ¥i M; yiM; psia ¥iPci R ¥i¥ei
N, 6.9345 23.01 0.9665 493 17.009 227 7.832
CO, 0.0130 4.0 0.572 1071 13.923 548 7.124
H.S 0.0000 34.08 0.000 1306 0.000 672 0.000
CH, 0.8470 16.04 13.586 668 565.796 343 290.51
CHe 0.0586 30.07 1.762 708 41.489 550 32.230
CiHg 0.0220 44.10 6.970 616 13.552 666 14.652
~CqH1o 0.0035 58.12 0.203 529 1.852 735 2,573
n-CiHqo 0.0058 58.12 0.337 551 3.196 765 4.437
i-CsH12 0.0027 7215 0.195 490 1.323 829 2238
n-CsHqz 0.0025 72.15 0.180 489 1.223 845 2,113
n-CeHy4 0.0028 86.18 0.241 437 1.224 913 2.556
n-CyHye 0.0028 100.20 0.281 397 1112 972 2722
n-CgHyg 0.0015  114.23 0.171 361 0542 1024 1.536
n-CgHzg 0.0018 128.26 0.231 332 0.598 1070 1.926
n-CigHaz 0.0015 142.29 0.213 304 0.456 1112 1.668
1.000 19.91 663.29 374.13
M, =19.91
M,
= — = 0.686 (air = 1
Yz 29 ( )

Ppc = 663.3 psia

Tpe = 374.1°R
At a pressure of 2000 psia and temperature of 150°F,

2000 3.02
b= 6633

T = =
pr 374.1 374.1
Using the z-factor chart, Fig. 2.4,
z = (.835
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For comparison, from Fig. 2.5 for v, = 0.686, p,. = 667 psia, T,. = 376
°R; and using Eqs. 2.33 and 2.34, p,. = 667 psia, T,, = 381 °R.

The Standing—Katz z-factor chart is generaliy reliable for sweet natural gases
with small amounts of nonhydrocarbon components, say, less than 5% by volume.
For sour natural gases, the Standing—Katz z-factor chart may be used with
appropriate adjnstment of the pseudocritical temperature and pseudocritical
pressure. The pseudocritical temperature adjustment factor e; is given by

g3 = 120(A%? — A®) + 15(B*° — B*9) (2.37)
where
A = sum of the mole fractions of H,S and CO,
B = mole fraction of H,S

Wichert and Aziz have developed a chart (Fig. 2.6) that gives values of €5 to be
used in adjusting the psendocritical temperatures and pressure as follows:

Tpe = Tpe — €3 (2.38)
pv — pch;":
Pe T + B(1 — B)es (2.39)

where

T,. = adjusted pseudocritical temperature, °R
Ppe = adjusted pseudocritical pressure, psia

Using the adjusted pseudocritical temperature and pressure, the reduced
temperature and reduced pressure are calculated for use in Fig. 2.4 1o predict sour
gas z-factors.

EXAMPLE 2.10 (sour natural gas)

Pei Tti

Component ¥ M; yiM; psia ¥iPci R yile

N, 0.0130 28.01 0.364 493 6.409 227 2.951
CO, 0.0164 44.01 0.722 1071 17.564 548 8.987
H,5 3.1841 34.08 6.274 1306 240.435 672 123.715
CH; 0.7800 16.04 12.511 668 521.040 343 267.540
CoH, 0.0043 30.07 0,129 708 3.044 550 2.365
CiHg ,0007 44.10 0.031 616 0.431 666 0.466
i-Ca4Hyp 0.0005 58.12 0.029 529 0.265 735 0.368
n-CqHe 0.0003 5812 0017 551 0165 765 0.230
i-CsHqp 0.0001 72.15 0.007 490 0.049 829 0.083
n-Cshyz 0.0001 7215  0.007 489 0.049 845 0.085
CeHia 0.0001 86.18 0.009 437 0.044 913 0.091
CoHqt+ 0.0004 114.23 0.046 361 0.144 1024 0.410

1.0000 20.15 789.64 407.29
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M, = 2015
M. _ 0.695

YT o9 T

T, = 407.3°R

Ppc = 189.6 psia
From Fig. 2.6 for 18.41% H,S and 1.64% CO,,

g3 = 25.5°R
From Eq. 2.38, )
T, = 4073 - 25.5 = 381.8°R
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Fig.2.6 Pseudocritical temperature adjustment factor, €3, °R. (After Wichert and Aziz.)
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Using Eq. 2.39,

. (789.6)(381.8) 335 ok
Pre ™ (407.3) + (0.1841)(1 — 0.1831)(25.5) =P

The reduced properties at 180°F and 2500 psia become

_ 180+460—168
pr 381.8 ’
_ 2% = 3.41
Por = 9335~ >

Using these values in Fig. 2.4 gives a gas deviation factor z = 0.850.

In using the mole fraction analysis outlined above, the C; + fraction is
generally considered as a single component. In Example 2.10, the physical proper-
tics of octane (CgHg) are used for the C; + fraction. This is a common practice.
If the molecular weight and specific gravity of the C; + fraction are known, the
pseudocritical temperature and pseudocritical pressure of this fraction may be
obtained by Fig. 2.7.

Figures A.1 to A.9 in the Appendix give plots of z-factor versus pressure for
methane and gases of various gravities. These may be used instead of the Standing
and Katz correiation (Fig. 2.4),

Direct Calculation of z-factors

The Standing —Katz z-factor correlation is very reliable and has been used with
confidence by the industry for more than 35 years, With the advent of computers,
however, the need arose to find some convenient technique for calculating z-
factors for use in natural gas engineering programs, rather than feeding in the
entire chart from which z-factors could be retrieved by table lookup. Takacs
(1976) has compared eight different methods for calculating z-factors, which have
been developed over the years. These fall into two main categories: those that
attempt to curve-fit the Standing—Katz isotherms analytically and those that
compute z-factors using an equation of state. Some of these are given below.

1. The Hall-Yarborough Method (1973) 'The Hall—Yarborough equations, de-
veloped using the Starling—Carnahan equation of state, are

0.06125p‘,,le_1'2(1”')z
Z =
y (2.40)

where
P,, = the pseudoreduced pressure
¢ = the reciprocal, pscudoreduced temperature (7,./T)
¥y = the reduced density, which can be obtained as the solution of the
equation
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2 3 _ 0
F = ~0.06125p,, te™ 210" 4 yIy*y -y
(1-yy’

— (14.76t — 9.76t% + 4.58%)y?
+ (90.7r — 242.26% + 42.4¢7)y* 184282 = (2.41)

The nonlinear equation (Eq. 2.41) can be solved for y using Newton—Raphson
iterative technique. Substitution of the correct value of y in Eq. 2.40 wili give the
z-factor.

2. Dranchuk, Purvis and Robinson Method (1974} This method fits the Stand-
ing—Katz z-factor correlation by means of an eight-coefficient Benedict—Webb—
Rubin type equation of state. The z-factor equation is

z=1+ (A + AT, + As/T)p, + (A4 + As/T,)p/?
+ ASAGprS/Tr + A'iprz/Tr3(1 + ABprz} exp (_ Asprz) (2 42)

where:

p, = 0.27p,/(21,)
Ay = 0.31506237 A, = —1.046,709,90  A; = —0.578,327,29

1400

! 0 ]
«Lec-.ﬁc gravity 60/° — 095

— —— ——
[ ,,..-0_35""#--#- |
o= | 0.80
75—

Pseudocritical
temperature, R

§ 5 8 &
\

MUJG
[

Nyt ggoo.s

0,75 =080 08522090 s
20 75 0\-4 ———
\3%%
- _---.‘."".-———.H""—-uh-‘"—-—

/
/'

|

g

g

/
|
|

Pseudocritical
pressure, psia

3

g

120 140 160 180 200 220 240
Malecular weight

Fig.2.7 Correlation charts for estimation of the pseudocritical temperature and pressure

of heptanes plus fractions from molecular weight and specific gravity. (Courtesy Mathews,
Roland, and Katz.)
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A, = 0.53530771 As = -0.612,320,32 A = —0.104,888,13
Ay = 0.68157001 Ag = 0.684,465,49 (2.43)

3. Gopal Method (1977) This method fits straightline equations to different
portions of the z-factor chart. It uses a general equation of the form

z=p(AT, + B)+ CT, + D (2.44)

The values of constants A, B, C, and D for various combinations of p, and T, are
shown in Table 2.4. Note that above p, of 5.4, an equation of a different form is
used.

TABLE 2.4
Equations for z-factors
Reduced Reduced
Pressure Temperature,
P. Range I, Range Fquation
Between Between Equations Number

0.2and 1.2 1,05 and1.2  P{ 1.6643T, — 2.2114) — 0.36477, + 1.4385 1
1.2+ and1.4 P 0.5222T, — 0.8511) — 0.03647T, + 1.0490 2
1.4+and2.0 F£{ 013917, — 0.2988) + 0.0007T° + 0.9969 3b
2.04+and3.0 P{ 0.02957, — 0.0825) + 0.00097,* + 0.9967 40

1.2+ and 28 1.05 and1.2 P{—1.35707, + 1.4942) + 4.63157, — 4.7009 5
1.2+and1.4 P4 017177, — 0.3232) + 0.58697, + 0.1229 6
144+ and2.0 P( 0.09847, — 0.2053) + 0.06217, + 0.8580 7
2.0+ and3.0 P{ 002117, — 0.0527) + 0.01277, + 0.9549 8

28+ and 5.4 1.05 and1.2 P{—0.32787, + 0.4752) + 1.62237, — 1.9036 9b
1.2+ and1.4 P{-0.25217, + 0.3871) + 1.6087T, — 1.6635  10P
14+and2.0  P{—0.0284T, + 0.0625) + 0.4714T, — 00011* 11
2.0+and3.0 P4 0.00417, + 0.0039) + 0.0607T, + 07927 12

54+and15.0 1.05 and3.0 P{ 0711 + 3.667T) 1% 13
— 1.637/0.319 T, + 0.522) + 2.071

*These terms may be ignored,

®For a very slight loss in accuracy, Egs. 3 and 4 and 9 and 10 can, respectively, be replaced by
the following two equations:

z = PY0.0657T, — 0.1757) + 0.0009 T,* + 0.9968

z =P{—-02384 T, + 0.3695) + 1.4517 T, — 1.4580

“Preferably use this equation for P, up to 2.6 only, For P, = 2.6+, Eq. 9 will give slightly better
results. Also, preferably,use Eq. 1for1.08 =7, = 1.19and P, = 1.4.
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2.6.4 Supercompressibility

Sometimes, another term is used by engineers to compensate for the deviation
from the ideal gas law. This term is the snpercompressibility factor Fy,, and is used
primarily for high-pressure calculations. A mathematical relationship exists be-
tween supercompressibility and gas deviation factor, as follows:

.
(Fp.) (2.45)

The equation of state for real gases can now be written in terms of the super-
compressibility factor as

nRT

p = ——

(Fp)? (2.46)

Tables of supercompressibilities for natural gases are available from a num-
ber of sources (see Chapter 6) and can be readily used with the above equation to
predict PVT relationships.

2.6.5 Other Equations of State

An equation of state gives the relationship between the pressure p, molar volume
v, and absolute temperature T of a fluid. The functional form may be written as

flp,v,7) =10 (2.47
Alternatively, Eq. 2.47 may be written explicitly in terms of p:
P =$(T) (2.48)

or explicitly in terms of v or T. The ideal gas, and one form of real gas, equations of
state have been discussed eatlier, Eqs. 2.8 and 2.17, tespectively.

The gas deviation factor in the real gas equation of state presented earlier,
Eq. 2.17, is not a constant, and needs to be obtained by graphical or numerical
techniques. This is a major limitation, which makes direct mathematical manipu-
lations difficult. Many other equations of state have been developed with a
constant correction factor thus permitting direct mathematical manipulations like
differentiation and integration.

Van der Waals’ Equation of State

This is an attempt to modify the ideal gas law so that it will be applicable to
nonideal gases. For one mole of a pure gas, Van der Waals’ equation of state is
written:

4
v—b (2.49)
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where @ and b are constants. Table 2.5 gives values of a and b for common
substances. The quantity a/v> accounts for the attractive forces between the
molecules. Actual external pressure would need to be larger to produce the same
volume than if no attraction existed. The constant b represents the volume of the
molecules themselves. Actual volume available to the gas is less than overall
volume of gas by the amount taken up by the molecules,

If n moles of gas are involved, Eq. 2.49 becomes

nRT n’a
P = - =
V

v — nb 2.50)

When Vis large (low pressure and high temperature), van der Waals’ equation
reduces to the ideal gas law. If the constants @ and b are not known, it is possible to
estimate their values from values of critical pressure P, and critical volume V.
using

a=73pV2? (2.51)
Ve
b= =
3 (2.52)

Van der Waals’ equation has limited application in engineering. It is accurate
only at low pressures.

TABLE 2.5
Van der Waals Constants
a b
Substance Liters-atm mole Liters/mole
Methane 2.253 0.04278
Ethane 5.489 0.06380
Propane 8.664 0.08445
Isobutane 12.87 0.1142
n-Butane 14.47 0.1226
Isopentane 18.05 0.1417
n-Pentane 19.01 0.1460
n-Hexane 24,39 0.1735
n-Heptane 31.51 0.2654
Nitrogen 1.390 0.03913
Carbon dioxide 3.592 0.04267
Hydrogensulfide 4.431 0.04287
Helium 0.03412 0.02370
Water 5464 0.03049
Hydrogen 0.2444 0.02661
Ethylene 4.471 0.05714

Propylene 8.379 0.08272
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Benedict—Webb—Rubin (B-W-R) Equation of State

A powerful equation of state describing the behavior of pure, light hydrocarbons
over single and two-phase regions, both below and above critical pressure, was
developed by Benedict, Webb, and Rubin as early as 1940. The B-W-R equation
of state is a modification of the Beattie—Bridgeman equation of state and gives
better PVT predictions than the Beattie—Bridgeman eqnation. Benedict et al., in
a series of articles in 1951, showed the aceuracy of the B-W-R equation when
applied to light hydrocarbons and their simple mixtures and demonstrated the
equation’s utility for making vapor-liquid equilibrium calculations. Since natural
gases are primarily mixtures of light hydrocarbons, the B-W-R has been used quite
often in computing thermodynamic properties and phase equilibria of natural
gases.

The B-W-R equation expressing pressure as a function of temperature and
molar density is

p = RTP,, + (BDRT_AO — CO/TZ)Pn%
+ (bRT — @)P;2 + aaP?
3
P
+ == [(1 + yP,2) exp (—yP,2
72 1L+ YPr) exp (—yPu)l 2.53)
The parameters A,, B,, C,, 4, b, ¢, a, and y are constants for pure substances and
functions of composition for mixtures. The pure-component values of the eight
constants are listed in Table 2.6. Benedict et al. proposed the following mixing
rules to enable Eq. 2.53 be used for mixtures:

A, = (ZnAdY

Bo = EYEBOE
Co = (Cy.C*F
a = (Cya/*y
b = Tyb}?y
c = Cya”y
a = (Cya”)’
¥ = Cy?V (2.54)

P, is the molar density in Ib-mole/cu ft

Redlich—Kwong (R-K) Equation of State
The original Redlich—Kwong equation of state is
RT a
v—b v+ BT (2.55)

P=

where
C,R*T%3

R (2.56)
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p = G
Pe (2.57)
For temperature in °R and pressure in psia,
C, = 0.427,47
C, = 0.086,64

The R-K equation involves only two empirical constants, as opposed to the eight
required in the B-W-R equation.

However, to simplify calculations with the R-K equation, especially for ap-
plication to mixtures, other constants have been defined:

( a )U.S C T2.5 0.5
A"_: — s
wr) - (o) o
. _b_ _ G,
RT p.T (2.59)

The original R-K equation was modified by Soave in 1972 by replacing the
term 1/7"/% with a more general temperature dependent term o

_ _RT ac
b v—>b y(v+b) (2.60)
A gas deviation factor z can be calculated by writing Eq. 2.60 as
2?-2+2A-B-B)-AB=0 (2-61)
where, for pure substances,
CaﬂiPT%i
A=—"——
paT? (2.62)
_ CbPT:ci
PciT (2-63)

For mixtures, the constants A and B are calculated using

Taﬂq's 2
A= Ca 'F"(zy, —“—)

7 o3 (2.64)

y.
T~ pu (2.65)



Compressibility of Natural Gases 53

Ewvaluation of «; involves calculation of the acentric factor, w;:

1 o — 1.167
_s_s_P_) 1o

i = Calp;
@ B ( Tc'_TBi

(2.66)

where Tg; is the boiling point in *R of component i at 14.7 psia. Values of w; may
be obtained from Table A.1. Then,

m; = 0.480 + 1.57w; — 0.1760? (2.67)

and

o = [1 +m(l - TRHP (2.68)

2,7 COMPRESSIBILITY OF NATURAL GASES

The coefficient of isothermal compressibility of a gas is given by

1 (av)
CB = —| —
Viep/r (2.69)
For an ideal gas,
_ naRT
P
and
(av) _ nRT
plr P
Thus,
p nRT 1
cg = —_—— — -._2_ = —
nRT P J2 2.70)
For a real gas,
_ nRTz
14

and
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Thus,
( ) RT 1az z)
c - ~E_=
5 nRTz) " ap pt
or
1 1 oz
g=————
p 2z dp 2.71)

In terms of reduced variables,

az_(app,) (az)_ l(az)
dp 9} \8Ppr/  Ppc\OPpr

Thus,
1 1 (az)
# T Bebrr e\l @72)
or
1 1f oz
== Z) o

where ¢,, = cgp,. = pseudoreduced compressibility. Using Eq. 2.44,

(2.74)

(az) AT, + B
Ppr T il

and
! 1(A:r + B)
Cr=__ r
P b oz T (2.75)

Using Eqgs. 2.42 and 2.43 along with Eq. 2.71, Mattar, Brar, and Aziz have
obtained an expression for ¢,, given by

L 027[  (9z/op)r, }
" g Tl L+ pe/2(32/0p)1,

C,
(2.76)

where

az
(ap ) = (Al + AZ/Tpr + A3/Tpr3) + 2(A4 + AS/Tpr) pr t 5‘45 A() pr4/Tpr
ri T,
2Asp,
+ T—j_'; (1 + Agp,” — A p,") exp (—As p)

, .77
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Eqgs. 2.76 and 2.77 can be used directly in computer caiculations. These equations

were used to develop Figs. 2.8 and 2.9 for manual calculations of the coefficient of
isothermal compressibility.

10.0

1.0 %\
K
(%3
0.1
T,
\ 40
105 \120
0.01 110
02 1.0 100

£,

Fig. 2.8 Varation of ¢, T, with reduced temperature and pressure (105 < T, < 1.4;
0.2 < p, < 15.0). (After Mattar, Brar, and Aziz.)
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10.0

P %

0.1

0.01

0.2 1.0 10.0
P

r

Fig. 2.9 Vanation of ¢, T, with reduced temperature and pressure (1.4 =<T,= 3.0;
0.2 < p, < 15.0). (After Mattar, Brar, and Aziz.)

Example 2.11,
(a) For the sweet natural gas example (Example 2.9), at 2000 psia and 1530°F,

T, = 374.1°R, T,. = 1.63
Ppc = 663.3 psia, Dpr = 3.02
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From Fig. 2.9, at T,,, = 1.63 and p,, = 3.02,

CprTpr = 0.57
¢y = 0.57/1.63 = 0.35

0.35 -
Cy = Cpr/Ppc = ga = (.000527 psia

(b) For the sour gas example (Example 2.10), using pseudocritical variables that
have been adjusted by the method of Wichert and Aziz,

T, = 38L.8°R
phe = 733.5 psia
At 60°F and 4000 psia,
T, = 1.36 and p,. = 5.45
From Fig. 2.8, c,, T, = 0.13:

L
T 136
¢ 0.096 N
€, = — = —— = 0.000,131 psia
Ppe 7335

2.8 VISCOSITY OF NATURAL GASES

The coefficient of viscosity is a measure of the resistance to flow exerted by a fluid.
The dynamic or absolute viscosity p of a Newtonian fluid is defined as the ratio of
the shear force per unit area to the local velocity gradient. Dynamic viscosity is
usually given in units of centipoise equivalent to 1 g mass/100 sec cm. Note that 1
cp = 6.72 x 107* lbm/ft sec. The kinematic viscosity, not normally used, is
defined as

dynamic viscosity, p
density, py (2.78)

Kinematic viscosity, ¥ =

Kinematic viscosity is usually given in centistokes equivalent to cm?/100 sec.
The only accurate way to obtain the viscosity of a gas is to determine it
experimentally. However, experimental determination is difficult and slow. Usu-
ally, the petrolenm engineer must rely on viscosity correlations.
The viscosity of a pure gas depends on the temperature and pressure, but for
gas mixtures it is also a function of the composition of the mixture. The following
equation may be used to calculate the viscosity of a mixture of gases when the
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analysis of the gas mixture is known and the viscosities of the components are
known at the pressure and temperature of interest:

— z(p'giyi \/“_4;)
S 0, Vi)

4
(2.79)

The use of this equation is somewhat tedious.
For natural gases, the widely used correlations of Carr, Kobayashi, and
Burrows take the forms:

p = f(M, T) (2.80)
L =
|.L1 f(pr’ Tr) (2.81)

where
py = low pressure or dilute-gas viscosity
p = gas viscosity at high pressure

Figures 2.10, 2.11, and 2.12 give the Carr et al. correlations. Figure 2.10
provides a rapid and reliable method for obtaining the viscosities of mixtures of
hydrocarbon gases at 1.0 atm of pressure, given a knowledge of the gravity and
temperature of the gas. The inserts are corrections for the presence of nitrogen,
carbon dicxide, or hydrogen suifide. The effect of each of the nonhydrocarbon
gases i5 t0 increase the viscosity of the gas mixture. In most instances, the
viscosities must approach pressures far removed from 1.0 atm. The theorem of
corresponding states has been used to develop the correlations given in Figs. 2.11
and 2.12. These figures give the viscosity ratio as a function of pseudoreduced
temperature and pseudoreduced pressure.

Example 2.12. Suppose the viscosity of the sour gas (Example 2.10) is required at
180°F and 2500 psia: -

M, = 20.15
v = 0.70
Th. = 381.8 °R

pc
Ppc = 733.3 psia

From Fig. 2.10, for M, = 20.15 and T = 180°F,
ny = 0.0121 <p
From the inserts on Fig. 2.10,

Correction for 1.30 mol % N, = 0.000,10 cp
Correction for 1.64 mol % CO, = 0.000,10 cp
Correction for 18.41 mole % H,S = 0.000,40 cp
(extrapolated value)

.. Corrected p; = 0.0121 + (0.006,10 + 0.000,10 + 0.000,40) = 0.0127 cp
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(180 + 460)/381.8 = 1.68
2500/733.3 = 3.41

From Fig. 2.11 or Fig. 2.12, for T,, = 1.68 and p,, = 3.41,

n/py=1.40
~p = (1.40)(0.0127) = 0.0178 cp

T,
Ppr

(L

An analytical expression for the viscosity of natural gases was presented by
Lee, Gonzalez, and Eakin. Their method does not include corrections for impuri-
ties, and values obtained would be correct for pure hydrocarbon gases. Their
empirical equation for viscosity is

ng = K x 107% exp (Xp2) (2.82)
where

(9.4 + 0.02M) T3

209 + 19M + T (2.83)
986
X=35+—+0.0lM
T (2.84)
y=24-02% (2.85)

In Eqs. 2.82 to 2.85, p, = cp, pg = glom®, M = molecular weight of gas, and
T = °R.

2.9 GAS FORMATION YOLUME FACTOR AND EXPANSION FACTOR

In gas reservoir engineering, the main use of the real gas equation of state is to
relate surface volumes to reservoir volumes of hydrocarbons. This is accom-
plished by the use of the gas formation volume factor B, or the gas expansion
factor E. The gas formation volume factor is the volume occupied in the reservoir
by one standard cubic foot of gas or the ratio of the velume of gas in the reservoir
to its volume at standard conditions. Although B, is usually expressed in units of
reservoir cubic feet per standard cubic foot, it is sometimes useful to express it in
barrels per standard cubic foot. The gas expansion factor is simply the reciprocal
of the gas formation volume factor.
From the definitions and Eq. 2.17,

Ve P Tee 2 (2' 86)

and

VvV pe T  z (2.87)
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Fig. 2.10 Viscosity of paraffin hydrocarbon gases at 1.0 atm. (After Carr et al.}



(NN
IR
I

>

4

12

p
Se,
\%
e,

b, %fe

N

yia

2]

] *'/ //
£,

N
\

08 10 1.2 14 16 18 20 22 24 26 2B 30 3.2 34
Pseudoreduced temperature

Viscosity ratio, #/u,

]

[//
[[/// /)

I/, rz
[/

1
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Thus, at standard conditions of 14.73 psia and 60°F, and assuming z,; = 1, Eqgs.
2.86 and 2.87 become

2T
e = 0.0283 — cu ft/scf
P (2.88)

and

p
E = 35.30 2 scffeu ft
5 e (2.89)

Dividing reservoir cubic feet by 5.615 to convert to reservoir barrels obtains

2T
B, = 0.005,04 == bblsct
d p (2.90)

and

P
E = 198.22 L scpbl
27 S0 (2.91)
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Example 2.13. At a pressure of 2500 psia and reservoir temperature of 180°F, the

gas deviation factor for the sour natural gas’(Example 2.10) is 0.850.

(a) Calculate the formation volume factor and gas expansion factor.

(b) How many standard cubic feet of this gas are contained in a reservoir with a
gas pore volume of 1.0 x 10°% cu ft?

65 ‘
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Fig. 2.12 Viscosity ratio versus pseudoreduced pressure. (After Carr et al.)
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Solutions
(a) Using Eqs. 2.88 and 2.89,
' 0.0283)(0.850)(640
B, = ( X JEH0) 0.006,16 cu it/scf
(2500)
1
E = — = 162.39 scf/cu ft
B,
) 1.0 x 10° cu ft
(b) Gas in place = — 5 - 1.0 x 10° cu ft X E

I

g
(1.0 x 10” cu £1)(162.39 scf/cu ft)
162.4 x 10° scf

2,10 WATER VAPOR CONTENT OF NATURAL GAS

Water may be carried along with the gasin the vapor phase or entrained in the gas
in droplet form. There exists at any given temperature and pressure a maximum
amount of water vapor that a gas is able to hold. A gas is completely saturated
when it contains the maximum amount of water vapor for the given temperature
and pressure conditions. This saturation temperature at the specified pressure is
the dew point of the gas. The water vapor content of natural gas is shown in Fig.
2.13.

It is easy to see from Fig. 2.13 that, keeping the volume and pressure constant
on a water vapor-saturated gas, water will condense out at lower temperatures
since the capacity of the gas to hold water is less. The same is true if the volume
and temperature are Kept constant but the pressure is allowed to increase.
Keeping the volume and pressure constant on water-saturated gas but lowering
the dew point temperature is known as dew point depression; this term indicates
to what extent the moisture content of a gas may be lowered.

Example 2.14. A water-saturated gas at 80°F and 400 psia had a 70° dew point
depression after passing through a dehydration plant. How many gallons of water
were removed per million standard cubic feet (MMscf) of gas measured at 60°F
and 14.7 psia?

Solution

From Fig. 2.13,

Water content at 80°F and 400 psia = 68 lbm/MMscf
New temperature = (80 — 70) = 10°F

Water content at 10°F and 400 psia = 5.8 lbm/MMscf
(68 — 5.8) Ibm

Gallons of water removed per MMscf =
8.34 lbm/gal

= 7.46 gal
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Figure 2.13 may be used to determine whether a gas well producing a small
amount of water is producing liquid-phase water in the reservoir or whether all the
produced water is water vapor in the gas at reservoir conditions. An example will
illustrate this.

Example 2.15. Consider the follow conditions:
Reservoir pressure = 3000 psia
Reservoir temperature = 200°F
Water vapor content in reservoir = 280 Ib water/MMscf of gas
High-pressure separator pressure = 800 psia
High-pressure separator temperature = 100°F
Water content of separator gas = 72 ib water/MMscf of gas
Water produced from well = 1.0 STB water/MMscf of gas
From the above information, water condensed from the separator = 280 —
72 = 208 1b water/MMscf of gas or 0.59 STB water/MMscf of gas. Therefore,

there is liquid-phase water production amounting to 1.0 — 0.59 = 0.41 STB
water/MMscf of gas.

2,11 TWO-PHASE SYSTEMS

In the case of retrograde and welt gas reservoirs, the surface oil and gas produced
exist as an all gaseous phase in the reservoir, Accurate material-balance calcula-
tions should be made on the basis of total reservoir gas produced, which is equal to
the surface gas produced plus the gas equivalent of the oil produced. Reservoir
calculations may be made from generally available field data by recombining the
produced gas and oil in the correct ratio to find the average specific gravity
(air = 1) of the total well fluid.

2.11.1 API Gravity

The API gravity is another gravity term that is used with hydrocarbon liquids. A
special gravity scale was adopted by the American Petroleum Institute for ex-
pressing petroleum products:

L5
Yo ' (2.92)

v, is the liquid's specific gravity at 60°F, referenced to that of water at 60°F. Thus,
a liquid that has the same density as water at 60°F, that is, specific gravity of 1.0,
will have an API gravity of 10° API. The gravity of a liquid in °API is determined
by its density at 60°F and is independent of temperature. Readings taken at
temperatures other than 60°F must be corrected for temperature to give the value
at 60°F.

°API =
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The liquid specific gravity may be obtained by rearranging Eq. 2.92:

141.5
Yo = saor o aae =
API + 131.5 (2.93)
Table 2.7 is useful for converting API gravities to liquid gravities.
TABLE 2.7
Conversion of APl Gravity to Liquid Specific Gravity at 60°F
Specific Specific Specific
"APl Gravity °API Gravity °API Gravity
[H] 1.076 34 0.8550 68 0.7093
1 1.068 35 0.8498 69 0.7057
2 1.060 36 0.8448 70 0.7022
3 1.052 37 0.8398 71 0.6988
4 1.044 38 0.8348 72 0.6953
5 1.037 39 0.8299 73 0.6919
6 1.029 40 0.8251 74 0.6886
7 1.022 41 0.8203 75 0.6852
<] 1.014 42 0.8155 76 0.6819
9 1.007 43 0.8109 77 0.6787
10 1.000 44 0.8063 78 0.6754
11 0.9930 45 0.8017 79 0.6722
12 0.9861 46 0.7972 80 0.6690
13 0.9792 47 0.7927 81 0.6659
14 0.9725 48 0.7883 82 0.6628
15 0.9659 49 0.7839 a3 0.6597
16 0.9593 50 0.7796 84 0.6566
17 0.9529 51 0.7753 85 0.6536
18 0.9465 52 0.7711 86 0.6506
19 0.9402 53 0.7669 87 0.6476
20 0.9340 54 0.7628 88 0.6446
21 09279 55 0.7587 89 0.6417
22 0.9218 56 0.7547 % 0.6388
23 0.9159 57 0.7507 9 0.6360
24 0.9100 58 0.7467 92 0.6331
25 0.9042 59 0.7428 93 0.6303
26 0.8984 60 0.7389 94 0.6275
27 0.8927 61 0.7351 95 0.6247
28 0.8871 62 0.7313 9% 0.6220
29 0.8816 63 0.7275 97 0.6193
30 0.8762 64 0.7238 98 0.6166
31 0.8708 65 0.7201 99 0.6139
32 0.8654 66 0.7165 160 0.6112
33 0.8602 o7 0.7128
. i i41.5
Specific gravity =

131.5 + APl
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2.11.2 Gas Gravity of Total Well Stream

The total well stream gas specific gravity will differ greatly from the surface gas
specific gravity where the gas-oil ratio is low. Many correlations use the specific
gravity as an index to various fluid properties. This should be the well stream gas
specific gravity. In order to calculate the well stream gas gravity, let:
R, = total surface gas-oil ratio of the production, scf of dry or residue gas per
STB of oil (condensate)
Y. = specific gravity of the tank oil (water = 1)
M, = average molecular weight of the tank oil (condensate)
¥, = average specific gravity of the gas produced from surface separators
(air = 1)
Then, the well stream gas specific gravity (air = 1) is given by (Craft and
Hawkins)

Ry, + 4584y,
YT R, + 132,800 v,/ M, (2.94)

When the molecular weight of the tank oil is not known, it may be estimated using
the formula:

3 44.29 v, B 6084
1.03 - v, °API—5.9 (2.95)

o

Y. is equal to the average molecular weight of all the hydrocarbons flowing in the
well stream (regardless of their phase state) divided by the molecular weight of
air.

2.11.3 Two-phase z-factor

If a gas mixture has two phases existing at the pressure and temperature of
interest, the gas deviation factor of the two-phase mixture can be estimated from
Fig. 2.14. Asindicated on this figure, if the 2-factor from Fig. 2.14 is essentially the
same as the z-factor from Fig. 2.4, this indicates the mixture exists as one single
gaseous phase.

The z-factor for a gas-condensate reservoir may also be calculated using the
gas law as

378.6pV

z (two-phase) = —~—""——
(GIIP — G,)RT (2.96)
where
GIIP = gas initially in place, scf
G, = cumulative gas produced, scf
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Gas — Gil Ratios are for Normal Temperature
Separation of the Mixture for Which the

Z Factor is Desired. {Gas— Oil Ratios for
Low Temp. Sep. May be Greatly Differens.}

Example
For Fseudo Reduced Temp. of 1.195, Pseudo
Reduced Pressure of 2.00 and Gas—0il Ratio of
Reduced Pressure of 2.00 and Gas— Oil Ratio of
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1.0 Factor Correlation is 0.545, Corrected befow to 0.732
2
3 Accuracy
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Fig. 2.14 Gas deviation factor corrections for two-phase natural gas systems. (After
Elfrik, Sandberg, and Pollard.)

2.12 SOME GAS CONVERSION EQUATIONS

From the basic laws, the following useful conversion equations can be derived.
At standard conditions of 14.7 psia and 60°F:

Molecular weight of gas = 28.97 (sp gr)
Density of gas, Ibm/cu ft = 0.0764 (sp gr) = mol wt/379 = 28.97 (sp gr)/379
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Specific volume of gas, cu ft/lbm = 13.08/sp gr = 379/mol wt
Gas flow, moles/day = Gas flow, cfd/379
Mass flow rate, Ibm/hr = 3185 (MMscid)(sp gr)

At conditions other than 14.7 psia and 60°F:
2.703 (sp gr)(pressure, psia)
(temp, °F + 460)
2.703 (sp gr){pressure, psia)
(temp, °F + 460)(z}
(gas flow, scfd)(14.7)(temp, °F + 460)
(pressure, psia)(520)
(gas flow, scfd)(14.7)(temp, °F + 460)(2)
(pressure, psia)(520)
0.327 (MMscid)(temp, °F + 460)(2)
(pressure, psia)
379 (temp, °F + 460)(14.7)
(520)(pressure, psia)

Density of ideal gas, Ibm/cu ft =

Density of actual gas, lbm/cu ft =

Ideal gas flow, cfd =

Actual gas flow, cfd =

Actual gas flow, cfd =

Volume of moles, cu ft/mol =

where
z = gas deviation factor
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PROBLEMS

2.1 A2 cufttank contains gas at 1000 pounds per square inch gauge (psig) and
at 60°F. This tank is connected to another tank of unknown volume con-
taining the same gas at 14.7 psia and 60°F. The two tanks are allowed to
come to equilibrium, and when this is accomplished and pressure is 650 psi
gauge and the temperature is 60°F. What is the volume of the tank?

Atmospheric pressure is at 14.7 psia.
Assume gas behaves as a perfect gas.

2.2 (a) Two cylinders, one containing propane at 100 psig and the other
containing propane at 0 psig, are connected and the pressures allowed
to equalize. If the volume of each of the cylinders is 5 cu ft and the
temperature is held constant at 90°F what would be the equalization
pressure, the density of the propane under this pressure, and the
weight of gas in the system. Assurmne gas behaves as a perfect gas,

(b) If the temperature of the system were reduced to 60°F, what would
the pressure be?

2.3 A Z2cuft tank contains propane at 1209 psig and 332°F; taking into account
the deviation from the gas laws, how many standard cubic feet of gas have
been withdrawn from the cylinder when the pressure has dropped to 602
psig and 332°F? Atmospheric pressure is at 14.7 psia.

2.4 For a gas of the following composition:

Mol %
Carbon dioxide 0.40
Methane 94.32
Ethane 3.90
Propane 1.17
i-Butane 0.08
n-Butane 0.13

100.00
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Calculate:

(a) The specific gravity, the density, and the specific volume of the gas at
60°F and 14.65 psia.

(b) The composition on weight basis.

2.5 A sample of natural gas from the Bell Field has a specific gravity of 0.665
(air = 1.00). The carbon dioxide and nitrogen content are 0.10 and 2.07
mol %, respectively. Calculate the gas deviation factor, z, at reservoir
temperature of 213°F and reservoir pressure of 3250 psia.

2.6 For a gas of the following composition:

Mol %
Methane 92.67
Ethane 5.29
Propane 1.38
i-butane 0.18
n-butane 0.34
n-pentane 0.14

Calculate:

(a) The pseudocritical temperature and pressure

(b) The gas deviation factor for (1) 400 psig and BO°F and (2) 2500 psig
and 200°F.

(¢) The density and specific volume of the gas for each of the conditions in
5 (b).

(d) The number of standard cubic feet of gas per acre foot of sand of 25%
poraosity and 10% connate water for each of the conditions given in
5(b). Atomspheric pressure is at 14.7 psia.

2.7 A natural gas has the following composition:

Component Mol %
G 87.09
C, 4.42
Cs 1.60

i-C,4 0.40
n-Cy 0.52
Cs 0.46
Cs 0.29
Cq. 0.06
N, 4,76
CcO, 0.40
100.00

Assume a molecular weight of C;,, the same as for C;.)
Calculate:
(a) Weight percent of each component in the gas.
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(b) Apparent molecular weight of the gas.
(c) Specific gravity of the gas.
A natural gas has the following composition:

Component Mol %
of) 86.02

C, 7.70

C; 4.26
i-Cy 0.57
n-C, 0.87
i-Cs 0.11
I’I-C5 0.14

Cq 0.33
100.00

For pressure = 750 psia and temperature = 150°F, calculate:
(a) Pseudogcritical temperature.

(b) Pscudocritical pressure.

(c) zfactor,

A natural gas has the following composition; 90% CH,; 5.0% C;Hg;

5.09% N..

(a) Calculate its pseudocritical temperature and pseudocritical pressure.

(b) Calculate the psendoreduced temperature and pseudoreduced pres-
sure, and the gas deviation factor for the natural gas at 100°F and 600
psia.

(c) 325,000 cu ft of this natural gas is to be compressed from 14.7 psia and
60°F to 600 psia and 100°F. Calculate the volume the natural gas will
occupy under the compressed conditions.

Calculate the gas reserve in a gas field of 2000 acres, with 40-ft sand

thickness, 25% porosity, 15% water saturation, a bottom-hole pressure of

3000 psi. gauge, a temperature of 200°F, and barometric pressure at 14.7

psia. Composition of gas: methane, 94.63%; ethane, 2.54%; propane,

1.46%; isobutane, 0.46%, N-butane, 0.38%; pentanes, 0.36%; and hex-

anes plus, 0.17%.

In a recycling plant 250,000 cu ft of gas at 2500 psi. gauge, temperature

100°F, is compressed to 4000 psi. gange and 150°F and put back into the

sand at these conditions. What is the volume of the gas as it is injected into

the sand if the gas composition is 75% methane, 15% ethane, and 10%

propane? ,

A gas of the following composition leaves a high-pressure absorber at 500

psia and 80°F. The gas is then compressed and injected back into the

reservoir at 3600 psia and 200°F. Calculate the volume 10 million scf of this
gas would occupy in the reservoir.
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Mol %

Methane 93.3

Ethane 3.84

Propane 2.21

n-Butane 0.65
100.00

A casing annulus is filled with gas under the following conditions:
V = 1500 cu ft Pavg = 1000 psia
Gas gravity = 0.65 Tag = 200°F

How much gas, in standard cubic feet, must be removed to drop the pres-
sure to 800 psia?

The original bottom hole pressure in a gas field was 2500 psia and the
bottom hole temperature was 90°F. For a gas of the following composition,
what would be the bottom hole pressure when ope-half of the gas has been
withdrawn from the reservoir? Assume constant reservoir voiume.

Mol %
Methane 91.32
Ethane 4.43
Propane 2.12
Butanes 1.36
Pentanes 0.42
Hexanes 0.15
Heptanes and plus 0.20

100.00

A natural gas has a specific gravity of 0.85. At a pressure of 3000 psia and a
temperature of 230°F, calculate the viscosity of the gas by two different
methods.

Calculate the viscosity of the following pas at reservoir conditions of 2500
psia and 180°F.

Companent Mal %
C 0.80
C, 0.10
C,y 0.04
H,S 0.06
1.00

Calculate the viscosity of the following gas at reservoir conditions:
Component Mol Fraction

C 0.75
G 0.15
C; 0.04
H,S 0.06

1.00
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Reservoir pressure = 2000 psia
Reservoir temperature = 200°F
2,18 Calculate the following fluid properties at the given reservoir conditions:
(a) Density—ibm/cu ft
(b) Viscosity—cp
(c) Formation volume factor—res. cu ft/surf. cu ft

2 I\?Mc}l/dav Separator Gas Composition
g9as
— Component Mele Fraction
Nz 0.011
CO, 0.0204
e 80 &‘;‘{ day H,S 0.2139
Rt Cq 0.617
G 0.0750
Cs 0.0433
-Cy 0.0061
nCy 0.0137
~Cs 0.0033
n-Cs 0.6052
Ce 0.0053
C;t 0.0020
1.0000

Separator OQil Properties

49° API, assume C;* material.

Reservoir Conditions

Pressure at midperforations = 4537 psig

Temperature at midperforations = 252°F

Assume malecular weight of C;* o be 131 1bm/lb-mol.

2.19 Natural gas is in contact with brine in a reservoir. The brine contains
150,000 ppm dissolved solids. Calculate the water content in Ib/MMscf at
reservoir conditions of 2000 psia and 200°F.

2.20 The producijon from a gas well is 50 million cubic feet per day (MMcfd)
measured at 14.7 psia and 60°F. The gas is saturated with water vapor under
reservoir conditions of 1500 psia and 120°F. Calculate the water collected in
the lease separator if the gas is expanded at 800 psia and 60°F through the
separator. Give your results in pound-mass per/day and barrels per/day.
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CONCEPTS OF
THERMODYNAMICS

3.1 SYSTEM

A system is a part of the universe set aside for study. It must have enclosing
boundaries, outside of which are the surroundings (Fig. 3.1). Examples of systems
are reservoir gas flowing toward a wellbere, gas undergoing compression by a
mechanical compressor, and gas flowing vertically in a well tubing or horizontally
in a pipeline.

First-law apalysis is esseatially an accounting procedure for measuring en-
ergy transfers to and from a system and changes of energy inside the system. The
two principal accounting procedures are control-mass analysis and control-
volume analysis.

Control mass (Fig. 3.2} is any selected piece of matter. Any assembly is a
control mass. An accounting procedure must be carried out over a set account-
ing period, and an essential step is specifying the time base. This might be a given
period of time (the time required for something to happen) or it might be
instantaneous,

Control volume (Fig. 3.3) is any defined region in space. This region may be
moving, and its shape and volume may be changing, In this case, though, most
control volumes have a constant shape and size and are fixed in the reference
frame. Control volume is posed in termas of property fields, thatis, the distribution
of the properties through space and time; the analysis provides information in
terms of these fields.

To contrast the control-mass and control-volume perspectives simply, the
control-mass method calculates the properties of given pieces of matter as func-
tions of time, while the control-volume method gives the properties of whatever
piece of matter happens to be in a given region of space at any given instant.
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Fig. 3.1 A system and its surroundings.

Control surface

Aw = w—Q

Fig. 3.2 A control mass.
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Control mass at ¢

dW/(shaft

Control mass at t/dt

Fig. 3.3 A control volume.
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3.2 ENERGY AND ENERGY BALANCES

The energy balance is an important consideration in making engineering calcula-
tions. In making a balance of energy, all energy factors must be expressed
in the same units if the calculations are to be correct. These units may be
either foot-pound force or British thermal units, for example. The relationship
of 1 Btu is equivalent to 778.2 ft-1bf, which is useful.
The general methodology of energy-balance analysis is:
1. Define the control mass or control volume, indicating its boundaries on a
sketch.

2. Indicate what flows of energy across the boundary will be considered and set
up their sign convention on the drawing.

3. Indicate the time basis for the energy balance.
4. Write the conservation of energy in general terms.

5. Make appropriate idealizations and bring in equations of state or other
information necessary to allow solution,

This study centers on energy balances of dynamic systems. Energy is carried
with flowing fluid and may be transferred from the fluid to the surroundings, and
vice versa. Therefore, this chapter deals with the ways that energy may be
interchanged between different forms of energy as the system moves through a
piece of equipment, a processing plant, or a length of pipe.

Energy carried with the fluid includes the internal energy, U, and all energy
that is the peculiar property of the fluid, regardless of its relative location or
motion, and the energy carried by the fluid because of its condition of flow or
positior. This energy carried by the fluid encompasses three other types of
energy: energy of motion (kinetic energy, mu?/2g.), which is the energy associ-
ated with movement with respect to a fixed point; energy of position (potential
energy, mgZ/g.), which results from the system’s location in the earth’s gravita-
tional field; and pressure energy, pV, carried by the system because of its intro-
duction into or exit from flow under pressure.

Energy transferred between a fluid or system in flow and its surroundings is of
two kinds. First is heat, Q, absorbed by the flowing material or system as a result
of temperature difference between the system and surroundings. Heat gained by
the system is positive in sign, while heat lost by the system is negative in sign.
Second is work, w, done by the system on the surroundings. This is often called
shaft work, wy, and does not include lost work, Iw, caused by friction. Work is
positive in sign when the system performs work on the surroundings. Heat and
work are the only means of trapsferring energy between the system and the
surroundings.

Consider Fig. 3.4. An energy balance around such a flow system, between
points 1 and 2 and the surroundings, assuming no accumulation of material and
energy at any point in the systeém, is given by the equation

2 2
mu mgZ. Jig2id mgz
2 + g 2+p2V2=U1+ ! + g] +p1V1+Q—W

U7_ -+
2g. & 2. & (3.1)



Enthalpy Change, AH 79

Z Pump

Datum plane

Fig. 3.4 Energy balance.

By definition,
AU= U, — Uy
and
A(pV) = pV2 — piV)

Therefore,

(Imuz) (ng)
AU+l +a () sapn =0 -w

8e

c

3.3 ENTHALPY CHANGE, AH

The thermodynamic property enthalpy H is defined as
H=U+pV
Thus, the change of enthalpy is given by
AH = AU + A(pV)
Equation 3.2 becomes
mu® mgZ
AH+A|l—]+A|—j=0—-w
2g, Be

where
AH = total heat content, Biu

(3.2)

(3.3)

(3.4)

(3.5)
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In caiculating AH between two thermodynamic states (pressure and tem-
perature), use specific enthalpy of the fluid, /#’, in Btu/lbm or the molal specific
enthalpy, h, in Bta/lb-mol. Thus,

AH = H, — H, = m(h} — h}) (3.6)
or
AH = H2 - H1 = n(hz - h]) (3‘7)

where

m = pound-mass of fluid
n = pound-moles of fluid

The units Btuw/lb-mol will be used in most of the work in this text.
For natural gas, the molal specific enthalpy is a function of temperature,
pressure, and gas composition:

h = (T, p, composition) (3.8)
For a given composition (gas gravity),
h = h(T, p)

Then, taking the differential,

ah ah
dh=\—] dT+|—] dp
o1/, o) 3.9)
Integrating Eq. 3.9,

szh =hy — hy = Ah _JZ (Bh) dT + Jz(%) d
1 2 ! I aT P 1 ap T (310)

3.4 SPECIFIC HEATS

Consider the functional relation 4 = u(T, v). The difference in energy between
any two states separated by infinitesimal temperature and specific-volume dif-

ferences dT and dv is
2 d
di = (—") dT + (—”) dv
GT v av T (3.11)

The derivative (9u/dT), is called the specific heat at constant volume:

&
C=\l—= .
T/, (3.12)
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In Eq. 3.9, the derivative (3h/37), is called the specific heat at constant pressure:

= ()
» = \at), (3.13)

The derivatives C, and C, constitute two of the most important thermodynamic
derivative functions, and values have been experimentally determined as func-
tions of the thermodynamic state for many simple compressible substances.

The specific heats of gases and liquids are determined experimentally in a
calorimeter, usually at a pressure of 1 atm. For natural gases, the specificheat at 1
atm pressure is a function of temperature and of gas gravity or molecular weight.
Figure 3.5 is a graph of specific heat at constant pressure for natural gases at 1 atm
pressure.
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Fig. 3.5 Specific heat of hydrocarbon gases at 1.0 atm pressure. (After Brown.)
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The specific heat at constant volume C, is related to the specific heat at
constant pressure C, for ideal gases as follows:

C, = C, + R = C, + 1.99 Btu/ib-mol °F (3.14)

The ratio ¥ = C,/C, of the specific heats is useful in computing the adiabatic
compression of gases, for which ideal gases follow the relationship

pV* = constant (3.15)

3.4.1 Effect of Pressure on Specific Heat and Enthalpy

The law of corresponding states can be used to correct specific heat values
measured at 1 atm pressure for pressures other than 1 atm. The specific heat at
constant pressure at pressures greater than atmospheric is given by

Colp, T) = C,(14.7, T} + AC,(p,, T) (3.16)

The correction term AC,(p,, T,) can be calculated from thermodynamics. From
thermodynamic relations, the effect of pressure alone is given by

R
| =v—-T|—
p/r at/, (3.17)

v = molal specific volume, cu ft/lb-mol

where

For real gases,

pv = zRT
(av) _R _RT (Bz)
aTf, p p \eTj,
(ah) _ZRT RT RT (az)
sppfr p P p \dT/,
R
op)r p \a7/, (3-18)

Using reduced temperature and reduced pressure,

(ah) _ RTI; (az)
ap, T, Pr aT, P (3-19)

Differentiating,

Then,

or,
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If R = 10.732 psia cu ft/lb-mol °R, p in psia,

(ah) _ (10.732)(144) T.T/ (az)
ap /T 778.2 pr \T.fp,

(3.20)

or,
8k T.T? { oz
e I - ey
iz p \aT.},, (3.21)

oh _ B
op, Ib-mol-p,

where

psia
Pr =
Pe
ft-1bf
7782 =
Btu

Figure 3.6 is a graph of AC,,, prepared on a reduced temperature-reduced
pressure basis, to avoid preparing many charts for gases of different gravity.

Figure 3.7 is a generalized isothermal pressure correction to enthalpy of
gases. Itis a graph of —Ak/T, Btu/lb-mol °R, versus reduced pressure, with lines
of constant reduced temperature. This graph uses pseudocritical temperature
instead of the actual temperature when dividing —Ah to find the —AkR/ T, function.
Figure 3.7 gives Ak above a reference state of 0 psia and 0 °R.

3.5 ENTROPY, S

The entropy, S, is a property of the system defined as

T internafly reversible (3-22)
The change in this property is analogous to the change in energy. Hence,

3
AS:SZ_SIKJ( Q)
T internally reversible

where
30 = change in heat

In making a number of calculations on fluid behavior, consider the changes in
entropy that the system may undergo.
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Fig. 3.7 Effect of pressure on enthalpy for natural gases. (After Edminster.)

In general, energy can be defined as the product of an intensive property
of a material and the change in the extensive property. Intensive property is
independent of the amount of material present, for example, pressure, tempera-
ture, density, surface tension, and chemical potential. Extensive property de-
pends on size or amount of material present, for example, mass, area, inertia,
and volume.

Example 3.1. Compression of 2 Quantity of Gas in a Piston. Incremental work
done by piston on gas:

dw' = pA(—dx') = p(—dV) (3.23)
where

dV = increase in gas volume
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Thus compression work:

2 2
Wmmp=J P(_dV)= _f pdV

i 1 (3.24)
Example 3.2. Change in Area of a2 Gas Bubble. Surface work involved is given
by
2
Wsurface = Jl o dA (3.25)
where

o = surface {interfacial) tension of the bubble
A = area of the bubble

Example 3.3. Change in Heat Energy
Temperature = intensive property

The extensive property required to go with temperature, in order to express heat
energy as a product of an intensive property and change in an extensive property
is called entropy, S. In the form of Eqs. 3.24 and 3.25,

2
Q=J T ds

Change in internal energy, AU, is the sum of changes in all forms of energy
taking place in the material in flow, including heat effects, compression effects,
surface effects, chemical effects, and so on:

2 2 2 2 2
AU=I TdS+j p(—dv)+j udA+J mdm,+dem2+---
1 1 1 1 1 (3.27)

where

T = absolute temperatute of the material
§ = absolute entropy of the material

2
J T dS = change in internal energy due to heat effects between
1 states 1 and 2 or points 1 and 2 in the flow system

2
J p(—dV) = change in internal energy due to compression effects be-
1 tween states or points 1 and 2

2
[ o dA = change in internal energy due to surface effects between
1 states 1 and 2
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2
J py dm; = change in internal energy due to chemical effects or
1 changes in component or substance 1, between states 1
and 2

The energy term A{pV) is a complete differential:

2 2

pdV+JVdp

Ay = J , (3.28)

1

Combining Eqgs. 3.1, 3.27, and 3.28,

2 mu2 mgz 2 2
TdS +A|—] + A + Vdp + o dA
1 2gc 8c 1 1

2
+ d 4 oeee = —
L By dimy Q (’5’.29)

In any process, the increase in internal energy due to heat effects [3 T dS is
equal to the sum of the heat absorbed from the surroundings and all other energy
dissipated into heat effects within the system due to irreversibilities such as over-
coming friction occurring in the process. Thus,

2
L TdS'=Q + Iw .30

where

{w = “lost work,” energy that could have done work but was dissipated
in irreversibilities within the flowing material

If Eqgs. 3.29 and 3.30 are combined and rearranged,

2 mu? mgZ 2 2
Vdp + A +A[—I1+ ]| odd + Py dry b e = —w — w
1 2g. & 1 1 (3.31)

These equations contain no limiting assumptions other than no accumulation
of material in the unit and are unrestricted in application to material flowing or
transferred from state 1 to state 2. The equation used is mainly a matter of con-
venience. In natural gas engineering problems, surface and chemical effects are
negligibie and these energy terms are usually dropped from the energy equation.
For example, a fluid flowing through a pipe will usually be free of chemical
changes, surface effects, and so on, and Eq. 3.31 may be written as

2 mif? mgZ
Vdp + A + A =—w—lw
1 28 & (3.32)
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Writing Eq. 3.32 for 2 unit mass of material,

2 At g —
vdp + +—AZ=-W—lIlw
1 ch 8 (333)
‘w = work done per unit mass
w = *

“Jost work”™ per unit mass

If the flow is also approximately isothermal and the fluid is almost incompressible,
the volume of a unit mass may be assumed to be constant and Eq. 3.33 may be
further simplified to

A Au? _
-£+~i+§~AZ=—W—Iw
P 28 B

(3.34)
Equation 3.34 is limited to a material of approximately constant density and is

frequently referred to as Bernoulli’s equation when w and lw are zero.
Recali the following equation:

my® mgZ
AH + A +A =Q-w
28c 8e (3.3)
Equation 3.29 (without surface and chemical effects) can be written as

8¢ i
Comparing Eqgs. 3.5 and 3.29a,

Vdp=Q-w

(3.29a)
fras
AH = TdS + V 4
1 1 F {3.33)
3.5.1 Calcufation of Molal Specific Entropy (s)
As in the case of enthalpy, one can write
l‘z Jz
TdS=Q+Iw=n| Tds
Ji 1 {3.36)
where

n = pound moles of fluid considered
5 = molal specific entropy, Btu/lb-mal °R
Rewriting Eq. 3.35 in terms of molal values,

2 2
M=JT¢+JV@
i

. (3.37)
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where
v = molal specific volume, cu ft/1b-mol

Recall that

an oh
dh=|—] dT+|—] dp
aT/, ap/r 3.9
( ah) _c
T/, " (3.13)
(ah) ( av )
— =v—-T
op/ T 8T /, (3.17)
Thus Eq. 3.9 can be integrated to give
2 2 av
Ah=J. deT+J v—T(—)]dp
1 1 oT/, (3.38)
Solving Eqs. 3.37 and 3.38 for ds yields
C, dT ov
ds = ~=—— — [~ | dp
T oT /p (3.39)

Integration of Eq. 3.39 between two pressure-temperature points will yicld the
difference in entropy. In Brown's enthalpy-entropy charts, the reference state at
which s° = 0 is selected as 32°F and 14.7 psia. For illustrative purposes, calculate
s using this reference state, using an average C, and taking it outside the
integral sign.

Thus,
T ition) EJT 4T 144[? (&v) ;
s{p, I, composition) = B — —
| P Ples T  7182}ur\0T), T (3.40)

(The constant 144 allows pressure to be in psia and 778.2 converts ft-1bf/lb-mol.)
For a given composition gas,

( ft? )_ 10.7322T(°R)
jb-mol p(psia)

Therefore,

(av) _ 10732z 10.732T (62)
aT P P P aT »

Substituting this in Eq. 3.40,

- (T 4T (149)(10.732) | [# {:z PT84
o | - L G [ )
492 . 17 \P 147 P\8T/,
(3.41)
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a9z
In terms of average z and average (5)

- T _ P az p
5=C,In——-1986 | ZIn — + T|—} In——
492 14.7 aT/, 147 (3.42)

When working with teduced parameter z chart, Eq. 3.42 is easier to write in terms
of, reduced variables. Change dz/3T to 1/7, (9z/97,),, and Eq. 3.42 becomes

- - T T Fi)
s{p, T, composition) = C, In— — 1986 | Zz + — | — In —
492 T, \3T,/,, 14.7 (3.43)

Equation 3.43 is written for a reference state of 32°F and 14.7 psia. It can be
modified for any reference state. Equation 3.43 contains three averages. These
can be evaluated as follows (Fig. 3.8):

E = C, area
P T —492°R

_ Z area z area
i=— or
p— 147 pr—pr
(5 ) _ deze area
oT, P, Pr = p?

Example 3.4. Calculation of Thermodynamic Properties from Pressure-Volume-
Temperature and Specific Heat Data. Calculate the molal enthalpy and molal
entropy change, Ak and As, when a quantity of 0.7 specific gravity natural
gas is compressed from 14.7 psia and 100°F to 800 psia and 300°F. Check your
answers against Brown’s enthalpy-entropy chart for 0.7 gravity natural gas given
in Section 3.6.

Solution

Enthalpy Change, Ak

For 0.7 specific gravity natural gas,
Ppc = 667 psia and T, = 392 °R
Using Eq. 3.9,

2 2 (on Z fah
dh = Ah = — | dT + — dp
1 r \8T P r \dP /T

The change in enthalpy may be divided into two processes: change at constant
pressure and change at constant temperature. Consider change from 100°F to
300°F, at a constant pressure of 14.7 psia. The change in enthalpy is given by

2 { an 760°R _
Ak, = (—) dT=|-  €,dT =C, AT
1 \eT/, S6°R



492

Eutropy, § 91
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Fig. 3.8 Averages used in entropy calculation. (After Standing.)
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From Fig. 3.5, C , at an average temperature of 200°F is 11,1 Btu/lb-mo} °F:

= (11.1)(760 - 560) = 2220 Btwlb-mol

Then consider change from 14.7 to 800 psia, at a constant temperature of 300°F.
The change in enthalpy is given by

2 (ah 2 T,.T,2( oz
AhT=J (__) dp = —J 1.986 2| — | dp,,
1 \p/ T 1 Ppr t:’Tpr P

ar
Ahg = —(1.986)(392) (760) JZ ! ( az) d
- L o0
" 392) Ji ppr\Tplp, "
At 800 psi 0 120
514, ,=—=1,
peia: Por = 67
760
At 300°F, T, =— = 1.94
392

From Table 2.4, z-factor equations, for 0.2 < p,, = 1.2 and 1.4 = T,, =< 3.0:
z = p;(0.0657T,, ~ 0.1751) + 0.9968
Thus,

= 0.0657p,,
(aT ) Pr

“Ahy = —(1.986)(392) (760)2J Y d
~Ahr = -986) 39 Por
760 2 14.7
~ (1.986)(392) { —| (0.0657) { — — —| = —226 Btu/Ib-mol
392 667 667

Total enthaipy change is
Ah = Ah, + Ahy = 2220 — 226 = 1994 Btu/lb-mol

From Brown’s h-s chart for 0.7 gravity natural gas (Fig. 3.10), at 14.7 psia and
100°F,

hy = 680 Btu/lb-mol
At 800 psia and 300°F,

h, = 2600 Btu/lb-mol
Ak = hy — ky = 2600 — 680 = 1920 Brwlb-mel
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Entropy change, As
From Eq. 3.43, modified to reflect 100°F rather than 32°F,

— T _ T ( 8z P
Ay =Coln—— 198 | z + —| — In——
560 Toe N 8T/, 14.7

At constant pressure (14.7 psia), E’p at an average temperature of 200°F is 11.1
Btu/lb-mol °F. The average z-factor from p,, = 0.02 to 1.20 at T,,, = 1.94, from
the z-factor chart (Fig. 2.4), is

_ 0.998 + 0.960
2

= 0.979

M1

( 9z ) ( oz )

— —_— +

( dz ) _ T,/ p = o0m T,/ p, = 1.20
Py

9T, 2
az 0.00 + (0.0657)(1.20)

— = = 0.0394
Y. 2

Thus,

760 760 800
As = (11.1) In— — 1.986 | 0.979 +——(0.0394) | In ——
560 392 14.7

I

—4.99 Btu/lb-mol °F

From Brown’s k-s chart for 0.7 gravity natural gas (Fig. 3.10), at 14.7 psia and
100°F,

5, = 1.2 Buu/lb-mol °F
At 800 psia and 300°F,
5y = -3.7
As = 55 — 8 = —3.7 — 1.2 = —4.9 Buwy/lb-mol °F

Example 3.5. Calculate the amount of energy involved in taking 1 MMcf (mea-
sured at 14.73 psia and 60°F) of the 0.7 specific gravity gas of Example 3.4 from
14.7 psiaand 100°F to 800 psia and 300°F, using Edmister’s A/ T, chart and C,, chart.
Solution

Number of moles involved = (1 x 10°)/378.6 = 2641.

For a constant pressure process (at 14.7 psia), the energy required to go from
100 to 300°F is

Ah, = (11.1}300 — 100) = 2220 Btu/lb-mol
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and
AH, = (2641)(2220) = 5.863 x 10° Btu

For constant temperature (300°F) compression, using Fig. 3.7, at T, = 1.94
and p,, = 0.02,

Ah
- ?- = 0.015 or Ak = —0.015T,
at T, =194 and Ppr = 1.20,
Ah
——=0.7 or Al = —0.7T,
T, .
Thus,
Ak = (—0.7 + 0.015)(392) = —268 Btu/lb-mol
and

AHr = (2641)(—268) = —7.092 x 10°
The total energy required is

AH = AH, + AH;
~ 5.863 x 10° — 7.092 x 10° = 5.154 x 10° Btu

3.6 THE ENTHALPY-ENTROPY DIAGRAM (MOLLIER DIAGRAM)

In the analysis of steady-flow processes, an enthalpy-entropy diagram is quite
useful. The enthalpy is the important thermodynamic property in the steady-flow
energy balance, and entropy is the principal property of concern with respect to
the second law. Thus, the coordinates of an k-s diagram represent the two major
properties of interest in the first- and second-law analysis of open systems. The
vertical distance between two states on this diagram is a measure of A/, The
enthalpy change, in turn, is related through the adiabatic steady-flow energy
balance to the work or kinetic-energy changes for turbines, compressors, nozzles,
and so on. The horizontal distance between two states As is a measure of the
degree of irreversibility for an adiabatic process. The isentropic process conven-
iently appears as a vertical line, allowing the end state of an idealized adiabatic
process to be found easily. As a consequence, the k-5 diagram 1s helpful in
visualizing process changes for control-volume analyses.

Brown has prepared enthalpy-entropy diagrams for natural gases. The A-s
diagrams of natural gases of 0.6, 0.7, 0.8, 0.9, and 1.0 gravity are given in Figs. 3.9
to 3.13. The psendocritical temperatures and pressures used are given on the
charts and correspond essentially to hydrocarbon gases. The datum for each chart
is 32°F, 1 atm. A chart for a gas of 0.7 gravity but containing 10 mole % nitrogen is
given by Fig. 3.14. Campbeli presents an f-s chart for an average natural gas
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(0.65—0.75 gravity) in Fig. 3.15. These charts are vseful in finding the tempera-
ture change on expanding or compressing gases and for finding the reversible
work of compression or expansion.

Enthalpy-entropy charts apply only to the gaseous state; if a gas is cooled
below its dew point, condensation occurs and heat removal cannot be determined
directly from the charts.

Example 3.6. Cooling or heating a Gas at Constant Pressure.

(a) What is the amount of heat that must be removed in cooling 1 lb-mol of 0.6
specific gravity natural gas at 200 psia from 600 to 100°F?

(b) If this gas is then heated from 100 to 300°F, how much heat is required per
pound-mole of gas?

Solution

(a) Using Fig. 3.9 for 0.6 gravity natural gas, read the enthalpy at the intersec-
tion of the 600°F line and the 200-psia line, which is 2 = 6100 Btu/ib-mol.
Then follow the 200-psia line to its intersection with the 100°F line and read
the enthalpy ki, of 500 Btw/lb-mol.

Heat removed = A; — h,
= 6100 — 500
= 5600 Btuw/lb-mo}

(b) At 200 psia and 300 °F the enthalpy k3 = 2600 Btw/lb-mol.

Heat added = hy ~ k>
= 2600 — 500
= 2100 Btu/b-mol

Example 3.7. Adiabatic Reversible Expansion of a Gas. 1f 4 0.7 specific gravity
natural gas at 300°F and 500 psia is expanded adiabatically and reversibly to 100
psia, what will be the final temperature of the gas?

Sofution

Using the k-5 diagram for 0.7 gravity natural gas (Fig. 3.10), at the intersection of
the 300°F and 500 psia lines, the entropy s, = —2.5 Btw/Ib-mol °F. In an adiabatic
process no heat is added or removed. Since the process is reversible,

Q=[Tds=0
or
ds=0 and s = constant

Thus a reversible adiabatic process is isentropic. To get the properties at the final
state, follow the entropy line for sy to its intersection with the 100-psia line and
read the temperature T of 105°F.

Example 3.8. Throttling or Joule—Thomson Effect.  1f a gas of 0.8 specific grav-
ity at 2000 psia and 200°F expands through a small orifice without the addition or
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subtraction of heat and is brought finally to its initial velocity and a pressure of 50
psia, what will be its temperature?

Solution

Refer to Fig. 3.11 for 0.8 gravity gas. At the intersection of the 2000-psia and
200°F lines, k; = 700 Btu/lb-mol. Since the heat content is constant, follow the
700 Btwlb-mol to its intersection with the 50-psia line and read the temperature
T, of 100 °F.

In most cases throttling processes occur so rapidly and in such a small space,
that there is neither sufficient time nor a large enough area for much heat transfer.
Therefore, such processes may be assumed to be adiabatic. But they are not
reversibie.

Example 3.9. Adiabatic Reversible Compression. A 0.9 specific gravity natural
gas at 30 psia and 80°F is compressed adiabatically and reversibly to 1000 psia.
What is the temperature of the compressed gas?

Solution

Refer to Fig. 3.12 for 0.9 gravity gas. At the intersection of the 50-psia line and the
80°F line, the entropy s, = —1.3 Btw/lb-mol °F. Then follow the s; = —1.3 line to
its intersection with the 1000-psia line and read 75 = 410°F.

EFxample 3.10. [Isothermal Expansion of a Gas

(a) One pound-mole of 1.0 specific gravity natural gas at 2000 psia and 420°F is
expanded through a throttling valve or orifice and is brought to its initial
velocity and a pressure of 100 psia. How much heat must be added to
maintain the temperature of the gas at 420°F?

(b) What would the temperature be if no heat is added?

Solution

(a) h-s diagram for 1.0 gravity gas is given in Fig. 3.13. The enthalpy at the
intersection of the 420°F and 2000-psia lines is &, = 4700 Btw/l1b-mol. Follow
the 420°F line to its intersection with the 100-psia line and read the enthalpy
h, = 5630 Btu/lb-mol. Since no external work has been done, the amount of
heat added is

hy — ky = 5650 — 4700 = 950 Btu/lb-mol

(b) If no heat is added to the gas the final temperature would be obtained by
following the k, = 4700 Btw/lb-mol line to its intersection with the 100-psia
line. This gives 7, = 362 °F.

Example 3.11. Forty million cubic feet per day (measured at 60°F and 14.73 psia)

of an average natural gas at 240°F are flowing freely through an expansion valve

with the pressure dropping from 2000 to 1000 psia.

(a) What is the temperature change acrass the valve?

(b) What is the maximum work that could be derived from this expanding gas
stream without the use of heat?

(¢} What would be the temperature change on the gas when expanding through
an adiabatic reversible engine?
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Solution

Refer to the k-5 diagram for average natural gas (Fig. 3.15).
{a) At 2000 psia and 240°F,

hy = 1400 Btuw/lb-mol

4000
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Fig. 3.15 Enthalpy-entropy diagram for a 0.65 to 0.75 specific gravity natural gas.
(After Campbell.}
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For the throttling process across the valve the enthalpy is constant. At
1000 psia and A = 1400 Btu/lb-mol,

T, = 212°F

(b), (c¢) Maximum work would be obtained using an adiabatic and reversible
(i.e., isentropic) process. At 2000 psia and 240°F,

5y = —7.00 Btu/lb-moi °F
At 1000 psia and s = —7.00 Btw/lib-mol °F,

T3 = 140 °F
h3 = 560 Btwlb-mol

Work done by gas = —Ak = iy — hz = 1400 — 560 = 840 Btu/lb-mol

ih (bp) 33,000 x €0 2,545 Btuh
Orsepowe =——= t
sepower thp 778.2 : 4

1 Ib-mol occupies 378.6 cu ft at 60°F and 14.73 psia

{40,000,000)(840)
Power = ———————— = 1453 hp
(378.6)(24)(2,545)
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PROBLEMS

3.1 Calculation of Thermodynamic Properties from Pressure-Volume-Tempera-
ture and Specific Heat Data

Calculate the molal enthalpy and molal entropy change, A% and As, when a
quantity of 0.8 specific gravity natural gas is compressed from 50.0 psia and
100°F to 800 psia and 300°F. Check your answers against Brown’s enthalpy-
entropy chart for 0.8 gravity natural gas.
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Calculate the amount of energy involved in taking 1 MMct (measured at
14.73 psia and 60°F) of the 0.8 specific gravity gas of Problem 1 from 14.7
psia and 100°F to 800 psia and 300°F, using Edmister’s Ah/T chart and C,
chart.

Cooling or Heating a Gas at Constant Pressure

(a) Whatis the amount of heat that must be removed in cooling 1 1b-mol of
0.8 specific gravity natural gas at 200 psia from 600 to 100°F?

(b) Ifthis gasis then heated from 100 to 300°F, how much heat is required
per pound-mole of gas?

Adiabatic Reversible Expansion of a Gas

If a 0.8 specific gravity natural gas at 300°F and 500 psia is expanded
adiabatically and reversibly to 100 psia, what will be the final temperature of
the gas?

Throttling or Joule— Thomson Effect

If a gas of 0.6 specific gravity at 2000 psia and 200°F expands through a small

orifice without the addition or subtraction of heat and is brought finally to its

initial velocity and a pressure of 50 psia, what will be its temperature?

Adiabatic Reversible Compression

A 0.8 specific gravity natural gas at 50 psia and 80°F is compressed adiabati-

cally and reversibly to 1000 psia. What is the temperature of the compressed

gas?

Isothermal Expansion of a Gas

(a) One pound-moie of 0.8 specific gravity natural gas at 2000 psia and
420°F is expanded through a throttling valve or orifice and is brought to
its initial velocity and a pressure of 100 psia. How much heat must be
added to maintain the temperature of the gas at 420°F?

{b) What would the temperature be if no heat is added?

Forty million cubic feet per day (measured at 60°F and 14.73 psia) of an

average natural gas at 320°F is flowing freely through an expansion valve

with the pressure dropping from 4000 to 1000 psia.

(a} What is the temperature change across the valve?

(b) What is the maximnm work that could be derived from this expanding
gas stream without the use of heat?

(c) What would be the temperature change on the gas when expanding
through an adiabatic reversible engine?
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SEPARATION AND
PROCESSING

4.1 INTRODUCTION

Some accumulations furnish natural gas of very high purity (almost methane,
CH,). Matural gases of this composition do not require any processing; they only
require a dehydration treatment before being conveyed to the transportation
pipeline. Hydrocarbon streams as produced from other reservoirs are complex
mixtures of hundreds of different compounds. A typical wellstream is a high-
velocity, turbulent, constantly expanding mixture of gases and hydrocarbon liq-
nids, intimately mixed with water vapor, free water, solids, and other contami-
nants. As it flows from the hot, high-pressure petroleum reservoir, the wellstream
undergoes continuous pressure and temperature reduction. Gases evolve from
the liguids, water vapor condenses, and some of the wellstream changes in char-
acter from liquid to bubbles, mist, and free gas. The high-velocity gas carries
liquid droplets, and the liquid carries gas bubbles.

In most cases, the gas, liquid hydrocarbons, and free water should be sepa-
rated as soon as possible after bringing themto the surface; these phasesshould be
handled and transported separately. This separation of liquids from the gas phase
is accomplished by passing the wellstream through an oil-gas or cil-gas-water
separator.

Field processing simply removes undesirable components and separates the
wellstream into salable gas and hydrocarbon liquids, recovering the maximum
amounts of each at the lowest possible overall cost. Field processing of natural gas
consists of four basic processes:

1. Separation of the gas from free liquids such as crude oil, hydrocarbon conden-
sate, water, and entrained solids.

2. Processing the gas to remove condensable and recoverable hydrocarbon
vapors.
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3. Processing the gas to remove condensable water vapor which, under certain
conditions, might cause hydrate formation.

4, Processing the gas to remove other undesirable compounds, suchas hydrogen
sulfide or carbon dioxide.

4.2 GAS AND LIQUID SEPARATION

Separation of wellstream gas front free ligquids is by far the most common of all
field-processing operations and also one of the most critical of the processes.
Composition of the fiuid mixture determines the design criteria for sizing and
selecting a separator for a hydrocarbon stream. 1n the case of low-pressure oil
wells, the liquid phase will be large in volume compared to the gas phase. In the
case of high-pressure gas-distillate wells, the gas volume will be higher compared
to the liquid volume. The liquid produced with high-pressure gas is generaily a
high API gravity hydrocarbon, usually referred to as distillate or condensate.
However, both low-pressure oil wells or high-pressure gas-distillate wells may
contain free water.

Separators are also used in many locations other than at wellhead production
batteries, such as gasoline plants, upstream and downstream of compressors,
liquid traps in gas transmission lines, inlet scrubbers to dehydration units, and gas
sweetening units., At some of these other locations, separators are refemred to as
scrubbers, knockouts, and free liquid knockouts. All these vessels serve the same
primary purpose: to separate free liquids from the gas stream.

A properly designed wellstream separator must perform the following func-
tions:

1. Cause a primary-phase separation of the mostly liquid hydrocarbons from
‘those that are mostly gas.

2. Refine the primary separation by removing most of the entrained liquid mist
from the gas.

3. Further refine the separation by removing the entrained gas from the liquid.

4. Discharge the separated gas and liquid from the vessel and ensure that no
reentrainment of one into the other takes place.
Sivalls has presented an excellent discussion of oil and gas separation. This
development is taken largely after his paper.

4.2.1 Internal Construction of Separators

The principal items of construction that should be present in a good liguid-gas

separator are the same, regardless of the overall shape or configuration of the

vessel. Some of these features are as follows:

1. A centrifugal inlet device where the priary separation of the liquid and gas is
made,
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2. Alarge settling section of sufficient length or height to allow liguid droplets to
settle out of the gas stream with adequate surge room for slugs of liquid.

3. A mistextractor or eliminator near the gas outiet to coalesce small particles of
liguid that will not settle out by gravity.

4, Adequate controls consisting of level control, liquid dump valve, gas back
pressure valve, safety relief valve, pressure gauge, gauge glass, instrument
gas regulator, and piping.

The bulb of the gas-liquid separation accurs in the inlet centrifugal separating
section. Here, the incoming stream is spun around the walls of a small cylinder,
which would be the walls of the vessel in the case of a vertical or spherical
separator. This subjects the fluids to a centrifugal force up to 500 times the force of
gravity. This action stops the horizontal motion of the free liquid entrained in the
gas stream and forces the liquid droplets together where they will fall to the
bottom of the separator into the settling section.

The settling section lets the turbulence of the fluid stream subside and allows
liquid dropiets to fall to the bottom of the vessel because of the difference in the
gravity between the liquid and gas phases. A large open space in the vessel is
adequate for this purpose. Introducing special quieting plates or baffles with
narrow openings only complicates the internal construction of the separator and
provides places for sand, sludge, paraffin, and other materials to collect and
eventually plug the vessel and stop the flow. The separation of liquid and gas using
the centrifugal inlet feature and a large, open settling section produces a more
stable liquid product, which can be contained in atmospheric or low-pressure
storage tanks. Minute scrubbing of the gas phase by use of internal baffling or
plates may produce more liquid to be discharged from the separator, but the
product will not be stable since light ends will be entrained in it, incurring more
vapor losses from the storage system.

Sufficient surge room should be allowed in the settling section to handle slugs
of liquid without carryover to the gas outlet. This can be accomplished to some
extent by placement of the liquid level control in the separator, which in turn
determines the liquid level. The amount of surge room required is often difficult,
if not impossible, to determine from well test or flowing data. In most cases, the
separator size used for a particular application is a compromise between initial
cost and possible surging requirements.

Another major item required for good and complete liquid-gas separation is
a mist eliminator oy extractor near the gas outlet. Small liquid droplets that will
not settle out of the gas stream, due to little or no gravity difference between
them and the gas phase, will be entraited and pass out of the separator with
the gas. This can be almost eliminated by passing the gas through a mist eliminator
near the gas outlet, which has a Jarge surface impingement area. The small liquid
droplets will hit the surfaces, coalesce, and collect to form larger droplets that
will then drain back to the liquid section in the bottom of the vessel. A stainless
steel woven-wire mesh mist eliminator is probably the most efficient type since it
rernoves up to 99.9% or more of the entrained liquids from the gas stream. Tn¥
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type offers more surface area for collecting liquid droplets per unit volume than
vane types, ceramic packing, or other configurations. The vane mist eliminators
apply in areas where there is entrained solid material in the gas phase that may
collect and plug a wire mesh mist eliminator.

4.2.2 Types of Separators

There are four major types or basic configurations of separators, generally avail-
able from manufacturers: vertical, horizontal single tube, horizontal double
tube, and spherical. Each type has specific advantages, and selection is usually
based on which one will accomplish the desired results at the lowest cost.

Vertical

A vertical separator is often used on low to intermediate gas-oil ratio well streams
and where relatively large slugs of liquid are expected. It will handle greater slugs
of liquid without carryover to the gas outlet, and the action of the liquid level
control is not as critical (Fig. 4.1). A vertical separator occupies less floor space,
an important consideration where space might be expensive as on an offshore
platform. Due to the greater vertical distance between the liquid level and the gas
outlet, there is less tendency to revaporize the liquid into the gas phase. However,
because the natural upward flow of gas in a vertical vessel opposes the falling
droplets of liquid, it takes a larger-diameter separator for given gas capacity thana
horizontal vessel. Also, vertical vessels are more expensive to fabricate and ship in
skid-mounted assemblies.

Horizontal Single Tube

The horizontal separator (Fig. 4.2) may be the best separator for the money. The
horizontal separator has a much greater gas-liquid interface area consisting of a
large, long, baffled gas-separation section that permits much higher gas velocities.
This type of separator is easier to skid-mount and service and requires less piping
for field connections and a smaller diameter for a given gas capacity. Several
separators can be stacked easily into stage-separation assemblies, minimizing
space requirements.

In operation, gas flows horizontally and, at the same time, falls toward the
liquid surface. The gas flows in the baffle surfaces and forms a liquid film that is
drained away to the liquid section of the separator. The baifles need only be
fonger than the distance of liquid trajectory travel at the design gas velocity. The
liquid level control placement is more critical than in a vertical separator, and
surge space is somewhat limited, Horizontal separators are almost always used for
high gas-oil ratio well streams, for foaming weil streams, or for lignid-from-liquid
separation.

Horizontal Double Tube

A horizontal double-tube or double-barre} separator (Fig. 4.3) has al} the advan-
tages of a normal horizontal separator plus a much higher liquid capacity. Incom-
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Fig. 4.1 Conventional vertical separator. (Courtesy Petroleum Extension Service.)

Fig. 4.2 Conventional horizontal separator. (Courtesy Petroleum Extension Service.)
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ing free liquid is immediately drained away from the upper section into the lower
section. The upper section is filled with baffles, and gas flow is straight through
and at higher velocities.

Spherical

Spherical separators offer an inexpensive and compact vessel arrangement (Fig.
4.4). However, these types of vessels have a very limited surge space and liquid
settling section. The placesnent and action of the liquid level control in this type of
vessel is very critical.

Three-phase or oil-gas-water separation can be easily accomplished in any
type of separator by installing either special internal baffling to construct a water
leg or water siphon arrangement, or by using an interface liqud level control. A
three-phase feature is difficult to install in a spherical separator because of the
limited internal space available. Figure 4.5 is a horizontal three-phase separator.

L/ {

Fig. 4.3 Conventional horizontal double-barrel separator. (Courtesy Petroleum Exten-
sion Service.)
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Fig. 4.4 Spherical low-pressure separator. (After Sivalls.)



112  Separation aud Processing

CMAQ
Level controls
snap acting
Safety Salety adjustable
Primary valve head it
iquid deans Pressure
: . gassing gauge
scrubher Main ad Final gas mmpanment
oit sr;rubbmg\ scrubbmg Palnt—gas controls
gas and — outlet
water i 4 Gas =] Gas out
inlet S — > 0. 2
O = A Water
>y Water = _w e
Diaphragm
Drain Drain Model DSA
Cleanout ’i“l"id
On Vortex Water j valves
out preventor out
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With three-phase operation, two liquid level controls and two liquid dump valves
are required. Three-phase separators are used commonly for well testing and in
instances where free water readily separates from the oit or condensate.

From an evaluation of the advantages and disadvantages of the various types
of separators, the horizontal single-tube separator has emerged as the one that
gives the most efficient operation for initial investment cost for high-pressure
gas-distillate wells with high gas-oil ratios. For high liquid loadings, vertical
separators should be considered.

4.2.3 Factors Affecting Separation

Separator operating pressure, separator operating temperature, and fluid stream
composition affect the operation and separation between the liquid and gas
phases in a separator. Changes in any one of these factors on a given fluid
wellstream will change the amount of gas and liquid leaving the separator.
Generally, an increase in operating pressure or a decrease in operating tempera-
ture will increase the liquid covered in a separator. However, there are optimum
points in both cases beyond which further changes will not aid in liquid recovery.
In fact, storage system vapor losses may become too great before these points are
reached.

In the case of wellhead separation equipment, an operator generally wants to
determine the optimum conditions for a separator to effect the maximum income.
Again, generally speaking, the liquid recovered is worth more than the gas. So,
high liquid recovery is a desirable feature, providing it can be held in the available
storage system. Also, pipeline requirements for the Btu content of the gas may be
another factor in separator operation. Without the addition of expensive mechan-
ical refrigeration equipment, it is often unfeasible to try to lower the operating
temperature of a separator. However, on most high-pressure wells, an indirect
heater heats the gas prior to pressure reduction to pipeline pressure in a choke. By
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careful operation of this indirect heater, the operator can prevent overheating the
gas stream ahead of the choke, which will adversely affect the temperature of the
separator downstream from the indirect heater.

The operator can also control operating pressure to some extent by use of
back-pressure valves within the limitation of the flowing characteristics of the well
against a set pressure head and the transmission line pressure requirements. As
previously mentioned, higher operating pressure will generally result in higher
liquid recovery.

An analysis can be made using the wellstteam composition to find the
optimum temperature and pressure at which a separator should operate to give
maximurm liquid or gas phase recovery. These calculations, known as flash vapor-
ization calculations, require a trial-and-error solution and are more generally
adapted to solution by a programmed computer. An operator can, however,
make trial settings within the limitations of the equipment to find the operating
conditions that result in the maximum amount of gas or liquids. In the case where
separators are used as scrubbers or knockouts ahead of other treating equipment
Or cOmpressors, it is generally best to remove the maximum amount of liquid from
the gas stream to prevent operational damage to the equipment downstream from
the scrubber.

4.2.4 Separator Design

The following discussion on oil-gas separator design has been adapted from
Sivalls’ excellent treatment of the subject. Sivalls’ tables, graphs, and procedures
are accepted as the standard of the industry.

Gas Capacity

The gas capacity of oil-gas separators has been calculated for many years from the
following empirical relationship proposed by Souders-Brown:

_ 0.5
Ve K [F‘___P_s}
Pg (4.1)
and
Azt
v (4.2)
where

v = superficial gas velocity based on total cross-sectional area of vessel,
fps

A = cross-sectional area of separator, sq ft

g = gas flow rate at operating conditions, cfs

p.. = density of liquid at operating conditions, lbm/cu {t

p; = density of gas at operating conditions, Ibm/cu ft

K = empirical factor
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Vertical separators K = 0.06 to 0.35, avg 0.21
Horizontal separators K = 0.40 10 0.50, avg 0.45
Wire mesh mist eliminators K =0.35

Bubble cap trayed columns K = 0.16 for 24-in. spacing
Valve tray columns K = 0.18 for 24-in. spacing

This relaticnship is based on a superficial vapor velocity through a vessel. The
vapor or gas capacity is then in relationship to the diameter of the vessel. The
formula is also used for other designs such as trayed towers in dehydration or gas
sweetening units and for the sizing of mist eliminators. Therefore, the K-factor for
these is presented along with the factors for vertical and horizontal separators so
the relationship that one bears with the other can be seen.

_ 2-4U(D)2(K)(P)[9L - pg]"--"
z{T + 460) Py

(4.3)

where
¢ = gas capacity at standard conditions, MMscfd
internal diameter, ft
operating pressure, psia
= operating temperature, °F
= gas deviation factor

I

N~ O
1l

Since this equation is empirical, a better determination of separator gas
capacity might be made from actual manufacturers’ field test data. Figures 4.6 to
4.13 are gas capacity charts for various standard size separators based on operat-
ing pressure. These actual manufacturers’ gas capacity charts consider height
differences in vertical separators and length differences in horizontal separators,
which add to the gas capacity of the separators. As can be seen, height and length
differences are not taken into account in the Souders—Brown equation. But field
experience has proved that additional gas capacity can be obtained by increasing
height of vertical separators and length of horizontal separators.

As seen on the sizing charts for horizontal separators, a correction must be
made for the amount of liquid in the bottom of the separator. This is for
single-tube horizontal vessels. One-half full of liquid is more or less standard for
most single-tube horizontal separators. However, the gas capacity can be in-
creased by lowering liquid level to increase the available gas space within the
vessel. Gas capacities of horizontal separators with liquid sections one-half full,
one-third full, or one-quarter full can be determined from the gas capacity charts.

Liquid Capacity

The liquid capacity of a separator is primarily dependent on the retention time of
the liquid within the vessel. Good separation requires sufficient time to obtain an
equilibrium condition between the liquid and gas phase at the temperature and
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pressure of separation. The liquid capacity of a'separator or the settling volume
required based on retention can be determined from the following equation:
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Fig. 4.6 Gas capacity of vertical low-pressure separators. (After Sivalls.)
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where
W = liquid capacity, bbl/day
V = liquid settling volume, bbl
t = retention time, min

Basic design criteria for liquid retention times in separators have been determined
by numerous field tests:

Oil-gas separation 1 min
High-pressure oil-gas-water separation 2 to 5 min
Low-pressure oil-gas-water separation 5 to 10 min at 100°F and up

10 to 15 min at 90°F
15 to 20 min at 80°F
20 to 25 min at 70°F
25 1o 30 min at 60°F

Figures 4.14 and 4.15 are sizing charts for the liquid capacity of horizontal
single-tube high-pressure separators. These are based on the parameters of sepa-
rator working pressure, size, and the depth of liquid used in the liquid settling
section. Tables A.2 to A.J12 list the standard specifications of typical oil-gas
separators and the liquid-settling volumes with the conventional placement of
liquid level controls. The settling volumes may determine the liquid capacity of a
particular vessel. For proper sizing of both, the liquid capacity and gas capacity
required should be determined.

It may be noted that on most high-pressure gas distillate wells the gas-oil ratio
is high, and the gas capacity of a separator is usually the controlling factor.
However, the reverse may be true for low-pressure separators used on well-
streams with low gas-oil ratios. The liquid discharge or dump valve on the
separator should be sized for the pressure drop available and the liquid flow rate.

4.2.5 Stage Separation

Stage separation is a process in which gaseous and liquid hydrocarbons are
separated into vapor and liquid phases by two or more equilibrium flashes at
consecutively lower pressures. As illustrated in Fig. 4.16, two-stage separation
requires two separators and a storage tank; and so on. The tank is always counied
as the final stage of vapor-liquid separation because the final equilibrium flash
occurs in the tank,

The purpose of stage separation is to reduce the pressure on the reservoir
liquids a little at a time, in steps or stages, so that a more stable stock-tank liquid
will result. The ideal method of separation, to attain maximum liguid recovery,
would be that of differential liberation of gas by means of a steady decrease in
pressure from that existing in the reservoir to the stock-tank pressure, However,
to carry out this differentia) process would require an infinite number of separa-
tion stages. Differential liberation can be closely approached by using three or
more series-connected stages of separation, in each of which flash vaporization
takes place.
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Fig. 4.9 Gas capacity of horizontal low-pressure separators. (After Sivalls.)

In high-pressure gas-condensate separation systems, it is generally accepted
that a stepwise reduction of the pressure on the liquid condensate will apprectably
increase the recovery of stock tank liquids. The calculation of the actual perfor-
mance of the various separators in a multistage separation system can be made as
described above using the initial wellstream composition and the operating tem-
peratures and pressures of the various stages. However, in the absence of a
computer to perform a complete set of flash vaporizatior calculations, general
guidelines can be furnished to estimate the anticipated performarnce of multistage
separation units.

Although three to four stages of separation theoretically would increase the
liquid recovery over two stages, the net increase over two-stage separation will
rarely pay out the cost of the second or third separator. Therefore, it has been
generally accepted that two stages of separation plus the stock tank are considered
optimum. Actual increase in liquid recovery for two-stage separation over single-
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Fig, 4.10 Gas capacity of horizontal high-pressure separators. {After Sivalls.)

stage will vary from 2 to 12%, depending on the wellstream composition, operat-
ing pressures, and temperatures. However, 20 to 25% increases in recoveries have
been reported.

The optimum high stage or first separator operating pressure is generally
governed by the gas transmission line pressure and operating characteristics of the
well. These range from 600 to 1200 psi. If the transmission line pressure is at least
600 psi, operators will generally let the first-stage separator ride the line or
operate at the transmission line pressure. For each high or first-stage pressure,
there is an optimum low-stage separation pressure that will afford the maximum
liguid recovery. This operating pressure can be determined from an equation
based on equal pressure ratios between the stages (Campbell):
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R = (ﬂ) 1/n
Ps 4.5

or
71 1
, =" = p(R
P R ps(R) (4.6)

where

R = pressure ratio

n = number of stages — 1

p, = first-stage or high-pressure separator pressure, psia

pz = second-stage or low-pressure separator pressure, psia

stock tank pressure, psia

=
I
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Fig. 416 Stage separation flow diagrams. (Courtesy Petroleum Extension Service.)

The magnitude of stock tank liquid recoveries are not considered in the equation.

Figure 4.17 has been prepared to determine the optimum low-stage separator
pressure based on the high-stage separator pressure with additional parameters of
overall stock tank liquid recovery. This information has been determined from
extensive field test data.

Figure 4.18 is a chart illustrating the average percent increase in liquid
recovery for two-stage separation over single-stage separation. By using this, an
operator can rapidly determine the payout of additional equipment required.
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From Fig. 4.18 it also can be seen that additional recovery can be obtained by
using 15-psig pressure distillate storage tanks rather than atmospheric storage
tanks.

4.2.6 Low-lemperaifure Separation

A low-temperalute separation unit is another type of equipment employed for
gas-liquid separation that consists primarily of a high-pressure separator, pres-
sure-reducing chokes, and various pieces of heat exchange equipment. As de-
scribed previously, lowering the operating temperature of a separator increases
the liquid recovery. When the pressure is reduced on a high-pressure gas con-
densate stream by use of a pressure-reducing choke, the fluid temperature also
decreases. This is known as ihe Joule—Thomson or throttling effect, which is an
irreversible adiabatic process where the heat content of the gas remains the same
across the choke but the pressure and temperature of the gas stream is reduced
(Katz et al.).

Low-temperature separation is probably the most efficient means yet devised
for handling high-pressure gas and condensate at the wellhead. The process
separates water and hvdrocarbon liquids from the inlet welistream, recovers more
Jiguids from the gas than can be recovered with normal-temperature separators,
and dehydrates gas, usually to pipeline specifications.
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By special construction of low-temperature separation units, the pressure-
reducing choke is mounted directly on the inlet of the high-pressure separator.
Hydrates formed downstream of the choke due to the low gas temperature after
the pressure reduction are blown into the separator and fall to the bottom settling
section where they are heated and melted by liguid beating coils located in the
bottom of the vessel. The low-temperature effect is used in low-temperature units
to increase the liquid recovery. The lower the operating temperature of the
separator, the higher the liquid recovery will be. However, the maximum flowing
pressure from the well at a given flow rate and the transmission line pressure will
indicate the maximum amount of pressure drop available across the choke.

Enthalpy curves on natural gas can be used to determine the temperature
drop expected based on the available pressure drop. Figure 4.19 illustrates natural
gas expansion-temperature reduction curves for 0.7 specific gravity gas. This chart
shows that a 1500-psi drop from 3000 psi at 120°F will provide a final temperature
of only 78°F, while a 1500-psi drop from 2000 psi at 120°F will give a final
temperature of 49°F. The actual temperature drop per pounds per sqnare inch of
pressure drop will depend on composition of gas stream, gas and liquid flow rates,
bath temperature, and ambient temperature,

In general, at least a 2500- and 3000-psi pressure drop should be available
from wellhead flowing pressure to pipeline pressure before a low-temperature
separation unit will pay out in increased liquid recovery. The lowest operating
temperature recommended for low-temperature units is usually around —20°F.
Carbon steel embrittlement occurs below this temperature and high-alioy steels
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for lower temperatures are usually not economical for most oil field installations.
Generally, low-temperature separation units are operated in the range of 0 to
20°F.

Figure 4.20 is a chart showing the effect of separation temperature on liquid
recovery. This chart assists the operator in feasibility studies to determine if
low-temperature separation equipment will pay out on a given welistream. The
purpose of this chart is to estimate the liquid recovery at a lower temperature of
separation knowing the recovery or gas-oil ratio that can be obtained by conven-
tional separation methods. This chart can also be used to sce what effect lowering
the operating temperature in conventional separation equipment would have on
the liquid recovery.

Example 4.1. Size a standard oil-gas separator both vertically and horizontally
for the following conditions:

Gas flow rate 5.0 MMscfd
Operating pressure 800 psig
Condensate flow rate 20 bbl/MMscf

Solution

Total liquid capacity = 20 (5.0} = 100 bbl/day
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From Fig. 4.7, at 800-psig operating pressure, a 20 in. X 7 ft, 6 in. vertical
separator will handle 5.4 MMscfd. From Table A.5,a20in. x 7ft, 6in. separator
will handle the following liquid capacity:
_ 1440V 1440(0.65)
¢ 1.0

= 936 bbl/day

From Fig. 4.10, at 800-psig operating pressure and one-half full of liguid, a 16
in, x 5 {t horizontal separator will handle 5.1 MMscfd. From Table A.9, a 16
in. x 5 ft separator will handle
1440V 1440(0.61)
W= =
t 1.0

= 878 bbl/day

Therefore, a smaller horizontal separator would be tequired and would be more
economical. For the operating pressure involved, at least a 1000-psig working
pressure separator should be used.

Example 4.2. Size a standard vertical oil-gas separator for the following condi-
tions:

Oil flow rate 2500 bbl/day
Gas-oil ratio 1000
Operating pressure 50 psig

Solution

Gas flow rate = 1000 (2500) = 2,500,000 cfd
= 2.5 MMscfd

From Fig. 4.6, at 50-psig operating pressure, a 36 in. X 5 ft vertical separator
will handle 2.9 MMSscfd. From Table A.3, a 36 in. X 5 ft separator will handle

1440V 1440(1.61)
! 1.0

w

= 2,318 bbi/day

Therefore, a larger separator will be required to handle the liquid load. A 30
in. x 10 fi separator will handle
1440(2.06
w = 144002.06)

= 2,966 bbl/day
1.0

The gas capacity of a30in. X 10ft separatoris3.75 MMscfd. In fact, the diameter
of a separator generally controls the price and a 30 in. X 10 ft separator will
probably be cheaper than one that is 36 in. X 5 ft.

Example 4.3. A?20in. x 10ft, 100-psi working pressure (WP) horizontal separa-
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tor is operated at one-half full liquid capacity. Can it be used on a well with the
following conditions:

Gas flow rate 9.0 MMscfd
Line pressure 500 psig
Solution
From Fig. 4.10,a 20in. X 10 ft separator will handle only 8.1 MMscfd at 500
psig. But, if a gas back-pressure valve were put on the separator and held at 800
psig, the separator would handle 10.2 MMscfd. This is accepted procedure, pro-
viding the well will flow the desired rate at 800 psig.

Example 4.4.  Size a horizontal high-pressure separator for the following condi-
tions:

Gas flow rate 10.0 MMscfd
Operating pressure 800 psig
Condensate load 500 bbl/day
Water load 100 bbl/day

Solution
From Fig. 4.10, at 800-psig operating pressure, a 20 in. x 10 ft horizontal
separator will handle 10.2 MMscfd operating one-half full liquid capacity. Where
three-phase operation is required in a horizontal separator, the liquid section
should be one-half full; otherwise, the level control action becomes too critical,
From Table A.9, the liquid capacity will be

1440V 1440(1.80)
t 5.0

= 518 bbl/day

Therefore, the 20 in. x 10 ft separator will net handle the combined liquid load of
500 + 100 = 600 bbl/day. Five minute retention time is used as a conservative
figure without any additional information.

From Table A.9, a separator with more settling volume is 24 in. X 10 fi. Its
liquid capacity is

1440(2.63
w = 1440Q2.63)

= 757 bbliday
5.0

The gas capacity of a 24 in. x 10 ft separator at 800 psig is 15.0 MMscfd.

Example 4.5. A well test was made using a simple high pressure separator and an
atmospheric stock tank and the following results were obtained:

Gas flow rate 10.0 MMscfd
Operating pressure 800 psig
Condensate recovery 500 bbl/day
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What additional tecovery could be expected using two-stage separation and
15-psig pressure storage tanks?
Solution

From Fig. 4.18, using the top curve at 800 psig, a 15.3% increase could be
expected. This would result in, 500{0.153) = 76.5 bbl/day additional condensate
recovery.

Example 4.6.  On the test of a high-pressure gas-condensate well the following
data were recorded:

Gas flow rate 10.0 MMscfd
Operating pressure 800 psig
Condensate recovery 200 bbl/day
Separator temperature 85°F

What additional recovery could be expected vsing a low-temperature separation
unit operating at 20°F?
Solution

y 200 bbl/day
Liquid flow rate = —————— = 20 b/MMscf
10.0 MMscfd

From Fig. 4.20, following the dotted lines, the recovery would go from 20
bbl/MMcf to 25.7 bb/MMcf, or an additional 5.7 bbl/MMscf = 57 bb¥/day.

4.3 DEHYDRATION OF NATURAL GAS

Natural gas destined for transport by pipeline must meet certain specifications.
Items usually included in the United States and Canada are maximum water
content (water dew point), maximum condensable hydrocarbon content (hydro-
carbon dew point), allowable concentrations of contaminants such as H;S, CO,,
mercaptans, minimum heating value, and cleanliness (allowabie solids content).
In addition there will be specificaticns regarding delivery pressure, rate, and
possibly temperature.

The reservoir fluids flowing to the surface during production operations
normally contain water regardless of which zone the well has been completed in,
as shown in Fig. 4.21. The gas-producing zone of a reservoir tends to contain more
water vapor and less liquid or free water than the oil-producing zone. Water vapor
is probably the most common undesirable impurity found in untreated natural
gas. The principal reasons for the removal of water vapor from natural gas for
Jong-distance transmission include the following:

1. Liguid water and patural gas can form solid, ice-like hydrates that piug
equipment.
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Fig. 4.21 Typical oil and gas reservoir. (After Guenther.)

2. Natural gas containing liquid water is corrosive, particularly if it also contains
C02 or st

3. Water vapor in natural gas may condense in pipelines potentially causing
slugging flow conditions.

4, Water vapor increases the volume and decreases the heating value of natural
gas; this leads to reduced line capacity.

4.3.1 Water Conlent of Natural Gas Streams
(No Deleterious Contaminants)

All natural gases contain water vapor to some degree. Solubility of water in-
creases as temperature increases and decreases as pressure increases. Salts dis-
solved in the liquid water in equilibrium with natural gas reduce the water content
of the gas. Water content is usually expressed as pounds of water per millicn
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standard cubic feet of natural gas (Jbm/MMscf). Values are best obtained from
correlations of experimenta$ data such as the McKetta and Wehe chart given in
Fig. 4.22. Typical values are

Reservoir gas (5000 psig/250°F) = 500 lbm/MMscf
Trap gas (500 psig/125°F) = 400 ibm/MMscf
Pipeline gas = 6—8 lbm/MMscf

The term dehydration means removal of water vapor. The water content of
natural gas is indirectly indicated by the dew point. The dew point may be defined
as the temperature at which the natural gas is saturated with water vapor at a given
pressure. At the dew point, natural gas is in equilibrinm with liquid water; a
decrease in temperature or an increase in pressure will cause the water vapor to
begin condensing. The difference between the dew point temperature of a water-
saturated gas stream and the same stream after it has been dehydrated is known as
the dew point depression.

To iflustrate the concept of dew point depression, assume that natural pas at
500 psia and 60°F at the saturation point contains 30 lbm of water per 1 million cu
ft. The dew point of this gas is 60°F. Suppose this natural gas is going to be
transported in a pipeline at 20°F. The saturation point will then be 7 lbm of
water/MMcf. The original 30 Ibm of water, if left in the gas, will exist in the form of
7 lbm of water vapor and 23 1bm of free water/MMcf if the pressure remains the
same. This free water is a potential source of hydrates to form and plug the lire.
Suppose the natural gas is processed in a dehydration unit and the dew point is
depressed 50°F. This means that no free water will exist in the gas until the
temperature goes to 10°F or lower. Gas at 500 psia and 10°F contains about 5 Ibm
of water vapor/MMcf. The dehydration unit must remove 25 Ibm of water from
each 1 million cu ft of gas in order to achieve the 50°F dew point depression.

Estimating Water Content

A reliable technique for estimating the saturated water vapor content of natural

gas is fundamental to the design and operation of dehydration equipment. Several

of these methods that relate water content and dew point are summarized below.

1. The correlation of McCarthy, Boyd, and Reid can be used for most natural
gas dehydration applications and will generally resuit in reasonably conserva-
tive designs. Their chart is presented in Fig. 4.23.

2. The correlation of McKetta and Wehe (Fig. 4.22) is similar to McCarthy,
Bovd, and Reid and includes correlation factors for produced water salinity
and gas specific gravity.

3. Ator near atmospheric pressure, Dalton’s law of partial pressures is valid and
may be used to estimate the water vapor conient of gas.

4. The Natural Gas Processors Suppliers Association has described a method for
predicting the water content of sour natural gas using the data of Weibe and
Gaddy for CO; and the data of Selleck, Carmichael, and Sage for H,S.
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5. The most rigorous approach uses physical chemistry techniques to account for
the effect of differences in gas composition on water vapor content. This
method was developed by Sharma and Campbell.

In almost all cases, the inlet natural gas to a dehydration system will be
saturated with water vapor at process temperature and pressure, but the upstream
process configuration should be examined to confirm this. Note, however, that
the assumption of saturation is a conservative approach.

4.3.2 Hydrate Control in Gas Production

Gas producers, processors, and pipeline operators have often been plagued by
operating difficulties that cause undesirable and costly interruptions in gas pro-
duction, field processing, and distribution. While many operating difficalties are
mechanical in nature, two constantly recurring operating problems, gas hydrate
formation and freeze-up in separator water dump lines, are more costly and more
serious than others.

These difficulties most often occur in cold whether when seasonal demand for
gas is at its highest level, thus making shutdowns or interruptions in production or
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gas service most expensive. These two operating problems are somewhat related,
and their solutions in some cases are quite similar.

Gas Hydrate Formation

Natural gas hydrates are solid crystalline compounds formed by the chemical
combination of natural gas and water under pressure at temperatures considera-
bly above the freezing point of water. In the presence of free water, hydrates will
form when the temperature is below a certain degree (hydrate temperature). The
chemical formulas for natural gas hydrates are:

Methane CH,4-7H,0
Ethane C;He-8HO
Propane C3Hy-18H,0
Carbon dioxide CO,-7TH,0

Gas hydrate crystals resemble ice or wet snow in appearance but do not have
ice’s solid structure, are much less dense, and exhibit properties that are generally
associated with chemical compounds. The main framework of their structure is
water; the hydrocarbon molecule occupies the void space in a crystalline network
held together by chemically weak bonds with the water. The water framework is
icelike; unlike ice, however, it has void space and a network structure.

Hydrate formation is often confused with condensation, and the distinction
between the two must be clearly understood. Condensation of water from a
natural gas under pressure occurs when the temperature is at or below the dew
point at that pressure. Free water obtained under such conditions is essential to
formation of hydrates, which will occur at or below the hydrate temperature at the
same pressure. Hence, the hydrate temperature would be less than or equal to the
dew point temperature.

During the flow of natural gas, it becomes necessary to define, and thereby
avoid, conditions that promote the formation of hydrates. This is essential since
hydrates may choke the flow string, surface lines, and other equipment. Hydrate
formation in the flow string results in a lower value for measured wellhead
pressures. In a flow rate measuring device, hydrate formationresults in lower flow
rates. Excessive hydrate formation may also completely block flow lines and
surface equipment.

The conditions that tend to promote the formation of natural gas hydrates
are:

1, Natural gas at or below its water dew point with liquid water present.

2. Temperatures below the “hydrate formation™ temperature for the pressure
and gas composition considered.

3. High operating pressures that increase the “‘hydrate formation” temperature.
4. High velocity or agitation through piping or equipment.

5. Presence of a small *seed” crystal of hydrate.
6

. Presence of H,S or CO; is conducive to hydrate formation since these acid
gases are more soluble in water than hydrocarbons.
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A rigorous technique for predicting conditions for hydrate formation in-
volves the use of vapor-solid equilibrium constants (Katz et al.). The calcula-
tions are analogous to a dew point calculation for multicomponent mixtures. This
method of hydrate prediction has proved to be rather teliable, as have the
methods of McLeod & Campbell and Trekell & Campbell.

Figures 4.22 and 4.23 show hydrate formation lines for 0.6 gravity gas.
Hydrates tend to form to the left of these lines.

Figures 4.24 to 4.29 present data that may be used for first approximations of
hydrate formation conditions and for estimating permissible expansion of natural
gases without the formation of hydrates. It is convenient to divide hydrate
formation into two categories: (1) hydrate formation due to a decrease in tem-
perature with no sudden pressure drop, such as in the flow string or surface line,
and (2) hydrate formation where a sudden expansion occurs, such as in flow
provers, orifices, back-pressure regulators, or chokes.
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Fig. 424 Pressure-temperature curves for predicting hydrate formation. (Courtesy Gas
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1. Hydrate Formation in the Flow String and Surface Lines. The hydrate
temperature depends on the pressure and composition, reflected by the gravity of
the gas. Figure 4.24 gives approximate values of the hydrate temperature as a
function of pressure and specific gravity. Hydrates will form whenever tempera-
ture and pressure plot to the left of the hydrate formation line for the gas in
question.

Example 4.7.
(a) A certain natural gas has a specific gravity of 0.693. If the gas is at 50°F, what
would be the pressure above which hydrates could be expected to form?
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(b) A gas of specific gravity 0.8 is at a pressure of 1000 psia. To what extent can
the temperature be lowered without hydrate formation, assuming presence
of free water?

Solution

(a) From Fig. 4.24 at 50°F,

p = 480 psia for 0.6-gravity gas
p = 320 psia for 0.7-gravity gas
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Using linear interpolation,

0.693 ~ 0.6
p = 480 — | (480 — 320) X |—————]| = 480 — 148
0.7 - 0.6

= 332 psia for 0.693-gravity gas

Hydrates will form above a pressure of 332 psia.
(b} From Fig. 4.24, at a specific gravity of 0.8 and a pressure of 1000 psia,
hydrate temperature is 66°F. Thus, hydrates may form at or below 56°F.
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Fig. 4.28 Permissible expansion of a 0.9-gravity natnral gas without hydrate formation.
(Courtesy Gas Processors Suppliers Assoc.)

2. Hydrate Formation in Flow Provers, Orifices, and Back-pressure Regulators.
Sudden expansion in one of these devices is accompanied by a temperature drop
that may cause hydrate formation. Figures 4.25 to 4.29 may be used to approxi-
mate the conditions for hydrate formation.

Example 4.8.

(a) How far can a 0.8-gravity gas at 1000 psia and 100°F be expanded without
hydrate formation?

(b) How far can a 0.7-gravity gas at 800 psia and 100°F be expanded without
hydrate formation, assuming presence of free water?
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Fig. 4.29 Permissible expansion of a 1.0-gravity natural gas without hydrate formation.
{Courtesy Gas Processors Suppliers Assoc.)

(c) A 0.6-gravity pas is to be expanded from 1000 psia to 400 psia. What is the
minimum initial temperature that will permit expansion without danger of
hydrate formation?

Solution

(a) The intersection of the 1000 psia initial pressure line with the 100°F initial
temperature curve gives a final pressure of 440 psia (Fig. 4.27). Hence, this
gas may be expanded to a final pressure of 440 psia without a possibility of
hydrate formation.

(b) The 100°F initial temperature curve does not intersect the 800-psia initial
pressure line (Fig. 4.26). Hence, this gas may be expanded to atmospheric
pressure witheout hydrate formation,

(c) The intersection of the 1000-psia initial pressure line and the 400-psia final
pressure line gives an initial temperature of 78°F (Fig. 4.25). Hence, 78°F is
the mirimum initial temperature to avoid hydrate formation.
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Figures 4.24 to 4.29 are strictly applicable to sweet natural gases. For
sour gases, they may be used, keeping in mind that the presence of H,S and
CO; will increase the hydrate temperature and reduce the pressure above
which hydrates will form. In other words, the presence of H,S or CO,
increases the possibility of hydrate formation.

Preventing Hydrate Formation

The hydrate formation line in Fig. 4.22 or 4.23 shows that hydrate formation can
be prevented by heating the cold, unprocessed wellstream. If the pressure and
water content of the gas remain constant during heating, the gas will become
undersaturated, thereby eliminating one of the conditions for hydrate formation.
If the lines and equipment must be maintained below the hydrate point, the water
must be inhibited for trouble-free operation. Methanol, ethylene glycol {(EG),
and diethylene glycol (DEG) are commonly injected into gas streams to depress
the freezing point. All of these inhibitors can be recovered and recycled; however,
the recovery of methanol is often uneconomical. Hydrate inhibitor injection does
not always provide the ultimate degree of dehydration specified by the purchaser
or required by the process conditions.

Methanol injection systems are frequently installed at facilities where low gas
volumes prohibit dehydration or other means of hydrate inhibition that require
high capital investments, equipment is temporary until a decision regarding a
permanent facility is made, or hydrate problems are relatively mild, infrequent,
seasonal, or expected during start-up such that hydrate inhibition by methanol
supplements a primary dehydration system. EG and DEG are injected primarily
at low-temperature processing plants for extracting natural gas liquids. The glycol
prevents freezing in these plants during the condensation of water and hydrocar-
bons. The water phase of the process liquid contains the EG or DEG, which is
always recovered and regenerated.

4.3.3 Dehydration Systems

There are essentially four methods in current wse for dehydrating gases: direct
cooling, compression followed by coocling, absorption, and adsorption. General-
Iy, the first two methods do not result in sufficiently low water dew points to
permit injection into a pipeline. Additional dehydration by absorption or adsorp-
tion may be required.

Water vapor may be removed from natural gas by bubbling the gas counter
currently through certain liquids that have a special attraction or affinity for
water, When water vapors are removed by this process, the operation is called
absorption. There are also solids that have an affinity for water. When gas flows
through a bed of such granular solids, the water is retained on the surface of the
particles of the solid material. This process is called adsorption. The vessel in
which either absorption or adsorption takes place is called the contactor orsorber.
The liquid or solid having affinity for water and used in the contactor in connec-
tion with cither of the processes is called the desiccant.
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There are two major types of dehydration equipment in use at this time: the
liquid desiccant dehydrator and the solid desiccant dehydrator. Each has its
special advantages and disadvantages and its own field of particular usefuiness.
Practically all the gas moved through transmission lines is dehydrated by one of
these methods.

Dehydration by Cooling

Examination of the water vapor saturation chart, Fig. 4.22 or 4.23, shows that the
ability of natural gas to contain water vapor decreases as the temperature is
lowered at constant pressure. Cooling for the specific purpose of gas dehydration
is sometimes economical if the gas temperature is unusually high. Cooling is often
used in conjunction with other dehydration processes. This method is limited in
that gases dehydrated by cooling are still at their water dew point unless the
temperature is raised again or the pressure is decreased.

Gas processing facilities that cool water may use different methods. In one
type, some water is condensed and removed from gas at compressor stations by
the compressor discharge coolers. Note that the saturation water content of gases
decreases at higher pressure (see Fig. 4.22 or 4.23).

Low-temperature separation systems use the expansion-refrigeration cooling
of the Joule—Thomson effect to condense water and hydrocarbons from the gas,
In this method, hydrates are intentionally allowed to form by expanding the gas
from wellhead pressure to pipeline pressure. The resulting dry gas, hydrates, and
gas contdensate enter a separator containing coils through which the warm weli-
stream flows to meit the hydrates. EG or DEG may be injected if the available
wellhead pressure is insufficient to produce the required dehydration by expan-
sion alone. Low-temperature separation can be an attractive technique since it
can dehydrate gas as well as recover valuable liquid hydrocarbons.

All recent lean oil absorption gas plants use mechanical refrigeration to chill
the inlet gas stream. EG is usually injected into the gas chilling section of the
plant, which simultancously dehydrates the gas and recovers liquid hydrocarbons,
in a manner similar to the low-temperature separators.

Adsorption of Water Yapor by Solid Desiccants

Adsorption is defined as the ability of a substance to hold gases or liquids on its
surface. This property occurs to a greater or lesser extent on all surfaces. Dehy-
dration plants using solid desiccants can remove practically ail water from natural
gas (as low as 1 ppm). They can be used with temperatures higher than those for
which glycol plants are satisfactory. Becaunse of their great drying ability, solid
desiccants may be employed where higher efficiencies are required.

In adsorption dehydration, the water vapor from the gas is concentrated and
held at the surface of the solid desiccant by forces thought to be caused by residual
valency. Solid desiccants have very large surface areas per unit weight to take
advantage of these surface forces. The most common solid adsorbents include
silica, alumina, and certain silicates known as molecular sieves.

Figure 4.30 shows a typical solid desiccant dehydration plant. The incoming
wet gas must be carefully cleaned, preferably by a filter separator, to remove
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Fig. 4.30 Typical solid desiccaut dehydration plant. (After Guenther.)

virtually all solid and liquid contaminants in the gas. The filtered liquid-free gas
generally flows downward during dehydration through one adsorber containing a
desiccant bed. The downflow arrangement lessens disturbance of the bed due to
high gas velocity during the dehydration or adsorption step. While one adsorber is
dehydrating, the other adsorber is being regenerated by a hotslip stream of inlet
gas from the regeneration gas heater.

Although Fig. 4.30 shows a direct-fired heater, hot cil, steam, or an indirect
heater can supply the necessary regeneration heat. The regeneration gas normally
flows upward through the bed to ensure thorough regeneration of the bottom of
the bed, which is the last area contacted by the gas being dehydrated. The hot
regenerated bed is cooled by shutting off or bypassing the heater. The cooling gas
flows downward through the bed so that any water adsorbed from the cooling gas
will be at the top of the bed and will not be desorbed into the gas during the
dehydration step. The still hot regeneration gas and the cooling gas flow through
the regeneration gas cooler to condense the desorbed water. Power-operated
valves activated by a timing device switch the adsorbers between the dehydration,
regeneration, and cooling steps.

Figure 4.31 illustrates the relationship between regeneration-gas tempera-
ture and desiccant-bed temperature for a typical 8-hr regeneration cycle. Initially,
the hot regeneration gas must heat the tower and desiccant, At about 240°F, water
begins boiling or vaporizing and the bed continues to heat up, but more slowly
since water is being driven out of the desiccant. After all the water has been
removed, heating is continued to drive off any heavier hydrocarbons and contam-
inants, which would not vaporize at low temperatures. With cycle times of 4 hr or
greater, the bed will be properly regenerated when the outlet-gas temperature has
reached 350 to 375°F. Following the heating cycle, the bed will be cooled by
flowing unheated regeneration gas through the bed. The cooling cycle will nor-
mally be terminated when bed temperature has dropped to about 125°F since
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desiccant dehydrator. {Courtesy Petroleum Extension Service.)

further cooling might cause water to condense from the wet gas stream and
presaturate the bed before the next adsorption cycle begins,

The usable life of a desiccant may range from 1 to 4 years in normal service.
All desiccants become less effective in normal use through loss of effective surface
area. The loss of effective surface area is rapid at first, then becomes more gradual
as the desiccant ages. Abnormally fast degradation occurs through blockage of the
small pores and capillary openings, which contain most of the effective surface
area. Lubricating oils, amines, glycols, corrosion inhibitors, and other contami-
nants, which cannot be removed during regeneration cycle, will eventually ruin
the bed. Hydrogen sulfide may poison the desiccant and reduce its capacity.
Activated alumina has good resistance to liquids, but it tends to powder due to
mechanical agitation of the flowing gas.

There are several advantages of solid-desiccant dehydration. First, fower
dew points are obtainable over a wide range of operating conditions. Second,
essentially dry gas (moisture content less than 1.0 Ib/MMcf} can be produced.
Third, higher contact temperatures can be tolerated with some adsorbents.
Fourth, greater adaptability is offered to sudden load changes, especially on
starting up, Fifth, the plant may be put in operation more quickly after a shut-
down. In some cases adsorption temperatures up to 125°F have been reported for
silica gel adsorbents. Finally, adaptability for Tecovery of certain liquid hydrocar-
bons is high in addition to dehydration functions.

However, there are also operating problems. Space adsorbents degenerate
with use and eventually require replacement. And, the amount of water vapor
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adsorbed per regeneration decreases with continued use. Loss in capacity may be
accelerated by collecting contaminants like compressor cylinder oil deposited in
desiccant beds. For a third problem, a tower must be regenerated, cooled, and
readied for operation as another tower approaches exhaustion. With more than
two towers involved, this operation is relatively complicated. If operation is on a
time cycle, maximumn allowable time on dehydration gradually shortens because
desiccant loses capacity with use.

Unloading towers and recharging them with new desiccant should be com-
pleted well ahead of the operating season. In the interest of maintaining continu-
ous operation when most needed, this may require discarding desiccant before the
end of its normal operating life. To conserve material, the inlet part of the tower
may be recharged and the remainder of the desiccant retained since it may stil}
possess some useful life. Additional service life may be obtained if the direction of
gas flow is reversed at a time when the tower would normally be recharged.

Sudden pressure surges should be avoided. They may upset the desiccant bed
and channel the gas stream with poor dehydration. If a plant is operated above its
rated capacity, pressure loss will increase and some attrition may occur. Attrition
causes fines, which may in turn cause excessive pressure loss with resulting loss in
capacity. Finally, if water cooling is used during the reactivating cycle, provision
must be made against freezing in water coolers. This problem generally occurs
only during cooler shutdown.

Absorption of Water Vapor by Liquid Desiccants

In absorption dehydration, the water vapor is removed from the gas by intimate
contact with a hygroscopic liquid desiccant. The contacting is usually performed in
trayed or packed towers. The glycols have proved to be the most effective liquid
desiccants in current use. The four types of giycol that have been successfully used
to dehydrate natural gas are ethylene glycol (EG), diethylene glycol {DEG),
triethylene glycol (TEG), and tetracthylene glycol (T4EG).

In almost al! cases a single type of pure glycol is used; however, under certain
circumstances, a glycol blend may be economically attractive. In over 40 years of
use in the gas industry, TEG has gained nearly universal acceptance as the most
cost effective of the glycols due to superior dew point depression, operating cost,
and operation reliability. Glycol dehydration is usnally economically more attrac-
tive than solid-desiccant dehydration when both processes are capable of meeting
the required dew point. It has been reported that a solid-desiccant plant designed
for 10 MMscfd costs approximately 53% more than a TEG plant, and that a solid-
desiccant plant designed for 50 MMscfd costs approximately 33% more than a
TEG plant {Guenther).

Triethylene glycol has been successfully used to dehydrate sweet and sour
natural gases over the following range of operating conditions:

Dew point depression 40—140°F
Gas pressure 25-2500 psig
Gas temperature 40~160°F
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The dew point depression obtained depends on the equilibrium dew point tem-
perature for a given TEG concentration and contact temperature. Increased
glycol viscosily may be a problem at the lower end of the contact temperature
range; consequently, heating of the natural gas may be desirable. Very hot gas
streams contain more water, vaporize more TEG, have lower equilibrium dew
points, and are therefore often cooled prior to dehydration.

The wet inlet gas must be free of liquid water and hydrocarbons, wax, sand,
drilling muds, and so on. The presence of any of these substances can cause severe
foaming, flooding, higher glycol losses, poor efficiency, and increased mainte-
nance in the dehydration tower or absorber. These impurites should be removed
upstream of the absorber by an efficient scrubber, separator, or even a filter
separator for very contaminated gases.

Methanol, injected at the wellhead as a hydrate inhibitor, can cause several
problems for glycoi dehydration plants. First, methanol increases the heat re-
quirements of the glycol regeneration system, since methanol is coabsorbed with
water vapor by glycol. Second, slugs of liquid methanol can cause flooding in the
absorber. Finally, methanol vapor vented to the atmosphere with the water vapor
from the regeneration system is hazardous and should be recovered or vented so
that hazardous concentrations do not occur.

Figure 4.32 illustrates the process and flow through a typical glycol dehydra-
tor. The west inlet gas stream first enters the unit through an inlet gas scrubber
where any liquid accumulations are removed. A two-phase or distillate-gas scrub-
ber is illustrated in Fig. 4.32. If any liquid water is in the gas stream, a three-phase
scrubber may be used to discharge the distillate and water from the vessel
separately. The mist eliminator aids in removing any entrained liguid particles
from the wet gas stream leaving the top of the inlet scrubber.

The wet gas then enters the bottom of the glycol-gas contactor and flows
upward through the trays as illustrated countercurrent to the giycol flowing
downward through the column. The gas contacts the glycol on each tray and the
glycol absorbs the water vapor from the gas stream. The dry gas leaves the top of
the contactor vessel throngh another mist eliminator which aids in removing any
entrained glycol droplets from the gas steam. The gas then flows down through a
vertical giycol cooler, usually fabricated in the form of a concentric pipe heat
exchanger, where the outlet dry gas aids in cooling the hot regenerated glycol
before it enters the contactor. The dry gas then leaves the unit from the bottom of
the glycol cooler.

The dry giycol enters the top of the glycol-gas contactor from the glycol
cooler and is injected onto the top tray. The glycol flows across each tray and
down through a downcomer pipe onto the next tray. The bottom tray downcomer
is fitted with a seal pot to hold a liquid seal on the trays.

The wet glycol, which has now absorbed the water vapor from the gas stream,
leaves the bottom of the glycol-gas contactor column, passes through a high-
pressure giycol filter, which removes any foreign solid particles that may have
been picked up from the gas stream, and enters the power side of the glycol pump.
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In the glycol pump the wet high-pressure glycoi from the contactor column pumps
the dry regenerated glycol into the column. The wet glycol stream flows from the
glycol pump to the inlet of the flash separator. The low-pressure flash separator
allows for the release of the entrained solution gas, which must be used with the
wet glycol to pump the dry glycol into the contactor. The gas separated in the flash
separator Jeaves the top of the flash separator vessel and may be used to supple-
ment the fuel gas required for the reboiler. Any excess vent gas is discharged
through a back-pressure valve.

The flash separator is equipped with a liquid level control and diaphragm
motor valve that discharges the wet glycol stream through a heat exchange coil in
the surge tank to preheat the wet glycol stream. If the wet glycol stream absorbs
any liquid hydrocarbons in the contactor, it may be desirable to use a three-phase
flash separator to separate the glycol from the liquid hydrocarbons before the
stream enters the reboiler. Any liquid hydrocarbons present in the rcbmler will
cause undue glycol losses from the stripping still.

The wet glycol stream leaves the heat exchange coil in the surge tank and
enters the stripping still mounted on top of the reboiler at the feed point in the still.
The stripping still is packed with a ceramic intalox saddle-type packing, and the
glycol flows downward through the column and enters the reboiler. The wet glycol
passing downward through the still is contacted by hot rising glycol and water
vapors passing upward through the column. The water vapors released in the
reboiler and stripped from the glycol in the stripping still pass upward through the
still column through an atmospheric reflux condenser that provides a partial reflux
for the column. The water vapor then leaves the top of the stripping still column
and is released to the atmosphere.

The glycol flows through the reboiler in essentially a horizontal path from the
stripping still column to the opposite end. In the reboiler, the glycol is heated to
approximately 350 to 400°F to remove enpough water vapor to reconcentirate it to
99.5% or more. In field dehydration units, the reboiler is generally equipped with
a direct-fired firebox, using a portion of the natural gas stream for fuel. In
plant-type units, the reboiler may be fitted with a hot oil-heated coil or steam coil.
A temperature control in the reboiler operates a fuel gas motor valve to maintain
the proper temperature in the glycol. The reboiler is also generally equipped with
a high-temperature safety overriding temperature controller to shut down the fuel
gas system in case the primary temperature control should malfunction.

In order to provide extra-dry glycol, 99% plus, it is usually necessary to add
some stripping gas to the reboiler. A valve and small pressure regulator are
generally provided to take a small amount of gas from the fuel gas system and
inject it into the bottom of the reboiler through a spreader system. This stripping
gas will “roll” the glycol in the reboiler to aliow any pockets of water vapor to
escape that might otherwise remain in the glycol due to its normal high viscosity.
This gas will also sweep the water vapor out of the reboiler and stripping still. By
lowering the partial pressure of the water vapor in the reboiler and still column,
the glycol can be reconcentrated to a higher percentage.

The reconcentrated glycol leaves the reboiler through an overflow pipe and
passes into the shell side of the heat exchanger-surge tank. In the surge tank the
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hot reconcentrated glycol is cooled by exchanging heat with the wet glycol stream
passing through the coil. The surge tank also acts as a liquid accumulator for feed
for the glycol pump. The reconcentrated glycol flows from the surge tank through
a strainer and into the glycol pump. From the pump it passes into the shell side of
the glycol cooler mounted on the glycol-gas contactor. It then flows upward
through the glycol cooler where it is further cooled and enters the column on the
top tray.

Glycol dehydrators have several advantages. Initial equipment costs are
lower, and the low-pressure drop across absorption towers saves power. Opera-
tion is continuous; this is generally preferred to batch operation. Also, makeup
requirements may be added readily; recharging of towers presents no problems.
Finally, the plant may be used satisfactorily in the presence of materials that
would cause fouling of some solid adsorbents.

There are also several operating problems. First, suspended foreign matter,
such as dirt, scale, and iron oxide, may contaminate glycol solutions. Also,
overheating of solution may produce both low and high boiling decomposition
products. The resuitant sludge may collect on heating surfaces, causing some loss
in efficiency, or, in severe cases, complete flow stoppage. Placing a bypass
mechanical filter ahead of the solution pump usually prevents such troubles.
When both oxygen and hydrogen sulfide are present, corrosion may become a
problem because of the formation of acid material in glycol solution.

Second, liquids (e.g., water, light hydrocarbons, or lubricating oils) in inlet
gas may require installation of an efficient separator ahead of the absorber.
Highly mineralized water entering the system with inlet gas may, over long
periods, crystallize and fill the reboiler with solid salts. Third, foaming of solution
may occur with a resultant carry-over of lignid. The addition of a small quantity
of antifoam compound usually remedies this trouble.

Fourth, some leakage around the packing glands of pumps may be permitted
since excessive tightening of packing may result in the scouring of rods. This
leakage is collected and periodically returned to the system. Fifth, highly concen-
trated glycol solutions tend to become viscous at low temperatures and, therefore,
are hard to pump. Glycol lines may solidify completely at low temperatures when
the plant is not operating, In cold weather, continuous circulation of part of the
solution through the heater may be advisable. This practice can also prevent
freezing in water coolers.

In starting a plant, all absorber trays must be filled with glycol before good
contact of gas and liquid can be expected. This may also become a problem at
low-circulation rates because weep hales on trays may drain sojution as rapidly as
itis introduced. Finally, sudden surges should be avoided in starting and shutting
down a plant. Otherwise, large carry-over losses of solution may occur.

4.3.4 Glycol Dehydrator Design

Triethylene glycol dehydrators using tray or packed-column contactors may be
sized from standard models by using the following procedures and associated
graphs and tables (Sivalls). Custom-designed glycol dehydrators for specific ap-
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plications may also be designed using these procedures. The following informa-
tior: must be available on the gas stream to be dehydrated:

1. Gas flow rate, MMscfd.

2. Specific gravity of gas.

3. Operating pressure, psig.

4. Maximum working pressure of contact, psig.

5. Gas inlet temperature, °F

6. Outlet gas water content required, lbin/MMscf.

Having the above information, it is then necessary to select two points of design
critieria:

1. Glyenol to water circulation rate based on water removed. A value of 2 to 6 gal

TEG/1b H,O removed is adequate for most glycol dehydration requirements.
Use 2.5 to 4 gal TEG/Ib H;O for most field dehydrators.

2. 1ean TEG concentration from reconcentrator. 99.0 to 99.9% lean TEG is
available from most giycol reconcentrators. A value of 99.5% lean TEG is
adequate for most design considerations.

The foliowing procedures may be used to size a glycol dehydrator for a specific set

of conditions, evaluate performance, and determine the gas capacity of a given

size unit.

Inlet Scrubber

A good inlet scrubber is essential for efficient operation of any glycol dehydrator
unit. The required diameter of a vertical inlet scrubber may be selected using Fig.
4.33, based on the operating pressure of the unit and gas capacity required.
Two-phase inlet scrubbers are generally constructed with 7Y2-ft shell heights.
Additional data on typical standard vertical inlet scrubbers are contained in
Tables A.14 and A.15 in the Appendix.

Glycol-gas Contactor
Select a contactor diameter based on the operating pressure required with the
approxiimate required gas capacity from Fig. 4.34 or 4,35. Figure 4.34 is for glycol
contactors using trayed columns, and Fig. 4.35 is for contactors using packed
columns. The gas capacities as determined for a given diameter contactor from
Fig. 4.34 or 4.35 must be corrected for the operating temperature and gas specific
gravity.

Calculate the gas capacity of the gas-glycol contactor selected for the specific
operating conditions:

o = qs(C:)(Cg) 4.7

where
g, = gas capacity of contactor at operating conditions, MMsecfd
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Fig. 4.33 Gas capacity of vertical gas inlet scrubbers based on 0.7 specific gravity, at
100°F. (After Sivalls.)

i, = gas capacity of contactor at standard conditions (0.7 specific gravity
and 100°F) based on operating pressure, MMscfd

C, = correction factor for operating temperature

C, = correction factor for gas specific gravity

The temperature and gas specific gravity correction factors for trayed glycol
contactors are contained in Tables 4.1 and 4.2, respectively. The temperature and
specific gravity factors for packed glycol contactors are contained in Tables 4.3
and 4.4, respectively.
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Fig. 4.34 Gas capacity for trayed glycol gas contactors based on 0.7 specific gravity, at
100°F. (After Sivalls.)

Next, determine the required dew point depression and the water removed
from the glycol dehydration unit from the following:

Dew point depression
°F = inlet gas temp. °F — outlet dew point temp. °F

W _ = W)
24 (4.8)
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where

I

water removed, lbm/hr

water content of inlet gas, 1b HyO/MMcf
water content of outlet gas, Ib H,O/MMcf
= pas flow rate, MMscfd

i

oy og..g:e
Il

The outlet dew point temperature can be found on the water vapor content
graph using the outlet gas water content required and the operating pressure. The
dew point temperature is the temperature at which the remaining water vapor in
the gas will start to condense. The inlet gas temperature is also the inlet dew point
temperature since the gas is generally assumed to be water-saturated before it is
dehydrated. The water content of the inlet gas can be determined from the same
water vapor content graph using the inlet gas temperature and the operating
pressure.

I the natural gas stream contains appreciable amounts of either carbon
dioxide or hydrogen sulfide, the water content of these sour gases should be taken
into account in determining the total water content of the inlet gas stream. Since
both carbon dioxide and hydrogen sulfide absorb considerably more water vapor
than natural gas, they appreciably increase the total water content and dehydra-
tion requirements of the gas stream.

Trayed Contactors

Select the mumber of actual trays required from Fig. 4.36, using the required dew
point depression and the selected giycol to water circulation rate. The data
contained in Fig 4.36 will give the approximate number of trays required for rapid
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TABLE 4.1 TABLE 4.3
Gas Capacity Correction Factors Gas Capacity Correction Factors
for Trayed Glycol-Gas Contactors for Packed Glycol-Gas Contactors
Temperature Correction Factors, C; Temperature Correction Factors, C;
Operating Correction Operating Correction
Temperature, Factor, Temperature, Factor,
°F G °F G
40 1.67 50 0.93
50 1.06 60 0.94
60 1.05 70 0.96
70 1.04 80 0.97
80 1.02 G 0.99
90 1.01 100 1.00
100 1.00 170 1.01
110 0.99 120 1.02
120 0.98
Source: After Sivalls, Source: After Sivalls.
TABLE 4.2 TABLE 4.4
Gas Capacity Correction Factors Gas Capacity Correction Factors
for Trayed Glycol-Gas Contactors for Packed Glycol-Gas Contactors
Specific Gravity Correction Factors, C, Specific Gravity Correction Factors,
Gas Specific Correction Factor, Gas Specific Cerrection Factor,
Gravity G Gravity
0.55 1.14 0.55 1.13
0.60 1.08 0.60 1.08
0.65 1.04 0.65 1.04
0.70 1.00 0.70 1.00
0.75 0.97 0.75 0.97
0.80 .93 0.80 0.94
0.85 0,90 (.85 0.91
0.90 0.88 0.90 .88
Source: After Sivalls. Source: After Sivalls.

sizing of field glycol dehydrators. A more detailed consideration of the actual
number of trays required will give the accurate results needed for the most
economical size contactor.

For a more detailed study, a modified' McCabe—Thiele diagram can be
constructed to determine the number of theoretical trays for a triethylene glycol
dehydrator. This number can be converted to the actual number of trays required
by applying the tray efficiency.

First, determine the concentration of the rich TEG leaving the bottom of the
glycol-gas contactor.
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Fig. 4.36 Trays or packing required for glycol dehydrators. (After Sivalls.)

p; = Sp gr (8.34) (4.9)

lean TEG)(p;

Rich TEG — Jean TEG)(p)

p; + —
Ly (4.10)
where
p; = density of lean TEG solution, 1bm/gal

Sp gr = specific gravity of lean TEG solution at operating tem-

perature of contactor
Rich TEG = concentration of TEG in rich sclution from contactor,
%/100
Lean TEG = concentration of TEG in lean solution to contactor, %/100
Ly = glycol to water circulation rate, gal TEG/Ib H,O
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The operating line for the McCabe —Thiele diagram is based on connecting a
line between a point indicating the top of the column and a point indicating the
bottom of the column.

Top of column Ib H,O/MMcf in outlet gas and lean TEG, %
Bottom of column Ib H,O/MMcf in inlet gas and rich TEG, %

The equilibrivm line on the McCabe —Thiele diagram can be constructed by
determining the water content of the gas that would be in equilibrium with various
concentrations of triethylene glycol. This can be done by filling in the following
table.

Water Content of Gas at Dew Pnint
Percent  Equilibrium Dew Point Temperature  Temperature and Conlactor Operating
TEG at Contactor Operating Temperature* Pressure, Ib H,O/MMct®

99
28
97
9%
95

*Determine from the chart of equilibrium water dew points of glycol solutions at various con-
tact temperature, Fig. 4.37.

®Determine from the chart of water vapor content of gas al various temperatures and pres-
sures, Fig. 4.22.

The modified McCabe~Thiele diagram can then be constrncted with the
operating line and equilibrium line and then stepped off by triangulation to
determine the theoretical number of trays required. This procedure is best illu-
strated by an example (see Example 4.9 and Fig. 4.38).

The actual number of trays then required can be determined using the tray
efficiency

no. theo. trays

Number actual trays =
tray eff. (4.11)

where

Tray efficiency = 25% for bubble cap trays
33Y5% for valve trays

l

The number of actual trays required as determined from either Fig. 4.36 or by
construction of the McCabe—Thicle diagram is based on both theoretical and
actual test data using a typical natural gas. Select the next whole number of trays
based on the above design procedures after the tray efficiencies have been
considered. However, good operation of field dehydrators indicates that a mini-
mum of four trays should be used in any glycol-gas contactor.

Standard field dehydration contactors normally have 24-in. tray spacing.
Because of the tendency of glycol to foam in the presence of liquid hydrocarbons,
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itis recommended that no less than 24-in. tray spacing be used to preveat any field
problems with the equipment. If any foaming problem does occur, closer tray
spacing can result in carryover or entrainment of the giycol in the gas stream and
cause excessive glycol losses as well as decreased efficiency in dehydration of the

gas.
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Packed Contactors

The same procedures can be used for packed column contactors and the depth of
packing required can be determined from Fig. 4.36. It is determined in the same
manner using the required dew point depression and the selected glycol to water
circulation rate. If a more detailed consideration of the depth of packing is
required, a modified McCabe—Thiele diagram can be drawn based on the same
procedures as described above. The depth of packing required can then be
determined from the following empirical relation based on using 1-in. metal pall
rings in the contactor.
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Depth packing, ft = no. theo. trays (4.12)

Then select the next whole number of feet of packing for use in the contactor.
However, good operation indicates that a minimum 4 ft of packing should be used
in any gas-glycol contactor.

Additional specifications for standard tray-type glycol-gas contactors are
contained in Tables A.16 and A.17. Data on packed column glycol-gas contactors
are contained in Tables A.18 and A.19.

Glycol Reconcentrator

For the detailed considerations involved in sizing the various components of the
glycol reconcentrator, it is first necessary to calculate the required glycol circula-
tion rate:

L = W)@
24 (4.13)
where
L = glycol circulation rate, gas/hr
L,, = glycol to water circulation rate, gal TEG/Ib H,O
W, = water content of inlet gas, 1b H,O/MMscf
q = gas flow rate, MMscfd
Reboiler

The required heat load for the reboiler can be estimated from the following
equation:

H, = 2000L (4.14)

where

H, = Total heat load on reboiler, Btu/h
L = Giycol circulation rate, gph

The above formuia for determining the required reboiler heat load is an approxi-
mation, which is accurate enough for most high-pressure glycol dehydrator sizing.
A more detailed determination of the required reboiler heat load may be made
from the following procedure:

Hy = L(p)(C(T2 ~ T) (4.15)
_ 970.3(W; - W)(q)

* 24 {4.16)

H, =0.25H, (4.17)

Hy, = 5000 to 20,000 Btu/h, depending on beiler size (4.18)
H[ = H[ + HW + H, + H, (4.19)
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where
Hy = sensible heat required for glycol, Btuh
H,, = heat of vaporization required for water, Btuh
H, = heat 1o vaporize reflux water in still, Btuh
H,, = heat loss from reboiler and stripping still, Btuh
H, = total reboiler heat load, Btuh
L = glycol circulation rate, gph

p; = glycol density at average temperature in reboiler, Ibm/gal = (sp

gr)(8.34)
C = glycol specific heat at average temperature in reboiler, Btu/lbm
°F
T, = glycol outlet temperature, °F
T, = glycol inlet temperature, °F
970.3 = heat of vaparization of water at 212°F 14.7 psia, Btu/lbm
W, = water content of inlet gas 1b H,O/MMscf
W, = water content of outlet gas 1b H,O/MMscf
g = gas flow rate, MMscfd

Note: For high-pressure glycol dehydrators, p{C)(T> — T) = 1200.
If the size of the reboiler and stripping still is known or is estimated, the heat
loss can be more accurately determined from the following equation:

Hy = 024(ANT, — T,) (4.20)
where
I, = overall heat loss from reboiler and still, Btuh
A, = total exposed surface area of reboiler and still, sq ft
T, = temperature of fluid in vessel, °F
7T, = minisnum ambient air temperature, °F
0.24 = heat ioss from large insulated surfaces, Btuh/sq ft — °F

The actual surface of the firebox required for direct-fired reboilers can be
determined from the following equation, which is based on a design heat flux of
7000 Btulv/sq ft. By determining the diameter and overall length of the U-tube
firebox required to give the total surface area as calculated, the general overall
size of the reboiler can be determined.

H,
A=—1
7000 (4.21)
where
A = total firebox surface area, sq ft
H, = total heat load on reboiler, Btuh

Glycol Circulating Pump

The required size of glycol circulating pump can be readily determined using the
glycol circulation rate and the maximum operating pressure of the contactor. The
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most commonly used type of glycol pump for field dehydrators is the glyeol
powered pump, which uses the rich glycol from the bottom of the contactor to
power the pump and pump the lean glycol to the top of the contactor. Sizing
data for this type of glycol pump is contained in Table A.21 in the Appendix.
For motor-driven positive displacement or centrifugal pumps, the manufacturers
of these pumps should be consulted for exact sizing to meet the specific needs
of the glycol dehydrator.

Glycol Flash Separator

A flash separator should be installed downstream from the glycol pump (espe-
cially when the glycol powered type pump is used) to remove any entrained
hydrocarbons from the rich glycol. A small 125 psi WP vertical two-phase separa-
tor is adequate for this purpose. The separator should be sized based on a liquid
retention time in the vessel of at least five minutes,

LT
V=
60 (4.22)

where
V = required seitling volume in separator, gal
L = glycol circulation rate, gph
T = retention time = 5.0 min

Liguid hydrocarbon should not be allowed to enter the glycol-gas contactor.
Should this be a problem, a three-phase glycol flash separator will keep these
liquid hydrocarbons out of the reboiler and stripping stifl. A liquid retention time
of 20 to 30 min should be used in Eq. 4.22 to size a three-phase flash separator.

The hydrocarbon gas released from the flash separator can be piped to the
reboiler to use as fuel gas and stripping gas. The amount of gas available from the
glycol pump can be determined from the data in Table A.21, based on the glycol
circulation rate and the operating pressure of the contactor.

Stripping Still

The size of the packed stripping still for use with the glycol reconcentrator can be
determined from Fig. 4.39. The diameter required for the stripping still is nor-
mally based on the required diameter at the base of the still using the vapor and
liquid loading conditions at that point. The vapor load consists of the water vapor
(steam) and stripping gas flowing up through the still. The liquid load consists of
the rich glycol stream and reflux flowing downward through the still column. The
minimum cross-sectional area or diameter required for the still as read from Fig.
4.39 is based on the glycol to water circulation rate (gal TEG/b H;O) and the
glycol circulation rate (gph}).

Nornally, one theoretical tray is sufficient for most stripping still require-
ments for triethylene glycol dehydration units. For conservative design, the height
of packing using 1%-in. ceramic Intalox saddles is held at a minrimum of 4 ft.
Conservative design and field test data indicate that this height should be gradu-
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Fig. 4.39 Stripping still size for glycol dehydrators. (After Sivalls.)

ally increased with the size of the glycol reconcentrator to a maximum of approxi-
mately 8 ft for a 1,000,000 Btuh unit.

The amount of stripping gas required to reconcentrate the glycol to a high
percentage will usually be approximately 2 to10 cu ft/gal of glycol circulated. This
stripping gas requirement has been considered in the size of stripping still that is
determined using Fig. 4.39,

Specifications for the main components of standard size glycol reconcentra-
tors are contained in Table A.20.
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The main design items required for a triethylene glycol dehydration unit such
as the glycol-gas contactor, glycol circulation pump, reboiler, and stripping still
may be designed using the above described procedures and formulas.

Standard dehydrator units based on manufacturer’s catalog data can then be
selected based on the minimum design critetia as determined. Also, the above
procedures may be used in evaluating the performance or determining the maxi-
mum gas capacity of any given specific size glycol dehydration unit.

The following example illustrates the application of the above design proce-
dures to a typical field gas dehydration plant.

Example 4.9. Dehydrator Design. Size a glycol dehydrator for a field instatla-
tion from standard models to meet the following requirements:

Gas flow rate 10.0 MMscfd
Gas specific gravity 0.70

Operating line pressure 1000 psig
Maximum working pressure of contactor 1440 psig

Gas inlet temperature 100°F

Outlet gas water content 7 1b H,O/MMscf

Select additional design criteria:

Glycol to water circutation rate 3.0 gal TEG/Ib H;0
Lean glycol concentration 99.5% TEG
Use trayed-type contactor with valve trays

Contactor size

From Fig. 4.34, select a contactor diameter with the approximate gas capacity at
operating pressure.

g, for 24-in. OD contactor at 1000 psig = 11.3 MMscfd

Correct for operating conditions from Tables 4.1 and 4.2, using Eq. 4.7,
Go = q:(cr)(cg)
g, = 11.3(1.0)(1.0) = 11.3 MMscfd

Required Dew Point Depression and Water Removed

From the water content chart at 1000 psig:

Water content,

Dew Point Temperature Ib H,O/MMcf
Inlet 100°F 61
Qutlet 33°F 7

67°F 54 I HO/MMcf
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Number of Trays Reguired

From Fig. 4.36 at 3 gal TEG/Ib H,O) and 67°F dew point depression, No. actual
trays = 4.5. For a more detailed study, construct a modified McCabe—Thiele
diagram.

Density of lean glycol at 100°F, from Eq. 4.9, p; = (Sp gr)(8.34)
(1.111)(8.34)

|l

= 9.266 Ibm/gal
Using Eq. 4.10,
lean TEG)(p; 0.995)(9.266
Rich TEG = (&2 1)(”) _ 99)0-268) _ ;060 = 96.0%
; + — 9.266 + —
L. 3.0
QOperating line points:
Top of column 7.0 Ib H;O/MMecf and 99.5% TEG
Bottom of column 61 Ib H,O/MMcf and 96.0% TEG

Equilibrium line points

Water Content of Gas

Equilibrium Dew Point at Dew Point Temperature
Percent TEG Temperature at 100°F and 1000 psig
99 12 3.2 ib H,O/MMcf
28 30 6.3
97 40 9.0
96 47 11.7
95 51 13.3

Construct a McCabe—Thiele diagram and determine the number of theoreti-
cal trays required. See Fig. 4.38. From Eq. 4.11,

no. theo. trays  1.48
tray eff. 0,333

No. actual trays = =4.44

The results from the McCabe—Thiele diagram are close to that determined
from the approximation curve, Fig. 4.36. In either case, the next whole number of
trays should be used.

No. actual trays required = 5

4.3.5 Removal of Acid Gases

Natural gas wellstreams often contain hydrogen sulfide (H,S) and carbon dioxide
(CO,). These two gases are called acid gases because, in the presence of water,
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they form acids or acidic solutions. These gases, particularly H,S, are very
undesirable contaminants; unless they are present in very small quantities, they
must be removed from a natural gas welistream.

Hydrogen sulfide must be removed for several reasons, the most important
being that it is a toxic, poisonous gas and cannot be tolerated in gases that may be
used for domestic fuels. Hydrogen sulfide in the presence of water is extremely
corrosive and can cause premature failure of valves, pipeline, and pressure
vessels. It can also cause catalyst poisoning in refinery vessels and requires
expensive precautionary measures. Most pipeline specifications limit H,S content
to 0.25 g/100 cu ft of gas {about 4 ppm).

Carbon dioxide removal is not always required. However, removal may be
required in gas going to cryogenic plants to prevent solidification of the CO,.
Carbon dioxide is corrosive in the presence of water, and as an inert gas has no
heating value. Most treating processes that remove H,S will also remove CO,;
therefore, the volume of CO; in the wellstream must be added to the volume of
H,S to arrive at the total acid-gas volume to be removed.

The term sour gas means that the gas contains H,S in amounts above the
acceptable industry limits. Sweet gas means a non-H,S-bearing gas or gas that has
been sweetened by treating. Some of the processes for removing acid gases from
natural gas are briefly discussed below.

Iron-sponge Sweetening

The iron-sponge process is a batch process, the sponge being a sensitive, hydrated
iron oxide (Fe,0s) supperted on wood shavings. The reaction between the
sponge and H,S in the gas stream is

2 Fe;o; +6 st — 2 FBZS:, +6 Hzo

The ferric oxide is present in a hydrated form; without the water of hydration, the
reaction will not proceed. Thus, the operating temperature of the vessel must be
kept below approximately 120°F or a supplemental water spray must be provided.
Regeneration of the bed is sometimes accomplished by the addition of air
(0,), either continuously or by batch addition. The regeneration reaction is

2F6283+302‘_)2F6203+6S

Because the sulfur remains in the bed, the number of regeneration steps is limited,
and eventually the bed will have to be replaced.

Alkanolamine Sweetening

Alkanolamine encompasses the family of organic compounds of monoethanol-
amine (MEA), diethanolamine (DEA), and triethanolamine {TEA). The chemi-
cals are used extensively for the removal of hydrogen sulfide or carbon dioxide
from other gases and are particularly adapted for obtaining the low acid-gas
residuals that are usually specified by pipelines. The alkanolamine process is not
selective and must be designed for total acid-gas removal, even though CO,
removal may not be required or desired to meet markel specifications.
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Typical reactions of acid gas with MEA are
Absorbing:

MEA + H,S —> MEA hydrosuifide + heat
MEA + H,O + CO2 —— MEA carbonate + heat

Regenerating:

MEA hydrosulfide + heat — MEA + H,S
MEA carbonate + heat — MEA + H,O + CO,

In general, MEA is preferred 1o either DEA or TEA solutions because it is a
stronger base and is more reactive than either DEA or TEA. It also has a lower
molecular weight and thus requires less circulation to maintain a given amine to
acid-gas mole ratio. In addition, MEA has greater stability and can be readily
reclaimed from contaminated solution by semicontinuous distillation.

Glycol/Amine Process

The glycol/amine process uses a solution composed of 10 to 30 weight % MEA,, 45
to 85% glycol, and 5 to 25% water for the simultaneous removal of water vapor,
H,S, and CQ; from gas streams. The combination dehydration and sweetening
unit results in lower equipment cost than would be required with the standard
MEA unit followed by a separate glycol dehydrator. The main disadvantages of
the glycol/amine process are increased vaporization losses of MEA due to high
regeneration temperatures, reclaiming must be by vacuum distillation, corrosion
problems are present in operating units, and application must be for gas streams
that do not require low dew points.

Sulfinol Process

The Shell sulfinol process uses a mixture of solvents, which allows it to behave as
both a chemical and physical solvent process. The solvent is composed of sul-
folane, diisopropanclamine (DIPA), and water. The sulfolane acts as the physical
solvent, while DIPA acts as the chemical solvent.

The main advantages of sulfinol are low solvent circulation rates; smaller
equipment and lower plant cost; low heat capacity of the solvent; low utility costs;
low degradation rates; low corrosion rates; low foaming tendency; high effective-
ness for removal of carbonyl sulfide (COS), carbon disulfide (CS,), and mercap-
tans; low vaporization losses of the solvent; low heat-exchanger fouling tendency;
and nonexpansion of the solvent when it freezes.

Some of the disadvantages of sulfinol are absorption of heavy hydrocarbons
and aromatics, and expense. .
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PROBLEMS

4.1 The analysis of a gas sample obtained from a Panhandle well showed the
following composition:

Component Mole Fraction
CH, 0.8590
CHg 0.0664
C3Hg 0.0355

i-C4H,p 0.0100
n-CsHyy 0.0120
CsH;» 0.0081
CO, 0.0000
N 0.0090
1.0000
(a) For pressures of 200 and 400 psia, compute the hydrate-forming tem-

peratures.
(b) For temperatures of 62°F, 70°F, and 80°F, compute the hydrate-
forming pressures.
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4.2 The skeichillustrates a refrigeration-expansion process to reduce water (and

condensate) content of gas well production. The well stream arrives at the

wellhead at 2000 psia and 155°F. It is cooled in the separator and heat

exchanger and then flashed through the choke into the separator. The

separator pressure is controlied at 1000 psia. The separator temperature is

controtled at the lowest possibie temperature that will not result in hydrates

being produced in the separator.

Calculate the following:

(a) Pounds of water per day removed at the free water knockout drum
(assume saturated gas at reservoir flowing conditions).

(b} Pounds of water per day removed at the separator.

(c) Separator temperature, °F.

(d) Temperature ahead of the choke, °F.

(e) Heat removed by heat exchange in separator and heat exchanger,
Btu/day.

(f) Additional pounds of water per day that must be removed from
separator gas if sales specification is for a 15°F water dew point at 1000
psia.

Temperature contro) \

r é Pressure control
Separator gas
P = 1000 psia
Y =07
Wellhead conditions g = 8.5 MMetd

(p = 200psia)
{T=165"F)

Liquid level control
Water + condensage

Wellstream
reservoir conditions {p ;= 2700 psig)
(T = 265°F)
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Separator Sizing Problem

Qil production = 20,000 bopd

Water production = 15%

Gas rate = 60 MMscfd at 14.7 psia and 60°F
Maximum working pressure = 720 psig

Design temperature = 110°F

Operating pressure = 500 psig

Flowing temperature = 120°F

Oil gravity = 32°API

Gas gravily =107

Design a proper size horizontal separator to handle the above fluid.
Assume: No slugs or foaming exists and separator K = 0.35.
Glycol Dehydration Problem

Gas flow rate 100 MMscfd at 60°F and 14.7 psia

(o

Molecular weight 18.85
Operating pressure = 1000 psig
Operaling temperature = 100°F

Desiga a glycol dehydration system using triethylene glycol {TEG) to condi-
tion the gas to 7 Ib/MMscf.



COMPRESSION OF
NATURAL GAS

5.1 INTRODUCTION

Until the discovery of natural gas, compressors were mainly used in the mining
and metallurgical industries. With the advent of natural gas and its use as a fuel,
the necessity arose of transporting natural gas from the gas well to the ultimate
consumer. As long as the pressure at the gas well could force the gas through the
pipeline to its destination, a compressor was unnecessary. Assoon as the pressure
dropped, however, some outside means was needed to increase the pressure.
Compressors were also essential for gas transmission pipelines extended great
distances from the gas ficld—extended so far that the natural well pressure could
not force enough gas through the pipeline to supply the demand.

When a gas has insufficient potential energy for its required movement, a
compressor station must be used. Five types of compressor stations are generally
utilized:

Field or gathering stations gather gas from wells in which pressure is not
sufficient to produce a desired rate of flow into a transmission or distribution
system. These stations may handle suction pressures from below atmospheric
pressure to 750 psig and volumes from a few thousand to many million cfd.

Relay or main line stations boost pressure in transmission lines. They are
generally of large volume and operate with low-compression ratios, usually less
than 2, Their pressure range is usually between 200 and 1000 psig, sometimes as
high as 1300 psig.

Repressuring or recycling stations are an integral part of a processing or
secondary recovery project, generally not involving transportation of natural
gas to market. They may discharge at pressures above 6000 psig.
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Storage field stations compress trunk line gas for injection into storage wells.
These stations may discharge at pressures up to 4000 psig, employing compres-
sion ratios as high as 4. Designs of some storage stations permit withdrawing
gas from storage and forcing it into high-pressure lines. Storage field stations
require precision-design engineering because of their wide range of pressure-
volume operating conditions.

Distribution plant stations ordinarily pump gas from holder supply to medium-
or high-pressure distribution lines at about 20 to 100 psig, or pump into bottle
storage up to 2500 psig.

5.2 TYPES OF COMPRESSORS

The original compressor consisted of a skin bag with a means of expanding and
compressingit. A survivor of this ancient compressor is the bellows. The compres-
sors used in the gas industry today fall into three distinct types: jet compressors,
rotary compressors, and reciprocating compressors.

5.2.1 Jet Compressors

Motive and suction gas pressures do not vary appreciably with jet compressors.
One example is on dually completed gas wells where both high- and low-pressure
gases are available and where there is an intermediate pipeline pressure.

5.2.2 Rotary Compressors

Rotary compressors are divided into two classes: the rotary blower and the
centrifugal compressor. Rotary blowers (Fig. 5.1} are primarily used in distribu-
tion systems where the pressure differential between suction and discharge is not
over 15 psi. They are also used for refrigeration and closed regeneration of
adsorption plants. The blower is built of a casing in which one or more impellers
rotate in opposite directions.

The rotary biower has several advantages. Large quantities of low-pressure
gas can be handled at comparatively low horsepower, it has small initial cost and
low maintenance cost, it is simple to install and easy to operate and attend, it
requires minimum floor space for the quantity of gas removed, and it has almost
pnisationless flow, For its disadvantages, it can’t withstand high pressures, it has
noisy operation due to gear noise and clattering impeliers, it improperly seals the
clearance between the impellers and the casing, and it overheatsif operated above
safe pressures. Typically, rotary blowers have a volume up to 17,000 cfm, and
have a maximum intake pressure of 10 psig and a differential pressure of 10 psig.

Centrifugal compressors compress gas or air using centrifugal force. In this
compressor, work is done on the pas by an impeller. Gas is then discharged at a
high velocity into a diffuser where the velocity is reduced and its kinetic energy is
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Infet

Fig. 5.1 Principles of the rotary blower.

converted to static pressure, All this is done without confinement and physical
squeezing, unlike positive-displacement machines.

Essentially, the centrifugal compressor (Figs. 5.2 and 5.3) consists of a
housing with flow passages, a rotating shaft on which the impeller is mounted,
bearings, and seals to prevent gas from escaping along the shaft. Units differ in
shape of volute, impeiler, and diffuser.

Centrifugal compressors have few moving parts since only the impeller and
shaft rotate. Thus, lubricating oil consumption and maintenance costs are low.
They also have continuous delivery without cyclic variations, and cooling water is
normally unnecessary because of lower compression ratio and lower friction loss
(multistage units for process compression may require some form of cooling).
Compression rates are Jower because of the absence of positive displacement.

Ceantrifugal compressors with relatively untestricted passages and continuous
flow are inherently high-capacity, low-pressure ratio machines that adapt easily to
series arrangements within a station. In this way, each compressor is required to
develop only part of the stalion compression ratio. Typically, the volume is more
than 100,000 cfm and discharge pressure is up to 100 psig.
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Fig. 5.2 Cross section of a centrifugal compressor. (Courtesy Petroleum Extension
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Fig. 5.3 Internal parts of a centrifugal compressor. (Courtesy Petroleum Extension
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5.2.3 Reciprocating Compressors

Reciprocating compressors are most commonly used in the gas industry. These
compressors are buailt for practically all pressures and capacities. Reciprocating
compressors (Fig. 5.4) have more moving parts and, therefore, lower mechanical
efficiencies than centrifugal machines. Each cylinder assembly of a reciprocating
compressor consists of a piston, cylinder, cylinder heads, suction and discharge
valves, and the parts necessary to convert rotary motion to reciprocating motion
(connecting rod, crosshead, wrist pin, and piston rod). A reciprocating machine is
designed for a certain range of compression ratios through the selection of proper
piston displacement and clearance volume within the cylinder. This clearance
volume can either be fixed or variable, depending on the extent of the operating
range and the percent of load variation desired. A typical reciprocating compres-
sor has a volume up to 30,000 cfm and a dischaige pressure up to 10,000 psig.
In the selection of a unit, the pressure-volume characteristics and the type of
driver must be considered. Small rotary compressors (vane or impeller type) are
generally driven by electric motors. Large-volwme positive compressors operate
at lower speeds and are usually driven by steam or gas engines. They may be
driven through reduction gearing by steam turbines or an electric motor. The
most widely used reciprocating compressor in the gas industry is the conventional
high-speed machine, usuaily driven by steam turbines or electric motors.
Reciprocating and centrifugal compressors are used extensively in the natu-
ral gas industry. Compressors vary in size from small units suitable for individual
oil and gas leases (often skid-mounted) to large units for pipeline. The engineer is
often required to determine the approximate horsepower needed to compress a
given volume of gas from a low pressure to a higher pressure, or estimate the
capacity of a given piece of equipment under specific suction and discharge

conditions.
Piston Cylinder
Suction head
valve
Piston _P—'ﬁ‘—‘a
rod m [ 1
Crosshead CI
Connecting rod ]
=
=5
Wrist ’J
pin

i 3

Crankshaft Cylinder T _‘;
“w Discharge

valve

Fig.5.4 Elements of a typical reciprocating compressor. {Courtesy Petroleum Extension
Service.)
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5.3 RECIPROCATING COMPRESSORS

There are two basic approaches that can be used to calculate the horsepower
theoretically required to compress natural gas. One is analytical expressions. In
the case of adiabatic compression, the relationships are complicated and are
usuaily based on the ideal-gas equation. When used for real gases where deviation
from ideal-gas law is appreciable, they are empirically modified to take into
consideration the gas deviation factor of the gas. The second approach is the
enthalpy-entropy or Mollier diagram for real gases. This diagram provides a
simple, direct, and rigorous procedure for determining the horsepower theore-
tically necessary to compress the gas.

5.3.1 The Process

Figure 5.5 illustrates an ideal compression cycle. The compressor cylinder fills
with gas at suction pressure, p;. Gas is compressed to discharge pressure, p,,
along path C-D and then displaced from the cylinder at constant discharge
pressure. It is impossible to discharge all compressed gas in actual operations.
Thus, Fig. 5.6 is obtained. Figure 5,6 shows a typical ideal pressure-volume
diagram for a compressor cylinder with corresponding compressor piston loca-
tions during reciprocation.

Position 1 is the start of the compression stroke. The cylinder has.a full charge
of gas at suction pressure. As the piston moves toward position 2, the pgas is
compressed along line 1-2. At position 2, the pressure in the cylinder becomes
greater than the pressure in the discharge line. This causes the discharge vaive to

Prassure

Py

Vy Vi
Velume

Fig. 5.5 Ideal compression cycle.
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Fig. 5.6 Pressure-volume diagram and piston locations during a reciprocating compres-
sor stroke. (Courtesy Petroleum Extension Service.)

open and allows the original charge of gas to enter the discharge line. This action
occurs along line 2-3.

At position 3, the piston has completed its discharge stroke. As soon as it starts
its return stroke, the pressure in the cylinder drops, which closes the discharge
valve. The gas trapped in the cylinder clearance volume is never discharged but
expands along line 3-4. At position 4, the pressure in the cylinder drops below the
suction pressure, which causes the suction valve to open. This permits a new
charge of gas to enter the cylinder along line 4-1, whereupon the cycle is repeated.

Even though in practice the cylinder may be water-cooled, it is customary to
consider the compression process as fundamentally adiabatic; that is, to idealize
the compression as one in which there is no cooling of the gas. Furthermore, the
process is usnally considered to be essentially a perfectly reversible adiabatic,that
is, an isentropic process. Thus, in analyzing the performance of a typical recip-
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rocating compressor, one may look upon the compression line 1-2 and the expan-
sion line 3-4 as following the general law

pV% = a constant .1
Where k is an isentropic exponent given by the specific heat ratio
C

k =) —_£_
C, (5.2)

When a real gas is compressed in a single-stage compression, the compression
is polytropic, tending to approach adiabatic or constant-entropy conditions.
Adiabatic-compression calculations give the maximum theoretical work or horse-
power necessary to compress a gas between any two pressure limits, whereas
isothermal-compression calculations give the minimum theoretical work or
horsepower necessary to compress a gas. Adiabatic and isothermal work of
compression thus give the upper and lower limits, respectively, of work or
horsepower requirements to compress a gas. One purpose of intercoolers be-
tween multistage compressors is to reduce the horsepower necessary to compress
the gas. The more intercoolers and stages, the closer the horsepower requirement
approaches the isothermal value.

For the compression process occurring uader actual, practical conditions, an
equation similar to Eq. 5.1 applies

pV*® = a constant (5.3)

In Eq. 5.3, n denotes the polytropic exponent. The isentropic exponent k applies
to the ideal frictionless adiabatic process, while the polytropic exponent # applies
to the actual process with heat transfer and friction.

In Fig. 5.6, V3, is called the *“*clearance volume™ and V3/(V; — V3) is called
the “clearance.” This volume limits the gas throughout. As it gets larger, more
engine horsepower is used in simply recompressing and re-expanding this gas.
Area 1234 indicates the compression work done. It depends on the condition.
existing during the compression and expansion portions of the cycle, the compres-
sion ratio, p,/p;, and the clearance volume, Vi.

5.3.2 Volumetric Efficiency

The volumetric efficiency E, represents the efficiency of a compressor cylinder to
compress gas. 1t may be defined as the ratio of the volume of gas actually delivered
to the piston displacement, corrected to suction temperature and pressure. The
principal reasons that the cylinder will not deliver the piston displacement capac-
ity are wire-drawing, a throttling effect on the valves; heating of the gas during
admission to the cylinder; leakage past valves and piston rings; and re-expansion
of the gas trapped in the clearance-volume space from the previous stroke.
Re-expansion has by far the greatest effect on volumetric efficiency.
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The theoretical formula for volumetric efficiency is

E, =1- (7% - Dt (5.4)
where
E, = volumetric efficiency, fraction
r = cylinder compression ratio
k = C,/C, of the gas at atmospheric conditions (isentropic process)
Cl = clearance, fraction
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Fig.5.7 Enthalpy-entropy diagram for a 0.65 to 0.75 specific gravity natural gas. (After
Campbell.)
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Practically, certain adjustments are made in the theoretical formula, so that a
typical equation that might be used in computing compressor performance is

E, =097 - [{Z) - 1la-L
z (5.5}

z, = gas deviation factor at suction of the cylinder
z4 = gas deviation factor at discharge of the cylinder

where

In this practical formula, the values of r, k, and Cl are the same as in the
theoretical formula. The constant 1.0 has been reduced to 0.97 te correct for
minor inefficiencies such as incomplete filling of the cylinder during the intake
stroke. L is a practical correction for the conditions in a particular application that
affect the volumetric efficiency and for which the theoretical formula is inade-
quate.

5.3.3 Ideal Isentropic Horsepower

The basis of the computation is the assumption that the process is ideal isentropic
or perfectly reversible adiabatic. The total ideal horsepower for a given compres-
sion is the sum of the ideal work computed for each stage of compression. The
ideal isentropic work can be determined for each stage of compression in a
number of ways.

Mollier Diagram

One simple and rapid way to solve a compression problem is by using the Moilier
diagram, if one is avatlable for the gas being compressed. This is done by tracing
the increase in enthalpy from the cylinder suction pressure and temperature to its
discharge pressure along the path of constant entropy. This involves some care in
handling and converting the various units such as cubic feet per minute, pounds of
vapor, British thermal units, and horsepower, but it is a simple and straightfor-
ward method. All compressor problems for which suitable Mollier diagrams exist
should be solved in this manner. The Mollier chart for a typical 0.65 to 0.75
specific gravity natural gas is shown in Fig. 5.7. Other Mollier charts are presented
in Figs. 3.9 to 3.14.

For practical purposes, the amount of heat transferred from the gas to the
compressor cylinder and piston during a cycle is small compared to the work
involved in the compression. Thus, one assumption in compression calculations is
1. 09=0
Other common assumptions made in computing a theoretical work of compres-
sion are:

2. Lost work due to friction can be neglected.

3. Kinetic energy effects can be neglected.



184 Compression of Natural Gas

The resulting energy balance is
w = AH = —n{h, — k) (5.6)

where
n = pumber of moles being compressed

hy,hy; = molar specific enthalpy at intake conditions and discharge condi-
tions, Btu/lb-mol

hy and h; can be obtained from Brown’s enthalpy-entropy charts for gases (Figs.
3.9 10 3.14) for the particular gas gravity or from Fig. 5.7 for average natural gas,
or they may be calculated using specific heat and gas deviation factor charts. k; is
obtained by noting the assumption Q = 0, since

2
0= j TdS=TAS
\ (5.7)
The process from staie 1 to state 2 (Fig. 5.8) must be at constant entropy
conditions (called isentropic and adiabatic). Start at suction conditions, move up
along a constant entropy line to the discharge pressure condition, and read off the
resulting temperature and enthalpy.

Example 5.1. 'What is the theoretical horsepower consumed in compressing 1
MMcfd, measured at 14.73 psia and 60°F, from 65 psia and 80°F to 215 psia? What
is the discharge temperature of the gas? Assume a gas gravity of 0.6.

Solution

Ib-mol/day = 1(10%)(14.73)/(10.73 % 520 x 1.0) = 2.640(16%)
From Brown’s k-5 chart for 0.6 gravity gas (Fig. 3.9),

h; at 65 psia and 80°F = 400 Btu/lb-mol
§; at 65 psia and 80°F = —2.3 Btwib-mol °F
Tyat 215 psiaands = —2.3 = 230°F
A, at 215 psia and 230°F = 1800 Btw/ib-mol

Compression wotk w = ni(hy — ;) = 2.640(10%)(1800 — 400)
= 3.696(106)Btu/day
3,696(10°)(778.2)

{24)(60)(33,000)
= 60.5 hp

Theoretical horsepower required =

Discharge Temperature T, = 230°F

In Example 5.1, the gas was compressed from 65 to 215 psia. The ratio of the
absolute pressures is called the compression ratio, r. In the example,

A5

r= =3.3
65
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Fig. 5.8 Single-Stage compression.

The volumetric efficiency becomes less, and mechanical stress limitation becomes
more pronounced as r increases. As a matter of practical design, r per stage is
usually less than 6.0. In actual practice,  seldom exceeds 4.0 when boosting gas
from low pressure for processing or sale. When the total compression ratio is
greater than this, several stages of compression are used to reach high pressures.

The total power is a minimum when the ratio in each stage is the same. This

may be expressed in equation form as

1/n
Stage r = (&1)
Ps (5.8)

where
ps = final discharge pressure, absolute

Ps = suction pressure, absolute
n = number of stages required
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For the two-stage compression (Fig. 5.9), -

(Pa)”z
r= |—
P

P2 _ P _
P1 Pz

r

If p; = 50 psig and p; = 1000 psig,

1014.73\1/2
r= = 3.96
64.73

and‘
pa = 242 psig

Large compression ratios result in gas being heated to undesirably high
temperatures (T3 = 450°F when T} = 80°F in above example). Therefore, it is
common practice to cool the gas between stages and, if possible, after the final
stage of compression (Figs. 5.10 and 5.11). Calculations of the compression work
is done as before.

The heat removed in the interstage coolers and aftercoolers is calculated by
moving along a constant pressure line on the enthalpy-entropy chart. Figure 5.11
is a qualitative sketch of an enthalpy-entropy diagram, illustrating a two-stage
compression with intercoolers and aftercoolers. Point 1 is the initial state of the
gas as it enters the compressor. Path 1-2 shows the first stage of compression
(constant entropy). The gas is then cooled in the intercoolers at constant pressure
(path 2-3); the difference in enthalpy along this path is equal to the heat removed
in the intercoolers. Path 3-4 shows the second stage of compression (constant
entropy). Path 4-5 shows cooling at constant pressure in aftercoolers. The tem-
peratures at points 2 and 4 are the temperatures of the gas at the end of the first
and second stages of compression. The temperatures at points 3 and 5 are the
tempuratures to which the gas is cooled in the intercoolers and aftercoolers.

Py T P T, Py Ty

Stage 1 Stage 2

Fig. 5.9 Two-stage compression arrangement.
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In making rigorous calculations, account for the pressure drop across the
inlet and exhaust valves of the compressor and the pressure drop across the
coolers and interconnecting pipes.

Analviical Method

Another approach commonly used is to calculate the horsepower for each stage
from the isentropic work formula. The basts of the derivation of all analytical
expressions for calculating the theoretical work required to compress a quantity of
gas is the general energy equation,

2 uz g
[ Vdp +A—+ = AZ+Iw+w=0
1 28 & (5.9

The changes in kinetic energy, potential energy of position, and energy losses are
taken as zero. The equation then reduces to

72
v L, P (5.10)

Substituting Eqs. 5.1 and 5.2 into Eq. 5.10 and integrating, the theoretical adiaba-
tic work of compression in foot-pound force per pound-mass of gas is obtained:

(ft-lbf) k 53.2411‘.[ (pz)(k“"/" 1]
—w - T\ (P2 _
bm/ k-1 v l\m (5.11)

Where deviation from ideal-gas behavior is appreciable, Eq. 5.11 is empirically
modified. One such modification is

(ft-lbf) k 53.2411‘1[(192)2*“‘*”/" ]
e = —_ _1

bm,/ k-1 v |\p (5.12)
ar
( Hp ) k  3.027p, pz) Zik—1y/k
—w = (1= -1
MMctd/ k-1 T, ) (5.13)
where

P Tp = base conditions for specifying 1 MMcfd of gas

py. 1) = suction pressure, temperature; psia, °R
p» = discharge pressure, psia
z; = compressibility factor at suction conditions
k = C,/C, at suction conditions

Equation 5.13 gives results that are in reasonably good agreement with those
calculated by means of an enthalpy-entropy diagram. For ideal gases,

G, =C,—- R=C,— 1986 (5.14)
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C c,

k="t =—o "
C, ¢€,- 1986 (5.15)
kG
k—1 1986 (5.16)
The specific heat ratio may also be found, using Kay’s rule-type calculation as
L MG
Z(v)(M:C,) — 1.986 (5.17}
where
y; = mole fraction of each component in gas
M; = component molecular weight
Cpi = component specific heat at constant pressure evaluated at average

gas temperature in the compressor stage, Btu/lb-°F

For real natural gases in the gravity range 0.55 <y, < 1, use the following
relationship at approximately 150°F:

2.738 = log ¥,
2.328 (5.18)

JAES

Use of Egs. 5.13 and 5.18 with the compression conditions given in the
single-stage compression example yields a power requirement of 62.2 hp com-
pared to 60.5 hp obtained using Brown’s enthalpy-entropy chart.

From the isentropic (adiabatic) pressure-temperature change for an ideal
gas,

21

n (o)
T,

(5.19)

This may be modified to give the discharge temperature for real gases as
T P ik~ 1)1k
=)
Calculation of the heat removed by intercoolers and aftercoolers is accom-

plished by use of constant pressure specific heat data

AH = nC, AT (5.21)

(5.20)

where

C, = constant pressure molal specific heat at cooler operating pressure
and average cooler temperature, Btuw/lb-mol-°F
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Example 5.2. Calculate the adiabatic horsepower required to compress 1 MMcfd
of a 0.6-gravity natural gas from 100 psia and 80°F to 1600 psia. Intercoolers cool
the gas to 80°F. What is the heat load on the intercoolers and what is the final gas
temperature?

Use:

(a) The enthalpy-entropy diagram.

(b) Analytical expressions.

Solution
1600

— =16
100

Overall compression ratio: r =

This is greater than 6; thus, more than one-stage compression is required. Using
two stages of compression,
1600} 1/2
r= =4

100

(a) Using the Enthalpy-Eniropy Diagram (Fig. 5.12)
First stage: 100 to 400 psia (constant entropy}

Ahy, = hy — by = 1990 — 380 = 1610 Biw/lb-mol
Cooling in intercoalers at constant pressure (400 psia),

Ahy3 = hy - hy = 220 — 1990 = —1770 Btw/!b-mol
Second stage: 400 to 1600 psia (constant entropy}

Ahy g = by — by = 1920 — 220 = 1700 Biw/lb-mol

Entropy, Btu/lb—mol F

Fig. 512 Adiabatic work of compressions from the enthalpy-entropy diagram.
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1.0 x 10° !
Number of moles per day = ——— = 2.639 X 10
379
Adiabatic h Ahy 5 + AR 2.639 X 10° x 778:2 (1610 + 1700)
apatic horsepower = - a4 =
ranan P 12 T B34 T T X 60 x 33,000
= 143 hp/MMcfd

Heat load on intercoolers = Ak, ;3 = 2.639 x 10°(—1770)
= —4,67 x 10°Bu/MMcfd

The final gas temperature from chart at point 4 is

Ty = 2I8F

(b) Analytical Method

h k Zi(k—1)/k
—w( 4 )=-—3.027p—bT1 [(&) -1

MMcfd k-1 Ty P1
where
k = 1.28, T\ = 540°R, p,/p; = 4, T. = 358°R
pc = 671 psia, T, = 1.51, p,,, = 0.149, p,» = 0.395
z; = 0.985 at 80°F and 100 psia
zz = 0.940 at 80°F and 400 psia
Firsi stage
1.2 14.7 ]
—-w = —8(3_027 X -—) 540 | (4)0OBOLE) — 1| =733 hp
0.28 520 i
Second stage
1.28{ 14.7 ]
—w= —(3.027 x ~—) 540 | (4)02400-28/128) — 1| = €9.5 hp
0.28 520 ]

Total compression work = 73.3 + 69.5
= 142.8 hp/MMcfd

Zyke—1/k
_T_“ _ (&) Mk~ 1/Kk) _ (4)0,940(0.23/1.23) = 1.33
I P3

Fipal gas temperature T, = (1.33)(540)
= 718°R = 238°F

% = (4)0.985(0.28/1,28) = 1.348

i
T, = 728°R = 268°F
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8 + 80
Average cooler temperature = = 174°F
o . Btu
C, at 174°F and 400 psia = 9.7 + 0.45 = 10.15 ————
lb-mol °F

—2.639 > 10° (10.15)(268 — 80)
—5.036 x 10° Btuw/MMctd

Cooler load

Il

The resuits obtained using the analytical expressions compare very well to those
obtained from the Mollier diagram.

5.3.4 Actual Horsepower

The theoretical adiabatic horsepower obtained by the above calculations can be
converted to brake horsepower {bhp) required at the engine end of the compres-
sor by the use of an efficiency factor, E. The brake horsepower is the horsepower
input into the compressor. The efficiency factors include the compression effi-
ciency (compressor-valve losses) and the mechanical efficiency of the compressor.
The overall efficiency of a compressor depends on a number of factors, including
design details of the compressor, suction pressure, speed of the compressor,
compression ratio, loading, .and general mechanical condition of the unit.
During the time that the intake valves are open, points 2-3 on the indicator
card (Fig. 5.13), and during the time the discharge valves are open, points4-1, a
certain pressure drop occurs through these valves. Furthermore, there are other
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Fig. 5.13 Theoretical indicator card for a positive displacement compressor. (After
Rollins.)
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thermodynamic deviations from the ideal, perfectly reversible adiabatic process,
for example, gas turbulence and heating of the incoming gas. These losses are
shown on the indicator card (Fig. 5.13), which might be obtained from a machine
in the field. All of these gas losses occurring within the cylinder can be summed up
under the general term of compression efficiency. The compression efficiency is
the ratio of the isentropic horsepower to the actual horsepower required within
the cylinder, the actual horsepower being determined from the actual indicator
card. In most modern compressors, the compression efficiency ranges from 83 to
93%.

In addition to thermodynamic losses, there are also the usual mechanical
frictional losses in the piston rings, packings, and compressor bearings. These are
accounted for by the mechanical efficiency of the compressor. The mechanical
efficiency of most modern compressors ranges from 88 to 95%. Thus, most
modern compressors have an overall efficiency ranging from 75 to 85%, based on
the ideal isentropic compression process as a standard.

The overall efficiencies vary with compression ratio, as illustrated in Fig.
5.14. Actual curves should be obtained from the manufacturer. Applying these
factors to the theoretical horsepower gives

ideal isentropic hp

bhp =
P E (5.22)

and

_ AH(Bwh) 7782 1

bhp X X
60 33,000 E (5.23)
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Fig. 5.14 Compressor efficiency. (After Katz et al.)
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Using Fig. 5.14 and Eq. 5.22, the 143 hp found for theoretical adiabatic com-
pression at an r of 4 converts to 143/0.827 = 172.9 bhp.

5.3.5 “Quickie” Charts

Figure 5.15 is a monograph that can be used to solve Eq. 5.19. The discharge
temperature determined from either Eq. 5.19 or Fig. 5.15 is the theoretical value
and is somewhat low since it neglects heat from friction and irreversibilities.
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Fig.5.15 Theoretical discharge temperatures, single-stage compression. Readrto k to T,
to T4 (Courtesy NGPSA.)
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Figures 5.16 te 5.19 are examples of simple correlations that can be used for
estimating compressor power. These charts do not replace more accurate meth-
ods but are useful for those general planning calculations so often needed. As a
general rule, these figures will give slight!y higher results than more exact meth-
ods. These charts indicate the brake horsepower required per million cubic feet of
gas per day with reference o a suction pressure of 14.4 psia plotied against a
compression ratio for a number of ratios of specific heats, k. The required brake
horsepower is based on a mechanical efficiency of 95% and a compression
efficiency of 83.5%. The latter is an assumed value and varies with the compres-
sion valve design. Quantity of gas is measured at 14.4 psia and actual intake
temperature.

The brake horsepower required for compression may be expressed as

Yooy
bhp = % (bhp/MMecfd)
14.4T, (5.24}
or
gpeTy
bhp = X (bhp/MMcfd
P =T,qoy * (PPPMMcfd) (5.25)
where

V = inlet capacity of compressor, MMcfd
g = inlet capacity of compressor, cfm
P, = pressure base at which volume is measured, psia
T, = temperature base at which volume is measured, °R
14.4 = pressure base of charts, psia
Ty = inlet temperature of compressor, °F
(bhp/MMcfd) = factor determined from Figs. 5.16 to 5.19

Example 5.3. Find the brake horsepower required to compress 14,000 ¢fm of gas
measured at 14.73 psia and 60°F from 25 psig to 75 psig with an inlet temperature
of 90°F. The barometric pressure is 14.4 psia and the ratio of specific heats is 1.35.
Solution

75+ 144 894

The compression ratio r = ————— = —— = 2.27
25+ 144 394

Therefore, from Fig. 5.16,
bhp/MMcfd = 49.5 (atk =135 and r = 2.27)

The horsepower requirement is

14,000 x 14.73 x 550
520 x 107

bhp = x 49.5 = 1080 hp

The horsepower requirement for multistage compression is decreased by
intercooling between stages. If intercooling is not employed, the heat of compres-
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sion in the first stage increases the volume to be compressed in the second stage
with resultant increase in horsepower required. The horsepower required by the
second stage is in direct proportion to the absolute inlet temperature of the first
stage. Hence, the second-stage horsepower requirement will be equal to the
first-stage requirement multiplied by the ratio of temperature increase across the
first stage. This temperature ratio is given by Eq. 5.19.

The second-stage horsepower may be determined from the following formu-
la, in which subscript 1 refers to the first stage and subscript 2 to the second stage:

(bhp/MMcfd), = (bhp/MMcfd), ()% D% (5.26)

If intercooling is used, the total horsepower required is roughly equal to the
horsepower requirement of the first stage multiplied by the number of stages
(assuming equal compression ratios and the same inlet temperature for all stages).
The compression ratio per stage must be corrected for the pressure drop resulting
from the intercooler. This pressure drop is generally taken as 4% of the first-stage
discharge pressure. Horsepower requirements with and without intercooler may
be calculated as shown by the following example.

Examiple 5.4. Find the horsepower required with and without intercooling when
compression is 16,000 cfm of natural gas, k = 1.28, measured at 60°F and 14.73
psia, from atmospheric pressure of 14.4 psia to 125 psig. Inlet temperature is 70°F.
Solution

Withowut Intercooling

p2 125+ 14.4
Overallr = — = ——— = 9.68
oM 14.4

r=(9.68)" = 3.11
From Fig. 5.17,

bhp/MMcfd, First stage (at k = 1.28, »r = 3.11)
=67.5

From Eq. 5.26,

bhp/MMcfd, Second stage = 67.5(3.11)%21%5 = 86.5
Total bhp/MMcfd = 154 hp

The corrected horsepower required (Eq. 5.25) is

16,000 x 14.73 x 530

bhp =
P 520 x 10°

x 154 = 3699 hp
With Intercooling
Allowing 4% of first-stage discharge pressure or approximately 1.0 psi per stage as

a pressure drop between stages, the correct compression ratio r per stage is

1.0
r=311+ — =318
14.4
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From Fig. 5.17,

bhp/MMcfd per stage (at & = 1.28, r = 3.18)
= 68.5
Total bhp/MMcid = 68.5 x 2 = 137 hp

The corrected horsepower requirement is

16,000 X 14.73 X 530
520 x 10°

bhp x 137 = 3291 hp

Intercooling shows a saving of approximately 408 hp.

Conversely, Figs. 5.16 to 5.19 may be used to determine the pumping
capacity of any given size machine. However, to determine the capacity of a given
engine operating as a multistage unit, alfowance must be made for the pressure
losses between stages. It is customary to assume full horsepower rating for a
single-stage unit, 98% of the horsepower rating for a two-stage unit, and 96% of
the horsepower rating for a three-stage unit.

The following formulas may be used to determine the pumping capacity of a
given unit:

For single-state compression

_ratedbhp X 144 X T

(bhp/MMcfd)p, T, 5.2
__ rated bhp x T, x (10)*

For two-stage compression

_ rated bhp % 0.98 x 14.4 x 7}
(bhp/MMcfd)a T, p, {5.29)

rated bhp X 0.98 x Ty x (10)*
(bhp/MMcfd)n T p,, (5.30)

q:

where

bhp/MMcfd is determined by using the compression ratio per stage
V = inlet capacity of compressor, MMcfd
g = inlet capacity of compressor, cfm
14.4 = pressure base on charts, psia
pp = pressure base of V or ¢, psia
T, = temperature base of V or g, °R
T, = inlet temperature, °R
Rated bhp = manufacturer’s rating of engine
n = number of stages

i

I

l

Example 5.5. Find the capacity at standard conditions (60°F and 14.73 psia) of an
1100-hp, two-stage gas engine compressor unit compressing natural gas, & =
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1.28, from atmospheric pressure of 14.4 psia at 90°F inlet condition to a discharge
pressure of 125 psia.

Solution

125 + 14.4
Overall r = 2 = 22 7% _ g 68
P1 14.4

= (9.68)%% = 3.11 per stage
From Fig. 5.17,
bhp/MMcfd (at r = 3.11, k = 1.28) = 67.5
For two-stage compression, Eq. 5.30,

1100 x 0.98 x 520 x (10)*
67.5 X 2 x 550 x 14.7

q = = 5,136 cfm

or

V = 7.4 MMcfd

5.4 CENTRIFUGAL COMPRESSORS

Table 5.1 contains formulas for calculating centrifugal compressor head, dis-
charge temperature, and horsepower. These equations are derived from com-
monly accepted thermodynamic relations of gases. Isothermal compression cal-
culations are generally used only when extensive cooling is accomplished during
the compression cycle. Overall isothermal efficiency must be determined by the
designer of the compressor. Discharge temperatures cannot be determined di-
rectly from the isothermal efficiency, since they depend on the type of cooling and
the location of coolers. Isothermal compression calculations are of little use to the
estimator of centrifugal machines.

Polytropic relations are commonly used as the basis for comparing centri-
fugal compressor performance. Adiabatic relations can also be used.

5.4,1 Compression Calculations

Data Required:
1. Physical properties of gas being compressed:
Molecular weight M
Adiabatic (isentropic) exponent k

Gas deviation factor -
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2. [Inlet conditions at compressor flange:

Capacity cfm, Ib/min, MMscfd (at
defined conditions), etc.

Inlet temperature °F
Inlet pressure 1 (psia)
3. Discharge pressure at compressor flange p, (psia).
4. Water temperature if intercooling is used T, °F.
5. Process temperature limitations, if any.
Preliminary Calculations

1. Approximate polytropic efficiency is given by Fig. 5.20, using inlet capacity in
cubic feet per minute.

2. Polytropic ratio (m — 1)/n can be obtained from Fig. 5.21, using the specific
heat ratio £ and the polytropic efficiency E,; or

n-1_k-1 1
n k E, (5.31)

3. Compression ratio is obtained from inlet and discharge pressures:

r = pafp

Discharge Temperature
The discharge temperature must be considered in the selection of materials:

Tg = Tlr(n_l)/" (532)

76

75 .
74 e

73 I

72 e

7 =
70

Approximate polytropic efficiency, %
AY

10 2 4 6 810° 2 4 8 810°
Capacity at compressor inlet, cfm

Fig. 5.20 Approximate polytropic efficiency versus compressor inlet capacity. {After
Rollins.)



Centrifagal Compressors 205

n-1

i

09 Tk—"l r
I &

[

06

0.8 + T /1
Ep = Polytropic efficiency //

07 //
e / /

<o
@
)/ @
L~

N

\J
\e
o

W

AN
MW

/ c
iy =
Ny
iV &

7

Fig. 5.21 Polytropic ratio (r — 1)/n vs. adiabatic exponent k. (After Rollins.)

Polytropic Head
The polytropic head is an indication of the number of impeflers required:
ft-Ibf zi + 23 pr i — g
H, = R —————
Thm 2 (n— D/n {5.33)

The values of /" "1/ may be obtained from Fig. 5.22.
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Gas Horsepower (ghp)
1. From mass flow rate,

m x H,

hp = ———"—
B~ 33,000 E, (5.34)

where
m = mass flow rate, lbm/min
2. Or, from inlet capacity and inlet pressure,
Z + 22 ﬂn_l]/" -1
x

221 n—1

g1 X py X

H
229 % E, (5.35)

ghp =



Centrifugal Compressors 207

Brake Horsepower
The gas horsepower calculated is not the true input horsepower to the compres-
sor. Mechanical and hydraulic losses occur because of bearing losses, seal losses,
and other losses which may generally be ignored. In estimating bearing and seaf
losses, figures of 30 and 20 hp may be used, respectively, as approximations.

Example 5.6. Performing centrifugal compressor calculations using the foilow-
ing data:

Natural gas M=19.7
k=124

1
M 78.3 psfa cu ft/lbm °R

Inlet pressure 250 psia
Inlet temperature i00°F

Inlet capacity,
measured at 14.73 pstia,

60°F 100,000 scfm
Discharge pressure 593 psia
Solution
593
—BR_2 o,y
pr 250

To find discharge temperature;

E, = 75%, assumed
n—1 124-1 1

x —— = {.258
n 1.24 0.75
T, = 560(2.37)"*® = 560 x 1.25
= 700 °R = 240°F

z; = 0.97 (at 250 psia and 100°F)
z3 = 0.97 {at 593 psia and 240°F)

Mass flow rate

100,000 X 14.73 x 144

m = = 5210 lbm/min
520 x 78.3
Inlet capacity
_ h Z1RT|

5210 x 0,97 x 78.3 x 360
250 x 144

It

q1 = 6155 cfm
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Esiimated polytropic efficiency (Fig. 5.20)

E, = 724%
n—1 124 -1 1 0.268
= x = 0.
n 1.24 0.724

Discharge temperature

T, = Ty 1/r) = 560(2.37%28)
= 560(1.26) = 706°R = 246°F
Polytropic head

[r(u—l)/n _ ]]

(n — 1)/n
0.26

0.268

Hp = Zm,RT1

= 0.97 x 78.3 x 560 x

= 41,263 ft-1bf/lbm
Horsepower

5+ zp [A—1)

2z n-—1

g1

n

h =
& 229 x E,,

0.26
0.268
229 x 0.724
9004 hp
ghp + bearing losses + seal losses

9004 + 30 + 20
= 9054 hp

6155 x 250 x 1.0 x

gph =

(1|

bhp

il

5.5 ROTARY BLOWIERS

Rotary, two-impelier, positive displacement blowers (Fig. 5.1) are constant-
volume, variable-pressure machines available in capacities ranging from 5 to
30,000 cfm and pressures up to 12 psig in single stage. In some sizes, two-stage
machines are available for pressures up to 20 psig.

The rotary positive blower employs two symmetrical, figure eight-shaped
tmpellers rotating in fixed relationship with each other and in opposite directions
within an elongated cylinder. As each lobe of an impelier passes the blower inlet,
it traps a quantity of air equal to exactly one-fourth the displacement of the
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blower. The entrapment occurs four times during each revolution, moving from
the air inlet to the outlet. Timing gears position the impellers accurately in
relationship Lo each other, maintaining minute clearances, which aliow the rotary
positive blower to operate at high volumetric efficiency without internal seal or
lubrication. Because of these minute clearances, a certain amount of air escapes
past the operating clearances back to the suction side of the blower. This leakage,
defined as “slip.” is a constant for any given blower at a given pressure. It is
expressed in revolutions per minute by dividing the leakage volume per minute by
the displacement per revolution.

5.5.1 Design

Total operating speed of a blower, within size range, is determined by the
following:

desired capacity in cfm A
Total rpm = - + slip rpm
displacement in cfr (5.36)

where
¢fr = cubic feet per reveolution

Approximate total horsepower consumed equals displacement (cfr) times
total rpm times pressure differential (psi) times a constant of 0.005.

hp = 0.005(cfr)(rpm){Ap) (5.37)
Approximate temperature risc can be calculated from
Ty = Ty(r)tk—N/k {5.38)

where

r = compression ratio
k = specific heat ratio

Most tequirements can be met with a single machine of the required capacity
and are suitable to produce the required pressure. The positive displacement
blower can be adapted to variable-capacity requirements if provided with a
variable-speed transmission or driver. Capacity control can also be provided by
installing multiple units of identical or different capacities.
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PROBLEMS

5.1 A gas reinjection project requires the compression of a 0.6-gravity natural
gas from 100 psia and 80°F to 2700 psia. Intercoolers cool the gas to 100°F.

(a)
()
(©
(d)
()

Determine the minintun number of compression stages required for
optimum compression efficiency.

Carefully sketch an enthalpy-entropy diagram and draw the path taken
by the process.

What are the temperatures of the gas at the ends of the first and last
stages of compression?

Calculate the total adiabeatic horsepower required to compress 1
MMcfd of this natural gas.

‘What is the heat load on the intercoolers?

5.2 25 MMcfd (measured at 14.7 psia and 60°F) of a natural gas, with a specific
heat ratio of £ = 1.3, are to be compressed from 1000 to 8000 psia. The inlet
temperature is 80°F. Determine the horsepower requirement:

(2)
(®)

Without intercooling.
With intercooling.

Allow a pressure drop per stage of approximately 4% of first-stage discharge
pressure. This is the usual assumption with intercoolers between stages.

(c)

53 {a)

A 2100-hp two-stage compressor unit compresses natural gas (k =
1.3) from a pressure of 1000 psia at 78°F inlet condition to a discharge
pressure of 6000 psia. What is the capacity of this compressor at
standard conditions of 60°F and 14.7 psia.

Figure 5.23 shows the basic flow diagram of a gas-condensate cycling
plant. Figure 5.24 shows details of the compression-injection part of
the plant. The gas injection rate is 30 MMcfd at 14.7 psia and 60°F.
Injection gas gravity may be taken as y, = 0.7. Calculate the brake
horsepower required to run the compressors and the heat load for the
interstage cooler. Pressures at stations 1 and 4 are 900 and 7000 psia,
respectively. Temperatures at stations 1 and 3 are 90 and 130°F, respec-
tively. After all calculations summarize your answers according to the
following computational form:
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Station
1 3 4
Pressure, psia 900 7000
Temperature, °F %0 130
h, Btu/lb-mol
5,Btus1b-mole°R
AH, Btuh

Brake hp (stage)

(b) Determine the brake horsepower in problem (a) using “quickie”

charts.

Compression
+ injection

Separation

Fig. 5.23

~—— Station —

To injection

well
From
field

separation - M

First Second

stage stage

Assume compressor
elficiency = 80%

Gas-condensate cycling plant.

Fig. 5.24 Deuails of compression-injection part of plant.
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5.4 Reciprocating compressor design

5.5

A remote dry gas well capable of 2.5 MMcfd with 500-psig tubing pressure
must be compressed to 825 psig for sales, What is the amount of horsepower
required to perform this job? First use a quick estimate, then a calculation.

Additional data: Specific gravity = 0.60, suction temperatare = 85°F
Atmospheric pressure (assumed) = 14.7 psia
Centrifugal Compressor Design

Gas Mixiure Mol %

Propane 89
n-butane ) 6
Ethane 5

Calculate the centrifugal compressor required to handle the above gas at the
following operating conditions:
Inlet temperature Ty = 41°F
Inlet pressure P, = 20.3 psia
Discharge pressure p, = 101.5 psia
Flow rate = 10,540 mol/hr

-



6

NATURAL GAS
MEASUREMENT

6.1 INTRODUCTION

Natural gas is in continuous flow from the time it leaves the reservoir until it
reaches its ultimate use, usually in a burner. Unlike other products, it is not
packaged or put in warehouses where inventory can be taken, except in under-
ground storage and liquified natural gas storage facilities. Measurement of gas
purchases and deliveries is made on a flowing stream of gas; hence, accurate
measurement of the total quantity of gas that has passed through a given section of
pipe over a period of time is of paramount importance to the gas industry. For
example, an error of only 1.0% in the measurement of natural gas in a pipeline
delivering 300 MMcfd of gas at $1.00 per thousand cubic feet (Mcf) will amount to
a loss of over $1 million/year to either the seller or the purchaser.

At present, the most common method of measuring gas is by volume. As a
matter of convenience, most operators account for gas in units of 1000 cu ft,
commonly referred to as one Mcf. The total mass of substance in 1 cu ft of gas
depends partly on its absolute pressure, which in commercial gas measurement is
expressed in pounds per square inch, and its absolute temperature (°F plus 460,
also referred to as Rankine temperature). To measure gas in meaningful tecms by
the volume method, first specify the absolute pressure and temperature of the
base ot standard cubic foot. In other words, the pressure and temperature of the
reference or base cubic foot must be established.

The nationally recognized base temperature for large-volume fuel gas mea-
surement is 520 R (equivalent to 60°F). With regard to a base pressure for
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large-volume measurement, different states and countries use different base
conditions:

Pressure Temperature
State or Location Base, psia Base, °F
California 14.7 60
Texas, Oklahoma, Arkansas, Kansas, Alberta 14.65 60
Louisiana, Department of the Interior 15.025 60
U.S. Bureau of Standards and Federal
Price Commission 14.735 60

Since January 1, 1967, the American Petroleum Institute (API) and the American
Gas Association {AGA) have been using 14.73 psia and 60°F as their standard
conditions.

Among the presently used pressure bases, one of the most widely used is
14.73 psia. In large-volume fuel gas measurement practices, 14.73 psia is accepted
as the equivalent of 30 in. of mercury pressure, which approximates the average
atmospheric pressure at sea fevel. In changing a contract measurement from any
other base pressure to “standard base pressure,” the effect of the change may be
readily offset by adjusting the price of the gas by multiplying it by a factor equal to
the standard pressure base divided by the old pressure base. See Table 6.1 for base
pressure conversion factors.

6.2 METHODS OF MEASUREMENT

Both gas and liquids may be measured using various measurement techniques,
including orifice meters, positive displacement meters, turbine meters, venturi
meters, flow nozzles, critical low provers, elbow meters, and variable area meters
(rotameters). The selection of the measurement method to be used should be
made only after careful analysis of several factors, including the following:

1. Accuracy desired.
2. Expected useful life of the measuring device.
3. Range of flow, temperature.
4, Maintenance requirements.
5. Power availability, if required.
6. Liquid or gas.
7. Cost of operation.
8. [Initial cost.
9. Availability of parts.
10. Acceptability by others involved.
11. Purpose for which measurements are to be used.
12. Susceptibility to theft or vandalism.
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6.2.1 Volumelric Measurement

The simplest method of measuring gas is by the volumetric method. This method
determines the cubical content of a container (applying Boyle’s and Charles” laws
with applicable deviation factors in order to express the quantity of gas in the
container) under the existing pressure and temperature in terms of equivalent
volume at the desired base pressure and base temperature conditions. Using the
simple gas law,

vy pVy
—_— = = a constant
Ty T3 (6.1)
The volumetric formula is
T,V PV, (5) (r,,)1
q=—T" or — =\ ="V
peTz peT s \T/z {6.2)
Equation 6.2 may be written as
LANEE
- [2) 3
Pl \T (6.3)
where

1
F,, = supercompressibility factor = \ﬂ
z

Where calculations are to be made using a particular pressure and tempera-
ture base consistently, such as where p, = 14.73 psia and T, = 520 R, the
formula may be simplified for more convenient use:

520 1
g=——2 2y _ 3530 (ET) F2V

1473 Tz (6.4)

A simplified equation for volume of gas in pipelines is derived by C. J. Kribs of
Southern Gas Corp:

g = D*(2)p(L) (6.5)

where
g = volume of gas in pipeline cubic feet at 14.4 psia pressure base and
60 F
D = internal diameter of pipe, in.
p = mean absolute pressure, psia
L = length of pipeline section, mi

The applicable supercompressibility multiplier va2 may be included in the
pressute or applied to the volume. The 14.4-psia pressure base volume deter-
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mined by Eq. 6.5 may be converted to another pressure base by applying a
factor = 14.4/other pressure base.

6.2.2 Displacement Metering

Displacement metering is essentially a more advanced form of volumetric mea-
surement with an instrument having one or more mobile compartments or dia-
phragms arranged so that when gas passes through the meter, they are alternately
filled or emptied. This motivates an index which registers the summation of the
quantity of gas displaced in the compartment over a period of time.

The principle of the diaphragm-type displacement meter may be illustrated
by a cylinder and reciprocating piston (Fig. 6.1). As the piston moves in the
cylinder from position A to B, a quantity of gas is taken into the cylinder through
the inlet port to occupy the space displaced by the piston. On the return stroke,
the gas is discharged out of the cylinder through the outlet as the piston returns
from B to A.

The volume of space the discharged gas occupied while in the cylinder is
equal to the piston displacement. Where the volume of the piston displacement is
known, it is a simple matter to connect a counter to the piston rod that will tally the
piston displacement for each compression stroke. Since the volume of gas dis-
charged is egual to the total piston displacement, the counter will indicate a
measured volume of gas. The pressure and temperature of the gas in the cylinder
will be that as supplied to the cylinder through the inlet port. If 2 thermometer and
pressure gauge are added to the cylinder, these conditions may he observed.

From this information, Boyle’s and Charles’ law formulas can be applied to
the volume of gas discharged as indicated on the counter in order to convert this
volume to the equivalent quantity of gas at base temperature and pressure

conditions. The formula is
ppTz (6.6)

ELLEFTZTLL L LS Ll lodd I LL S

—— Quslet valve and port

S

I

i
! { D Inlet valve and part
|

VI EGTIIETIEITT LIS TIZZILL
B A

Fig. 6.1 Cylinder and reciprocating piston representing a simple displacement meter.
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where

Il

q = quantity of gas at base conditions, cu ft

r = counter registration, cu ft

p = pressure of gas, psia
Py = pressure base, psia

T = temperature of gas, °R
T, = temperature base, °R

z = gas deviation factor

Il

The initial reading of the index is subtracted from the final reading to obtain the
registration during any period. The displacement meter formula can be rewritten
for this procedure:

‘0T,
=(rp—r)
pelz (6.7)
where
r, = final index reading, cu ft
r; = initial index reading, cu ft
or

—trr— ol 2) (T2} p 2
o= - n(Z) (2) 5. .

The most commos type of dispiacement meter has diaphragms separating the
measuring compartiments, These usually have four measuring compartments and
two diaphragms. The movement of a diaphragm from one side to the other allows
one compartment to fifl while the second is discharging (Fig. 6.2}.

The rotary displacement meter represents an entirely different mechanical
principle than the diaphragm displacement meter. It employs two metal impellers
of the same size having a cross-sectional shape resembling the figure 8. Thése
impellers rotate on individual shafts and are designed and spaced to rotate
tangentially to each other. They are enclosed in a cylindrical case. Gas flowing
through the meter rotates the impellers and, since the close-off volume between
an impeller and the case is fixed, a definite volume of gas will pass through the

Inlet pori closed D Inley port open
——

Finl
Exhaust port open DG Empty Exhaust port closed

CL2R2LLELTTLTTE ZIZTTL

Fig. 6.2 Double-acting and reciprocating piston representation of a two-diaphragm
displacement meter.
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meter with each revolution of the impellers. By connecting an index to the shaft of
an impeller, the volume of gas may be registered by this index.

The wet test meter is a small displacement meter sometimes vsed for labora-
tory measurment of gas. This meter measures very small quantities of gas with
comparatively high accuracy. The measuring chamber is a drum with four helical
partitions that do not extend to the drum center. The drum is mounted within a
case filled with water to a height sufficiently above the drum shaft to close the
inner edges of the helical partitions. As gas passes through the meter, successive
small quantities are-sealed off in the chambers formed above the water surface by
the helical partitions within the drum. The index is accurately calibrated and may
be read to 0.0001 cu ft. The metering pressure may be observed by a water
manometer connected to the meter. The metering temperature is obtained from
a thermometer inserted in a thermometer well in the meter.

6.2.3 Differential Pressure Methods

Differential pressure methods of gas meltering involve the measurement of a
pressure difference from which, together with certain other data, the rate of flow
is computed on the basis of well-established physical principles. The differential
pressure that is measured may be produced by a restriction placed in a pipe
(orifice meter), or it may be the difference between kinetic (velocity) pressure and
static pressure, as is the case of the pitot tube. There is a direct relationship
between the rate of flow and the amount of this pressure drop, or differential. This
principle has been widely used and has been developed into a precise and accurate
means of measuring fluids (see Secticn 6.3).

6.2.4 Turbine Meter

The turbine meter uses the flowing gas as a force imparted to a bladed rotor. With
appropriate gearing, revolutions of the rotor may be converted to volume. Accu-
racy curves are usually developed for each turbine meter, and proving or calibra-
tion techniques are available. Filters are almost a necessity ahead of turbine
meters to permit sustained accuracy and trouble-free operation.

6.2.5 FElbow Meter

Centrifugal force in the curve of a pipe elbow can be used to measure flow. For
accuracy, the elbow should be calibrated using some other acceptable measure-
ment as a standard. Accuracy is not usually the objective when elbow meters are
used. Relatively little pressure loss or differential pressure is created. Because of
this, the meters are used primarily for control or other operations.
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6.3 ORIFICE METER

By far the most common type of differential meter used in the fuel gas industry is
the orifice meter. This meter consists of a thin flat plate with an accurately
machined circular hole that is centered in a pair of flanges or other plate-holding
device in a straight section of smooth pipe. Pressure tap connections are provided
on the upstream and downstream sides of the plate so that the pressure drop or
differential pressure may be measured. Figure 6.3 illustrates the flow pattern
through an orifice, how the resulting pressure differential across the orifice is
measured, and the change in static pressure that occurs. The advantages of the
orifice meter are accuracy, ruggedness, simplicity, ease of installation and main-
tenance, range of capacity, low cost, acceptance for gas measurement by joint
AGA-ASME committee, and availability of standard tables of meter factors.

As its name implies, an orifice meter utilizes an orifice for its basic compo-
nent in the measurement of natural gas. The typical orifice meter consists of
(primarily) a thin stainless steel plate about %6 in. thick, with a hole in the center,
that is placed in the flow line. Placing an orifice in a pipe in which there is a gas flow
causes a pressure difference across the orifice. This pressure difference and the
absolute pressure in the line at a specified *“tap” location are recorded contin-
ucusly and are later translated into rate of flow. Two arrangements are com-
monly used: flange tap and pipe tap (Fig. 6.4).

I VAR
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Fig. 6.3 Flow pattern through an orifice and the static pressure gradient.
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It is customary to consider a complete orifice meter as composed of two

major elements. The first of the two major elemenis is the differential pressure-
producing device called the primary element. This primary element is composed
of the following parts (Fig. 6.5}

1.
2.

4.

5.

The meter tube—a length of special pipe through which the gas flows.

The orifice plate holding and positioning device—an orifice flange or an
orifice fitting installed as an integral part of the meter tube to hold the orifice
plate in a position perpendicular and concentric to the flow of gas.

The orifice plate—a flat circular plate with a centrally bored, sharp-edged
orifice machined to an exact, predetermined dimension that forms a cali-
brated restriction to the flow of gas through the meter tube and is the source
of the differential.

Pressure taps—precisely located holes through the pipe walls or orifice plate
holder from which the gas pressure on each side of the orifice plate may be
measured.

Straightening vanes—a device that may be inserted in the upstream section of
the meter tube to reduce swirling in the gas stream.

The secondary element is calied the differential gauge and is the device for

measuring the pressures, It is a gauge (or gauges) connected with tubing to the

P Flange { throat) tops P s Pipe { full flow) tops

Vena contracta —smallest

Weter tube diameter of the flow stream

Orilice plate
holding device

Fig. 6.5 Representation of the primary element of an orifice meter.
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upstream and downstream pressure taps of the primary element. One part indi-
cates or records the difference between the pressures on each side of the orifice
plate and the other part indicates or records one of these pressures. Recording
differential and static pressure gauges, using circular charts with printed scales,
are extensively used and they provide a permanent record. Integrating differential
gauges are also made, in both the indicating and recording type, that register the
flow in uncorrected cubic feet.
The flow of natural gas in the line is calculated by a formula:

g=CVhxp 6.9)

where
g = standard volume per time
C’ = a constant
h = pressure drop across the orifice, inches of water
p = static pressure in the line, psia

The constant C' is composed of many other constants that reflect the type of gas
being measured, the orifice/pipe diameter ratio, temperature, flow rate, and so
on.

6.3.1 Basic Orifice Meter Equation

The basis for the orifice-meter equation is the general energy equation. This
equation may be written between any two points in the flowing stream, such as
points 1 and 2 on Fig. 6.3:

2 Tudn 2 dz
vdp + + ] g—=—-w-—-Iw
I 1 & 1 8c (610)

1
v = specific volume = cu fv/lbm
P

where

p = pressure, Ibfisq ft

u = average linear-flow velocity, ft/sec

£c = conversion factor: 32.17 (Ibm/Abf){ft/sec?)

g = acceleration due to gravity, ftisec®

Z = vertical distance above datum, ft

w = work done by flowing fluid, ft-Ibf/lbm

Iw = work energy lost due to frictional effects, fi-1bf/ibm

For most meters, change in elevation between points 1 and 2, dZ, is zero.
Also, no work is done by the flowing flaid, that is, w = 0. The lost-work term Iw
expresses the frictional losses due 1o viscosity and turbulence of the fluid. These
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losses can be handled in a manner convenient for meter calculations without
reference to friction factor. The basic orifice equation can be written in the form:

2 2 - [P udu _
C vdp+ =0
1 i 8c {6.11)

where C? is an empirical constant that takes care of friction and other irrevers-
ibilities. The point of highest velocity and lowest pressure in the fluid flowing
through an orifice is at point 3, called the vena contracta. 1t has the smallest
diameter of the flow stream.

To use Eq. 6.11 requires knowledge of the relationship between the specific
volume, v and the pressure, p, between points 1 and 2; but for real gases, the
integration becomes too complicated for routing use. Since the pressure differen-
tial is small as compared with the pressure, an average value (v of v or an average
value p of its reciprocal, the density p) may be used to simplify the integration.
Equation 6.11 thus becomes

2 u% - u%
C*(144)(p, — p1) + T 0 (6.12)
ar
uj 3 C(144)(p1 — py)
22 p (6.13)
where

D1, P2 = pressures, psia
p = average density, Ibm/cu ft

Il

If #1 is the mass flow rate in Ibm/sec, then

m=puA (6.14)
or
7 £
u(fiisec) = mflbm/sec)
p{ibm/cu ft)A4 (sq ft) (6.15)

Substituting Eq. 6.15 in Eq. 6.13,

__'L[(i) _ (i)] _ M4Cp, — p)
(A RVE A P (6.16)

Recognize that u; is measured at area A, the pipe, and i, is measured at area A,,
the orifice. Define the ratic of orifice diameter to pipe diameter as

D,

B= o (6.17)
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Equation 6.16 can then be rearranged and solved for #1 to give

2g.plp; — 144
. \/ 0(p = P2)(144
(i- B (6.18)
Equation 6.18 bas included the average density p of the gas. For gases, the

average density may be expressed in terms of pressure, temperature, and gas
deviation factor, using the gas law:

__ P
i RT (6.19)

where
Yy = gas gravity (air = 1.0)
R = gas constant = 10.732

If the pressure difference is expressed in inches of water,

62.43 tom Ah(in. H,0) ft
Ibi T cu ft (in. Hy gsec2

®1 = p2) sq in. - sq. in in. Jom fi
14 ———1 {12 — e T3
sq ft ft Ibf sec (6.20)

Substitute Eqs. 6.19 and 6.20 into Eq. 6.18:

_tbm 26.(29 v, P)(144)(62.43 Ah)
wm— =

sec 2N (1 - BYH(RT)(144 x 12) (6.21)

Now express Eq. 6.21, which is in terms of mass flow rate, in a form similar
to that used for natural gas; that is, in terms of volume flow rate at standard con-
ditions of temperature and pressure, T, and p,. Let g5 be the flow rate in cubic
feet per hour, and:

= 2%
z,RT, (6.22)

3
Then

[ 29
(ibmisec) = —— [___Wb J

3600] (1.00)RT, (6.23)

Substituting Eq. 6.23 into Eq. 6.21 yields

: T\ CA,VAhp
gy = 40,077 -
2o) V1 — Bt Vi, Tz

D 2
As(sq ft) = orifice area = E(_E)

4\12 (6.24)
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where
D, = orifice diameter, in.
Thus
gx = 218.59 (T”) CD3 Vahp
Pol V1- 8 Vo Tz (6.25)
or

_ 21859c1)2 T, \/’ 1 \} “
o ( Vakp (6.26)

Equation 6.26 is the basic or fundamental orifice-meter equation. For most
work in the gas industry,

Py = 14.73 psia
T, = 60°F = 520 R

Il

Assuming the gas to be air, for which vy, = 1, and assuming a flowing gas
temperature of 520°F, Eq. 6.26 reduces to

qn = 338.40Ky V Ah p (6.27)

where

Ky = ———
Vi - gt

The value 338.40K, becomes the basic orifice flow factor, Fy, which is used in
calculating the orifice flow constant, C’, in the general orifice-meter equation.

6.3.2 The General Orifice-Meter Equation

In the measurement of most gases, and especially natural gas, it is almost the
universal practice to express the flow in cubic feet per hour referred to some
specified reference or base condition of temperature and pressure. For the calcu-
lation of the quantity of gas, AGA Committee Report No. 3 recommends the
formula

gn = C" Vi,py (6.28)

where
qn = quantity rate of flow at base conditions, cfh
C' = orifice flow constant
h, = differential pressure in inches of water at 60°F
ps = absolute static pressure, psia
Vh,p; = pressure extension

0
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Because the general orifice-meter equation (Eq. 6.28) appears to be so
simple, one may wonder where all these physical laws became involved in the
measurement calculations. The orifice flow constant C’ may be defined as the rate
of flow in cubic feet per hour, at base conditions, when the pressure extension
equals unity. It was formerly known as the “flow coefficient.” C’ is obtained by
multiplying a basic orifice factor, Fp, by various correcting factors that are
determined by the operating conditions, contract requirements, and physical
nature of the installation. This is expressed in the following equation:

C" = (Fp)(F )Y ) Fps ) Fu ) (Fi) (F) (Fp X Fn)(F)(Fo) (6.29)

where

F,, = basic orifice factor, cfh
F, = Reynold’s number factor (viscosity)
Y = expansion factor
Y, = based on upstream static pressure
¥,
Yo

I

= based on downstream static pressure

= based on a mean of upstream and downstream static pressures
= pressure base factor (contract)

F,, = temperature base factor (contract)

flowing temperature factor

F, = specific gravity factor

e
.
Il

F,, = supercompressibility factor
F,. = manometer factor for mercury meter
F, = gauge location factor

F, = orifice thermal expansion factor

The derivation of some of these factors is very complex. Actually, several
factors can be determined only by very extensive tests and experimentation, from
which tables of data have been accumulated so that a value may be obtained.
Tables for these factors are available (Tables A.22 to A.37 in the Appendix) and
should be referred to for actual values when making calculations. There are two
sets of tables—one for flange taps and one for pipe taps—and care should be taken
to use appropriate tables for the type of taps in the installation.

Basic Orifice Factor, F,

This is dependent on the location of the taps, the internal diameter of the run, and
the size of the orifice. Fy can be obtained from Table A.22 for flange taps and
Table A.27 for pipe taps for published inside diameters. For sizes not listed in
these tables and sizes outside the tolerance limits, the exact value of Fy, should be
calculated for the particular value of B based on the actual value of orifice
diameter by using the equations givenin AGA ReportNo. 3. Interpolation should
not be relied on.

Reynolds Number Faclor, F,

This factor is dependent on the pipe diameter and the viscosity, density, and
velocity of the gas. F, is obtained by using Table A.23 for flange taps and Table



Orifice Meter 227

A28 for pipe taps. For its determination, the average extension at which the
meter operates must be known in addition to the orifice and pipe size. The
extension V h,.p; used in the determination of F, may be chosen in several ways.
The accuracy of each method will depend on individual conditions of flow. The
method sefected should give as accurate an average V'h,,py as possible consistent
with the tolerances of the test of the factors. For pressures below 100 psig, it may
be necessary to calculate F, daily, where some estimated average pressure ex-
tension may be sufficient for pressure above 100 psig.

Several methods, any one of which may be mutally agreed on, are used for
arriving at these averages. Some examples are:
1. Daily average of VhA,p;.

2. Average Vh,p, after plate installation and periodic average of V#,ps
under normal conditions of flow for season.

3. One-half of the square root of the range of the chart (100 in., 1000# chart at
14.7 psia would be 1/2 V100 % 1014.7 = 159.27).

4. One-half of the differential and three-quarters of the pressure range (100 in.,

1000# chart at 14.7 psia would be V50 x 764.7 = 195.54).

Tables A.23 and A.28 have been calcnlated by using average values of
viscosity, 0.000,006,9 Ibm/ft-sec, of temperature, 60°F, and of specific gravity,
0.65, applying particulatly to natural gas. If the gas being metered has a viscosity,
temperature, or specific gravity quite different from these, the value of F; in
Tables A.23 and A.28 may not be applicable. However, for variations in viscosity
of from 0.000,005,9 to 0.000,007,9 Ibm/fi-sec, in temperature of from 30 to 90°F,
or in specific gravity of from 0.55 to 0.73, the variations in the factor F, would be
well within the recommended tolerances.

Expansion Factor, Y

Unlike ligquids, when a gas flows through an orifice, the change in velocity and
pressure is accompanied by a change in the density. The expansion of the gas
through the orifice is essentially adiabatic. Under these conditions, the density of
the stream changes because of the pressure drop and the adiabatic temperature
change. An expansion factor ¥, computed for the adiabatic and reversible case, is
included in the orifice-meter formula to cotrect for this variation in density. Itisa
function of the differential pressure, the absolute pressure, the diameter of the
pipe, the diameter of the orifice, aud the type of taps. Refer to Tables A.24, A.25,
and A..26 for flange taps and Tables A.2% and A.30 for pipe taps for the expansion
factors. Care should be taken to select the correct table for the pressure tap from
which the static pressure is measured (upstream, Yy, or downstream, ¥3). The
same procedures for selecting A,./p; are used in this case as with the F, factor.

Pressure Base Factor, F,

Most locations use 14.73 psia as a standard base. This is the pressure base adopted
by the American Gas Association for its standard, which represents atmospheric
pressure at sea level. This factor is a direct application of Boyle’s law in the
correction for the difference in base from 14,73 psia. The pressure base is set by
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contract or tariff. For this reason, a close check of each contract should be made to
see that the pressure base factor table (Table A.31) and the basic factor tables
(Tables A.22 and A.27) are computed on the same base pressure. The basic
orifice flow factor is determined under a defined standard condition. Variation of
pressure from this defined pressure base {14.73 psia) will affect the calculated
volume of the gas. So, in order to correct the volume of the gas to contract
pressure, it is necessary to apply a multiplier determined by dividing the absolute
base pressure by the absolute contracted base pressure:

_ 14,73
contracted pressure base

&p

F, values are given in Table A.31.

Temperature Base Factor, Fy,

Sixty degrees Fahrenheit is almost universaily used as the base temperature in
calculating gas measured by orifice meters. If it was desired to calculate the
measurement, however, on some other contract temperature base, this factor
would be used in a direct application of Charles’ law to correct for this change
from 60°F. F,, values may be taken from Table A.32. Gas measured at one base
temperature wiil have a different calculated volume if it is sold to a customer on a
different base. That is, if the gas is measured at a base temperature of 60°F and
sold at a base temperature of 70°F, the company must correct the volume to the
coniract temperature o1, in this case, lose money. It is clear that the absolute
temperature of the base {60°F) divided by the absolute temperature of the
contract will give a factor that should be applied to correct the meter reading to the
terms of the contract temperature. Thus

Flawing Temperature Factor, Fy

The flowing temperature has two effects on the volume. A higher temperature
means a lighter gas so that flow will increase. Also, a higher temperature causes
the gas to expand, which reduces the flow. The combined effect is to cause the
quantity of flow of a gas to vary inversely as the square root of the absolute flow
temperature. Thus

. \/ 520
- 460 + actual flow temperatnre

Fy value is given in Table A.33 and should be based on the actual flowing
temperature of the gas. It should be used to correct for flowing temperature. This
is usually applied to the average temperature during the time gas is passing. The
temperature may be taken by recording charts or by periodic indicating thermom-
eter readings.
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Specific Gravity Factor, K,

F, (see Table A.34) is used to correct for changes in the specific gravity and should
be based on the actual flowing specific gravity of the gas as determined by test.
The specific gravity may be determined continucusiy by a recording gravitometer
or by gravity balance on a daily, weekly, or monthly schedule, or as often as
necessary to meet conditions of the contract. The basic orifice factor is determined
by air with a specific gravity of 1.00. With a given force applied on a gas, a larger
quantity of lightweight gas can be pushed through an orifice than that of a heavier
gas. To make the basic orifice factor usable for any gas, the proper correction for
the specific gravity of the gas being measured must be applied. This factor varies
inversely as the square root of specific gravity. Thus

1

F, =

4

Supercompressibility Factor, F,,
This factor corrects for the fact that gases do not follow the ideal gas laws. It varies
with temperature, pressure, and specific gravity. Supercompressibility factors
may be obtained from AGA tables. The development of the general hydraulic
flow equation involves the actual density of the fluid at the point of measurement.
In the measurement of gas, this depends on the flowing pressure and temperature.
To translate the calculated volume at the flowing pressure and temperature to
base pressure and temperature, it is necessary to apply the law for an ideal gas. All
gases deviate from this ideal gas law to a greater or lesser extent. The actual den-
sity of a gas under high pressure is usunally greater than the theoretical density
obtained by calculation of the ideal gas law. This deviation has been termed
supercompressibility. A factor to account for this supercompressibility is neces-
sary in the measurement of some gases. This factor is particularly appreciable at
high line pressures.

The following equation is used to determine the supercompressibility factor:

where

zp = gas deviation factor for base conditions
z = gas deviation factor for operating conditions

zp, and z may be calculated from gas deviation factor charts. z;, for many
applications measuring gas in terms of standard conditions, will be equal to unity.
However, z, should be calculated for any gas that will deviate from ideal behavior
at standard conditions. If unobtainable from actual determinations, the super-
compressibility factor, F,,, may be taken from Tables A.33(a), A.35(b),
A.35(c), A.35(d), and A.35(c). This is an empirical method of evaluating the
supercompessibility factor for normal natural gas mixtures. The accuracy of
determining the factor from this method will be within reasonable limits if a
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specific gravity of 0.75 and diluent contents of 12 mole % nitrogen and/or 5
mole % carbon dioxide are not exceeded. Supercompressibile tests with approved
apparatus may be used to establish the suitability of emploving the tables for
various gas mixtures.

Manometer Factor, £,,

This is used with mercury differential gauges and compensates for the column of
compressed gas opposite the mercury leg. Usually, this is not considered for
pressures below 500 psia, nor is it required for mercuryless differential gauges.
The weight of the gas column over the mercury reservoir of orifice meter gauges
introduces an error in determining the differential pressure across the orifice,
unless some adjustment is made. This error is consistently in one direction and
becomes increasingly important with increasing pressure. The application of the
manometer factor from Table A.36 will compensate for this error. The correction
varies with ambient temperature, static pressure, and specific gravity. Since the
correction is very small, useally some average conditions are selected and a factor
is agreed on. One method is to obtain the average ambient temperature from the
weather burean and, from previous recordings, arrive at an average pressure and
specific gravity.

Other applicable factors that may affect the total flow of gas as recorded by
the orifice meter are discussed below.

Gauge Location Factor, F

Fyis used where orifice meters are installed at locations other than 45° Jatitude and
sea level elevation. This is given in Table A.37. F, may affect the total flow of gas
as recorded by the orifice meter.

Orifice Thermal Expansion Factor, £,

This is introduced to correct for the error resulting from expansion or contraction
of the orifice operating at temperatures appreciably different from the tempera-
ture at which the orifice was bored. The factor may be calculated from the
following equation:

304 and 316 stainless steel

F, =1 + [0.000,018,5 (°F—68)]
Monel

F, = 1 + [0.000,015,9 (°F—68)]

where
°F = gas flowing temperature at orifice

These formulas assume that orifice bore diameter has been measured at a
temperature of 68°F. Like gange location factor, this may affect the orifice meter’s
record of total gas flow.
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6.3.3 Computation of Volumes

After the differential pressure, static pressure, and temperature data at the field
location have been recorded on charts, the latter must be picked up and taken to
some location for processing. For standard gauges, this requires trips to the field
location once a day, every other day, every third day, or once a week, depending
on the chart rotation.

With the advent of automatic changers, this is no longer necessary. Charts for
several days may be loaded at one time. At the completion of recording, the chart
automatically changes, and several fully recorded charts may be picked up at one
time. This saves much chart-changing time and allows more accurate chart record-
ing because faster rotating charts are economically feasible. At the central chart
processing locations, the charts are integrated or scanned to obtain chart units per
period of operation (usually 24 hours). These chart units must then be converted
to volume by use of the proper basic orifice factor and all the related factors. The
most proficient manner of doing this is by programming the rather complex
calculations on a computer. )

For those who do not have enough charts to make this economical or because
of unavailability of a computer, a manual calculation of the various factors
utilizing tables must be made.

Example 6.1. (After AGA Committee Report)
Given
Meter equipped with flange taps, with static pressure from downstrearn tap:
Dy = line size = 8.071 in. actual ID
D, = orifice size = 1.000 in.
flowing temperature = 65°F
ambient temperature = 70°F
Pp = contract pressure base = 14.65 psia
temperature base = 50°F = 510°R

¥g = specific gravity = (.570

H,, = total heating value = 999.1 Biu/cu ft
X,, = mole fraction nitrogen content = 0.011
X_. = mole fraction carbon dioxide content = 0.000
h,, = average differential head = 50 in. water
Py = average downstream gauge pressure
= 370 psig
Required

The orifice flow constant and the quantity rate of flow for 1 hour at base con-
ditions.
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Solution

Average Vh,py = V50 x 384.4 = 138.64

hk, 50
Average —= —— = {.1301
py 3844

From Table A.22, for a 1-in. plate in an 8.071-in. ID line,
F, = 200.38
From Tabie A.23, for a 1-in. plate in an 8.071-in. 1D line,
b = 0.0680
b 0.0680

F=1+ =1+
’ Vh,ps 138.64

=1+ 0.000,49 = 1.0005

From Table A.25 (Y, for downstream static pressure), interpolating, for &, /p; =
0.1301 and B = 0.1239,

Y, = 1.0008
From Table A.31, for p, = 14.65 psia,
F, = 1.0055

From Table A.32, for temperature base = 50°F,
Fp = 0.9808
From Table A.33, for flowing temperature = 65°F,
Fyy = 0.9952
From Table A.34, for specific gravity = 0.570,
F, = 1.3245
(a) Using the specific gravity method of supercompressibility factor evaluation,
the pressure adjustment index [Table A.35(b)] is

Fog = e — 13.84X, + 5.420%,
= 0.570 — 13.84(0) + 5.420(0.011)
= 0.630
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for py = 370.0 psig and f,, = 0.630, by interpolation,

Pressure adjustment = Ap = Q.52 psi
Adjusted pressure = p; = p; + Ap
= 370.5 psig

The temperature adjustment index [Table A.35(c)] is

fig = ve — 0.472X, — 0.793X,
0.570 ~ 0.472(0) — 0.793(0.011)
0.561

I (|

for flowing temperature = 65°F and f,, = 0.561, by interpolation,

Temperature adjustment = AT = 19.90°
Adjusted temperature = Ty + AT

for p; = 370.5 psig and T; = 84.9°F, by interpolation [Table A.35(a)],
F,, = 1.0254
(b) Using the heating value method of supercompressibility factor evaluation,
the pressure adjustment index [Table A.35(d)] is

H,
fph =Y — 0.5688 1000 — 3.690X,

= 0.570 — 0.5688(0.9991) — 3.690(0)
= 0.0017

for p; = 370.0 psig and f,, = 0.0017, by interpolation,

Pressure adjustment = Ap = 0.52 psi
Adjusted pressure = p; = pr + Ap
= 370.0 + 0.52

= 370.5 psig

The temperature adjustment index [Table A.35(¢)] is

— Hw
f = %5 + 1814 20+ 2641X,

= 0.570 + 1.814(0.9991) + 2.641(0)
= 2382
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for flowing temperature = 65°F and f,, = 2.382, by interpolation,

Temperature adjustment = AT = 19.92°
Adjustment temperature = Ty + AT
= 84.9°F

for py = 370.5 psig and T; = 84.9°F, by interpolation [Table A.35(a)j,
E,, = 1.0254

for py = 370 psig, ambient temperature = 70°F, and +y, = 0.570, by interpo-
lation (Table A.36),

F, =0.9993
Then the orifice flow constant is

C' = (200.38)(1.0005)(1.0008)(1.0055)(0.9808)(0.9952)
X (1.3245)(1.0254)(0.9993)
= 267.25

and the rate of flow for 1 hour at base conditions is

gy = 267.25 V50 x 384.4 = 37,052 cth

Example 6.2 (After AGA Committee Report}
Given
Meter equipped with pipe taps, using the upsiream static pressure connection:
D; = 6in. = line size = 6.065 in. actual ID
Dy = 2.000 in. = orifice size
Ty = 50°F = flowing temperature
pPs = 8 oz above 14.4 psia = 14.9 psia = pressure base
T, = S0°F = 510°R = temperaturc base
¥g = 0.650 = specific gravity
Average differential head, h,, = 60 in. water
Average upstream static pressure = p; = 90 psia
Reguired
The orifice flow constant and the quantity rate of flow at average conditions for
1 hour.
Solution

Average Vi,py = V60 X 90 = 73.49

h, 60
Average — = — = 0.67
py %0
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From Table A.27 for 2-in. plate in 6-in. line,
F, = 870.93

From Table A.28 for 2-in. plate in 6-in. line,

b = 0.0273
F,.=1+ b —1+0'0273—100037
’ Vi, | 7349

From Table A.29 (¥ for upstream static pressure)}, interpolating, for h,,/p; =
0.67 and g = 0.330

Y, = 0.990,96
From Table A.31, for p, = 14.9 psia,

F,, = 0.9886
From Table A.32, for temperature base = 50°F,

Fyp = 0.9808
From Table A.33, for flowing temperature = 50°F,

Fy = 1.0098

From Table A.34, for specific gravity = 0.650,

F, = 1.2403
ve = 0.650
Ppe = 670 psia
T, = 375°R
0 0.1343
Per =60~
_so_ 56
P a5 T
= 0.985
Foe— o1 %
N7 V098

Then, the orifice flow constant is

¢ = (870.93)(1.0037)(0.990,96)(0.9886)(0.9808)(1.0098)(1. 2403)
x (1.0076) = 1059.97

The average rate of flow for 1 hour is

qu = 1059.97 V60 x 90 = 77,892 cfh
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6.3.4 Recording Charts

Round charts have been used extensively on all kinds of recording instruments
associated with gas measurement. Circular charts for recording differential and
static pressure gauges ate usually 12 in. in diameter. The chart scale ranges gen-
erally used in fuel gas metering are given below.

Common Common
Differential Pressure Static Pressure
Ranges, Ranges,
in. of water psig

0to 10 0Oto 100
0to 20 0to 250
0to 50 0to 500
0 to 100 0 to 1000
0 to 200 0 to 2500

There are two principal types of meter charts: the uniform scale direct-
reading chart (Fig. 6.6) for the differential pressure in inches of water and the
static pressure in pounds per square inch, and a chart that reads the square root
(Fig. 6.7). Clocks turn the charts at desired speed, one turn each time period.

Direct-reading Charts

In this type of scale, the lines are spaced an equal distance apart. The scale value of
each line, in terms of the full range of the instrument with which it is used, should
be 1, 2, or 5 units, or some multiple of these. In many cases, the differential
pressure and static pressure are recorded on a chart with a common spacing. To
illustrate this, assume Fig. 6.6 is used on a gauge having a differential pressure
range of 100 in. of water and a static pressure range of 500 psig. Then each circular
line on the chart represents 2 in. of water pressure and 10 psig.

Square Root Charts
This scal¢ shows the square root of the percentage of the fuil-scale range of the
gauge, or as represented by the full scale of the chart. A reading at full scale or fuli
range of the gauge will be 10, the square root of 100. Using the 100-in., 500-1b
gauge, a chart reading of 5 would represent a differentia} pressure of 25 in. or a
static pressure of 125 psia.

For square 100t charts, a chart factor may be defined as

meter range

100
actual pressure = (chart reading x chart factor)’

Chart factor =



X meter range
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Fig. 6.6 Typical nniform scale direct-reading chart.
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Example 6.3

30 in. X 100 !b gauge
Differential pressure range, R, = 50 in.
Static pressure range, R, = 100 psi

Assume square root chart readings are

Diftferential = 7.2
Static =9.4

. i chart reading \*
Differential pressure, h,, = X Ry

10
= (0.72)% x 50
= 25.92 in. water
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X R,

chart r«:ading)2
¥

Static pressure, pg = ( m

= (0.94)% x 100
= §8.36 psia

The static pressure to be used in all gas computation is the absolute pressure,
Hence, when a square root chart is used, the static pen is set so that, theoretically,
it should read zero only if subjected to a pressure of absolute zero. Figure 6.8 isa
typical orifice-meter chart recording. The recorded differential of a typical flow
pattern is shown as a weaving line on the chart. The smoother line on the chart
represents the static pressure.

6.3.5 Orifice Meter Selection

Primary fo proper meter selection, it is necessary to know the following about the
characteristics and conditions of the flow to be metered: maximum peak hourly
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Fig. 6.8 Typical orifice meter chart and recording,
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rate, duration of maximum peak or uniformity of flow, minimum hourly rate or its
uniformity, metering gauge pressure required and available, and permissible
pressure variations.

The quantity of gas flowing through an orifice at constant pressure varies as
the square root of the differential pressure. Accordingly, for half of a given rate of
flow, the differential pressure will be one-fourth of that for the given rate.
Because of mechanical and installation limitations, it has been considered imprac-
tical to construct a differential gange that will continuously record pressures with
acceptable accuracy below about onre-sixteenth of its maximum range. Therefore,
the working range of one orifice plate and one differential gauge is from maximum
capacity to about one-sixteenth of maximum. The maximum and minimum capac-
ity can be changed by changing the orifice size.

6.3.6 Uncertainties in Flow Measurements

Table 6.2 may be used to estimate the reliability of measurement data. The AGA
procedures discussed in this chapter are representative of practical means that
may be used with reasonable accuracy. Other methods may be equally practical.
Flow measurement is often used as a basis for control only. As a general rule,
the more accurate measuring installations will give more accurate control. How-
ever, in most cases, satisfactory control can be expected as long as the errors
remain constant.
Several constant and variable errors exist (courtesy Petroleum Extension
Service):
Constent Errors

1. Incorrect information about the bore of the orifice plate.

2. Contour of the orifice plate (convex or concave).

3. Dullness of the orifice edge.

4. Thickness of the orifice edge.

5. Eccentricity of the orifice bore in relation to the pipe bore.

6. Incorrect information about pipe bore.

7. Excessive recess between the end of the pipe and the face of the orifice plate.

8. Excessive pipe roughness.

Variable Errors
1. Flow disturbances caused by insufficient length of meter tube or irregulari-
ties in the pipe, welding, and so on.

2. Incorrect locations of differential taps in relation to the orifice plate.

3. Puisating flow.

4. Progressive buildup of solids, dirt, and sediment on the upstream side of

orifice plate.
5. Improper check-valve operation.
6. Accumulation of liquid in the bottom of a horizontal run.



241

Orifice Meter

“A13eR8 PAUILLIRIAPR 3G PINO3 JO UMOUX 343 LINS J| 'aNjeA 3wl
JYI pue JWILFIISESW AU} O SAN[eA PIUILIADP JG PAAIaSHO udamlag Palnadxa 34 0] 33usls)ip “Sijel (Aluje)aaun ay| jo el Iss ue mm_::u_,m_‘
HougpUe siaawiug sen) Oy ASILNDD [n0s

]

XJO %ZF Ol X JO %S0F ?cr&‘%ﬂ = L spInjy 91qIssasdwios “io)rey Uoisuedx]
%05% O %107 sased jo Anngissasdwoaiadns 1o Appgissasdwe
%0'S¥ Q1 %S0F BAIAD 10 B[GR} WO}

%0°LT D} %5007 uonegles Aq mop Jja o slieyosip jo wazyeo])
00L Vi L= OF 000'0L VI L3 sagens [ensawwod sHudiapm
05 W L 0} DO0‘T U1 L% sased
05 Ul ¥ o) 000°S V) L% spinbi) :Ansesd aipdads
05 UL LT 01 000z W LF uolleuuLBISp 1al1p *sased Jao
oS ul ¥ @ aop ul L= 18Mm
WZ ULy 0 Q0T Ul L= pajeaytadns ‘weals
OOz Ul ix O 000°s Ut L ne
00z Ul L3 O 00005 W L= udHRLIWIBIAD 18P ‘P eyio
000 Ul L= 01 000'7L VI LT 1.0pL< 10
0009 Wt Ly O} 000°09 V! [+ 1.0bL> 1€ Jatem thnsuap 1oy 1ySem aynads
‘ur 00 O U L0'0F afess Jeyd o ssa|pdedas ‘1aprodal aumeiadwa)
4o'5F OY 1.L0°0F "OWIBYE 92U SIS ‘Bdnodown ay) ‘sse(S-ul-Adinaisw tauneradwa)
‘W 50°0F Ol uLLoF §1E25 Meyy Ja s5oypaedal treys fupioaas
W E0DE 0 ul 700 0F sBuipeal g s8erase
M ETeE O W00 Buipeas 2|9uis smawousuw 521eam 10 AaNDsslr arnssaad |BNUIRAG
ul g0rgF 0l WF ajeds Jeyd jo ssajpseda ueys Juipioda
q{ % ol q L'ow s8uipeas g| aBesane
q) ‘0LlF O3 q[50¥ Bujpeas a8uis ‘a8nel Bunedipu
q 50F 2 q 0¥ sBuipeas ) afeiane
JoeE o g LnF Suipras 3/Fus ‘adneR 1531
q170% ol ql LO°0F sBuipral 0. a8esoae
qoLF O ) 5007 Buipeas ajBuss ‘oned yydam peap amnssaid dneys
ulgLasE ol U LanoE sdid 10y "u-0g o) adid u-| ris1awelp adig
uSpooF M i ZO0T0F Ul g
‘ul Zo0'0F 01 Ul Logr 0T US> 1HZZOU MO| 1O 3O JO IFIBWRIP 1RAIY]
LANPRIG souojesage] 10)3%g 40 WA

P13, ~PO0T,,
HBURY Apreasdan

U219 PINJE Ul PIAJOAU] SWSY| JO UONENBA] JO JUDWISINSRAW DY) Ul S3IIUIBIISIUL PAIBWINST
9 Ngvl



242  Natural Gas Meashremeut

7. Liquids in the piping or meter body.

8. Changes in operating conditions from those used in the coefficient calcula-
tions (i.e., specific gravity, atmospheric pressure, temperature, etc.).

9. Incorrect zero adjnstiment of the meter.
10, Nonuniform calibration characteristic of the meter.
11. Corrosion or deposits in the meter range tube or float chamber.
12. Emulsification of liquids with mercury.
13. Dirty mercury.
14. Incorrect arc for meter pens.
15. Formation of hydrates in meter piping or meter body.
16. Leakage arcund the orifice plate (applies to orifice fittings).
17. Wrong range of chart.
18. [Incorrect time for rotation of chart.
19. Excessive friction in the meter’s stuffing box.
20. Meter not level (mercury-type only).
21. Excessive friction between the pen and chart.
22, Overdampening of the meter response.

6.3.7 Mass-Flow Meter

The orifice meter may be used to measure gas on a mass-flow basis. The density of
the flowing gas is measured with a densitometer. The densitometer is substituted
for the static-pressure element and makes determination of specific gravity and
supercompressibility corrections unnecessary.

The following equation from AGA Report No. 3 may be used for mass flow
computations:

W = LOGIBF,FY Vh,y, (6.30)

where

W = flow rate, lbm/hr
F, = basic orifice factor

F, = Reynold’s number factor
Y = expansion factor
h,, = differential pressure

v, = specific weight of gas at flowing conditions, Ib/cu ft

6.4 NATURAL GAS LIQUID MEASUREMENT

Field measurement of natural gas liquids is accomplished by the conventional
gauging of tanks and by use of various metering techniques. The orifice meter is
sometimes used. Installation and operation requirements are about the same as
for gas.
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For measurement in gaflons, the following equation may be used:

qr = C' Vh, (6.31)

where

gy, = rate of liguid flow, gph

C' = orifice constant (F, X F, X F,)

h,, = differential pressure, inches of water

F,, = basic orifice factor

F, = specific gravity factor

F, = Reynoid’s number factor

If pound units are desired, the formuia is
W = SND?FF,F.F,. Vi, (6.32)

where
W = rate of flow, Ibm/day
5 = a value determined from the bore of the orifice and internal dia-
meter of the metering tube
N = combined constant for weight-flow measurement (=68,045 when
W is in pounds/day)
= ID of tube, inches
= orifice thermal expansion factor
= manometer factor (= 1.000 for bellows-type meter)
= viscosity factor (usually assumed equal to 1.000)
= supercompressibility factor
= specific gravity of liquid stream at flowing temperature and pres-
sure as determined by gravitometer readings
h,, = differential pressure, inches of water

Cf‘:":"’;’i" v

Equation 6.32 (after Foxboro), for simplicity, may be written as:
W = 68,0455D Vyh,, (6.33)

It is frequently necessary to make measurements for operation and allocation
purposes when the fluid is two-phase, that is, both gas and liquid. Accuracy suffers
if the fiuid is not in single-phase. Certain precautions should be taken to arrive at
acceptable measurements of a two-phase stream:

1. Keep pressure and temperature as high as possible at the meter.

2, Use a free-water knockout ahead of the meter.

3, A vertical meter run may sometimes improve the differential-pressure rela-
tionship to the volume.

4. Use test data from periodic full-scale separator tests to determine coefficient
or meter factor.

5. Connect manifold lead lines to bottom of bellows-type meter with self-
draining pots installed above orifice fitting.
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PROBLEMS

6.1 A bellow-type meter is used 1o meter the gas flowing to a plant. The meter
reading is 1,250,000 cu ft at meter conditions. Meter pressure is 150 psig,
atmospheric pressure is 14.5 psia, Ty = 90°F, gas gravity = 0.79, and gas
price is $1.00/Mscf. The percent error is +4.5%. Compute the gas bill
assuming standard conditions of 14.73 psia and 60°F.

6.2 Calculate the gas flow rate, @, in MMscfd for the following conditions:

Pipe ID = 8.071 De = 15.4 psia
Orifice ID = 4.00 h, = 64in.
Ty = 80°F ps = 625 psig
Ty = 65°F Pom = 14.5 psia
¥ = 0.72

Flange taps, static pressure measured upstream.

6.3 An orifice meter is equipped with an L-10 square root chart. The maximum
range of the static element is 900 psia, and the maximum rtange of the
differential element is 225 in. water. Compute the following:

(a) Actual static pressure when the chart reading is 8.5.
(b) Chart reading when the actual differential is 100 in. of water.
{c) Meter constant, M, where for the square root chart,

qn = C'Mh,P,
h,, = differential pen reading from square root chart
P, = static pen reading from square root chart

(d) Atmospheric pressure setting of the static pen.

6.4 You are asked to interpret an orifice meter chart where the static and
differential readings are varying with time. Set up the column headings that
youwould use to calculate the static and differential pressures for computa-
tion of volumes for:



6.5

6.6

6.7
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{a) Normal linear chart.
(b) L-10 square root chart.

The following data are given:

Tb = T_f = 6‘G°F
P, = 14.73 psia

g = 1 MMcfd at base conditions (60°F, 14,73 psia)
S.G. = 0.6 (air = 1.0)
P, = 100 psig (downstream tap)

4-in. nominal meter tube (SCH 40)
Orifice is 1.625 in. ID with flange taps
100-in. differential meter (bellows type)
250-psi static element

Assuming that the above data are correct, find the percent error that would
be caused by incorrectly “zeroing’ the static pen on the lowest line on the
L-10 chart.
A 2-in. orifice is used for measuring the flow of gas in a 4-in. nominal
diameter (3.438-in. internal diameter) pipeline. The differential pressure is
15 in. of water. The static pressure taken from the upstream tap is 50 psig.
Pipe taps are used. The temperature of the gas is 80°F, and the specific
gravity is 0.7 (air = 1). What is the hourly rate of flow measured at base
conditions of 15.15 psia and 70°F? Assume F, = F; = F,, = 1.
What is the casing gas production from a well with the following orifice
meter information?

Readings from Square-Root Chart

Differential = 3.6
Static = 6.5
Chart range = 50in. X 100#
Pipe diameter = 2.067 in.
Orifice diameter = 0.5 in.
Static Pressure Taken at Downstream Tap
Flowing temperature = 80°F
Gas gravity = 0.65 (air = 1)
Base conditions = 14.7 psia and 60°F

Assume F,, = F; = F, = unity. Flange taps are used.

An orifice meter having a 1.5-in. orifice in a 4.026-in. iniernal-diameter
flange is located in a gas line through which gas is flowing. If the water
manotmeter indicates a differential in pressure of 10 in. of water, at what
rate is the gas flowing?

Specific gravity of gas = 0.6 (air = 1)
Static pressure taken at downstream tap = 100 psig

Flowing temperature = 60°F

Base conditions - = 14.7 psiaand 60°F

Assume expansion factor, supercompressibility factor, F,,, F, and F,
each equals unity.
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6.9 You are attempting to determine the input gas volume to an intermitting
gas lift well. Thereis a 4 in. Sch 40 (4.026 in. IDD) meter mn installed at the
well, with a 1'%-in. orifice plate. To this you hook up a portable flow
recorder (100-in. H,O, 1000 psig). The differential trace is impossible to
read because of the cylcing of the injection: six minutes injection every
30 minutes. To improve the readability of the chart, you use a 24-minute
hub and determine that the average differential reading during several
kicks is 60-in. and that the average static pressure is 685 psig.

The following data are known or assumed:
(a) Flange taps, static pressure from upstream tap.
(b) Pressure base, 14.65 psia.
(c) Temperature base, 60°F.
(d) Flowing temperature, 90°F.
(e) Gas specific gravity, 0.625.
Calculate the meter coefficient and the daily rate of gas injection.

Flange taps

Line size = 2in
Orilice size = 0.375 in 50—-in by 50 psi gauge
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6.10 What is the casing gas production for Well RU 3617 Use the following
parameters in addition to those shown on the chart in your calculations:
(a) Static pressure taken at downstream tap.
{b) Flowing temperature = 76°F.
(c) Gas gravity = 0.63.
(d) Base conditions = 14.7 psia and 60°F.
Assume F,,, F, and F, equal 1.000. Note: Smooth line is py.



GAS GATHERING
AND
TRANSPORTATION

7.1 INTRODUCTION

The transmission of gas to the consumer may be divided into four distinct units:
the gathering system, the compression station, the main trunk line, and the
distribution lines.

Pipelines, which comprise the gathering system, main trunk line, and distri:
bution lines, provide an economical method of transporting fluids over great
distances. After the initial capital investment required for their construction, they
show low operating costs and unit costs that decline with large volumes of
throughput. Many factors must be considered in the design of long-distance gas
pipelines. These include the nature and volume of the gas to be transmitted, the
length of the line, the type of terrain to be crossed, and the maximum elevation of
the route,

After the compression station is located and its size is determined by the
quantity of gas to be handled, the gathering system is designed. This involves the
location of the wells, the availability of right of way, the amount of gas to be
handled, the distance to be transported, and the pressure difference between the
field and the main transmission line. The gas wells are generally located in groups
around a geclogical structure or within the defined limits of a pool or gas reser-
voir. The problem is to get the gas to the compression station. In a new field, the
gathering system must be large enough to handle the production of additional
leases. The gathering system is made up of branches that lead into trunk lines. The
trunk line is small at the most distant well and, as more wells along the line are
attached to it, the line must be larger to accommodate the greater volume of gas.
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In addition to the gathering system and major trunk pipelines, there is also a
network of smaller-diameter feeder and transmission mains that may carry gas to
centers of consumption. In addition, complex systems of still smaller-diameter
distribution piping run to individual homes, shops, and factors.

The design of the transmission system calls for the services of a well-trained
and experienced engineering and legal staff. Complex engineering studies are
needed to decide on the diameter, yield strength, and pumping horsepower
required to give the optimum results for any particular pipeline transmission
system. Computer programs that enable high-pressure gas transmission networks
to be dynamically simulated on a digital computer have been developed and are
commonty used by gas pipeline companies. Several designs are usually made so
that the most economical one can be selected. The maximum carrying capacity
of a pipeline is limited by its initial parameters of construction. In general, the
tendency is to use higher transmission pressures and strong materials of construc-
tion. For economic operation, it is important to preserve full pipeline utilization.

Studies of the flow conditions of natural gases in pipelines have led to the
development of complex equations (€.g., the Weymouth equation, the Panhandle
equation, and the Modified-Pandhandie equation) for relating the volume trans-
mitted through a gas pipeline to the various factors involved, thus deciding the
optimum pressures and pipe dimensions to be used. From equations of this type,
various combinations of pipe diameter and wall thickness for a desired rate of gas
throughout can be calculated. An optimum balance is scught between pipe
tonnage and pumping horsepower.

7.2 REYNOLDS NUMBER AND FRICTION FACTOR

Flow of natural gas in pipelines always results in some mechanical energy being
converted into heat. The so-called ‘“fost work,” /w, represents all energy losses
resulting from irreversibilities of the flowing stream. In the case of single-phase
flow, such as flow of gas in pipe, these irreversibilities consist primarily of friction
losses: internal losses due to viscosity effects and losses due to the roughness of
the wall of the confining flow string.

With the exception of completely laminar flow, the energy losses Iw of actual
systems cannot be predicted theoretically; they must be determined by actual
experiment and then correlated as some function of the flow variables. The lost
work is usnally calculated using a friction factor, f. By dimensional analysis, it can
be shown that the friction factor is a function of the Reynolds number, N, and of
the relative roughness, e/D.

The theoretical basis of most fluid flow equations is the general energy
equation. Considering a steady-state system, the energy balance may be written as

e 2
miu mgZ " mgZ.
e B 0 = Uyt paVy o 4

U] + PlVl +
c 8 28, 8e (7.1)
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where
U = internal energy
pV = energy of expansion or compression

mu .
= kinetic energy
28
mgZ ,
= potential energy

8c
© = heat energy added to fluid
w = shaft work done by the fluid on the surroundings

Dividing Eq. 7.1 through by m to obtain an energy per unit mass balance and
writing the resulting equation in differential form yields

J2 udu g
“l+——+=dZ;+dQ —dw=10
p 8e 8e (7.2)

dU + d (
Equation 7.2 can be converted to a mechanical energy balance using the

following thermodynamic relations:

dp
dh = Tds + —
o (7.3)
and
d
dU=dh—d(E) =Tds+—p—d(£)
p p p (7.4

where
h = enthalpy

5 = entropy
T = temperature

Using Eq. 7.4 in Eq. 7.2 results in

dp udu g
Tds+ —+—+=dZ; +dQ —dw =10
P B & (7.3)
Clausis inequality for an irreversible process states that
ds = :_d_g.
(7.6)

or
(7.7)

Tds = —dQ + d(Iw)
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where lw is usually called lost work and represents losses due o irreversibilities,
such as friction. Using Eq. 7.7 in Eq. 7.5 gives

dp udu g
— + + =dZ, + d(lw) — dw = 0
P& & (7.8)

If no work is done by or on the fluid, dw = 0, and we obtain
d u du
P A uz v duwy =0
4 8c 8e 7.9
We may tonsider a general case where the pipe under consideration is

inclined at some angle 8 to the horizontal. Since dZ = dL sin 8, the energy
equation becomes

dp wudu g .
—+——+ =dLsing + d(iw) =0
P Be B (7.10)

Equation 7.10 may be written in terms of pressure gradient by multiplying through
by p/dL:

di. g.dL g, dL (7.11)

Considering pressure drop as being positive in the direction of flow, Eq. 7.11 can
be written as

q, dj d
—€=£psiﬂ9+(‘£’) +pu u
dL g, ; g dL (7.12)

where the pressure gradient due to viscous shear or frictional losses has been
expressed as

(gg) _d(w)
dr),  °dL (7.13)

We can define a friction factor

T wall shear stress

¢

B pu’/2g. " kinetic energy per unit volume (7.14)

Equation 7.14 defines a dimensionless group, which reflects the relative impor-
tance of wall shear siress to the total losses. The wall shear stress can be easily
evaluated from a force balance between pressure forces and viscous forces:

-4
™ 4\dL/, (7.15)
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Using this in Eq. 7.14 yields
(dp) _ 2 e
dLj ¢ gD (7.16)

Thisis the Fanning equation and f* is called the Fanning friction factor. In terms of
the Darcy—~Weisbach or Moody friction factor, f = 4f’, Eq. 7.16 becomes

(%), %
dLf;  2g.D (7.17)

The equation that relates lost work per unit length of pipe and the flow
variables is

diw) fu?
dL  2g.D (7.18)

where

It

Iw = mechanical energy converted to heat, ft-lbf/lbm

u = flow velocity, ft/sec

g. = gravitational conversion factor = 32.17 lbm f/Ibf sec?
D = pipe diameter, ft

f = Moody friction factor

Integration of Eq. 7.18 results in

fif L
w="——
2. D (7.19)
A similar equation, using the Fanning fraction factor f is
fr2u*l
lw =
gD (7.20)

Figure 7.1 is a Moody friction factor chart. It is a log-log graph of (log f)
versus (log Ng.). Four general conditions of flow are evident: laminar, critical,
transition, and turbulent.

7.2.1 The Reynolds Number, Ny,
The Reynolds number (Ng,) is a dimensionless group defined as
_ D{ft) u(ft'sec) p(lbm/cu fr)
w(ibm/ft sec) (7.21)

Re

The dimensionless group, Nge = Du p/p is the ratio of fluid momentum
forces to viscous shear forces. It is used as a parameter to distinguish between
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Fig. 7.1 Friction factors for any type of commercial pipe.

laminar and turbulent fluid flow. The change from laminar to turbulent flow is
usually assumed to occur at a Reynolds number of 2100 for flow in a circular pipe.
If units of ft, ft/sec, Ibm/cu ft, and centipoise are used, the Reynolds number
equation becomes

Dup

Ngo = 1488
Re b (7.22)

The mass flux is given by

{bm 1 mass flow rate
n(ftisec) p(lbm/cu ft) = | — X — | = —————

sec  ft? area

If gas is flowing at g (Mcfd) measured at base conditions of T,, (°R) and p, (psia),
the mass flow rate in lbm/sec is given by

[m_m] (1000)g Mp, _ (3.128 X 1072)q v, ps
(24)(3600)sz Tb Zf,Tb

sec

D*x

(4)(144)

Cross-sectional area of pipe =
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Using these in Eq. 7.21 and noting that 1 ¢p = 6.7197 x 10~* Ibm/ft sec,
D(3.128 X 10_2(;'ygpb) (4 X 144)

ZbTb w D?

12
NRC =
[1(cp) X 6.7197 x 1074

or

_ T11py(psia)q(Mcfd}y,
* T DCRD(in)u(cp) (7.23)

Consider some common base conditions:

pyipsia) T,C°R) 711 ‘;:“
14.4 520 (60°F) 19.69
14.65 520 (60°F) 20.03
14.73 520 (60°F) 20.14
15.025 520 (60°F) 20.54

Thus, for all practical purposes, the Reynolds number for natural gas flow prob-
lems may be expressed as

209,

> (1.24)

where

q = gas flow rate at 60°F and 14.73 psia, Mcfd

¥g = gas gravity(air = 1)

p = gas viscosity at flow conditions (temperature and pressure), cp
D = pipe diameter, in.

7.2.2 Relative Roughness, e/D

The inside wall of a pipe is not normaily smooth. Wall roughness is a function of
pipe material, method of manufacture, and environment to which it has been
exposed. From a microscopic sense, wall roughness is not uniform, and thus the
distance from the peaks to valleys on the wall surface will vary greatly. The
absolute roughness, e, of a pipe wall is defined as the mean protruding height of
relatively uniformly distributed and sized, tightly packed sand grains that would
give the same pressure gradient behavior as the actual pipe wall.

Dimensional analysis suggests that the effect of roughness is not due to its
absolute dimeansions, but to its dimensions relative to the inside diameter of the
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pipe. Relative roughness, e/D, is the ratio of the absolute roughness to the pipe
internal diameter:

e (ft) e (in.)
D@ O Dn) (7.25)

Relative roughness =

The selection of value of pipe wall roughness is sometimes difficult since the
absolute roughness is not a directly measurable property for a pipe. The way to
evaluate the absolute roughness is to compare the pressure gradients obtained
from the pipe of interest with a pipe that is sand-roughened. Typical results have
been presented by Moody in Fig. 7.2. Thus, if measured pressure gradients are
available, the friction factor and Reynolds number can be calculated and an
effective e/ D obtained from the Moody diagram. This value of ¢/ D should then be
used for future predictions until updated. If no information is available on
roughness, a value of e = 0.0006 in. is recommended for tubing and line pipe.
Typical values of absolute roughness of interest in natural gas flow problems are:

e (in.)
Drawn tubing 0.00006
Well tubing 0.0006
Line pipe 0.0007
Galvanized pipe 0.006
Cement-fined pipe 0.01-0.1

7.2.3 FEquations for the Friction Factor,f(Ng., €/D)

Fiuid flow ranges in nature between two extremes: laminar or streamline flow
and turbulent flow (Fig. 7.1). Within this range are four distinct regions. The
equation for the friction factor in terms of Reynolds number and relative rough-
ness varies for each of the four regions.

Laminar Single-Phase Flow

The friction factor for laminar flow can be determined analytically. The Hagen—
Poiseuille equation for laminar fiow is

(dp) _ 32 pu
dL/; gD? (7.26)

Equating the frictional pressure gradients given by Eqs. 7.17 and 7.26 gives

f pu? 32 pu
%D gD
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Fig. 7.2 Relative roughness of pipe materials and friction factors for complete turbu-
lence.

or
_ G &
dup Ng (7.28)
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Turbulent Single-Phase Flow

Experimental studies of turbulent flow have shown that the velocity profile and
pressure gradient are very sensitive to the characteristics of the pipe wall, that is,
the smoothness of the wall. Only the most accurate empirical correlations for
friction factors are presented.

Smooth Wall Pipe. Several correlations, each valid over different ranges of
Reynolds number, are available. Drew, Koo, and McAdams presented the most
commonly used correlation in 1930:

f = 0.0056 + 0.5Ng» (7.29)

Equation 7.29 is explicit in f and covers a wide range of Reynolds numbers,
3 % 107 < Ng, < 3 ¥ 108,

Blasius also developed 2 correlation that may be used for Ny, up to 19° for
smooth pipes:

f = 0.316Ng 2% 7.30)

Rough Wall Pipe. In turbulent flow, the effect of wall roughness on friction
factor depends on the relative roughness and Reynolds number. When the thick-
ness of the laminar sublayer that exists within the boundary layer is large enough,
the behavior approximates that of smooth pipe. The thickness of the laminar
sublayer is a function of the Reynolds number.

Nikuradse's friction factor correlation is still the best one available for fully
developed turbulent flow in rough pipes:

L o121 (35)
Vi AV (7.31)

His equation is valid for large values of the Reynolds number where the effect of
relative roughness is dominant (Fig. 7.1).

The correlation that is used as the basis for modern friction factor charts was
proposed by Colebrook and White in 1939:

1 o174 -2 (26 4187 )
T .
V’i g D NRe \/.?

Equation 7.32 is applicable to smooth pipes and to flow in transition and fully
rough zones of turbulent flow. It degenerates to the Nikuradse correlation {(Eq.
7.31) at large values of the Reynolds number,

Equation 7.32 is not explicit in f. However, values of f can be obtained by an
iterative procedure using the following form of the equation:

2e 18.7 -2
fcalcula(cd =1174-2 log —_

D \/E
N Re
Fuess (7.33)

(7.32)
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An explicit correlation for friction factor was presented by Jain in 1976:

1 L1421 (e N 21‘25)
—==L114—-2log | —
Vi *\p" AR

This correlation is comparable to the Colebrook and White correlation. For
relative roughness between 107° and 10°2 and Reynolds number between
5 x 10% and 10%, the errors were within +1.0% when compared with the Cole-

brook and White correlation. Equation 7.34 is recommended for all calculations
requiring friction factor determination for turbulent flow

(7:34)

7.2.4 Total Pressure Drop

The pressure gradient equation for a pipeline at any angle of inclination can be
written as

pu du
dl. g, 2g.D  g.dL (7.35)

The total pressure gradient is made up of three distinct components:

- () (), ()
dlL. \dL}, \dL/; \dLJ.. (7.36)

where

dpP
(E) =£ p sin @ is the component duc to elevation or potential
el 8c

energy change.

dp\ _few. o
—] = is the component due to frictionaf losses.
dp _ pudu

AL} gee g dL
kinetic energy change.

is the component due to convective acceleration or

The elevation component applies for compressible and incompressible,
steady-state and transient flows, in vertical and inclined systems. It is zero for
horizontal flow. The friction loss component applies to any type of flow at any
pipe angle and causes a pressure drop in the direction of flow. The acceleration
component causes a pressure drop in the directjon of velocity increase in any flow
condition in which velocity change occurs. It is zero for constant-area, incompress-
ible flow.

Equation 7.35 applies for any fluid in steady-state, one-dimensional flow for
which p, f, and ican be defined. It is in differential equation form and would have
to be integrated to yield pressure drop as a function of flow rate, pipe diameter,
and fluid properties.
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7.3 PIPELINE-FLOW CALCULATIONS

Engineering of long-distance transportation of natural gas by pipeline requires a
knowledge of flow formulas for calculating capacity and pressure requirements.
There are several equations in the petroleum industry for calculating the flow of
gases in pipelines. In the early development of the natural pas transmission
industry, pressures were low and the equations used for design purposes were
simple and adequate. However, as pressure increased to meet higher capacity
demands, equations were developed to meet the new requirements, Probably the
most common pipeline flow-equation is the Weymouth equation, which is gener-
ally preferred for smaller-diameter lines (D = 15in. ). The Panhandle equation
and the Modified Panhandle equation are usually better for larger-sized transmis-
sion lines.

7.3.1 Pipeline Equation

Consider steady-state flow of dry gas in a constant-diameter, horizontal pipeline.
The mechanical energy equation (Eq. 7.35) becomes
dp  fel pM fid

dl. 2D ZRT 2g.D (7.37)

Many pipeline equations have been developed by integrating Eq. 7.37. The
difference in these equations originated from the methods used in handling the
z-factor and friction factor.

Integrating Eq. 7.37 gives

Mfu®
f ap = M J P g
2Rg.D | =T (7.38)
If temperature is assumed constant at average value in pipeline, T, and gas
deviation factor, z, is evaluated at average temperature and average pressure, p,

Eq.7.38 can be evaluated over a distance L between upstream pressure, p;, and
downstream pressure, py:

- 25'ygq2 T zZfL

2 pZ
? D’ (7.39)

o

where

= pressure, psia

= gas gravity (air = 1)

= gas flow rate, MMscfd (at 14.7 psia, 60°F)
= average temperature, °R

Z = gas deviation factor at T and

b= (p1 + P2

L = pipe length, ft

D = pipe internal diameter, in.

f = Moady friction factor = f(Ng..e/D)

~ha & e
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Equation 7.39 may be written in terms of flow rate measured at arbitrary base
conditions (T and p;):

_ Eﬁ[(pf - p%)DT'S

Po L YeIZfL (7.40)

C is a constant with a numerical value that depends on the units used in the
pipeline equation. These are summmarized in Table 7.1.

The use of Eq. 7.40 involves an iterative procedure. The gas deviation factor
depends on pressure and the friction factor depends on flow rate or diameter. This
problem prompted several investigators to develop pipeline flow equations that
are noniterative or explicit. This has involved substitutions for the friction factor
f. The specific substitution used may be diameter dependent only (Weymouth
equation) or Reynolds number dependent only (Panhandle equations).

7.3.2 Weymouth Equation—Horizontal Flow

The basis for the Weymouth equation is the usual energy balance between points 1
and 2 (Fig. 7.3). In the horizontal flow case, points 1 and 2 are at the same
elevation, but it is not necessary that the line connecting them be horizontal. The
assumptions made in this flow situation are:

1. The kinetic-energy change is negligible and can be taken as zero.
2. The flow is steady state and isothermal.

3. Flow is horizontal.

4. Heat is not transferred to or from the gas to the surroundings.

TABLE 7.1
Value of C for Various Units
P T D L q C
psia °R in. mi scfd 77 .54
psia °R in. ft scfd 5634
psia °R in. ft MMscfd 5.634 x 1073
kPa K m m mPrday 1.149 x 10°

q§——> 01} + i 02 —9

T = consiant

Fig. 7.3 Isothermal gas flow in horizontal lines.
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5. There is no work done by the gas during flow.
With these assumptions, the energy balance is left with the expansion work

and lost work terms. Thus,
vdp + Iw =0 (7.41)
or
(144) v dp + e 4l =0
28D (7.42)
where

v = specific volume, cu ft/lbm

p = pressure, psia
f = Moody friction factor, dimensionless

u = velocity, ft/sec
D = pipe diameter, ft
L = length of pipe, ft
g. = conversion factor = 32.17 lbm-ft/lbf-sec?
The velocity # in Eq. 7.42 can be expressed in terms of the volume flow rate

and the cross-sectional area of the pipe:

u ft 1
u (ft/sec) = —wsec ——sq T

Let g, be the volume flow rate of gas, cth, measured at base conditions, T, (°R)

SC LT

RT 10.732: T
v(cu ft/lbm) = = =
pM 29vgp

For real gases,

Using these in Eq. 7.42

10.732:T 4quTpy z \2 dL
(144) (————) R A 1. 2) —~=0
29y,p 2 x 32.17\3600T,wpD?/ D

or

2T
5329 2L 4 + 1.9444 x 10-° 2 (M) dL =0
YeP o d Twp
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Integrating and using an average value of z,

T “\2fL zT (P2
1.9444 x 1079 i(q"—"”z-) J dL = -5329°= | pdp
D

5
Tb 0 ,YX P

or

) 53.29 (:r,,)2 (i -p) D°
Gy = — =

1.9444 x 10°°\p,/  2fzTy,L
If L is in miles and D in inches, then

53.29  (p — ph(D/12)°
1.9444 x 107% 2fzTvy,(5280L)

g% =

or

g =3.23 E[U’L P) DS.]D'S
h - -

PARNERZ (7.43)
Equation 7.43 is the general steady-flow equation for isothermal gas flow

over a pipeline. It is generally attributed to Weymouth. The terms are defined as
follows:

gy = gas flow rate, cfh at pp and T},
T, = base temperature, °R

Py = base pressure, psia

p1 = inlet pressure, psia

P2 = outlet pressure, psia
D = inside diameter of pipe, in.
v, = gas specific gravity (air = 1)

T = average flowing temperature, °R

f = Moody friction factor

L = length of pipe, miles

Z = gasdeviation factor at average flowing temperature and average pressure

Equation 7.43 may be written as

(7.44)
where

0.5
(—) = {ransmission factor
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The Moody friction factor, which oceurs in Eqs. 7.43 and 7.44, may itself be a
function of flow rate, gy, and pipe roughness, e. If flow conditions are in the fully
turbulent region, f can be calculated from the relationship

1

.flurb= . 2
1.14 — 2 log —
( gD)

where f depends only on the relative roughness, e/D. When flow conditions are
not completely turbulent, f depends on the Reynolds number, also:

_ 20g(Mcid)y, - 0.48¢4y,
D wD (7.46)

(7.45)

NRe

e

Therefore, to make vse of the Weymouth equation in the form of Eq. 7.43 ot Eq.
7.44 tequires a trial-and-error procedure to calculate g,
To eliminate the trial-and-error procedure, Weymouth proposed that f vary
as a function of diameter in inches as follows:
_0.032

f=pm (7.47)
With this simplification, Eq.7.43 reduces 1o

o = 18,062 2 (BE 7 PD) DIOP 10
Y I 5

Equation 7.48 is the form of Weymouth equation commonly used in industry.

(7.48)

7.3.3 Effects of Assumptions

The use of Eqs. 7.43, 7.44, or 7.48 to calculate transmission factors for an existing
transmission line or for the design of a new transmission line involves a few
assumptions that were mentioned earlier. The effects of these assumptions on
work on long commercial pipelines under normal operating conditions are now
discussed.

Mechanical Work

No mechanical work is done on the fluid between the points at which the pressures
are measured. In the study of an existing pipeline, the pressure-measuring stations
should be placed so that no mechanical energy is added to the system between
stations. Thus, the conditions of this assumption can be fulfilled.

Steady Flow

The flow is steady; that is, the same mass of gas passes each cross section of the
pipe in a given interval of time. Steady flow in pipeline operation seldom, if ever,
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exists in actual practice because pulsations, liquid in the pipeline, and variations in
input or outlet gas volumes cause deviations from steady-state conditions. Devia-
tions from steady-state flow are the major cause of difficulties experienced in
pipeline flow studies.

Isothermal Flow

The flow is isothermal or can be considered isothermal at an average effective
temperature. The heat of compression is usually dissipated into the ground along
a pipeline within a few miles downstream from the compressor station. Other-
wise, the temperature of the gas is very near that of the containing pipe and, as
pipelines usually are buried, the temperature of the flowing gas is not influenced
appreciably by rapid changes in atmospheric temperature.

Constant Compressibility

The compressibility of the fluid can be considered constant, and an average
effective gas deviation factor may be used. Equations 7.43, 7.44, and 7.48 contain
an average gas deviation factor, z. This comes about because the equation that
was integrated was

2

P
= const. | —d
n J. P (7.49)

It was elected to take 2 outside the integral sign. Consider Fig. 7.4. When the two
pressures pq and p; lie in a region where 2 is essentially linear with pressure, then
it is accurate enough to evaluale 7 at the average pressure 5 = (p; + p3)/2. One
can also use the arithmetic average of the z’s with the same result: z = (z; +
Z3)/2. On the other hand, should p; and p, lie in the range illustrated by the
double-hatched lines, the proper average would result from determining the area
under the z-curve and dividing it by the difference in pressure:

P2
z dp
. o _ zarea
(pr— P (p1—p2) (7.50)
Also, 7 may be evaluated at an average pressure given by

o = 2(;1? —pi)
" 3\pi - pl

(7.51)

Horizontal Pipeline

The pipeline is horizontal. In actual practice, transmission lines seldom, if ever are
horizontal, so that factors are needed in Eqs. 7.43, 7.44, and 7.48 to compensate
for changes in elevation. With the trend to higher operating pressures in transmis-
sion lines, the need for these factors is greater than is generally realized. This
correction for change in elevation is discussed in the next section.
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Fig. 7.4 Determination of average z-factors.

Kinetic-energy Term

The pipeline is long enough so that changes in the kinetic-energy term can be
negiected. The assumption is justified for work with commercial transmission

lines.

Example 7.1.

Given
Ty = 520 °R
Pp = 14.7 psia
p1 = 400 psia
pz = 200 psia
D = 12.09 in.
v, = 0.60
7= 520°"R
L = 100 mi
e = 0.0006 in.
Required

Flow rate in cu ft/br through pipeline.

Solution
A. Gas properties
For v, = 0.6,

Ppe = 672 psia
T,. = 358 °R

7 —300—0446
Por =672 =
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520
T, =—=1453
358
z = 0.950
py at 60°F = 0.0103 cp

¥ 21300 psia and 60°F = 1.0
£
fi at 300 psia and 60°F = (1.05)(0.0103) = 0.010,82 cp

N, = 248amve _ _ (0.48)(0.6)gs

Re =D (0.010,82)(12.09)
e 0.0006
— = ——— =0.000,05
D 12.09

= 2.20164,

B. Trial-and-Error Calculation of g
First trial:

s = 100,000 cth
Nge = 2.2 x 105, f—00158

205 0.5
""_323_(_) [ ~eTLz ]

0.
a3 (i%%) )DS [(160,000 40,000)(12.09)5] 5

(0.6)(0.95)(520)(100)
0.5

G
G

= 1161843184 = 929,560 cu ft/hr
Second trial:
gy = 500,000 cfh
Nge = 1.1 x 108
f =0.0125
gr = 1,045,083 cu ft/hr
Third trial:
qp = 1’000v000 cfh
NRe =22 % 106
f =0.012

qs = 1,066,633 cfh
C. Calculation of g, Using the Weymouth Equation Without f

Tb[(PI %) Dmm]o.s

= 18.062
g Ps "{gTLE
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= 18.062 ( 520) [(160:000 ~ 40,000)(12.09)“’”}“5
o \4T (0.6)(520)(100)(0.950)
= 989,859 cfh

7.3.4 Weymouth Equation—Nonhorizontal Flow

The three forms of the Weymouth equation developed above (Eqs. 7.43, 7.44,
and 7.48) were on the basis that points 1 and 2 were at equal elevations above a
datum. In actual practice, transmission lines often deviate considerably from the

1 Flow ———i— /
N —_————

3

(a)

P2
——T——-—t <]
AZ
— ©
P2
&)
P
Flony ———
—0——— 0 P2
]

(c)

Fig. 7.5 Compensation for difference in elevation.
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horizontal. Account should be taken of substantial pipeline elevation changes.
Given all the previous assumptions, with the exception of horizontal flow, the
encrgy balance reduces to

2 g 2 fuZ
vdp + — AZ + dL =0
1 280 (7.52)

Equation 7.52 is the starting point for any flow calculations that take into consid-
eration differences in elevation,

Figure 7.5a shows flow in monhorizontal pipeline; point 2 is at a higher
elevation than point 1, points 1 and 3 are at equal elevations. The simplest way
to handle the calculation is to add, or subtract, from one of the points the amount
of pressure equivalent to the weight of the gas column caused by the elevation
difference, and then proceed with the calculation as in the case of horizontal flow.
Of course, the length term L must be the actnal length and not the horizontal
length only. However, this is usuaily a minor difference.

Consider the gas column llustration in Fig. 7.5b. The pressure gradient is
given by

1 c

ap _ b
dz 144 (7.53)
. pM 29y o .
Using p, = E‘ = RT and an average gas deviation factor Z,
fp: dp 29+, J‘Z; P
o T z
oy P (144)(10.732)ZT g, (7.54)
or

P3 _ 0.01:37573 AZ
D2 zZr (7.55)

In

The natural logarithm of y may be expanded as
Iny=(—-10)—-1/20 - 1P +1/30 - 1)... 2>y>0

For all practical purposes, p3/p, < 1.05. Thus, all but the first term may be
neglected, leaving

(& _ 1) _ 0.018,75y, AZ
P2 T (7.56)

or

0.018,75v, AZ)

(Ps_P2)=AP=P2( -
zT

(7.5T)



Pipeline-Flow Calculations 269

Equation 7.57 may be written in terms of gas formation volume factor, B, (cu
ft/scf), as

~0.000,529v,
B, (7.58)

Incorporating Eq. 7.55 into the Weymouth equation, Eq. 7.43, gives

n[(p% - ) DS]‘“

gy = 3.23 — = =
ol v TfLZ (7.59)

where

€ = base of natural logarithm = 2.718
5 = 0.0375vy, AZ/TZ
AZ = outlet elevation minus inlet elevation (note that AZ is positive
when outlet is higher than inlet).

It

Consider the configuration in Fig. 7.5¢. Here the correction is made on p,
and Eq. 7.15 becomes

rb[(p%/e’ — pg)osr-s

=323 -2 =
o Y TFLZ

Po (7.60)

Equations 7.59 and 7.60 are adequate for most purposes. A general and more
rigorous form of Weymouth equation with compensation for elevation is

gr = 3.23 1‘1(1)0‘5 [(p? - ¢p) DT'S
=303 1) (B ) D
Py f ’YgTELc

where L, is the effective length of the pipeline.
The effective length of the pipeline is based on the profile of the line between
pressure-measuring stations. For a uniform slope,

_e-n,
5 (7.62)

(7.61)

L,

For a nonuniform slope (where elevation change cannot be simplified to a single
section of constant gradient), an approach in steps to any number of sections, #,
will yield

et — 1 eer—1 e’ - 1
(G VN Gl IS i e I8
5y 52 83
+ ez""‘(e"' - 1)L,
5, (7.63)

L,= R
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where
sy = 0.0375y,AZ,/TZ
53 = 0.0375v,AZ,/Tz
5y = 0.0375y,AZ,/TZ

Note: 25, = sy + 5 + 53 + + + + + 5,. The numerical subscripts refer to the in-
dividual sections of the overall line, which is operating under pressure differential
{p) — p2)- For example, if the line is divided into four sections, n would equal 4
and subscript 2 would pertain to the properties of the second section.
7.3.5 Panhandle A Equation—Horizontal Flow
The Panhandle A pipeline flow equation assumes that f varies as follows:
_ 0.085

NE (7.64)

The pipeline flow equation is thus

T, 1.07881 2 _ .210.5394 1 0.4604
q = 43587 (—b) AT —}  pre=
Do TLz Ye

(7.65)

where

q is the gas flow rate, cfd measured at T, and p,.
Other terms are as in Weymouth equation.

7.3.6 Madified Panhandle (Panhandle B)
Fquation—Horizantal Flow

This is probably the most widely used equation for long lines (transmission
and delivery). The modified Panhandie equation assumes that f varies as

0,015

N D392 (7.66)

and results in

. 2 7o
q =737 (Iﬁ)l * [_‘_pf — P ] > pES®

Ps TLzy"! (7.67)

where the units are the same as in Eq. 7.65.

7.3.7 Clinedinst Equation—Horizontal Flow

The pipeline flow equation of Clinedinst rigorously considers the deviation of
natural gas from ideal behavior. This equation is a rigorous integration of Eq.
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7.42. The only assumptions are those made in artiving at Eq. 7.42. The equation s

T . D5 Py . DOrz . 0.5
q = 3973.0 51’—”’3”—-[*_——( f P gp, - [ e dp,)]
pe v TLf\Jo =z a z (7.68)

g = volumetric flow rate, Mcfd
Ppe = pseudocritical pressure, psia

where

D = pipe internal diameter, in.

L = pipe length, ft

p- = pseudoreduced pressure

T = average flowing temperature, °R
Y, = gas gravity

zp = gas deviation factor at T and py,, normally accepted as 1.0

P

Values of the integral functions f
0

et al, Handbook of Natural Gas Engineering.
7.3.8 Pipeline Efficiency

2 4p, are tabulated in Table A-6 of Katz
Z

All the pipeline flow equations developed above are for 100% efficient condi-
tions. In actual pipelines, water, condensates, and sometimes crude cil accumu-
late in low spots in the line. There are often scales and “junk™ (dead rabbits, etc.)
leftin the line. The net result is that the flow rates calculated for the 100% efficient
cases are often modified by multiplying them by an efficiency factor E. The
efficiency factor expresses the actual flow rate as a fraction of the theoretical flow
rate. An efficiency factor ranging from 0.85 to 0.95 would represent a “‘clean™
line. A few values of efficiency factors are given below.

Liquid Content

Type of Line of Gas (gal/MMcf) E
Dry-gas field 0.1 0.92
Casing-bead gas 7.2 0.77
Gasand condensate 800 0.60

7.3.9 Transmission Factors

The transmission factor is defined as (1/f)"°. Of the many factors in Eq. 7.44, the
transmission factor has long been the most difficult to evaluate. Thus, the litera-
ture contains many different empirical transmission factors that have been used to
meet the needs of pipeline engineers. Table 7.2 presents some transmission
factors that are the most significant and have either best stood the test of usage or
have strong foundations in basic flow theories.
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TABLE 7.2

Transmission Factors for Pipeline Flow Equations
(for Use in Eq. 7.44)

Flow Eqguation

Transmission Factor,
«a f )0.5

Remarks

Smooth pipe
{laminar)

Rough pipe
{fully turbulent)

Weymouth

Panhandle
Modified panhandle

2 10g1p(f* Nge) + 0.3

2 log(3.7D/€}
1.10* x 5,6D%*7

0.92% x 3,44N8073
0.907 x B,25NYD1%

}

Seldom applicable to large-
diameter natural gas trans-
mission lines

Characterizes most natural
gas transmission operating
conditions. Table 7.3 gives
a number of solutions.

Reasonably good approxi-
mation of preceding (rough
pipe} formulafor D = 10in,
and e = 0.002 in.

Large-diametertransmission
piping where Re varies from
5 X 10° to 20 x 10°.

*Average steel pipeline efficiency; aluminum varies from 0.92 to 0.96.

TABLE 7.3

Selected Rough Pipe Transmission

Factors

(1,f)0-5 =1 Iogw (3.7D/%)

where e = 0.0007

in?

D, pipe 1D, in.

(1 /f)ﬂ.s

10.00
13.50
15.44
19.38
23.25
25.31
29.25

9.45
9.70
9.82
10.02
10.18
10.25
10.38

Average effective roughness for clean steel

pipe in transmission service.

7.3.10 Summary of Pipeline Equations

A general pipeline flow equation that is noniterative may be written as

q=aF (E)a (p—»m%_— P
oy TzL

[

\ag

1
_) D
L3 (7.69)
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where E is the efficiency factor. The units to be used in Eq. 7.69 are
g = cid measured at T, and p,,

T="°R

P = psia
L = miles
D = inches

The values of the constants a are given below for the different pipeline flow
equations.

Equation ay a a3 ay s
Weymouth 433.5 1.0 0.5 0.5 2.667
Panhandle A 435.87 1.G788 0.5394 0.4604 2.618
Panhandle B 737.0 1.02 0.570 0.490 2.530

7.4 GAS FLOW IN SERIES, PARALLEL, AND LOOPED PIPELINES

1t is often desirable to increase the throughput of a pipeline while maintaining the
same pressure drop and level. This need may occur when new gas welis are
developed in an area serviced by an existing pipeline. A similar type of problem
may arise when an existing pipeline must be *“‘pressure derated” because of age
(corrosion, etc.) but it is desired to maintain the same throughput.

A common economical solution to the above problems is to place one or
more lines in parallel, either partially or throughout the whole length, or to
replace a portion of the line with a targer one. This requires calculations involving
flow in series, parallel, and series-paralle! (looped) lines.

The philosophy involved in deriving the special relationships used in the
solution of complex transmission systems is to express the various lengths and
diameters of ihe pipe in the system as equivalent lengths of a common diameter or
equivalent diameters of a common length—equivalent meaning that both lines
will have the same capacity with the same total pressure drop.

All the examples that follow will be based on: the Weymouth equation. At the
end of the discussion, a summary of the relationships based on the Panhandle and
Clinedinst equations will be given.

74.1 Series Pipelines

Consider an L-mile long, D 4-in. internal diameter pipeline operating with a total
pressure drop of py — p; psi. This pipeline is altered by replacing the first Lg
miles with a Dp-in. internal diameter line (Figs. 7.6a and 7.65). If the total
pressure drop in the new system is p; — p,, what is the capacity of the new series
pipeline? Also, what is the pressure ps at the junction of the D g-in. line and the
D 4-in. line?
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go Dy =4in o P2
| I
lf"‘ Lmi {
] |
{a)
Pz
—
o Dyg=6in o Dj=4in, o P2
JO—— | |
| | I
l-(—-—-LB mi Mi—*' Ly mi ri
| | |
(b}
P2 s
o P2
[ 1 2 3
LB LD
2 D2 Ly Dy
(c)
Fig. 7.6 Pipes in series.
Using Eq. 7.48,
T 2 7 D]G/ a5
qhzl&mz—%gi—fﬁf——
Pe Y. TLZ

Since py — p, is constant, Eq. 7.48 can be written as
DiG/ 0.5
gn = K, ( L 3)

KDM/B
an

or

L:

(7.48)

(7.70)

(7.71)



Gas Flow in Series, Parallel, and Looped Pipelines 275

Thus, for transporting a given quantity of gas at a given pressure drop, length is
proportional to diameter raised to the power 16/3. Therefore, the equivalent
length of a D 4-in. line, Lj, that would have the same pressure drop as the Ly

miles of Dg-in. line is
LA (DA) 16/3

Lg Dg
or
DA 16/3
el
Dy (7.72)
Therefore, the series line shown has a total equivalent length of
DA 16/3
Lpeq=La+Li=Ls+ Lg|l—
A AT A (DB) (7.73)

The volume flow rate gq;, of gas that will flow for given values of py, p, v, T, and z
can be calculated using Eq. 7.48 with D4 L 4.q- However, from Eq. 7.70, the flow
rate is proportional to (1/L)%>. Thus, percent change in flow rate is

) -

zlqh = 1 0.5
(Z) (7.74)
Fxample 7.2
L = 10 mi
Ls=7mi
Lg = 3 mi
D, = 4in.
[)g = 6 in.

Then,

16/3
Li=3 (E) = 0.345 mi

LAcq =7+ 0.345 = 7.345 mi
1 )0.5 1\0:5
(7.345 B (1_0)

Ag,% = o3 x 100 = 16.7%
@
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The equivalent lengths and diameters can then be expressed as

D\ 163
-
D, (7.75)
or
L\¥16
o
L, (7.76)

If the Weymouth equation with friction factor f is used where the flow of gas,
pressure differential, temperature, gas gravity, and deviation factor are the same
for two different pipelines, the relationship of equivalent lengths and diameters is

expressed as
5
a-u )2
fi/ \D2 (7.77)

b, (&)1/5(2)1/5
fa/ AL (7.78)

where Lj is the length of a pipe of diameter D, and friction factor f, equivalent to
the length L, of a pipe of diameter D, and friction factor f,, or where Dj is the
diameter of a pipe of length L, and friction factor f, equivalent to the diameter
D, of a pipe of length L; and factor f,.

The calculation of the pressure at the junction point of the Dy — Dy line is
accomplished by noting that the flow rates in the two sections are equal and
calculating in terms of the equivalent D 4-in. system. Using lengths of L} miles
for the B-section and L 4 miles for the A-section, Eq. 7.48 is

wpr | W\ A=) [ s
— 1673 = constant = T =l
18»062Tb DA LAZ.B LAZA

or

or
(pi = p3) Laza = (P} — P LiZs (7.79)

L4, Ly, py, and p; are known. Equation 7.79 contains three unknowns: pa, z,,
and z . Itis best solved by trial and error using p; as the variable. To start, assume

N
Za= g T

Equation 7.75 may be extended to three or more pipes in series (Fig. 7.6¢).
The flow rates are same in all sections:

G =g =27 43
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Total pressure drop equals sum of pressure drops:

Ap, = Ap; + Ap; + Ap;

or
(p2 _ pl) — 'Ysiqupthe
bR T 4B.062)tT,2D 13
_ T (@'l alla  4i'Ls
(18.062)°T,2) D, 1*73 " D13 " p,1er3

Therefore,

Le L Ly L3

DY Dl“’”+ D216/3+ D41 (7.80)

Using the Weymouth equation, which contains f,

fLe fily N fals + sl PN Fnlon
FoL N ) RIS s K D (7.81)

7.4.2 Parallel Pipelines

Consider once more the L-mile, D 4-in. internal diameter pipeline. Suppose the
full length is paralleled wiik a new Dg-in. internal diameter line (Fig. 7.74). What

I
] De=4in 94 L
P P2

@t ———3 O o —_—
Dy =6 in. in
(a)
I
‘ { Dy Ly g,
7 I
P £
Gt ——= 0 D, 15 q; [+ —_— 1

g
Dy Ly 43]/
7 ¢
(b}

Fig. 7.7 Pipes in parallel.
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would be the resulting increase in capacity? The old flow rate using only D 4-in.
line is g4. The new flow rate with both lines is g, = g4 + ¢p. The length, L, is
constant. Using the Weymouth equation (without f},

qn = const (D'%)%5 = const (D¥?) (7.82)

The ratio of new to old flow rates is

\ + Dg\%3
£_=M=(1+q_s) =[1+ (_)
ga 9a qa D, (7.83)

Percent increase in capacity is

. . g8 D\*”
% increase in g, = — % 100 = 100 | —
qa D, (7.84)
Example 7.3
L =10 mi
DA =4 in.
DB = 6in.

6 8/3
&=[1+ (Z) ] =395
da
6 8/3
% increase in g; = 100 (Z) = 295%

Equations 7.82 to 7.84 are for equal lengths of paraliel pipelines. Where the
lengths of the two parallel lines are not equal, use

D673, 0.5
g5, = const ( I ’)

(7.85)
The ratio of the flow rates becomes
oo (]
qa qa Dy Lg (7.86)
% increase in g, = 100 [(g—j)aﬁ (i—:)mjl (7.87)

The above expressions for two parallel lines may be extended to three or
more lines in parallel (Fig. 7.7b).

@=qtg:+qs
Ap, = Apy = Ap; = Ap,
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_ 18.062 5[(;:%—;)%)0‘6/5]“5
" NV TEpl L

. 18.062 E( - 2){)‘5 (0%6/3)0.5 . (Déﬁ/l)ﬂ‘s . (D:lsﬁfl)o.ﬁ
Valzip O PV VL L, L3

Therefore,
(Dm/.V)o.s _ (D{(:/))U.S N (Dz“’/’)” . <D§6/])0.5
L, L) Ly La (7.88)

If the Weymouth equation, which contains the friction factor, f, is used, Eq.
7.88 becomes

DS)U.S 015)0'5 DZS Q.5 D35 0.5 Dn5 0.5
(fLe - (?I ¥ (szz) * (sta) oo (fnbn) (7.89)

7.4.3 Looped Pipelines

Most often in the design of complex transmission systems, only a part of the line is
parallel. This is known as looping. In the looped pipeline illustrated (Fig. 7.8a),
the original line consisted of segments A and C, of the same diameter. In the
existing system, a looping segment (B} has been added to increase the capacity of
the pipeline system.

The looped pipeline system (Fig. 7.8a) may be represented by a series system
(Fig. 7.8b). To obtain the total flow rate, the looped section and unlooped section
are solved as a series flow situation.

Fd! A b3 ' P2
O o
B
()

| | !

= Lap ke i

| l

I I

! .

e D'ag S P o, o py
I

L" 4p = equivatent length of the looped segments A and B
B 4p = corresponding equivalens diameler of A and 8

b

Fig. 7.8 Looped pipelines.
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Consider the parallel flow situation in the looped section, using the Wey-
mouth equation (without f):

[DY6/3\ 05
= const | ~*
" ( L ) (7.85)
From Eq. 7.88,
(D:QB)SB DAI'J/3 Dg/i!
(Lan)? LI LP (7.90)
Solving Eq. 7.90 for the equivalent length of the looped segment yields
1 2
Lag = 8/3 172 8/3 12
G N o B o M e
—_— — + —_—
Dl La Dus Ly (7.91)

if the equivalent diameter of the looped segment D’ g is selected to be the same
as the diameter of the unlooped segment,

Duyp=Dc= Dy

Equation 7.91 reduces to

1 2
g = ( 1 )|/2+ (DB)S/S( 1 )uz
L4 D¢ Lg (7.92)
Also, if the lengths of the paralleled line ate equal, L4 = Lp, then
. 1 2
Lyp = ( 1 )1/2[ (DB)s/z.J
RN 1 + —
La D¢ (7.93)
The ratio of flow rate after looping to original flow rate is given by
(4"
4o L’ (7.94)
— L 0.5
% increase in g, = 100 (q q") = 100 [(-—”) - }]
qo L (7.95)

where
= priginal flow rate before looping
g = flow rate after looping
L, = original length of pipeline
equivalent of pipeline after looping = L'yg + L,

W
E)
1

N
I
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Example 7.4

Section Diameter D,in.  Lengthl, mi

A 41D 3
B8 61D 3
C 41D 7
1 2
Lug = N P =0.192 m
)1 G
3 4
L' = L:‘lB + LC = 7.192 mi
10 13
1. (———) = 1.18
10 \%3
% i se in g, = 100 | |—— -1 = 18%
increase in gy (7' 192) 8

The above equations and calculational procedure can be generalized to yield
several useful equations and a looping chart. These equations help determine pipe
size for completely or partially paralleling an original line in order to increase the
system capacity by a fixed amount. The equations are derived on the basis that,
after a line has been paralleled, the temperature, gas gravity, mean z-factor, and
pressures at the inlet and outlet of the original lines are as they were before
paralleling.

The following expression gives the fraction of the total length of original line
that must be paralleled (looped) in order to increase the flow rate by a fixed
amount. It assumes that the lengths of the lines in the looped section are equal:

Bl C /i
1—1/(1 + WP (7.96)
where
Y = fraction of original line paralleled (looped), starting downstream
go = original flow rate before looping
g = flow rate after looping
W = (Dg/D,)*? (Weymouth without f)
or

W = (Dp/Do)** (fo/f)* (Weymouth with f)
D, = diameter of original line
Dy = diameter of added parallel line

f» = friction factor of original line

fp = friction factor of added paralle] line



282 Gas Gathering and Transportation

Equation 7.96 can be rearranged in several different ways, for example,

_ qo
T M Wy — a1 .97
or
Y 0.5
P S
(@o/q) — 1+ Y (7.98)

When Y = 1 and the entire length of the original line has been paralleled,

w=21_,
do (7.99)
or
.5 .5
NN
) D, fa (7.100)

If the diameter and friction factor of the parallel line are the same as those of the
original line, then W = 1, and

4
Y =

gﬂ—MMQﬂ (7.101)

and

2
W0 =3y (7.102)

The chart of Fig. 7.9 yiclds rapid solutions_for these equations.

7.4.4 Extensions to Other Pipeline Equations

The equivalent lengths may be calculated by the following expressions:

D A
L.=|—1| L
‘ (Dl) ' - (7.103)

where

equivalent of selected pipe size (e.g., Table 7.4)

ID of selected pipe size

length of actual pipe of size Iy

ID of actual pipe section

exponent which depends on pipeline equation used {Table 7.5).

2B gl
nnamniu
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Fig. 7.9 Design of paralle] lines. (After Katz et al.)
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TABLE 7.4
Miles of Pipe of Various Diameters Having Delivery Capacity Equivalent to
One Mile of a Diameter Given in Extreme Left Column

Internal Diameter,

m. 2067 3.068 4.026 6.065 8.071 10.025 12.125
2.067 1.000 8.218 35.01 311.40 1429.4 — —
3.068 01217 1.000 4250 37.89 173.9 622.2 —
4.026 0.71286 0.2347 1.000 8.895 40.83  146.1 357.8
6.065 0.0032 0.0264 0.1124 1.000 4.590 16.42 40.23
8.071 0.0245  0.2178 1.000 3.577 8.763

10.250 0.0609 (3.2795 1.000 2.450
12.125 0.0249 01141 0.4082 1.000
13.375 0.0147 0.0676  0.2419 0.5925
15.375 0.0322  0.1151 0.2818
17.375 0.0599 0.1468

fxample: Capacity of T mile of 8.071-in. pipe is equivalenl to 0.0245 miles of 4.026-in or 3.577
miles of 10.025-in. pipe for same pressure conditions.
Source: Courtesy AGA.

TABLE 7.5
Exponents for Equations 7.103, 7.104, and 7.105
A B C
Weymouth equation 5.333 0.50 2.667
Panhandle equation 4.854 0.5394 2.618
Modified Panhandle equation 4.961 0.51 2.53

For series flow, the equivalent length is the sum of the individual equivalent
lengths. When the lines are connected in parallel, their combined equivalent
length is derived from

1 /B
Leg = [(l/Lel)" + (1/L)® + (1/Lea)® + - - ] (7.104)

1f each of the parallel lines is of a single pipe size and of equal length, Eq. 7.104
may be expressed as

1 /B
Leg = DAL
“ [D,f + D+ DS+ ]

(7.105)

Terms are defined under Eq. 7.103 and exponents are given in Table 7.5.
Other relationships equivalent to those derived using Weymouth equations
are summarized in Table 7.6 for Panhandle and Clinedinst equations.
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7.5 GAS-LIQUID FLOW IN PIPELINES

The use of a single pipeline for simultaneous flow of natural gas and oil is
increasing. Such systems frequently offer substantial economic advantages for
offshore applications as well as for many onland installations. In some cases,
simuitaneous flow of gas and oil occurs naturally in gathering systems of oil with
associated solution gas or in gas-condensate flow to central processing equipment.

Muitiphase flow conditions cover a broad spectrum of operating sitnations.
On the one hand is the condition of gas flow in a pipeline accompanied by small
amounts of liquid due either to carryover from separators or due to condensation
in the pipeline. At the other extreme is the flow of crude or condensate, which
enters the pipe as one phase but, because of the drop in pressure along the line,
releases small amounts of gas, which then travel with the liguid in multiphase
flow. These extremes of gas-liquid ratios and all conditions in between are
situations of two-phase flow. Common to all is the fact that the pressure drop is
usually substantially greater than in single-phase flow and, in some cases, the flow
can be quite unsteady.

This condition of two-phase flow is exceedingly complex. Early attempts to
use design methods equivalent to those used for single-phase flow frequently
resulted in a line that was either inadequate or highly overdesigned. In two-phase
flow, an overdesigned line draws a penalty not only in excessive cost but in very
unstable operation with slugging of liquid and fluctuating pressures.

Three methods for handling pipeline flowing both fiquid and gas will be
discussed. Dukler Case II is considered one of the most accurate correlations for
horizontal flow. Flanigan correlation accounts for the added pressure drop caused
by lifting the liquid up hills in a hilly terrain pipeline. It ignores any pressure
recovery in the downhill section and the angle of the hill is not taken into
consideration. Beggs and Brill correlation takes angle of inclination into account.
1t can be used for downward two-phase flow such as might occur in offshore
gathering lines.

7.5.1 Dukler Case I Correlation

This correlation published by Dukler in 1969 is the most widely used method for a
wide range of conditions in horizontal flow. The AGA-API Design Manual by
Baker et al. gives full details about this procedure and example calculations.
Further examples may be found in Brown, The Technology of Artificial Lift
Methods, Volume 1.

The procedure for calculating pressure loss in a horizontal flow line from
known upstream pressure by method of Dukler, Case 11 is outlined below.

1. Assume a downstream pressure and calculate an arithmetic average pres-
sure, p = (py + pa)/2.

2, Obtain average values of solution gas-oil ratio, I_"i’,, oil formation volume
factor, B,, and gas deviation factor, Z.
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Calculate the volumetric flow rates of liquid and gas in the pipeline in cfs:
_ quB,(5.615)

ALpe = 6,400 (7.106)
- QL(GOR - RJ) & _Z_ 3

epe 86,400 5 Tp (7.107)

Calculate A, the volumetric liquid fraction input to the pipeline. This is the
no-slip holdup.

qrree  _ Wi/pe
grre + Gepr. Wifo + Wi/p, {7.108)
Calculate the liquid density in pipetine:

_ ¥{62.4) + 7,{0.0764)R,/5.615

A=

pL B, (7.109)
Calculate the gas density:
- P11l I
= v 0.0764) £ 22 Z = 27014, £
pe = %(0.0764) = = 3 Y73 (7.110)

Calculate the velocity of the mixture, in feet per second:

_ QerL + Gepr
=D?/576 (7.111)

m

D is pipeline ID in inches.
Calculate the viscosity of a two-phase mixture:
pre = A + p(l — N (7.112)

Estimate a value of the liquid holdup in the pipeline (H,).
Calculate the two-phase density:

i) <5 | )
Pre = PLA\g,) TP TR, (7.113)

Calculate an approximate value of the two-phase Reynolds number:

Du,, prp
Pre (7.114)

With the no slip holdup A from step 4 and the approximate Reynolds
number, (Nge)rp, from step 11, go to Fig. 7.10 and read a value of Hy.

(N RJTF =
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15.
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17.
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Fig. 7.10 Dukler liguid holdup correlation. (After Baker et al.}
Check the value of H, of step 12 with the assumed value of step 9. If they

agree within 5%, the accuracy is sufficient. If they do not agree, repeat steps
9 to 13 until they agree within 5%.

When the assumed value and calculated value of H ¢ agree within 5%, use
the calculated value of H, to determine the two-phase Reynolds number.
Determine the value f7,/f, from Fig. 7.11.

Calculate f,, the single-phase friction factor. There are several correlations
available for calculating the friction factor of a smooth pipe. The equation
used for developing the correlation shown in Fig. 7.11 is

f, = 0.001,40 + 0.125
CTTTT (VRSP (7.115)
Calculate frp, the two-phase friction factor:
fre
= X
fre . fo (7.116)

Calculate the pressure drop due to friction:

2f TPL"-lm2 Prp

A =
bs 12g.D (7.117)
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Fig, 711 Normalized friction factor curve. (After Baker et al.)
where
L=ft
u,, = ft/sec
prp = lbm/cu ft
D =in.
19. Acceleration pressure drop may also be calculated. This is usually very small

20.

in pipelines but may be significant in process piping.

1 = 2 -~ 2
Apace = I[qugm, + pLgLP‘L

144g(.Al 1- HL H, ]downslrcam

5 g2 5. a2
_ [qugP_L. + pLELPL:! } cos 8
upstrcam

1-H, H, (7.118)

where 6 is the angle of pipe bend. For a horizontal pipe 6 = 0 and cosine
6 =1

Elevation pressure drop—if any elevation changes take place, the pressure
drop due to elevation changes may be calculated in the following manner:
(a) Calculate the superficial gas velocity

" = QgPL(]44)
o w4 D? (7.119)

(b) From Flanigan’s correlation {Fig. 7.12), read the value of H,r, the
elevation factor.
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(c) Calculate the pressure drop due to elevation changes

p H 2z
Apel =
144 (7.120)

where 2z is the summation of uphill rises in the direction of flow, feet.
21. Calculate total pressure drop:

Aprowr = Apy + Apy + APace (7.121)

7.5.2 The Flanigan Correlation

Flanigan proposed a method of calculating the effect of hills and pressure drop in
flowlines and pipelines. His correlation ignores pressure recovery in the downhill
section. He treated the uphill sections as though they affected the pressure dropin
the same manner as would a vertical column containing an equivalent amount of
liquid. Since a two-phase line is not completely filled with liquid. Flanigan used a
Tiquid holdup term, H;r, to represent that fraction of the total static pressure
drop that exists as the elevation component in two-phase flow. A correlation for
Hpp as a function of gas superficial velocity, u,,, is presented in Fig. 7.12.
The Flanigan holdup factor is calculated from the equation

1

Hyp=— o
1 4 0.3264uL% (7.122)

The gas superficial velocity is calculated at average pressure and temperature in
the line. This requires an iterative procedure since p = (p; + p;)/2 is unknown.

The additional pressure drop due to hills is calculated from Eq. 7.120.
Flanigan correlation, along with Dukler friction factor correlation, is recom-
mended in the AGA-API Design Manual by Baker, et al.

1.0
09
08 \\
0.7 \
0.6

05 \

MERN
N

0.3

0.2 -

0.1

0.0

Hyp

ot WL

02 4 68 1012141618 2022 24 26 28 30 32 34 36 38 40 42 44 46 48 S0
uyp—ft/sec

Fig. 7.12 Flanigan holdup factor.
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Flanigan proposed using the Panhandle A equation to calculate the pressure
drop due to friction, based on the gas flow rate. A correlation for pipeline
efficiency factor as a function of superficial gas velocity and fiquid loading is
presented in Fig. 7.13. The gas velocity is in feet per second and liquid-gas ratio in
bbl/MMsct.

Flanigan’s procedure for calculating the total pressure drop is as follows:
1. Calculate the superficial velocity in feet per second:

zT
ey = 31,194 S5
D%T, (7.123)
where

qp» = gas flow rate, MMscfd
ps = 14.7 psia

2. Calculate the liquid to gas ratio R in barrels per million standard cubic feet of
gas.

3. Calculate u,,/R®*? and determine the Panhandle pipeline efficiency factor E
from Fig. 7.13.

4, Calculate the frictional pressure drop using the Panhandle A equation:

1.078,81 2 . 21 0.5394 0.4604
qg = 4.3587 X 10°E (E) (E!__.&) (l.) protsz
yol TLZ Ye
(7.124)

5. Determine the Flanigan holdup factor H;  from Fig. 7.12.

1.0 [
09 t

0.8 = uy = fi/sec
0.7 R =Bbl/MMcf

06 o
0.5 el

0.3

0.2 //
0. 02 03 04 0506 08 10 2 3 4 56 8 10
g X (RO

0.1

Fig, 7.13 Flanigan efficiency factor.
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6. Calculate the pressure drop due to elevation using Eq. 7.120.
7. The total pressure drop

Apyon = App + Apa (7.129)
Example 7.5 (after Baker et al.}.
Problem:

Two gas-condensate wells feed into a 4-in. gathering line 2.10 mi long. Well A will
flow at the rate of 3 MMcfd, and well B will flow at the rate of 1 MMcfd. The
following data are available on each well:

Well well

A B
Liquid GPM? at 1000 psig 4.10 3.20
Liquid GPM at 500 psig 3.10 2.30
Gas specific gravity 0.68 0.62

2Gallons per thousand cubic feet of gas.

The summation of the uphill rises in the lire is 143 ft. The initial pressure at the
wells is 900 psig. What is the pressure drop in the line?
Solution

4.026
Line diameter = T = 0.3355 ft
Line length = (2.10))(5280) = 11,088 ft

4000
gse = —— = 166.7 Mcfh = 46.3 ft/sec
E 24

Assume an average pressure in the pipeline of 850 psig or 865 psia. Assume an
average temperature in the pipeline of 60°F or 520°R. Calculate the volume of
pipeline liquid from the product of the gas volumes and the GPM. From a plot
of GPM versus pressure (Fig.7.14), the GPM at 850 psig is 3.85 for well A and
2.95 for well B:

qupr = (3000)(3.85) + (1000)(2.95)
= 14,500 gal/day = 80.8 cfh = 0,0224 cu ft/sec

Calculate the liquid density. In this particular example, the condensate is typical
and has a specific gravity of approximately 0.6:

pr. = (0.6)(62.4) = 37.4 lbm/cu ft
Calculate the weighted average specific gravity of the commingled gas stream:

_ (3)(0.68) + (1)(0.62)
B 3+ 1

Ye = (.665
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Fig. 7.14 Liguid content of wellstreams. (After Baker et al.)

Calculate the gas viscosity. The molecular weight of the gas is
M = (0.665)(28.97) = 19.00

From Fig. 2.10, the viscosity of the gas at atmospheric pressure is 0.010,25 cp.
From Fig. 2.5, the critical temperature of the gas is 372 R and the critical pressure
is 669 psia. Calculate the reduced temperature and pressure:

865 19
Pr 560

520 0
Foap

From Fig. 2.11, the viscosity ratio is 1.2, Calculate the gas viscosity at pipeline
conditions:

b = b1 — = (0.010,25)(1.2) = 0.0123 cp
1]
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From the value of pr and Ty developed above and by referring to Fig. 2.4,
z=10.84
Calculate the gas volume at pipeline conditions:

_ (ﬂ) (i)-_ 166.7 (}il) (5_29) 0.84
9Pt = 9o \ "5 ) 520 2= 0667 {565 \5a0) (089

= 2.38 Mcf/hr = 2380 cth
= 0.661 ft®/sec

Calculate the density of the gas at pipeline conditions from Eq. 7.110:

5 (2.701)(0.665)(865)
pp = 2701 y, = = = 3.56 Ibm/cu it
A Tz (520)(0.84)

Calculate the liquid viscosity. Assume that the average composition of the con-
densate is normal octane. From a table of physical properties, the critical tem-
perature is 564 R, the critical pressure is 362 psia, and the molecular weight is
128.3. Calculate the reduced pressure and temperature:

== =239
Pr=36 "

Ie =2 _ 09
R 564

From Fig. 7.15,

p/VM =0.012
pe = 0.012 VM = 0.012 V1283 = 0.136 cp

Calculate A, the input liquid-volume fraction from Eq. 7.108:

diLpL ~ 0.0224

A= =
gere + e 0.0224 + 0.661

= 0.0328

Calculate &,,, the mixture velocity from Eq. 7.111:

+ 0.0224 + 0.661
7, = drpL . GepL _ > = 7.74 ft/sec
aD?/576 w(4.026)°/576

Calculate j1yp, the mixture viscosity from Eq. 7.112:
prp = ph (1 — X) = (0.136)(0.0328) + (0.0123)(0.9672) = 0.0164 cp
Converting to English units,

wre = (0.0164)(0.000,672) = 0.000,011,0 tbm/ft sec
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Fig. 7.15 Viscosity of light liquid hydrocarbons. (After Baker et al.)

Determine the friction factor ratio from Fig. 7.11:

.fTP/fa =2.532

Now, calculate the two-phase Reynolds number. This is a trial-and-error calcu-
lation. Assume a value for H,, the liquid holdep. Assume H, = 0.03. Cal-
culate the two-phase density from Eq. 7.113:

_ P’ N ol = N _ (37.4)(0.0328)*

PP g, T 1-8, (0.03)
(3.56)(0.9672)
e Y~ 4.77 bm/eu ft
(0.97)
Da,, 0.3355)(7.74)(4.77
(Nadrp = 2lmbre _ OINTTIDOTT) _ o6 00

Krp (0.000,011,0)

From Fig. 7.10, H, = 0.033. This is not a close enough check. and the calcu-
lation must be repeated with the new value of H, :
_ (3.74)(0.328) . (3.56)(0.9672)%

(0.033) (0.967)
_ (0.3355)(7.74)(4.66) _
()7, = (0.000,011,0) 1,100,000

pPre = 4.66 lbm/cu ft
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From Fig. 7.10, I_fL = (.033. This checks. With this value of Reynolds number,
calculate the single-phase friction factor from Eq. 7.115:

_ 0.125 0.125
fo = 1.0014 + W = 0.0014 + (l,lOU,O—OU)m = (.002,86

Caiculate the two-phase friction factor (Eq. 7.116):

Fre = f, X % = (0.002,86)(2.532) = 0.007,24

a
Calculate the pressure drop due to friction from Eq. 7.117:

2re L, ore  (2)(0.007,24)(11,088)(7.74)%(4.66)
12g.D a (12)(32.2)(4.026)

Next, the pressure drop due to elevation changes must be considered. Calculate
it,,, the superficial gas velocity from Eq. 7.119:

_ e (144)  (0.661)(144)
w/AD?  w/4(4.026)

se = 7.48 ftisec

From Fig. 7.12, H, = 0.30. Calculate the elevation pressure drop from Eq.
7.120:

Hyrp 27 (0.30)(37.4)(143)
144 (144) -

Apg = - 11.1 psi

Calculate the total pressure drop from Eq. 7.121:

Ap\olaﬂ = Apf + Apel + Apacc

The downstream pressure would be 900 minus 39.9 or 860.1 psig. The originally
assumed average pressure was 850 psig. For greater accuracy, the entire calcula-
tion may be repeated, using as an average line pressure the average of 900 and
860.1, or 880 psig.

7.5.3 Beggs and Brill Correlation

The Beggs and Brill correlation was developed especially for inclined or direc-
tional flow and can be used for pipe at any angle of inclination, including downhill
flow. Data for the correlation were taken in a small-scale test facility consisting of
1 in. and 1%-in. pipes using air and water as fluids. Three flow regimes were
considered and correlations were given for liquid holdup and friction factor. The
flow regimes used were those that would exist if the pipeline were horizontal. The
liquid holdup is first calculated for horizontal flow and then corrected for actual
inclination angle.

This correlation is accurate for directional and inclined flow and can be used



Gas-Lignid Flow in Pipelines 297

for horizontal and vertical flow. It tends to predict too much pressure recovery in
downbhill flow, if the flow pattern is stratified.

The horizontal flow patterns or regimes used in this study are illustrated in
Fig. 7.16. The original flow pattern map was slightly modified to include a
transition zone between the segregated and intermittent flow regimes. The modi-
fied flow pattern map is superimposed on the original in Fig. 7.17.

Determination of the correct flow regime requires calculating several di-
mensionless numbers, including a two-phase Froude number. The following vari-
ables are used to determine which flow regime would exist if the pipe were in a
horizontal position. This will be the actual flow regime only in horizontal flow and
is used as a correlating parameter for other pipe inclination angles.
Froude number (Ngg)

Neg = B
gD

where
i, is the mixture velocity in feet per second.
Volumetric liquid fraction inpur (\,):
U,,
where
wsy, is the superficial liquid velocity in feet per second.
Limiting parameters
Ly = 316A3°7
Eo = 0.000,925,25 24652
L; = 0100, 4516 /
Ly = 0.50;%7*

The horizontal flow regime limits are

Segregated

A < 0.01 and NFR < L[
or

AL = 0.01 and NFR < Ll
Transition

A‘L = 0.01 and Lz < NFR = L3
Intermittent
0.01 s A, <0.4 and Ly<Npr=1L,;

or

}\L = 0.4 and L3 < NFR = L4
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Fig. 7.16 Horizontal flow patterns. (After Beggs and Brill.)
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