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INTRODUCIION 

Production of chlorofluorocarbons (CFCs) for virtually all applications in refrigeration and air 
conditioning will be phased out by 1996 in developed countries. This production ban is required under 
the Montreal Protocol and its subsequent revisions. Some individual countries have agreed to an even 
more rapid phaseout of CFCs and are also undertaking to regulate or prohibit the use of 
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). Many fundamentally different 
technologies could serve as alternatives to vapor compression systems using HCFCs or HFCs. These 
include Stirling cycle refrigeration, gas-fired absorption chillers, thermoelectric cooling, magnetic 
refrigeration, and acoustic compression, among others. Conventional compression equipment using 
“natural” refrigerants such as ammonia or hydrocarbons is another viable alternative. I t  is extremely 
important that policies regulating the uses of refrigerants be developed with an accurate 
understanding of what technologies could be developed to replace conventional compression systems. 
Questions need to be answered concerning when end-use equipment based on these technologies 
could be available; what segments and fractions of the market would be affected; and perhaps most 
important, how the equipment effiencies, energy use, and ultimately indirect CO, emissions compare 
with equipment designed to use HCFCs or HFCs. Without knowledge of these issues, there may be 
prolonged periods when essential products are not available because fluorocarbons were forced out 
of use before viable alternative technologies could be developed. There could .also be substantial 
increases in worldwide energy use and CO, emissions because decisions were made on incomplete 
or theoretical predictions of system energy efficiencies. 

The Alternative Fluorocarbon Environmental Acceptability Study (AFEAS), a consortium of 
fluorocarbon manufacturers, and the U.S. Department of Energy (DOE) are collaborating on a 
project to evaluate the energy use and global warming impacts of CFC alternatives. The goal of this 
project is to identify technologies that could replace the use of CFCs in refrigeration, heating, and 
air-conditioning equipment; to evaluate the direct impacts of chemical emissions on global warming; 
and to compile accurate estimates of energy use and indirect CO, emissions of substitute 
technologies. The first phase of this work focused on alternatives that could be commercialized before 
the year 2000; the results and conclusions are presented in the 1991 report, Energy and Global 
Warming Impacts of CFC Alternative Technologies. The time frame under consideration limited this 
phase of the study primarily to HCFC and HFC replacements for CFCs. 

.The second phase of the project is examining not-in-kind and next-generation technologies that 
could be developed to replace CFCs, HCFCs, and HFCs over a longer period. As part of this effort, 
Oak Ridge National Laboratory held a workshop in Breckenridge, Colorado, on June 23-25, 1993. 
The preliminary agenda covered a broad range of alternative technologies and at least one speaker 
was invited to make a brief presentation at the workshop on each technology. Some of the invited 
speakers were unable to participate, and in a few cases other experts could not be identified. As a 
result, those technologies were not represented at the workshop. 

Each speaker was asked to prepare a five to seven page paper addressing six key issues 
concerning the technology he/she is developing. These points are listed in the sidebar. Each expert 
also spoke for 20 to 25 minutes at the workshop and answered questions from the other participants 
concerning the presentation and area of expertise. The primary goal of the presentations and 
discussions was to identify the developmental state of the technology and to obtain comparable data 
on system efficiencies. The papers submitted by each speaker are reproduced in Appendix C, along 
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with the questions raised after each presentations and answers prepared by each speaker. Note that 
the material in Appendix C has not been edited or reviewed, and its technical accuracy is not 
endorsed by AFEAS, Oak Ridge National Laboratory, or DOE. 

There is an inherent conflict of interest between AFEAS as sponsors of the workshop and the 
proponents of technologies that could compete with products of the AFEAS companies. There is also 
a possible bias within Oak Ridge National Laboratory because of its involvement in existing or prior 
contracts between DOE and some but not all of the companies represented by the invited speakers. 
To maintain objectivity throughout the meeting, a panel of independent experts from academia, 
industry, government, and environmental interest groups was assembled to conduct the technical 
sessions of the workshop. Members of this panel were as follows: 

Dr. Horst Kruse of the University of Hannover in Germany, 
Mr. William Kopko of the U.S. Environmental Protection Agency, 
Dr. Shigehiro Uemura of Daikin Industries, and 
Mr. Damian Durrant of Greenpeace. 

Dr. Kruse served as chairman of this panel. He questioned the speakers at the end of their 
presentations to ensure that they addressed the six key issues, permitted the other panel members 
to comment on the presentations and ask questions, and opened the discussion to the other workshop 
participants. 

Copies of the papers submitted by the speakers, some of their visual aids, and questions and 
answers for each technology are included in these proceedings. 

SUMMARY 

At the conclusion of the workshop, Dr. Kruse also led the panel members in compiling a 
summary of each technology and its stage of development, potential for commercialization, and 
relative effect on system energy use compared to HCFC and HFC systems. The panel was not asked 
to reach a consensus or conclusions about the future viability of any technology. The panel’s 
observations on the technologies are summarized in the following sections. 

’ Hydrocarbon Refrigeration 

Domestic refrigerators using hydrocarbon refrigerants have already been commercialized in 
Europe, although they have not been introduced into the markets in Japan or the United States 
because of product liability concerns. In fact, it is questionable whether a significant market potential 
will develop in either of those countries because of the concerns raised about using a flammable 
refrigerant. The market potential throughout Europe and in the developing countries is considered 
to be high. The energy efficiency of refrigerators using hydrocarbons is more or less the same as that 
of a refrigerator using HFC-134a; conflicting claims are made by the advocates and the opponents 
of using hydrocarbons in a refrigerator, and no conclusive data from directly comparable tests appear 
to be available. 

3 



Free-Piston Oil-Free Compressor Developments 

An American manufacturer has produced a very well designed prototype for a free-piston oil-free 
compressor and could bring the product to the market in 2 to 3 years. There is a high market 
potential for this compressor because it has superior efficiency resulting from the absence of a crank 
assembly and the associated friction losses. This product has an especially good chance for future 
application in small capacity systems such as household refrigerators. 

Stirling Cycle Refrigeration 

Several research and development companies and appliance manufacturers are actively pursuing 
application of the Stirling refrigeration cycle to refrigeratodfreezers and supermarket display cases. 
Different approaches are used both in the drive mechanism (free-piston and kinematic drives) and 
in ways to achieve low friction losses within the systems (e.g. gas bearings and flexible bearings). Two 
free-piston systems have demonstrated energy efficiencies that are comparable with conventional 
refrigerators. One project, a collaboration between two companies, resulted in a free-piston prototype 
with gas bearings. This system demonstrated an efficiency that is comparable with conventional vapor 
compression refrigerators in the 200-W range and would have superior efficiency in the 50-W range. 
In this case, it will take about 7 years to bring a product to the market because of the need to 
develop external funding to cover the initial investment costs for a production line. Presently, the 
private research and development funds of appliance manufacturers are being absorbed by the 
near-term task of converting from CFCs to HFCs. 

A separate project at a different company has resulted in a demonstration prototype using 
flexible bearings instead of gas bearings. Flexible bearings limit the compressor stroke to a certain 
extent and are also advantageous from the point of view of oil-free compression and expansion with 
low friction. This design may be competitive with conventional refrigerators. The company has also 
found that the investment costs for a potential manufacturing partner are an obstacle for introduction 
into the market within the next 7 years. 

Unfortunately, the market potential of Stirling refrigerators appears to be severely limited 
because they have not demonstrated an efficiency advantage over conventional refrigerators using 
HFCs. There may be potential in the United States and Japan if international agreements force the 
use of nonfluorocarbon refrigerants with essentially zero global warming potential (GWP) and 
manufacturers in those countries insist on nonflammable working fluids (that is not the case in 
Europe and most developing countries). In that case, the Stirling refrigeration cycle might have 
market potential because it uses helium as the working fluid, combined with heat pipes that could use 
nonflammable heat transfer fluids, such as CO,. 

A kinematic Stirling cycle refrigeration system (rhomboidal crank drive mechanism) has been 
developed for supermarket display cases. Because of the additional friction and adiabatic losses with 
the kinematic drive and high speeds, it is important that the temperatures of the application be 
sufficiently low to take advantage of the inherently higher efficiency of the Stirling cycle in this 
temperature range. This product exists only at the design stage, and the efficiency has not been 
demonstrated with a prototype system. The Stirling cycle requires a secondary heat transfer loop 
because of the local heat transfer area at the head of the Stirling machine-in which case there may 
be no efficiency advantage over conventional compression equipment using ammonia or 
hydrocarbons-and a secondary heat transfer loop to keep the hazardous refrigerants out of the retail 
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area of the store. No high market potential is foreseen for Stirling cycle refrigeration in commercial 
applications. The technology could compete successfully in even lower temperature applications where 
vapor compression cascade systems currently dominate and where there are essentially no available 
nonflammable refrigerants to replace the CFCs and HCFCs used today. 

CompressiodAbsorption Hybrid Heat Pump Cycles 

A laboratory demonstration unit of a hybrid compression/absorption heat pump has been 
developed in the United States which could be brought to market in about 3 years; similar systems 
using ammoniahater have already been built commercially in Europe for heat pump applications. 
These systems need an oil-free compressor to avoid contaminating the heat and mass transfer surfaces 
in the heat exchangers with oil. Presently only niche applications appear possible in the market for 
substitution of HFCs. The efficiency of compression/absorption hybrid cycles may be superior to 
conventional compression systems because of the gliding temperatures in the heat exchangers. 
Ammonia systems with a water solution in the heat exchanger seem to present a drastically lower 
danger of releasing ammonia to the ambient air than do compression systems using ammonia. This 
system can also use 'fluids in their supercritical state by dissolving them into the solution. It seems to 
have long-term potential as an energy efficient substitute for larger sized vapor compression systems 
using an HFC. 

Ammonia Compression 

Past technologies using ammonia as a refrigerant in chillers are being reviewed and developments 
are being pushed with the aim to establish highly reliable ammonia compression systems. Ammonia 
is both toxic and flammable at low concentrations, so restrictions on installation methods pose 
obstacles to promoting ammonia equipment, especially in the United States and Japan. Research is 
being carried out on improving heat exchangers to reduce the volume of ammonia used and to make 
the systems more compact. The efficiency is considered to be the same as for fluorocarbon 
compression systems, but improvements in heat exchangers may make ammonia compression 
efficiences superior to that of fluorocarbon compression. 

Commercial refrigeration systems using ammonia are already commercialized in Europe, but they 
are still in the evaluation stage in the United States and other countries. It will be necessary to set 
up safety measures to protect against both the toxicity and flammability of ammonia. Secondary brine 
loops may be required to isolate the ammonia from the customer areas of stores, in which case the 
energy efficiency will be slightly reduced. 

Absorption 

A small number of ammoniahater unitary air conditioners and heat pumps are being 
manufactured worldwide. Technical issues include improvement of operating efficiency, reliability of 
solution pumps, identification of corrosion-free materials, and development of system control 
technology. Reduction of the sizes of the absorber and generator would also be desirable. The 
generator absorber exchanger (GAX) cycle has been recommended for future applications, and ' 

demonstrations of the operation of this system are being conducted. Absorption efficiencies have not 
been high in the past, but it is highly possible that efficiency may be improved with adoption of the 
GAX cycle. The market potential for this equipment will be affected by the relative costs of natural 
gas and electricity and by the availability of natural gas. The company developing absorption air 
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conditioners and heat pumps wants to take about 10% of the present market for vapor compression 
equipment. 

Absorption cycle chillers have a long history of being manufactured worldwide. One of the key 
benefits of absorption chillers is that they suppress peak electricity consumption during the summer 
months, reducing utility demand charges. In the past, the double-effect chiller was developed to 
improve upon the energy efficiency of the single effect system, and now there is an effort to develop 
the triple-effect system for further efficiency gains. The high initial costs of absorption chillers and 
the availability of natural gas limit the market potential of these systems; favorable comparisons with 
the life cycle costs of vapor compression systems are important. 

Evaporative Cooling 

Direct evaporative cooling has been widely used in desert climates for many years. Indirect 
evaporative coolingcan be used in more humid areas. Efficiency is superior; energy use is typically 
less than half of that of conventional air-conditioning systems. Market potential is large in dry 
climates where evaporative cooling can match the comfort levels provided by mechanical cooling. 
Limited markets are possible even in humid areas in locations such as factories and farms with looser 
cooling requirements. Besides climate limitations, barriers to greater use of evaporative cooling 
include reluctance of designers to specify an unfamiliar technology. Water availability is rarely a 
problem in the United States, but it could be a barrier in areas such as the Middle East that have 
severely limited water supplies. 

Evaporative cooling has also been applied successfully for air conditioning of transit buses in 
many areas of the United States, and these systems for vehicles are already in commercial production. 
They should save a significant amount of energy compared with conventional air conditioning and 
eliminate the need for a refrigerant. Bureaucratic concerns about changing air conditioning 
specifications appear to be a major barrier to increased use of evaporative cooling for public 
transportation. Although evaporative cooling works best in dry climates, indirect cooling systems 
should be able to provide acceptable comfort in the United States, except in the humid southeastern 
region. 

Desiccant cooling 

Liquid desiccant systems use a salt spray to dehumidify air and can be combined with evaporative 
cooling for air-conditioning purposes. A boiler drives the excess water out of the salt solution. With 
a single-effect boiler, the efficiency of the system is relatively low. Multiple-effect boilers can improve 
efficiency but increase both the cost and complexity of the system. Solar-driven systems are also 
possible. This technology is currently in limited commercial production. 

Another variation of desiccant cooling combines evaporative cooling with heat wheels and solid- 
desiccant wheels to create a ,heat-driven (Le., natural gas or waste heat as opposed to electricity- 
driven) cooling system. Manufacturers are working to develop proprietary desiccant materials that 
should substantially reduce the source temperatures needed to run the systems. The typical 
application uses natural gas as the energy source to drive the system, although electric heat-pump 
systems are also possible. The energy efficiency of gas-powered systems is comparable with that of 
conventional electric cooling when power plant and transmission losses are included. Desiccant 
systems can provide superior efficiency in areas where evaporative cooling can be used for much of 
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the year. Solar-driven systems are also a possibility for improving efficiency. Some companies are 
planning field tests as early as 1994. This technology is in small-scale commercial production. Full- 
scale production requires participation of a larger manufacturer; the absence of a major manufacturer 
to produce and distribute the product is a significant barrier facing desiccant cooling systems. 

Adsorption Cooling 

Several companies are pursuing the development of adsorption cooling systems. One organization 
has designed a system using multiple canisters of activated carbon that use heat to pump refrigerant 
to a higher pressure. This technology is in the laboratory demonstration phase with field tests 
scheduled for 1995. Another developer is in the early stages of developing a prototype and has a field 
test planned for 1996. The cooling efficiency of both these systems is lower than that of conventional 
electric cooling systems based on source fuel use, although one laboratory working on the concept 
has proprietary modifications that could make its system more efficient than conventional air 
conditioning. The heating efficiency should be superior to conventional electric systems. The relative 
prices of electricity and natural gas will be an important factor in determining the market for 
adsorption cooling systems. 

Sonic Compression 

Sonic and thermoacoustic cooling devices present an appealing elegance and simplicity, and 
unlike some technologies presented at the workshop, they do not require development of advanced 
materials. The compressor could use fluorocarbons, ammonia, or hydrocarbons (inert gases require 
high-frequency valve oscillation), depending on choices by industry. 

A laboratory proof-of-concept device exists, and initial obstacles of noise and oil free valve 
operation are solved. There is manufacturer involvement in development, and the efficiency is more 
than theoretically comparable with vapor compression with an EER of 7 to 8 (confirmed in July). The 
first prototype in May 1993 delivered 372 to 852 Btuh, similar to domestic U.S. refrigerator values; 
but as of June, the prototype was not yet instrumented and energy efficiency therefore was not 
measured (as of August 1993, efficiencies are measured but confidential). 

With manufacturer support continuing through realizing predicted efficiency improvements, there 
is a 3- to 5-year plan from research and development to life testing to first run for small applications. 
The technology represents a potential low-investment, low-cost, oil-free, in-kind compressor 
alternative, scaleable to larger applications for air conditioning. The market potential was estimated 
as medium to high for initial applications, which will use HFCs as the working gas. 

Thennoacoustic Cooling 

A small cooling capacity (4 W at That - Tmld = 37°C) thermoacoustic cooling device, STAR, was 
demonstrated on the space shuttle Discovery in January 1992. A higher powered unit (700 Btuh 
refrigerator, 400 Btu/h freezer) originally designed for the Shuttle is currently undergoing testing. 
Both refrigerators utilize inert helium/argon gas with none of the direct GWP of fluorocarbons. 
Thermodynamic energy efficiency as high as 20% of Carnot was measured for STAR, and a predicted 
42% of Carnot is expected for the upcoming variant, including heat exchanger losses but excluding 
electrical losses. Manufacturer collaboration includes evaluation by the auto industry for a variety of 
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applications, including mobile air conditioning (the initial report is due in fall 1993) and initial 
commercialization for refrigeratodfreezers for marine craft. 

The thermodynamics of the technology have been demonstrated, as well as primary heat 
exchange within the engine at the 100-W level. Efficient, low-cost generation of acoustic power, as 
well as efficient coupling of the cooling engine to the intended load, will be the key to realizing 
energy efficiency for refrigerator size uses. Future applications could include the kilowatt to several 
tons of cooling range for domestic air conditioning, perhaps 2 years into the future. 

The key external variable remains sustained funding, both federal and private, to demonstrate 
the modeled competitive energy efficiency of the overall sys tem, including secondary heat exchange 
and electroacoustic energy conversion, which includes driver and power source. Given funding, there 
could be as little as 3 years to first market because of the potential for an energy-efficient, 
low-investment, low-production-cost device with broad application. The use of nonfluorocarbon inert 
gases could be increasingly attractive to industry and consumers alike, given global warming concerns. 
The market potential of thermoacoustic cooling is broadly estimated as medium to good. 

Magnetic Refrigeration 

Magnetic refrigeration technology remains in the proof-of-concept or demonstration phase, and 
the planned retail-size refrigeration system remains in the concept/design phase. Obstacles to the 
technology are the need for cryogenic cooling oE the superconducting system, development of low- 
cost superconducting magnets, and low-cost materials. The projected life-time return on investment 
may not counteract the high projected initial investment cost of a retail-size system. 

The energy efficiency is not demonstrated, but a modeled COP of 5 is reported for the retail-size 
system. A demonstration prototype of a refrigerator-scale magnetic cooling device is being built with 
U.S. DOE support to validate the model. It was felt the time to enter the market could be in the 
order of up to 5 to 10 years, with sustained funding, and assuming the HFC regulatory environment 
is unchanged. 

Nevertheless, magnetic cooling might find support from the electric power industry as an 
alternative to emerging competitive gas-fired systems for retaikupermarket cooling and 
dehumidification applications, particularly if HFC refrigerants are limited or regulated. 

Hydraulic Refrigeration 

Presentations were made on gravity-driven hydraulic refrigeration and Malone cycle hydraulic 
refrigeration. A laboratory prototype gravity-driven cooling system is in operation, and a commercial 
product could be on the market in as little as 3 years. The major drawbacks are the overall size of 
the system and, in the United States and Japan, flammability. The greatest market potential would 
appear to be in the developing countries, and the efficiency is predicted to be comparable to that of 
compression systems using fluorocarbons. The Malone cycle hydraulic system is at the laboratory 
concept demonstration stage and could not be commercialized for 7 to 10 years. The major obstacles 
to further development are the limited funding available for development and the high operating 
pressures. The market potential is probably low. In the near term, the predicted efficiency is relatively 
low, but the potential exists for it to be comparable to compression systems. 



Themaelectric cooling 

Thermoelectric cooling based on the Peltier Effect is in one sense a mature technology; it is 
already available in some consumer and specialty products and could be used in additional 
applications in a year or less. A major breakthrough in thermoelectric materials is needed, however, 
to achieve an energy efficiency 90% that of compression cooling systems at low AT's; energy 
efficiency at high AT's is a major obstacle to developing this technology. Market potential is believed 
to be limited to specialty niche applications in cooling elements on electronic circuit boards, military 
applications, and convenience consumer products. 

Metal Hydride Cooling 

Metal hydrides could potentially be incorporated into cooling systems for vehicular air 
conditioning. Right now this technology is at the laboratory demonstration stage in the United States, 
and a commercial product could not be available for another 3 to 5 years. The major obstacles to 
employing this technology are the cost and flammability of the materials. No conclusions were drawn 
concerning the market potential for this technology. The system efficiency is low, although it can 
operate on waste heat (alternatively, an additional burner would be required). 

Sorption 

A prototype sorption system is operating and a commercial unit could be available in 1 to 
4 years. The market potential for this technology is good in some geographic regions, depending on 
the regional gas and electricity prices and on the gas supply. System heating and cooling efficiencies 
are not presented in the paper. 

Advanced Fluorocarbon Compression Systems 

Vapor compression systems using fluorocarbon refrigerants have not reached their 
thermodynamic limits in performance, and industry is actively looking at feasible concepts for 
improving their efficiencies. Those concepts include the following: 

Vane axial and air foil fans could be used in residential air conditioners in place of the prop fans 
currently used in condensing units and the forward curved blade fans in indoor air handlers. 

Zeotropic blends of refrigerants may be required for long-term efficiency gains for water-cooled 
chillers that are already pushing the practical efficiency limits with current refrigerants. 

Variable-speed motors and drives may be more widely applied to push efficiency higher than is 
cost effective using single-speed components. 

Scroll and screw compressors may be adopted to improve both reliability and efficiency. 

Heat exchangers with smaller internal volumes are being developed to reduce refrigerant charge 
levels. 

Devices are being developed to recover some of the lost work in the expansion process. 
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It is not possible to project over the long term which of these developments-or what other 
developments-will be incorporated into future products, or what will be the impacts on cost and, to 
a lesser extent, efficiency. 

I 
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- 
Introduction 
Following the CFC ozone crisis independent scientists and technicians in the refrigeration 

field have become very sceptical regarding synthetic refrigerants' long term compatibility 

with nature and human health, despite extensive testing of the materials. 

Natural, non-synthetic substances such as water, carbon dioxide, ammonia and 

hydrocarbons are efficient and safe refrigerants. There is long term experimental data 

for these substances for air conditioning and refrigeration. 

In the last year hydrocarbon-based domestic refrigeration has been developed 

. .  > 

significantly and major advances in efficiency and performance have been proven in the 

field. Such fridges are now on the market in Europe having passed all official safety and 

efficiency requirements (Figure 1). 

Environmental Impacts 
The indirect global warming effect resulting from power production is a key issue, 

however experience in Europe demonstrates that hydrocarbons can have superior energy 
- efficiency relative to R-12 and even R-l34a and other proposed substitutes. This is due 

to the inherently superior thermoydnamic characteristics of hydrocarbons. Optimizing the 

design of of refrigerators offers the greatest energy saving capacity - the EPAs Super 

Energy Efficient Refrigerator report bears this out. 

Apart from energy efficiency we must consider life-cycle environmental costs. The 
chlorine-based manufacture of HFCs results in the production of pernicious organo- 

chlorine wastes and subsequent risks to workers. Production of small quantities of 

hydrocarbons as refrigerants would be less environmentally costly. 

Figure 2 shows the ODP and GWP profiles for various refrigerants, with GWPs over 500 

and 20 year time frames. The direct global warming impacts of released refrigerants 

demonstrates that hydrocarbons such as butane and pentane are far less environmentally 
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damaging. They are not visible on this scale. I - 

Foron and Liebherr hydrocarbon fridges have recieved German 'Blue Angel' awards for 

environmentally-sensitive products. 

Inflammability 

The inflammability of hydrocarbons must be compared to the global warming and toxicity 

hazards of synthetic refrigerants (HCFCs, HFCs). In refrigeration, inflammability is a local 

concern and is managed securely worldwide in millions of installations for heating and 

cooking; methane and propane are approved as alternative automotive fuels in the US 

and elsewhere; in the US 4 billion cans of aerosols using hydrocarbons are sold each 

year, without major safety impads or liability problems. 

Additional fire safety measures, eg placing thermostat and light switches outside the 

cabinet away from the evaporator, have been incorporated into the design of hydrocarbon 

fridges. Gas-proof lights are widely available at low cost (Figure 3). 

New German hydrocarbon-cooled refrigerators have safety and reliability approval from 

the German Technical Institute (TUEV). Safety has been proven by experts in safety 

requirements for appliances and installations of LPG and natural gases. 

One of the advantages is the small refrigerant charge, approximately one ounce, making 

it easy to control any danger of fire or explosion. 

Market Penetration 

Figure 1 illustrates the recent breakthrough of natural hydrocarbons in Germany and 

Europe. In the short term the three largest German companies (Bosch-Siemens, Foron 

and Liebherr) have adopted hydrocarbon refrigerants. In the medium term most will 

switch to hydrocarbons. In China the Qaingdao factory is changing to R-600dR-290. 
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Technical Performance - 
" In small size refrigerant equipment hydrocarbons can easily be used, even as a drop-in, 

/ for R-12, R-22 and R-502. 

Figure 4 shows superior performance data for hydrocarbons in terms of: 

lower compression ratio 

* higher thermal conductivity for better heat exchange - 

*_very high specific entropy for low refrigerant charge 

low viscosity and hence a low air pressure drop which allows higher velocity and thus - 

better heat exchange. 
- 

Figure 5 shows that the pressure characteristics of the R-290/R-600a blend exactly 

matches those of R-12 between -60°C and 10°C. For higher temperatures the pressure 

of the blend is lower. 

Figure 6 illustrates calometnc tests for a compressor (FORON) optimised for R-12, R- 

134a and the blend R-290/R-600a. The blend exhibits better COPS and the lowest 

discharge and winding temperatures over most of the range of evaporation temperatures. 

Hence, greater efficency and longer compressor lifetime are achieved with the blend. 

Figure 7 shows performance data for a 4.8 cubic foot single temperature refrigerator 

containing R-12, R-l34a and R-290/R-600a. The results in row 4 show that the blend 

does not perform satisfactorily as a drop-in. To attain better energy efficiencies changes 

in evaporator circuiting are needed. With these changes energy consumption is 10% 

lower with the blend than with any other refrigerant using the same design. Compared 

to R-12 and R-l34a, the refrigerant charge is much lower. For R-290, the compressor 

capacity was too high relative to the condensor and evaporator and therefore some data 

for propane could not be obtained. 

Data from Liebherr's fridges on sale (Figure 8) prove that the best efficiencies obtainable 
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with R-134a were also achievable using a R-600a refrigerant in combination with pentane 

blown insulation foam. 

This was in spite of the relatively short time available for optimisation of the circuiting in 
the hydrocarbon fridge. Better results are expected with further development. 

Figure 9 compares the thermodynamic properties of various refrigerants using a Whirlpool 

compressor which had been optimised for R-l34a. In terms of COP and EER, 134a 

performed better; than R-12, but not as well as R-600a. 

With Bosch-Siemen refrigerators, power consumption and refrigeration charge have both 

decreased as development has progressed (Figures 10.1, 10.2, 10.3). 

Bosch-Siemens latest 12.85 cubic feet model, KD 37R00, uses only 20 g of refrigerant 

and needs only 0.35 kWNday, 10.5 kWh/month and roughly 128 kWh/year (Figure 10.3). 

With a specific power consumption of 0.1 0 kWh/lOO litres it is the most energy efficient 
. fridge in the world (Figure 11). In addition it is the quietest on the market, due to the low 

pressure characteristics of R-600a. Although this model is much larger than the other 

hydrocarbon fridges it has been possible to keep the charge below 20g. Bosch-Siemen 

believes that the charge for the smaller fridges can also be reduced. For larger two 
temperature refrigerators two separate circuits will be needed, each with a charge of 

under one ounce. 

General Advantages 
As reflected in the winter ASHRAE meeting, during February 1990, hydrocarbons are 

superior in the following ways: 

* lifecycle environmental impact: no organochlorine waste products, lesser toxic 

production processes 

* non toxic, non-toxic combustion products 

* superior reliabilty, as unlike HFCs they do not hydrolize to corrosive acids 
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operates at lower discharge temperatures 

higher energy efficiency 

* low cost, non-patentable, wide availabilty 

* therefore an appropriate technologoy for growing developing country demand 

* materials compatiblity 

* smaller (less than half) of the charge required with R-134 

* ease of service and maintenance 

Other uses 

Hydrocarbons have enormous potential for most air conditioning and refrigeration systems 

using up to 1Olbs of CFCs today. This would include residential air conditioning units. 

Propane (R-290) in particular is an almost perfect, drop in substitute for R-22 and R-502 

in existing air conditioning and refrigeration systems as it works without involving changes 

to components such as expansion devices, dryers, lubricants etc. and with only very little 

loss of capacity. 

For decades propane has been widely used as a low temperature refrigerant, especially 

in the petroleum industry. Most major compressor manufacturers provide R-290 ratings 

to their compressors on request. It not, there is little problem as ratings for proane are 

very close to R-22 ratings over the typical evaporation temperatures. 
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FIGURE 7 

100 -1 70 

Table 1 
Results of energy consumpaon With different refrigerants at the exampie of the refrigerator 
KT 135 R with the compressor KH 0,52 N 05-2 

60 +5 1,12 37 +5 0,73 1 

Refrigerant 

I 

100 +0,5 74 

100 4 5  112 

ambient temperature 

65 +5 l,26 40 +5 0,77 

- .  - - - 50 +5 1,0 

32°C I 25°C 

100 -1 76 

100 -1,3 68 

60 +5 1,23 38 +5 0,74 

54 +5 1,02 35 +5 O,45 

first change of the refrigerator plant 
second change of the refrigerator plant 

RT: run time in % 
6:  average temperatur of inside in "C 
P,: performance input in W 
E: Energy consumption in kWhl24 h 

16'C 

RT E 

16 +5 0,37 

23 +5 0;41 

19 +5 0,38 

18 +5 0,34 
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FIGURE 8 

Liebherr Hausgerate GmbH Technische Entwicklung 

uhkerate mit Kaltemttd Isobutan im Vergleich zu R l  34a - .. .. .. 
cbxi&.n 

Gerat 

KT 1580 - 10 

KT 1580 - 20 

" 'KI  1830 - 10 

KI 1830 -20 

KE 1830 - 10 

KE 1830 - 20 

KI2530- 10 

KI 2530 - 20 

KE 2530 - 10 

KE 2530 - 20 

Energieverbrauch 

0,35 KwW24h 

0,35 KwW24h 

0,70 KwW24h 

0,70 KwW24h 

0,70 Kwh/24h 

0,70 KwW24h 

0,80 KwW24h 

0,80 KwW24h 

0,80 Kwh/24h 

0,80 KwW24h 

Kaltemittel - FiiIlmenge 

55 g R 134a 

24 g R 600a 

50 g R 134a 

23 g R 600a 

--_ 

- 

50 g R 134a 

23. g R 600a 

65 g R 134a 

30 g R 600a 

60 g R 134a 

30 g R 600a 

16.06.93 Wiest 

I 
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FIGURE 10.2 
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FIGURE 10.3 
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Free-Piston Stirling and Rankine Cooling 

D.M.Bcrchowitz 
Sunpower, Inc 

1) Technology description 
Two applications of the frtt-piston / linear motor tachn010gy will be described, namely: 
he-piston Stirling coolers and free-piston Rankine (vapor compression) compressors. 

Fiespiston S tiding coolers 

of isothermal heat transfer, has Carnot efficiency. This cycle operates en timly in the gas 
phase, so none of the typical zefiigerants are required (such as CFCs and HCFCs). 
Helium or a nonexplosive Hydmgen gas mixtulle is used. Proper motion of the moving 
parts is obtained by utilizing the pressure fopces developed by the cycle. There is  no crank 
shaft, connecting rod or any other kinematic components. Only two moving parts arc 
q u i r e d .  Since si& loads are extremely small, gas bearings are used which ensure non- 
contact operation and high mechanical efylcicncies. Since the amplicude of a linear mom is 
directly proportional to the drive RMS voltage, modulation of lift is possible by controlling 
input voltage. Units are hermetically sealed. 

These machines employ the Stirling cycle formling, which under ideal circumsmces 

Frec-piston Rankine compressors 
This is a conventional digerator compressor in which the drive motor has been 

 placed by a linear motor. Again, since si& loads m very small, gas bearings art used 
which allows the use of oil-& operation. me removal of the kinematic mechanism and 
the oil lubrication results in a much higher mechanical efficiency and hence overall 
efficiency. Owing to the flexibility of amplitude and mean position (controlled by a'DC 
voltage), these machines are able to tolerate a widc variety of refrigeknts without 
modification. Modulation of lift is obtained by controlling the input RMS voltage. 

2) Application 
In principle, taken together, the k-piston Stirling and Rankine machines are able to 

cover all cooling applications from a few lo's of Kelvin to domesdc air conditioning and 
heat pumping. They are positive displacement machines and would only be limited to the 
point where turbo-type machines make more sense (usually in terms of capacity). More 

Free-piston Stirling coolers 

similar or slightly better perfonmice to high efficiency free-piston Rankine machines at 

specifically: 

Our studies and prototypes suggest that lite-piston Stirlings should be able TO achieve 
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domestic refrigeration temperatures (about -26OC). Below these temperatures the Stirling 
does inc~easingly better while above they do W r  than Rankine. Wherever it is necessary 
to cascade a Rankine, the Stirling will do better. Both in performance and in cost (assuming 
large production numbers). The Stirling also scales well to small sizes and may enjoy a 
rnargin over the Rankine for small domestic refrigerators requiring only a few tens of Watts 
of lift. Excellent applications include Biological refiigeration, vaccine coolers, low 
temperature electronics and some low temperature applications in the pharmaceutical 
industry. 

Free-piston Rankine compressors 

word in COP at the standard test point. At temperatures above this they become even more 
competitive with ocher technologies. So heat pumps and air conditioners are perfect 
applications. Also, they are useful with refrigerants which m not compatible with oil 
lubrication. 

These units do well at domestic refrigeration temperatures where they a lmdy  hold the 

3) Benefits 
Free-piston Stirling coolers 

Non-CFC, HCFC or HFC cooling. High efficiency. Low cost. Long life and high 
%liability. 
COP'S of around 60% of Camot should be possible at domestic refrigeration temperatuuns. 
Best so far achieved is 32%. 

Fnkpiston Rankine compressors 
Non-CFC cooling (would use HFC or ammonia or H2S). High efficiency. Low cost. 

Long life and high reliability. 
Improvements of between 9 and 15% have already been achieved and verified at standard, 
ASHRAE conditions for refrigerators. At least 60% of Carnot should be possible. 

4) Technical issues 
Fret-piston Stirling coolers 

Very little hatdwm work has been done for machines intended for operation at above 
loOK and below 240K. Hardware for domestic reffigeration has also been poorly funded. 
Prototype units should be builr to verify the theoretical pdct ions of performance at these 
relatively warmer temperatures. Experiments should be conducted with Hydrogen gas 
mixtms and improved i n t e d  heat exchangers. External heat transfer in higher capacity 
machines would likely be handled by heat pipes. Work should be dirtcted in building and 
interfacing the requited heat pipe technology. Cost analysis of producrion is not well 
identified. 
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Fwpiston Rankine compressors 
Developing these machines for warmer and higher capacity applications. All work has 

focused on domestic refrigeration applications. Investigate the advantages or othexwise of 
continuous modulation. Costing analysis. 

5) Economics: 
Free-piston Stirling coolers 
Only one analysis has been completed (GE Gorp) for units designed for large domestic 

refrigerators. Costs appear to be in the range of $30 / unit for 1 million units per year for a 
praduction optimized design. Investment cost was estimated at $20.24 million. 

Free-piston Rankine compressors 
No cost analysis has been performed. However, the fiee-piston units have less 

components and are smaller than the conventional units. In addition, no oil is mquired, 
which for HFC units is a significant cost saving. It is generally expected that the €W-piston 
unirs will be less expensive than conventional units. 

6) Technology outlook: 
Free-piston Stirling coolers 

asswed. Units for high temperature superconductivity are cumntly under development. 
pmduction could begin within one year if unit costs could be reduced to $500/unir. 

'Ihe market potential of high tech applications is not seen to be very large. 

Free-piston Rankine compressors 

manufacture will begin the process to full commercialization for this field of use. Actual 
availability of product could be within two yem. 
Ocher applications for air conditioning or markets requiring oil frte operation require 

additional product development and definition. 

Development status for domestic refrigeration is on hold as no further funding has been 

A few warmer temperahue units have been constructed for use aboard the space shuttle. 

Relating to domestic n$kigeration, initial development is complete. Design for 
\ 
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1 .O TECHNOLOGY DESCRIPTION 

The Stirling Machine 

The Stirling cycle was selected from alternative candidate technologies because it is 
environmentally acceptable, has the potential for long maintenance-free life, high COP, 
and acceptable manufacturing cost. The free piston Stirling refrigerator employed has 
three moving assemblies, each supported by flexural bearings. The flexural bearings 
rely on the concept of the endurance limit to provide essentially infinite life and a 
statistically predictable failure rate. In this application the flexural bearings are able 
to maintain clearance seals with about one mil of radial clearance. With this amount 
of radial clearance the seal leakage effects are acceptable and there is no rubbing 
between piston and cylinder surfaces. No lubricants are required. 

The configuration employed is shown in Figure 1. The displacer flexural bearings have 
been eliminated from Figure 1 to avoid disclosure of proprietary technology. The three 
moving parts are 1) the piston and motor armature assembly, 2) the displacer 
assembly, and 3) the vibration isolator, which is a passive auxiliary mass damper. The 
piston causes pressure in the helium working fluid to rise and fall more or less 
uniformly throughout the Stirling cycle portion of the machine, which is the portion 
of the machine to the left of the left piston face in Figure 1. The displacer is 
essentially a hollow piston which moves the working gas to the heat acceptor at the 
portion of the cycle when pressure is falling and moves the working gas to the heat 
rejector at the portion of the cycle when pressure is rising. The gas expansion and 
compression effects cause cooling and heating effects, resulting in the pumping of 
heat. Motions of the piston and displacer are essentially sinusoidal in time. The 
displacer is driven by the pressure wave with a motion that leads the power piston 
motion by about 90 degrees. This phase lead is such that the expansion and 
compression effects are maximized, resulting in the greatest heat pumping capacity 
and efficiency. 

\ , Power Plston 

Vlbratlon Isolator 

_ _ _ _ _ _ _ _ _ _ - - - - - -  

Flexural Bearings 
Figure 1. Free Piston Stirling Refrigerator Concept 
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The theory of linear motors indicates that the best motor efficiency occurs when the 
piston and motor armature assembly is in mechanical resonance at the operating 
frequency. Therefore, the design is specified to assure that the spring effects 
provided by the armature support flexural bearings, and by the gas spring effects of 
the working gas and the gas in the motor compartment, are just right to resonate the 
effective moving mass of the piston and motor armature assembly. The displacer 
operates as a freely oscillating mass spring damper assembly driven by the oscillating 
pressure of the working gas. The displacer is sprung by the displacer flexural 
bearings, not shown in Figure 1. The displacer is damped by windage effects of gas 
flowing through the heat exchangers. 

Heat Exchangers and Heat Transport Systems 

The heat exchanger complement is typical of the three heat exchangers required for 
Stirling coolers and engines. Heat enters the machine through a heat acceptor. The 
energy fluctuation required to fluctuate the working gas rapidly between acceptor and 
rejector temperatures is provided by the regenerator. Heat leaves the machine 
through the heat rejector. In the design presently under study, the acceptor uses 
internal and external fins. The regenerator can be either sintered random wire or 
polyester fiber. The rejector currently under study uses tubes embedded in fins. 

Due to the basic configuration of standard domestic refrigerator cabinets, the Stirling 
cycle refrigerator will have to be located in the lower portion of the refrigerator 
currently occupied by the vapor compression system compressor. Unlike for the vapor 
compression system, there is no intrinsic process occurring in the Stirling cycle which 
will pump a cold working fluid to the freezer compartment or "hot" fluid to the heat 
rejection heat exchanger. This energy transfer must be carried out via an independent 
heat transport system coupling the Stirling cycle heat exchangers to the respective 
"cold" and "hot" portions of the domestic refrigerator. 

The acceptor and rejector heat exchangers are critical because they provide the 
energy flow interface from the Stirling cycle to both the load and the environment. 
The system performance is highly dependent on the temperature rise across the 
acceptor and the temperature drop across the rejector. Also, the additional energy 
required to operate auxiliary equipment (pumps and fans) and their costs must be 
considerea in the selection of the heat transport system. Heat exchanger 
effectiveiness is typically maximized by making the heat exchanger surface area as 
large as possible. However, large surface areas can result in significant unswept 
volumes within the Stirling machine which compromise Stirling cycle performance and 
lead to excessive hardware costs. 

Throughout this phase of the GCR (Gas Cycle Refrigerator) evaluation a standard 
upright refrigerator cabinet configuration was employed. In this arrangement the 
freezer space is located in the upper portion of the cabinet above the refrigerated food 
space. The lower portion of the cabinet is allocated for the GCR refrigerator and its 
associated equipment. The selected configuration was considered to be quite 
conservative and placed a number of restrictions on the GCR hardware and system 
performance. However, since this cabinet layout can be easily modified to 
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configurations more adaptable to the GCR, the system evaluated in the Phase I effort 
clearly represents the lower boundary of refined GCR's performance capabilities. 

The reference Phase I heat transport system is based on the use of a pumped liquid 
loop coupling the Stirling cooler with the freezer compartment and an air-cooled heat 
rejector supplied with ambient air via a fadblower. The acceptor heat exchanger 
'surrounds the Stirling cycle's helium heat exchanger and is insulated over its exterior 
to minimize losses. The rejector heat exchanger employs thermal conduction through 
the pressure vessel wall coupled with air-cooled extended surfaces on the pressure 
vessel exterior to reject the cycle waste heat. 

Throughout the Phase I effort it was evident that the proposed heat transport system 
described above would have a significant impact on the refrigerator system COP for 
two reasons: 1 ) both heat transport systems introduce significant temperature 
differences between the Stirling cycle heat exchangers and the various source and 
sink temperatures, and 2) the power required to operate the auxiliary equipment is 
large enough to degrade COP to unacceptable levels. At present, the only obvious 
alternative to improve system COP (other than radically increasing Stirling cycle 
efficiency) is the use of a "passive" heat transport system which will totally eliminate 
the auxiliary power requirements. 

A heat pipe represents the logical device to satisfy the passive heat transport system 
requirements. However, issues concerning toxicity of potential heat pipe working 
fluids, status of heat pipe technology as it applies to low cost manufacturing, and the 
ability of the heat pipe to effectively operate over a 5 to 6 foot elevation in a 1 G 
environment all need to be resolved prior to committing to this concept. Because of 
the significant impact on the overall viability of the proposed GCR, STC will 
recommend an aggressive heat pipe evaluation during the next phase of the GCR 
effort. 

2.0 APPLICATION 

The application currently under study is the domestic refrigerator. Participants in the 
Phase I study just completed are Stirling Technology Company and the Americold 
Division of White Consolidated Industries, Incorporated. If the ongoing study does 
establish technical and economic feasibility for Stirling machines in what has been 
vapor cycle machine applications, it would be reasonable to expect significant market 
penetration into all vapor cycle applications, including domestic refrigerators, 
residential and commercial heat pumps, commercial refrigeration, and smaller markets, 
such as biological coolers. 

3.0 BENEFITS 

Benefits include elimination of CFC and HCFC refrigerants, elimination of refrigeration 
lubricants, and potentially high efficiency, particularly with 2-stage coolers, which are 
easier to implement in a Stirling machine than in vapor cycle machines. 
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4.0 TECHNICAL ISSUES 

The basic Stirling cycle machine has very high performance. Computations using 
validated computer codes indicate the COP could be 1.97 for a single stage Stirling 
cooler, if the temperature differences and the pumping losses could be eliminated for 
the heat transport system which connects the Stirling machine acceptor with the cold 
compartment. The temperature difference of the current reference design heat 
transport system drops the COP from 1.97 to 1.57. Pumping power of the current 
heat transport systems drops the COP from 1.57 to 1.32. A 10% reduction in input 
power can be achieved by a 2-stage Stirling approach, which is less complicated to 
implement than a 2-stage vapor cycle approach. From these COP figures, it is clear 
that. reducing the temperature drops and pumping power of the auxiliary heat 
transport loops should be given high priority. In addition, further work on the Stirling 
machine internal heat exchangers is expected to drive the COP values higher. The 
reported COP values are computed with validated codes, and are therefore expected 
to be achievable. 

. t  

Remote and close coupled heat transport configurations were explored In the Phase 
I study. The remote configurations allow separation of'the Stirling machine and the 
point of heat removal from the food compartment. The close coupled integral Stirling 
refrigerator configuration places the Stirling machine acceptor directly into the point 
of heat removal from the cold compartment. The close coupled integral Stirling 
arrangement is ideal from an energy efficiency point of view, but is applicable to only 
a small portion of the currently popular domestic refrigerator product configurations. 
An alternative close coupled arrangement which has not been studied, but is worthy 
of further study, is the split Stirling arrangement. In this arrangement the compressor 
occupies a location at the bottom rear of the refrigerator system, as vapor cycle 
compressors currently do, and the expander, which is much smaller, occupies a 
location in the freezer compartment. The remote heat transport configurations studied 
include 1) a pumped liquid loop, 2) a gas loop, and 3) phase change loops, including 
gravity reflux boilers and heat pipes. Liquid loops are compact and easily insulated. 
Temperature differences and pumping loss are significant and there is concern for 
pump life. All heat transport fluids explored have increased 'pumping power 
requirements at normal operating temperatures. Gas -flow loops pose problems of 
duct volume, duct insulation, fan power requirement, and frost buildup on the Stirling 
acceptor. In general the gravity reflux boiler is considered unacceptable because it 
requires the Stirling machine to be located at the top of the domestic refrigerator 
system where the space is desired for easy access to stored food. The heat pipe is 
promising and has been recommended for serious study in Phase I I  of the program. 

5.0 ECONOMICS 

The fundamental approach employed in the evaluation of the current GCR from the 
cost -and manufacturing viewpoint was to focus on the truly unique components 
making up the Stirling cycle portion of the system. *These selected components were 
compared, where ' possible, to components of 'conventional vapor 'compression 
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systems which provide similar functions, for example the GCR's linear drive motor and 
a rotary motor of a convention refrigerator drive. A total of 3 components or 
subcomponent assemblies were evaluated: 1) flexures which provide the gas 
clearance seals on the piston and displacer, 2) linear drive motor, and 3) the 
displacer/power piston assembly. 

Since it was impossible to place absolute dollar values on the individual components, 
an attempt was made to define there relative cost. in comparison to existing 
components assuming that the investment had been made in the necessary 
tooling/manufacturing equipment to support the manufacturing rate common to the 
domestic refrigeration market. 

The basic conclusions of this review were that the GCR concept can be brought to 
mass production with a sufficient further design refinements and a major investment 
in new or modified tooling. This latter point is critical since the basic components 
making up the proposed GCR differ radically in form and function from those 
employed in existing refrigeration systems. 

GCR system cost is a major concern; however, there are no fundamental reasons that 
its costs cannot be comparable to that of high performance refrigeration systems in 
the future. All cost reduction efforts must be carefully evaluated against their impact 
on the performance of the GCR system since the relative performance advantages of 
the GCR in comparison to advanced vapor compression systems are relatively small, 
with the primary advantage being environmental. 

6.0 TECHNOLOGY OUTLOOK 

>Development Status 

As shown in Figure 2, the Stirling machine has been developed and demonstrated in 
the laboratory as a maintenance free long life free piston refrigerator with excellent 
potential for high COP. All of the technologies required to achieve long life and 
efficient performance have been proven. The next step in Stirling machine 
development for domestic refrigerators involves extensive thoughtful product design 
to achieve manufacturability and low cost without sacrificing demonstrated potential 
for efficiency, freedom from maintenance, and long life. Additionally, further systems 
integration work is required to integrate the cooler with the domestic refrigerator 
system without excessive loss of efficiency or excessive cost for the heat transport 
connection between the Stirling machine and the cold space. 

77me ta ble for ' Commerciatiza tion 

With serious intent and serious design for commercial implementation, the Stirling 
domestic refrigerator could be a product by the turn of the century. On the basis of 
our impressions of the interests of the refrigerator industry, it appears that serious 
design for commercial implementation will not be paid for by the industry. The 
situation is chicken and egg. Support from the industry for commercial design will not 

C-3 1 
ADMINU-3031 .PR 



Figure 2. STC Stirling Domestic Refrigerator Unit 
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come until the costs can be demonstrated to be low. Costs will not be demonstrated 
to be low until support exists for serious design for commercial implementation. 
Fortunately, DOE has been far sighted enough to nurture the development to date. 
Realistically, to achieve correct answers on the potential for commercial 
competitiveness of Stirling refrigerators, the government will probably have to pay for 
the serious design work we would historically have expected to come from industry. 

Qualitative Assessment o f  Market Penetration 

Assuming that the Stirling cycle domestic refrigerator will ultimately compete with the 
vapor cycle refrigerator in terms of performance and cost, which seems likely to the 
authors, Stirling would be expected to replace the vapor cycle in domestic refrigerator 
applications as a result of consumer conscience. 
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STh14-120RF AS REFRlGERATOR FOR SUPEIUUARKETS 

Roelf J. Meijer and Edmond C. hliniatt 
Stirling Thermal Motors, Inc., United States 

Abstract 

The search for harmless working media for cooling systems with respect to ozone 
depletion has led STM to reconsider the Stirling cycle for this purpose. By using the 
"short block" of the STM4-120 engine and by developing heat exchangers based on new 
insights in the Stirling cycle, a reliable, high performance machine can be developed in a 
short time. 

The Stirling cycle is well known for being efficient, clean and quiet for engine and 
cryocooling applications. Due to its adiabatic behavior, it is generally considered to be 
inefficient for small temperature differences between the compression and expansion side. 
However, STM has discovered ways to improve the efficiency considerably. 

The prediction of performance of the new refrigerator, designated the STM4-120RF, now 
being fabricated, will be given and can be compared with the results of existing vapor 
compressor units. 

The cold production of the STM4-12ORF does not depend heavily on the temperature 
ratio between the ambient and the "cold temperature" as the vapor compression system 
does, and could therefore have a yearly economic advantage over the vapor compressor 
system. 

Introduction 

Due to the fact that the well known vapor-compressor refrigerating system with CFC or 
HCFC as the working medium will eventually be banned, the industry is looking for 
alternative refrigerating machines. 

In this paper we are describing the modification made to the well known Stirling Thermal 
Motors all-purpose engine, the "STM4-120", in order to be suitable as a supermarket 
refrigerator. The use of the ''short block" (drive and power control) of STM's engine fits 
the policy of STM to use the major part of the engine for different applications. 

c-3 5 



STM4-I 20 DH - heated directly by flue gases 

STM4-120 RH - heated remotely by using heat pipe technology 

STM4-120 DS - Heated directly by concentrated sunlight 

and now we are introducing: 

STM4-120 RF - including heat exchangers for refrigeration (see Figure 1) 

Figure 1 
STM4-120 RF 

Technology Description 

Historically, Stirling cycle machines have been known and used with great success for 
cryocooling, and not for food refrigeration. Why is this? 

/ 

In the Philips Technical Review of 1954, Ktjhler and Jonker state that, due to the losses, 
the Stirling cooling machine (later called the Philips cryocooler) has the best efficiency 
between -8OOC and -200°C. Figure 2 shows the ratio of the efficiency divided by the 
Carnot efficiency plotted versus the cold expansion temperature. 
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The decline of q /qc  at low temperature is due to, the fact that the heat conduction losses, 
insulation losses and especially the regenerator losses are proportional to the temperature 
difference between the ambient and the temperature of the cold production, but the cold 
production by itself decreases with lower temperature. 

The decline of q / q c  at higher expansion temperature is caused mainly by mechanical 
losses and by the so-called "adiabatic" losses (losses in efficiency due to the adiabatic 
behavior of the gas in the cycle). The mechanical losses are always present, but the 
magnitude is dependent on the design of the drive. The adiabatic losses are approximately 
proportional to the pressure ratio. 

Considering all these effects, it all boils down to raising the efficiency (or COP), by 
making the adiabatic behavior of the normal Stirling cycle, with the unwanted temperature. 
fluctuation, as small as possible. , 

Figure 2 

0 Design Philosophy 

STM's standpoint has always been to avoid complexity, which leads to expensive 
machinery and lowers reliability. Therefore, we were not looking for a means to 
isothermalize the compression and expansion space, which leads to complexity, but were 
able to find other ways to raise the COP considerably. 
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- 1. The adiabatic temperature fluctuation of the gas depends also on the properties of the 

t .  

gas, in this case 
G' 

In the isentropic pressure variation, the'temperature variation is proportional to  
K - 1  

p K whereK=$ 
G 

For helium, K = 1.68 at room temperature and atmospheric pressure, and for 
hydrogen, K = 1.40. That means, as an example, Thelium = C.P 0.40 and Thydrogen 

= C.Po.29 which means that the temperature fluctuation in helium is much higher than 
in hydrogen. This is the reason to choose hydrogen instead of helium. 

- 

2. The adiabatic losses are approximately proportional with the pressure ratio, because 
the temperature fluctuation depends on the pressure ratio. Theoretically, 

which means if we make !k smaller, the temperature variation also becomes smaller. 
P1 

Of course the cold production decreases if we do that. To compensate for this 
decrease we raise the internal working pressure in order to get a satisfactory 
production. This is possible in our case because the drive is developed for a mean 
engine operating pressure of 12 MPa. For our cooling machine, even higher 
pressures are possible. 

With this basic philosophy we optimized the new heat exchangers, which are the key 
to  the success of our cooling machine, with the limitation that the heat exchangers 
should fit on the short block of the STM4-120 engine. 

For simplicity, our cooling machine will use our four cylinder all purpose drive 
mechanism. Only the heat exchangers will be different. The cooling capacity will be 
controlled very simply by means of the variable swash plate which controls the swept 
volume of the pistons. 
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0 Application 

Due to the cooling capacity of the machine that would best fit our all purpose short block, 
STM has determined that the most practical application for our cooling machine would be 
supermarket refrigeration. 

0 Benefits 

Ecologically, Stirling cycle machines are famous for being environmentally friendly. Our 
cooling machine is no exception. Economically, there are several advantages. 

1. Our all purpose short block is already being developed and is proving itself to be a 
simple, reliable, and efficient drive mechanism. When the engine goes into mass 
production any number of short blocks will be available at very low cost. 

2. The cooling heads themselves are also simple and would be very inexpensive in mass 
production. 

3. The cooling capacity of our machine is controlled by the variable swash plate. Just 
one of our machines would replace a whole bank of vapor compressors. Currently, 
several compressors have to be switched in and out to compensate for the varying 
demands on the supermarket refrigeration system. 

4. Whatever chemical the existing refrigeration companies find to replace CFCs, it is 
difficult to imagine that it will be as efficient as CFCs. STM's intent is to develop a 
cooling machine that not only matches current CFC vapor compressor systems, but 
exceeds them in manufacturing cost and annual operation performance. 

The performance characteristics of the vapor compressor and that of the STM4-120FG 
predicted by the STI"hi1ips simulation code, are entirely different. The performance 
curves are very steep for the vapor compressor system over a wide range of cooling 
temperatures, whereas those for the STM4-12ORF are quite flat. The STM4-12ORF is 
more efficient at deep freeze temperatures (-30" to -60" C), while the vapor compressor is 
hard to beat at higher food storage temperatures. Therefore, overall performance must be 
determined and compared on a yearly operational basis. For this reason, a study will be 
conducted this year in the Netherlands to determine the annual performance of both 
systems. Figure 3 shows the performance of the STM4-12ORF compared with that of a 
modem vapor compressor unit of comparable cooling capacity. 
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Figure 3 

0 Technical Issues 

The success of the STM4-120RF rests almost entirely on the heat exchangers. They must 
be simple, highly efficient, inexpensive and compatible with the short block. STM is now 
developing and building such heat exchangers for the first prototype. In addition, the 
short block, although successfd, is still being developed and improved. Obviously, more 
endurance and performance tests must be done and improvements made before the 
machine is ready for the market. 

0 Economics 

It is anticipated, from experieiice, that the "first costs'' of the system will be high. This is 
always the case with any prototype or R&D. Therefore, it is more practical to consider 
mass production costs. The first costs for prototypes are always high, but they are only 
one time costs and are insignificant compared with production costs. As for the short 
block, STM has a corporate agreement with DDC to develop the engine, so it will already 
be in mass production. The cooler heads are already inexpensive. The whole design is 
centered around being competitive with existing vapor compressor systems in mass 
production. 

\ 
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Technology Outlook 

STM expects to have the first prototype STM4-120RF on the test bed by the end of this 
summer. The second generation prototype will be made by the end of this year. 
Improvements will be made as experience is gained in endurance and performance tests. 
As testing is successfil, more and more machines will be made each year until 
commercialization which should take place in 5 years. Projected market penetration is 
very difficult to determine, especially when some existing suppliers of supermarket 
refiigerators do not report their market share now. 

0 Conclusion 

The cooling capaCIry of the Stirling refrigerator is neailj constant with different 
temperatures of the cold production. It is also nearly constant over a wide range of 
ambient temperatures. This is a significant advantage over the vapor compression cycle 
where this effect is considerable due to the fact that the cycle is based on two phases of 
the working medium. This means that the vapor-cycle compressor system needs different 
working media for different temperature regions. 

A particular advantage of the STM4-12ORF is that, with the piston stroke control the 
cooling capacity can be changed continuously over a wide range without adversely 
affecting the COP. In order to match the desirable load, several compressors of the 
vapor-cycle have to be switched in and out. See for instance, the Oak Ridge National 
Laboratory study, ORNL/Lab/80-6 160 1/2 concerning Research and Development of 
Highly Energy Efficient Supermarket Refrigeration Systems, where it is proposed for a 
unit of 30 hp input, to use three different compressors consisting of 5 hp, 10 hp and 15 hp. 
This will improve the efficiency, but make the control complicated and the system more 
expensive. 

Consequently, the development of the STM4- 120RF will not only maintain the important 
characteristic of using a harmless working medium, but will also simplie any application 
considerably and, therefore, be more cost effective. 
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Acoustic Compressors 
Tim Lucas 

SONIC COMPRESSOR SYSTEMS, INC. 

1. Technology Description 

As the name implies, an acoustic compressor is in fact a compressor and does not comprise 
a thermodynamic cycle in and of itself. These compressors are being designed as drop-in 
replacements for the positive displacement (PD) compressors used in standard vapor- 
compression systems. 

Like PD compressors, acoustic compressors create an internal pressure cycle which is 
converted into an external pressure lift and mass flow via a set of suction and discharge 
valves. However, the similarity to a PD compressor ends here. 

Unlike PD compressors, which create their internal pressure cycle with a changing 
mechanical volume (i.e. pistons, rotaries, scrolls, etc.), the internal pressure cycle of an 
acoustic compressor is created by a resonant acoustic wave. As such, acoustic compressions 
take place within a constant volume chamber, thereby eliminating any frictionally moving 
parts &at require lubrication. 

The elementary theory of operation is explained by referring to the figure, which shows the 
conceptual features of an acoustic compressor. The top figure is a cross section of a hollow 
resonance tube (resonator), containing a gaseous refrigerant. The far left end of the 
resonator is terminated with a rigid metal flange. The far right end is terminated with a 
rigid metal valve plate having discharge and suction valve ports. The valve plate is backed 
by the discharge and suction plenums. 

A linear motor is attached to the left end of the resonator. The armature coil is rigidly fixed 
to the resonator and the permanent magnet is resiliently connected to the resonator with a 
spring. When the armature is excited with an oscillating current, the magnet will be set into 
mechanical oscillation. The magnet’s reaction forces are communicated through the spring 
to the resonator, thus causing the entire resonator to be mechanically oscillated along its 
cylindrical axis in response. This style of linear motor is a reaction-type shaker and is 
typically used for structural excitation in the field of vibration research. Such drivers have 
been developed by companies like Wilcoxon Research and BE1 Motion Systems Company. 

When the entire resonator is driven back and forth along its cylindrical axis, the two rigid 
metal end flanges move with the resonator thus acting as piston sound sources. If the 
resonator is driven at the frequency of one of its resonant acoustic modes, a standing wave 
will develop with the pressure waveform envelope shown. A frequency of 300 Hz is typical 
for a 27 cm long resonator filled with CFC-12 or HFC-134a. The resonator’s mechanical 
displacement amplitude is only 50-100 microns peak. 
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The pressure waveform envelope shows the extremes of the pressure oscillation along the 
length of the resonator. During one acoustic cycle, the pressure at the end of the resonator 
oscillates between the condensing pressure P, and the evaporator pressure P,. 

The suction and discharge valves respond to this acoustic pressure cycle in the same way 
they respond to the mechanically generated pressure cycle of a PD compressor. Thus, once 
the standing wave is established, a low pressure vapor will be drawn into the constant 
volume resonator, acoustically compressed and discharged. 

If the spring constant of the driver is properly chosen, then the mechanical resonance of the 
magnet-resonator mass-spring system can be tuned to a frequency near the acoustic 
resonance of the resonator, thereby improving the electro-acoustic transduction efficiency. 

Unlike the conceptual model shown in the figure, actual resonators do not have a cylindrical 
geometry. Historical attempts at building acoustic compressors have been unsuccessful, due 
to the nonlinear effects present in high amplitude acoustic waves. The most dramatic of 
these nonlinear effects is that of shock wave formation. Shock waves are undesirable, since 
they lead to excessive energy dissipation in the form of heat flow across the shock front. If 
not eliminated, shock waves will create severe limits on the acoustic pressures which can be 
achieved as well as on the energy efficiency of the compressor. For a simple cylindrical 
resonator, shocks will form at pressures of less than 1 psi. 

Sonic Compressor Systems, Inc. has recently developed the core technology which now 
makes acoustic compressors possible. In its essence, this core technology is the ability to 
selectively control the wave shape of extremely high amplitude resonant acoustic waves. This 
control is provided through resonator geometries that cause the unwanted higher harmonics 
to be self-canceling. When present, these harmonics add to form shock waves. When the 
harmonics are canceled, shock waves are eliminated. 

A recent acoustic compressor prototype has provided pressure lifts in excess of 200 psi and 
mass flow rates of 0.1-0.2 lbs/min. Prototypes are now being designed for testing at the 
standard check point (SCP) conditions used for U.S. home refrigerator compressors. 

2. Applications 

Acoustic compressors are first being optimized for home refrigerators, with other appliance 
applications such as room air conditioners and dehumidifiers to follow. I 

However, the technology will also be scaled up to larger capacity applications. In the future, 
Sonic Compressor Systems, Inc. will be working to adapt acoustic compressors for use in 
home central A/C, heat pumps, and light commercial applications. 
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3. Benefits 

Oil-free operation 
Acoustic compressors require no lubrication and thus can use any refrigerant without 
consideration of oil-refrigerant compatibility. Equally important, acoustic compressors can 
tolerate oil and particulate contaminants in the system if such environments are encountered. 

Drop-in Replacements 
Acoustic compressors are designed as drop-in replacements for current PD compressors, 
thus requiring little or no retooling and reinvestment for refrigerator OEMs. 

New form factor 
The shape of an acoustic compressor, could reduce the space typically occupied by a 
compressor. For home refrigerators, this could provide greater interior cabinet volume 
without increasing the refrigerator’s external dimensions, thus compensating for volume 
losses due to thicker wall insulation. 

Efsiciency 
Based on experimental and theoretical investigations, acoustic compressors optimized for 
U.S. home refrigerators could provide EERs of 7-8 at U.S. standard check point (SCP) 
conditions. 

Thermodynamically, acoustic compressors provide a compression which is between isentropic 
and isothermal. This means that the indicated enthalpy of compression is characteristically 
lower than PD compressors of equivalent capacity. 

In addition to EERs measured at SCP conditions, further kW-hr/yr reductions are expected 
from the inherent variable capacity offered by acoustic compressors. 

Still further kW-hr/yr reductions are expected from the compressor’s ability to vary its 
discharge pressure. If the condensing pressure drops, due to lower ambient temperatures, 
the compressor can lower its internal acoustic pressure to the minimum value required to 
maintain condensation. An acoustic compressor’s internal energy losses decrease with the 
square of the compression ratio for constant capacity. Thus, when ambient temperatures 
drop below SCP conditions the compressors internal energy losses will decrease with the 
square of the compression ratio. 

The first acoustic compressor prototypes are being instrumented for efficiency 
measurements, and data will be available in the near future. 
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4. Technical Issues 

The first fully working prototypes are only months old. Technical feasibility has been 
established with regard to compressions and mass flow rates. However, acoustic compressors 
have not benefitted from decades of development and are just beginning their development 
life cycle. Characteristic of this early stage, improvements are taking place at a rate which 
quickly render performance data obsolete. The resulting intellectual property issues prevent 
detailed performance and design information from being discussed at this time. For now, 
technical issues can be dealt with only briefly. 

The primary components of an acoustic compressor are the resonator, valves, driver and 
control circuit. Technical issues/problems are discussed on a component basis as follows. 

Resonator 
The resonator is the heart of an acoustic compressor. Within the resonator is the resonant 
acoustic wave which creates the acoustic compression cycle. The primary problem, which 
has prevented the prior development of acoustic compressors, is the extreme energy 
dissipation associated with nonlinear effects in high amplitude acoustic waves. If not 
eliminated, pressures are severely limited and acceptable energy efficiencies are 
unacceptable. The nonlinear effects of key concern are shock formation and turbulence. 

As explained in section 1, the problem of shock formation has been solved with new 
resonator designs. Turbulence due to large acoustic velocities was also a concern. Today’s 
resonator designs can provide the needed pressures without the high velocity penalty that 
leads to turbulence-related energy losses. 

The energy efficiency of current resonator designs must be verified at SCP conditions. 
Preliminary work is underway to provide efficiency testing at these conditions. 

Current resonators sizes, which run at 300 Hz, should be reduced for home refrigerator 
applications. When a resonator is downsized, its resonant frequency increases which 
requires the compressor valves to run faster. It must be shown that valves running at these 
higher speeds can provide the required efficiency. 

The compressor’s operation depends on mechanically oscillating the entire resonator. This 
creates noise levels which would be higher than current PD compressors unless noise 
attenuation schemes are integrated into the design. One approach would be to contain the 
compressor in a secondary vessel, like the hermetic vessels used for PD compressors. Other 
acoustically absorptive containments could be used. No work on noise control has been 
conducted to date. The noise generated by an acoustic compressor is a pure tone which is 
not a complex problem in noise control, and is not perceived as a significant problem by the 
appliance industry. 
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Valves 
The problems anticipated with acoustic compressor valves are related to the very high speeds 
required. At speeds of 300 cps, pressure losses were expected to be unacceptable. Also, 
valve wear in an oil-free environment is a concern. 

A current solution to the high speed pressure loss problem has been to exploit the inertial 
phasing of the resonator’s motion to provide actuation of the valves. 

As shown in the figure, the valves are positioned at the end of the resonator to take 
advantage of the inertial forces created by the resonator’s vibration. The motion of the 
resonator is of exactly the right phase to open and close the valves in the proper suction and 
discharge sequence. This provides an actuation effect which allows valves to be operated 
at rates of 300-600 cycles per second, without the normal opening and closing delay losses 
previously associated with very high speed valves. 

A glass fiber-reinforced plastic has been used as a valve material with satisfactory results for 
up to 20 hours, but thorough life tests have not yet been conducted. There are many 
engineering plastics with more robust properties which will also be tested. 

Plastic valves also have the advantage of being very quiet compared to metal valves. 

Drivers 
The drivers, or linear motors, required are well understood and can provide electro-acoustic 
efficiencies of 90-95%. Initial driver-related life testing will look for constancy of the 
permanent magnet’s field strength and the spring’s dynamic properties. 

Estimated driver cost, obtained from vendors, is appropriate for the desired overall 
compressor unit cost. 

Controls 
During operation, changing gas temperatures within the resonator can change the acoustic 
resonance frequency. Thus, a control is needed which will allow the driver frequency to 
remained locked to this changing acoustic resonance. Simple circuits, such as PLL chips, 
can provide this control. 

Today’s laboratory controls are being used to study the dynamic behavior of acoustic 
compressors as part of a vapor-compression system. Reducing these controls to a circuit 
card is not considered a problem by the industry. 
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5. Economics 

Low Manufacturing Cost 
An acoustic compressor’s design is inherently simple and leads to lower manufacturing 
investment as well as potentially lower unit cost. Unlike (PD) compressors, which require 
high precision machining, the Sonic Compressor can be manufactured with very low-tech 
manufacturing methods such as forming and welding. As such, the unit cost is expected to 
be equal to or less than current (PD) compressors. 

A group of appliance industry manufacturing engineers conducted a study of both 
manufacturing investment and unit cost. Three different manufacturing alternatives were 
studied, with each having a million unit yearly capacity. The three methods used were 
determined by the chosen materials: engineering plastics, steel, and aluminum. In each case 
machining/forming/welding, materials handling, transfers, assembly, painting, inventory, 
storage, shipping, quality control, and size of facility were considered. Remarkably, the 
entire facility cost was under $5 million in each of the three cases. In sharp contrast, the 
cost today of building a competitive rotary compressor plant is estimated at approximately 
$100 million, for the same capacity. 

Developing Countries 
Due to the low cost of entry, the technology can be very accessible to developing countries 
where first investment is a critical concern. 

6. Technology Outlook 

Acoustic compressors are currently in the research and development stage. The technology 
can provide compressions and mass flow rates appropriate for home refrigerators. Efficiency 
studies are now underway which will improve theoretical models and provide the data 
needed for adaptation and sizing of the compressor for home refrigerators. 

Based on the current rate of R&D progress, it is estimated that the technology should be 
commercially available within 3-4.5 years. This short time frame can be attributed to the 
technology’s current stage of development and its inherent simplicity, which is expected to 
abbreviate life testing. This simplicity may also reduce the time required for manufacturing 
process design, since simple methods such as forming can be used. 

The anticipated time table is as follows: 

1-1.5 years of further R&D and initial life testing 

1-2 years of preproduction activities, including life testing 

1 year of limited runs for field testing leading to initial production. 
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At this time, the potential for market penetration is excellent. Acceptance of the product 
is high and the product is widely sought out by manufacturers. The home refrigerator 
industry is currently involved in the compressor’s development and is willing to manufacture 
upon satisfactory development. 

Sonic Compressor Systems, Inc. is currently beginning negotiations with a U.S. appliance 
manufacturer. Market share is predicted to be high, again assuming satisfactory 
development of the compressor. 

The technology’s low market resistance can be attributed to its unique combination of 
.’ solutions to the conflicting problems of energy efficiency and environmental compatibility 

now facing the industry. Acoustic compressors are currently perceived by the industry as the 
lowest cost path to solving these problems, with the least negative impact on existing 
refrigerator manufacturing investments. 
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Refrigeration and Air Conditioning Technology Workshop 
Breckenridge Nilton, Breckenridge, CO 

June 23-25,1993 

a THERMOACOUSTIC REFRIGERATION 
Steven L. Garrett, Thomas J: Hofler, and David K. Perkins 
Physics Department and Space Systems Academic Group 

Naval Postgraduate School, Monterey, CA 93943 

1 .O  TECHNOLOGY DESCRIPTION 

I .  I Historical Perspective. The thermoacoustic heat pumping cycle is the youngest technology 
that will be presented at this workshop. Although the reverse process - the generation of sound by 
an imposed temperature gradient - had been observed for several centuries by glassblowers[ll and 
for decades by cryogenic researchersl21; the recognition that useful amounts of heat could be 
pumped against a substantial temperature gradient with a coefficient-of-performance which is a 
significant fraction of the Carnot limit was only made ten years agoM, with the first demonstration, 
including efficiency measurements, being made in 1986[41. 

This discovery was made even more significant by the recognition that the thermoacoustic 
heat pumping cycle was intrinsically irreversible. Traditional heat engine cycles, such as the 
Carnot Cycle typically studied in elementary thermodynamics courses, assume that the individual 
steps in the cycle are reversible. In thermoacoustic engines, the irreversibility due to the imperfect 
(diffusive) thermal contact between the acoustically oscillating working fluid and a stationary 
second thermodynamic medium (the "stack") provides the required phasing. This "natural 
phasing"[41 has produced heat engines which require no moving parts other than the self- 
maintained oscillations of the working fluid. 

During this relatively short period, several refrigerators and prime movers have been 
fabricated and tested at Los Alamos National Laboratoried3-51 and two refrigerators for spacecraft 
applications were built at the Naval Postgraduate School. The Space ThermoAcoustic 
Refrigeratod71 was flown on the Space Shuttle Discovery (STS-42) in January, 1992, and the 
ThermoAcoustic Life Sciences Refrigerator (TALSR)[81 is now being tested and should be 
characterized completely by October, 1993. 
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TALSR was designed to pump 700 Btu/hr in the refrigerator mode (+4'C) and 400 Btu/hr in 
the freezer mode (-22°C). This makes it the first thermoacoustic refrigerator which would be 
capable of operation as a conventional domestic food refrigeratodfreezer. At the present time, there 
are several preliminary designs which should be capable of one-half ton to three tons of air 
conditioning capacity, but no prototypes are currently under construction. 

. 
- - 

1.2 A Simple Invisid Model of the Thermoacoustic Heat Pumping Process. Although a 
complete and detailed analysis of the thermoacoustic heat pumping process is well beyond the 
scope of this paper, the following simple, invisid, Lagrangian representation of the cycle contains 
the essence of the process. A complete analysis[6] would necessarily include the gas viscosity, 
finite wavelength effects, longitudinal thermal conduction along the stationary second 
thermodynamic medium and through the gas, and the ratio of the gas and solid dynamic heat 
capacities. 

A schematic diagram of a simple, one-quarter wavelength thermoacoustic refrigerator is 
shown in Figure 1. 

Heat -+ 
1 

Figure 1. Schematic diagram of a one-quarter wavelength 
thermoacoustic refrigerator. 

The thermal penetration depth, a,, represents the distance over which heat will diffuse during 
a time which is on the order of an acoustic period, T = l/f, where f is the acoustic frequency. It is 
defined[93 in terms of the thermal conductivity of the gas, K, the gas density, p, and its isobaric 
specific heat (per unit mass), cp. 

This length scale is crucial to understanding the performance of the thermoacoustic cycle since the 
diffusive heat transport between the gas and the "stack" is only significant within this region. It is 
for that reason that the stack and the spacing between its plates are central to the thermoacoustic 
cycle. \ 
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For this analysis we will focus our attention on a small portion of a single plate surface 
within the "stack" and the adjacent gas which is undergoing acoustic oscillations. The distance 
from the solid stack material is small enough that a substantial amount of thermal conduction can 
take place in an amount of time which is on the order of the acoustic period. In the lower half of 
Figure 1, a small portion of the stack has been magnified and a parcel of gas undergoing an 
acoustic oscillation is shown. The four steps in the cycle are represented by the four boxes which 
are shown as moving in a rectangular path for clarity. In reality they simply oscillate back and 
forth. As the fluid oscillates back and forth along the plate, it undergoes changes in temperature 
due to the adiabatic compression and expansion resulting from the pressure variations which 
accompany the standing sound wave. The compressions and expansions of the gas which 
constitute the sound wave are adiabatic if they occur far from the surface of the plate. The relation 
between the change in gas pressure due to the sound wave, p1, relative to the mean (ambient) 
pressure, p,, and the adiabatic temperature change of the gas, TI, due to the acoustic pressure 
change, relative to the mean absolute (Kelvin) temperature, T,, is given below in equation (2). 

Although the oscillations in  an acoustic heat pump are sinusoidal functions of time, Figure 1 
depicts the motion as articulated (a square wave) in order to simplify the explanation. The plate is 

assumed to have a mean temperature , Tm, and a temperature gradient,VT, referenced to the mean 
position, x = 0. The temperature of the plate at the left-most position of the gas parcels excursion 

is therefore T, - xlVT, and at the right-most excursion is T, + xlVT. 

In the first step of this four-step cycle, the fluid is transported along the plate by a distance 

2x1 and is heated by adiabatic compression from a temperature of T, - xlVT to T, - x,VT + 2T1. 
The adiabatic gas law provides the relationship between the change in gas pressure, p1, and the 
associated change in temperature, TI, as described in equation (2). Because we are considering a 
heat pump, work, in the form of sound, was done on the gas parcel hence it is now a temperature 

which is higher than that of the plate at its present location (Le., lxlVTl< IT11). 

In the second step, the warmer gas parcel transfers an amount of heat, dQhol, to the plate by 
thermal conduction at constant pressure and its temperature decreases to that of the plate, T, + 
xlVT. In the third step, the fluid is transported back along the plate to position -XI and is cooled 

by adiabatic expansion to a temperature Tm + xlVT - 2T1. This temperature is lower than the 
original temperature at location -XI, so in the fourth step the gas parcel adsorbs an amount of heat, 

dQcold, from the plate thereby raising its temperature back to its original value, T m  - xlVT. 

\ 
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The net effect of this process is that the system has completed a cycle which has returned it to 
its original state and an amount of heat, dQcold, has been transported UD a'temuerature gradient by 
work done in the form of sound. It should be stressed again that no mechanical devices were used 
to provide the proper phasing between the mechanical motion>and the thermal effects. 

If we now consider the full length of the stack as shown in the upper portion of Figure 1, the 
overall heat pumping process is analogous to a "bucket brigade" in which each set of gas parcels 
picks up heat from its neighbor to the left at a lower temperature and hands off the heat to its 
neighbor to the right at a higher temperature. Heat exchangers are placed at the ends of the stack to 
absorb the useful heat load at the left-hand (cold) end of the stack and exhaust the heat plus work 
(enthalpy) at the right-hand (hot) end of the stack. The fact that the gas parcels actually move a 
distance which has typically been on the order of several millimeters means that intimate physical 
contact between the heat exchangers and the stack is not crucial. 

2 . 0  APPLICATIONS 

The applications of thermoacoustic engines fall into two categories which depend upon 
whether the refrigerator is powered by electricity or by heat. Although the heat driven 
thermoacoustic refrigerators and cryocoolers are attractive for applications where there is abundant 
heat or waste heat, at the present time, only two thermoacoustically driven refrigerators have been 
demonstrated. The first was a "beer cooler"[5.101 and the second was a thermoacoustically driven 
orifice-pulse-tube cryocooler designated the "Coolahoop"[Ill. A more compact commercial 
version of the Coolahoop is now under development for cooling of high speed electronics. Several 
other heat-driven thermoacoustic refrigerators are currently in the design stages for the above 
applications including a refrigerator for storage of medical supplies and vaccines in Pakistan, a 
solar driven refrigerated cargo container for transportation of tropical fruits, and a natural gas 
liquefaction plant. 

* 

Work on electrically powered thermoacoustic refrigeration has, until last year, been 
concentrated on laboratory experiments and spacecraft applications. At the present time, Ford 
Motor Company is developing thermoacoustic refrigerators for proprietary applications. NPS is 
currently developing two refrigerators. One is a third-generation, single-stage thermoacoustic 
cryocooler (TAR-3) which is designed to reach high-T, superconductor transition temperatures. 
The other is TALSR, which is capable of producing cooling comparable to commercial domestic 
refrigerator/freezers. TALSR was also designed for use on-board the Space ShuttleRR The first 
commercial application of a TALSR-like design, which will use a less expensive driver, will be 
targeted to a "niche" market which we are unwilling to disclose at this time. 

Due to the simplicity of its operation and the use of only one moving part, thermoacoustic 
refrigeration is also be suitable for cooling the latest generation of computer chips which can run at 
twice their room temperature design speeds when their temperature is reduced to -WC,  

~ 

i ,- 

, 

*Should be Bangladesh. 
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Figure 2. Cross-sectional diagram of the half-wavelength resonant TALSR. Two separate 
drivers are used for redundancy in space applications. A commercial unit would use a single 
double-acting drive. The two stacks and four fluid-filled heat exchangers are configured so that the 
total temperature span is greater than that of either individual stack. 

3 . 0  BENEFITS 

3.1 Inert workingfluid. Helium, being an inert gas, cannot participate in chemical resactions 
and hence no toxicity, flammability, or negative environmental effects (ODP=GWP=O). 
3.2 No sliding seals or lubrication. Due to the high frequency operation, high powers can be 
achieved with small displacements so no sliding seals or gas bearings are required. This also 
means that no "tight tolerance" machined parts are required thereby reducing manufacturing costs. 
3.3 Very few simple components. Electrically driven systems require only one moving part and 
thermally driven systems have no moving parts. The "stack" can be fabricated from cheap plastics. 
3.4 Large range of working temperatures. Depending upon the position and length of the stack 
in the acoustic standing wave field, one can trade off the temperature span and the heat pumping 
power. Different working fluids are therefore not required for different temperature ranges. 
3.5 Intrinsically suited to proportional control. Just as one is able to control the volume of a 
stereo system, a electrically driven thermoacoustic refrigerator's cooling power is continuously 
variable. This allows improved overall efficiency by doing rapid cool-down at a lower COP and 
then maintaining heat leak losses at higher COP. This "load matching" can also reduce heat 
exchanger inefficiencies by minimizing temperature differences within the fluids and exchangers. 
3.6 Immaturity. Thermoacoustics is the youngest of the heat engine cycles. It is more likely 
that important breakthroughs which substantially improve performance and manufacturability will 
still occur here rather than the older technologies which have already "skimmed the cream". 
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4 . 0  TECHNICAL ISSUES 

4 .  I Immaturity. Because thermoacoustics is the youngest of existing heat engine cycles, it lacks 
the infrastructure (suppliers, sales an,d service base, educational programs, etc.) which can enhance 
marketability. In addition, since there are presently no commercial products on the market, 
thermoacoustics does not have a "cash flow" which can be "tapped" to make either incremental 
component improvements or to finance general research and development efforts. 

4.2 Eflciency. Although computer models[l21 of TALSR predict that it will have a Coefficient- 
of-Performance Relative to Carnot (COPR) of 42% (exclusive of motor inefficiencies and 
secondary heat exchange fluid pumps), TALSR has not yet been tested. The previous 
thermoacoustic cryocooler designs have been optimized for temperature span rather than COP. 
Their best measured performance has given a COPR I 20%, again exclusive of electroacoustic 
efficiency. 

4.3 Power density. The simple boundary layer models of thermoacoustic engine 
performance[6121 may not apply as acoustical amplitudes are increased. If acoustic mach numbers 
are restricted to Ma&%, then the realizable power density of conventional thermoacoustic stack 
geometries may be restricted to 10 Tons (35 kW) per square meter of stack cross-sectional area at 
working fluid pressures below 20 atm. Higher power research refrigerators and numerical 
hydrodynamic computer simulations would be very useful to determine what would ultimately limit 
the power density. 

4.4 Electroacoustic conversion. Although electrical to acoustical conversion efficiencies on the 
order of 90% are, in principle, realizable at reasonable cost, present thermoacoustic drivers have 
had electroacoustic efficiencies under 50%. This should not be a problem since efficiencies for 
similar linear motor technology in Stirling applications as high as 93% have been measuredU31. 

4.5 Secondary heat transfer. All thermoacoustic engines produced thus far have used either 
conduction for small heat loads (40 Watts) or electrically pumped heat exchange fluids for large 
heat loads (>lo0 Watts). Unlike the vapor compression (Rankine) cycles, the working fluid in a 
thermoacoustic refrigerator/chiller is not circulated outside the engine. In order to obtain maximum 
overall efficiency (i.e., net COP), it is therefore necessary to simultaneously optimize primary and 
secondary heat exchanger geometry, transfer fluid thermophysical parameters, transfer fluid flow 
rates, and electrical pump or heat pipe performance, all subject to economic constraints, in order to 
achieve the best performance at the lowest cost. 

4.6 The "talent bottleneck." Because thermoacoustics is a new science and requires expertise in 
a diverse number of non-traditional disciplines within the refrigeration and HVAC communities 
(acoustics, transduction, gas mixture thermophysics, PID, PLL and AGC control, etc.), there are 
very few experimentalists who are interested or capable of research in this field. This severely 
limits the number of potentially promising applications which can be pursued simultaneously. 
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5.0 ECONOMICS 

All thermoacoustic engines which have been produced to date have been research prototypes. 
The costs have been typically 1-2 M$, which accounts primarily for scientific and technical staff 
salaries. No systematic cost projections or comparisons to existing system costs have been 
attempted. Limited commercialization attempts which address niche applications are expected over 
the next three years and should begin to provide some economic benchmarks which would lead to 
reliable cost estimates. 

6 . 0  TECHNOLOGY OUTLOOK 

Those of us who work with thermoacoustics feel the outlook is bright for the reasons 
enumerated in Section 3.0 of this paper. We recognize that our strongly positive outlook is both 
prejudicial and self-serving. On the other hand, the failure of technology outlook projections made 
by those who are not knowledgeable in thermoacoustics can be equally prejudicial, self-serving, 
and more importantly, wrong. This may be best illustrated by the recent analysis of "Energy 
Efficient Alternatives to Chlorofluorocarbons" prepared for the Department of Energy by A. D. 
Little, Inc. In that studyW1, several domestic refrigeration technologies were ranked from 1 
(Lowest) to 5 (Highest) based on the probability of success and assigned a 1-5 priority for R&D 
support. 

In that A. D. Little analysis, Stirling Cycle was evaluated in the areas of analytical tools, 
linear drive systems, compact heat exchangers, reliability, and market potential of prototype 
designs. The sum of the scores for "probability of success" and "R&D priority" averaged 8.4 f 
0.6 out of a possible maximum sum of 10. D e  sum for thermoacoustics (improperly labeled 
Thermal Acoustic) was 2, with the minimum sum being 2! Of the other fourteen technologies 
evaluated in that table, none of the others had a sum lower than five. 

The ultimate failure of that A. D. Little analysis can best be established by the "head-to-head" 
comparison that was sponsored by the Life Sciences Division of NASA. In an attempt to replace 
.the existing Space Shuttle Life Sciences refrigerator/freezer, NASA awarded three contracts to 
companies with potential replacement technologies. One went to A. D. Little for a scroll 
pump/vapor compression technology. The other two contracts went to Sunpower, Inc., for a 
linear motor Stirling technology and to NPS for thermoacoustics. As of the date of this' 
conference, less than a year after the award of the NPS contract, the A. D. Little team has dropped 
out and the Stirling system has been delivered with only one-third of the originally specified heat 
pumping capability. At this point, it appears that only the thermoacoustic technology will meet the 
original contract specifications. 

When attempting to predict the future utility of a new discovery or emerging technology, it is 
always useful to recall the observations made by Prof. Faraday, D.C.L., F.R.S., in 1817U51: 
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"Before leaving this subject, I will point out  the history of this substance, as an 
answer to those who are in the habit of saying to every new fact, 'What is the use?' 
Dr. Franklin says to such, 'What is the use of an infant?' The answer of the 
experimentalist is, 'Endeavour to make it useful."' 

We know that reports that this infant was stillborn are wrong! We feel that thermoacoustics 
is still too immature to make definitive technological projections. The growth curves for both 
efficiency and heat pumping capacity are still very steep and the number of industrial and academic 
researchers, though still small, is growing at an increasing rate. (Thermoacoustic cooling 
demonstration units are now even starting to appear in high school science fairs!) At this point, the 
only outlook we can guarantee is that thermoacoustic systems will continue to prove that the 
initially pessimistic outlook of those unfamiliar with this technology were wrong. 
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Magnetic Refrigeration 
Dr. Anthony DeGregoria 
Astronautics Corporation of America 
5800 Cottage Grove Rd. 
Madison, WI 53716 

Technology description: 

Magnetic refrigeration exploits the magneto-caloric effect, 
in which, certain magnetic materials adiabatically warm upon 
application of a magnetic field and cool upon removal of the 
magnetic field. There are many magnetic materials for which 
this process is highly reversible. One such material is 
Gadolinium (Gd) metal. Its maximum adiabatic temperature 
rise is about 2 degrees C per Tesla of applied magnetic 
field which occurs around room temperature (20 C). 
For near 'room temperature applications, temperature spans of 
tens of degrees C are typically required. Large 
cryogenically cooled superconducting magnets can produce 
peak fields of approximately 7 Tesla. Regeneration is 
utilized to increase the temperature span to the desirea 
value. 

Figure 1 illustrates the preferred design for a large 
magnetic refrigerator. A wheel rotates continuously through 
a region which has a large magnetic field produced by 
superconducting magnet coils in persistent mode and a region 
where the magnetic field is essentially zero. The wheel 
contains magnetic material in the form of a porous heat 
transfer bed. Heat is transferred between the bed and a 
heat transfer fluid in the pore volume. Fluid flow occurs 
in the radial direction. In the high field region, a 
radially outward flow is produced by sliding seals on the 
inner and outer portion of the wheel. In the low field 
region, a radially inward flow is produced. 

Following a small angular section of bed around a complete 
cycle, the segment enters the high field region where flow 
starts in the positive radial direction, and proceeds for 
approximately a third of the rotation period. It then 
leaves the flow region and demagnetizes with no-flow. Next 
the segment enters the region where flow is in the radially 
inward direction and the field is low. Finally it leaves 
the flow region and magnetizes with no-flow. In the radial 
flow direction, the outside of the bed is hot and the inside 
is cold. 

The heat transfer fluid can either be a liquid such as water 
with antifreeze or a compressed gas such as helium at 20 
atmospheres or more. It is circulated by a pump. Fluid 
leaves the hot heat exchanger at 300 K (27 C), the assumed 
hot temperature. It enters the hot end of the demagnetized 
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bed and is cooled to below 250 K (-23 C). It enters the 
cold heat exchanger where heat is absorbed as the fluid is 
warmed to 250 K. The fluid then enters the cold side of the 
magnetized bed where it is warmed to above 300 K. The fluid 
then enters the hot heat exchanger where it rejects heat as 
it cools down to 300 K. (The cycle that the bed segment is 
going through is known as the AMR or Active Magnetic 
Regenerator cycle.) 

Application: 

The superconducting magnet is in persistent mode and it sees 

requires no power supply to maintain the field. A cryogenic 
cooling system is needed, however. This limits the 
application of the technology to large scale refrigeration 
and air conditioning (hundreds of tons) since the power to 
the cryocooler can be from 1 to 5 KW. This is an estimate 
based on current technology. The development of high 
temperature superconducting magnets operating at 40 K rather 
than 4 K will reduce this parasitic load by more than an 
order of magnitude. 

. no time varying magnetic environment. It, therefore, 

Benefits: 

The main benefit of the technology is higher efficiency than 
the current vapor compression (VC) technology and, as a 
consequence, reduced operating cost. In a previous study 
(l), an analysis of a 50 KW magnetic refrigerator was 
presented. I Table 1 lists the characteristics of the device. 

Table 1: Characteristics of a 50 KW AMR Refrigerator 

Power 
Efficiency ( %  Carnot) 
COP 
Temperature span 
Wheel diameter 
Wheel speed 
Bed length 
Bed height 
Porosity 
Amount of Magnetic Material 
Field change 

50 KW 
50 % 
2 .6  
255 - 305 K 
78 cm 
240 RPM 
3 cm 
3 cm 
0.1 
18 kg 
7.5 T 

Spanning a temperature range of 305 K (32 C) to 255 K (-18 
C), the device has a COP of 2.6. These are the temperatures 
of the fluid reentering the hot and cold end of the magnetic 
beds. The temperature of the fluid emerging from the beds 
is about 10 C higher or lower than those values. To produce 
the emerging fluid temperatures, a standard vapor 
compression refrigerator must span from 315 K to 245 K. The 
ideal COP for such a temperature span is 3.5. The vapor 
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compression r e f r i g e r a t o r  would have t o  have an  e f f i c i e n c y  o f  
7 4 ’ %  t o  break even w i t h  t he  magnet ic  r e f r i g e r a t o r .  

An a d d i t i o n a l  b e n e f i t  i s  t h a t  no harmful  gases are  r e q u i r e d !  
If  a l i q u i d  i s  employed as t h e  heat t r a n s f e r  f l u i d ,  no g a s e s  
are used  e x c e p t  f o r  he l ium,  an  i n e r t  gas, which i s  r e q u i r e d  
i n  t he  c r y o g e n i c  c o o l i n g  sys tem f o r  t he  s u p e r c o n d u c t i n g  
magnets .  

The c y c l e  i s  r e g e n e r a t i v e .  I n  a p p l i c a t i o n s  where t he  
t e m p e r a t u r e  r ange  may v a r y  due t o  changing  c o n d i t i o n s  a t  t he  
h o t  t e m p e r a t u r e  end o r  t h e  s e t t i n g  o f  t h e  c o l d  t e m p e r a t u r e ,  
t h e  device a u t o m a t i c a l l y  r e sponds ,  improving e f f i c i e n c y .  

The device has ‘ g l i d e ’  a t  b o t h  t h e  h o t  and c o l d  e n d s .  That 
is ,  t h e  t e m p e r a t u r e  o f  t h e  f l u i d  emerging from t h e  device i s  
h o t t e r  o r  c o l d e r  t h a n  t h e  r e t u r n i n g  f l u i d  a t  t h e  h o t  o r  c o l d  
end,  r e s p e c t i v e l y .  T h i s  t e m p e r a t u r e  d i f f e r e n c e  i s  o f t e n  
c o m p a t i b l e  w i t h  a p p l i c a t i o n  r e q u i r e m e n t s  and  serves t o  
improve e f f i c i e n c y .  

Technical issues : 

 it has been  shown ( 2 )  t h a t  there e x i s t s  an  ‘ i d e a l ’  magne t i c  
mater ia l  f o r  a b a l a n c e d  f low AMR. T h i s  material  has an  
ad iaba t ic  t e m p e r a t u r e  i n c r e a s e  w i t h  t h e  a p p l i e d  f i e l d  which 
i n c r e a s e s  l i n e a r l y  w i t h  t h e  a b s o l u t e  t e m p e r a t u r e .  
Gadol inium deviates s i g n i f i c a n t l y  from t h i s  idea l .  T h i s  
means t h a t  e f f i c i e n c y  w i l l  f a l l  as  t h e  t e m p e r a t u r e  span  o f  
t h e  device i n c r e a s e s .  Any p u r e  magne t i c  mater ia l  w i l l  
s u f f e r  from the  same problem. A s  a consequence,  research i s  
r e q u i r e d  t o  make a b l ended  material  bed which w i l l  come 
c l o s e  t o  t he  idea l  b e h a v i o r .  The o u t l o o k  f o r  s u c c e s s  
appears high.  There are  many ma te r i a l s  and mater ia l  b l e n d s  
t o  choose  from. A research e f f o r t  spann ing  a t  l e a s t  two o r  
three y e a r s  i s  r e q u i r e d .  

While Gadolinium i s  f a r  from ideal  f o r  a b a l a n c e d  f low 
r e f r i g e r a t o r ,  it i s  n e a r l y  i dea l  f o r  an  unba lanced  f low 
device o p e r a t i n g  from abou t  3 0 0  K down. 
more heat t r a n s f e r  f l u i d  f lows  from h o t  t o  c o l d  t h r o u g h  t h e  
bed t h a n  i n  t h e  o p p o s i t e  d i r e c t i o n .  The e x c e s s  i s  diverted 
a t  t h e  c o l d  end  of t h e  device and passed t h r o u g h  a h e a t  
exchanger  which w a r m s  t h e  f l u i d  a l l  t h e  way t o  t h e  h o t  
t e m p e r a t u r e .  The f l u i d  t h e n  r e e n t e r s  t h e  bed a t  t he  h o t  
end .  
device. I n  a p p l i c a t i o n s  where a l a r g e  f r a c t i o n  o f  t h e  
c o o l i n g  power i s  used  t o  c o o l  a p r o d u c t  from room 
t e m p e r a t u r e ,  e f f i c i e n c y  improvements c o u l d  be dramatic.  

I n  such  a device, 

W e  are e x p l o r i n g  p o t e n t i a l  a p p l i c a t i o n s  o f  t h i s  un ique  

A d d i t i o n a l  t e c h n i c a l  i s s u e s  are  bed f a b r i c a t i o n  and bed 
c o r r o s i o n .  Gadolinium can  be formed i n t o  sheets. Many 
o t h e r  p o s s i b l e l m a g n e t i c  materials are  b r i t t l e  and canno t  be 
worked i n t o  t h a t  form. Pa r t i c l e  beds may o n l y  be p r a c t i c a l  
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with these materials. Particle beds must utilize a liquid 
as the heat transfer fluid to reduce pressure drop. (Beds 
with laminar flow channels have at least an order of 
magnitude less pressure drop than one comprised of random 
particles.) The obvious choice for the liquid is a mixture 
of water and.antifreeze, however, water corrodes Gadolinium 
This corrosion problem must be addressed when selecting the 
medium to be used. 

The last technical challenge is the cryogenic cooling system 
for the magnets. Improvements in cost and reliability will 
enhance market acceptance. 

Economics: 

In a previous study (3) we arrived at a retail. cost of 
$55,000 for the first cost of a 50 KW magnetic supermarket 
freezer. Table 2 lists the cost breakdown. This is based 
on a conceptual design. No detailed drawing were made. The 
magnet wire and the magnetic material represents about 10 % 
of the total cost. A small cryogenic refrigerator, which 
may be employed to cool the magnets, is not included. 
Cryogen (liquid helium and liquid nitrogen) boiling is 
assumed for magnet cooling. 

Table 2: Cost breakdown of a 50 KW supermarket freezer. 

Component cost ( $ )  

Magnet bobbin with HEX (ACA shop) 1,200 

Adiabatic material (Engineering estimate) 1,200 

Bearings 200 

Magnet wire (Oxford Superconductor) 3,600 

Magnet support structure (ACA shop) 400 
Wheel housing (American Fabrication) 1,400 
Split wheel (AC Equipment Services) 500 

Seals (Engineering estimate) 700 

General support structure (ACA shop) 500 
Drive system (shaft, motor, seals, gears) 500 

Manifolds (Engineering estimate) 500 
(Engineering estimate) 

Sensors, control system (ACA suppliers) 1,000 
Dewars (NBP LN2, LHe, cryostat) (ACA shop) 2,000 
Misc. piping, valves, flanges 100 

Magnetic Material ($100/kg) it 500 (Engineering estimate) I 

Material Subtotal 15,300 
Burden (100 % )  

15,300 a, o o o  Labor, 800 hr, $lO/hr 
Burden (200%) 16,000 

Recurring cost . 54,600 

A vapor $ompression refrigerator, comparable in size and' 
\I temperature-range, wouLd cost a small fraction of the 
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magnetic refrigerator. The initial cost of these devices is 
a small fraction of the total life cost. Table 3 gives data 
from the previous study (2) with some updated numbers. 

Table 3: Costs comparison - vapor compression vs magnetic 
refrigerator (50 KW) (costs in K$) 

unit first cost operating cost comments 

vc 8.9 13.1 COP = 1.6 
m 55 10.7 uses LHe,LN2 
MR 60 8.9 1 KW cryocooler 

Operating costs are annual and are based on 6000 hours 
annual operation at an electricity cost of $O.O7/KWH. 
Liquid helium costs are $5/liter and nitrogen $0.08/liter. 
The assumed COP for the vapor compression refrigerator 
corresponds to an efficiency of 46 % of Carnot assuming 10 
degrees C 'glide' on both the hot and cold end. 

Technical outlook: 

At present, the technology has been demonstrated near room- 
temperature (4) and in the cryogenic regime (5). We have 
recently made efficiency measurements in the cryogenic 
regime which are very promising (6). We have a program 
sponsored by the Department of Energy to build a magnetic 
refrigerator which produces 50 W of cooling at 40 K, 
rejecting heat to a 7 7  K liquid nitrogen bath. 
is in collaboration with researchers at Oak Ridge National 
Laboratory. The device is scheduled to operate in January 
1994. 

This program 

At present, we are seeking support from government and 
industry to develop the near room-temperature magnetic 
refrigerator further. With support, a full scale device 
could be operational in 5 to 10 years. 

The market is large.commercia1 or industrial air 
conditioners and freezers. 
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1.0 TECHNOLOGY DESCRIPTION 
Evaporative air conditioning is the most underutilized air 

conditioning technology available in the United States. Evaporative air 
conditioning is the cooling effect provided by the adiabatic evaporation of 
water. Two principle methods of evaporative air conditioning are commonly 
used: direct cooling, in which water evaporates directly into the airstream, 
thus reducing the air's dry-bulb temperature while humidifying the air, and 
indirect cooling, where primary air is cooled sensibly with a heat exchanger, 
while the secondary air carries away the heat energy from the primary air as 
generated vapor. Direct and indirect processes can be combined 
(indirect/ direct). Compared to vapor compression systems, increased air 
flowrates are used for direct evaporative comfort cooling to compensate for 
higher supply air temperatures. 

1.1 DIRECT EVAPORATIVE AIR CONDITIONING 
Air is drawn through porous wetted pads or a spray, and its sensible 

heat energy evaporates some water, reducing the air's dry-bulb temperature. 
The temperature of the nearly saturated moist air approaches the ambient 
air's wet-bulb temperature. The air temperature is reduced by 60 to 95% of the 
wet-bulb depression (ambient dry-bulb temperature less wet-bulb 
temperature). Note that there is no sensible cooling and that this is 
essentially an isenthalpic process for direct evaporative air conditioning (also 
termed evaporative "cooling"). 

In arid regions direct coolers provide comfort cooling, while more 
humid areas can use direct cooling for specialized applications. Direct 
evaporative air conditioning consumes significantly less energy than vapor 
compresGon refrigeration. The only power consuming components of an 
eva'porative cooler are fans and small water pumps. Energy savings of 
evaporative coolers vary with humidity levels and temperatures. Direct 
systems in low humidity zones typically realize an energy savings of 60 to 
80%' o.ver -. c vfrigerated systems. 
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1.2 INDIRECT/DIRECI' EVAPORATIVE AIR CONDITIONING 
Indirect/direct (or two-stage) evaporative air conditioning cools 

primary air via a heat exchanger, while the secondary air carries away the heat 
energy from the primary air as generated vapor. The indirect stage is sensibly 
cooling the airstream. 

Performance of an indirect/ direct evaporative cooler is shown for 
ASHRAE 1 % summer design conditions (dry-bulb/mean coincident wet-bulb) 
for various cities in Table 1. The psychrometric process is shown in Figure A. 
The cooler is assumed to have a 65% indirect and an 85% direct effectiveness 
and is representative of available commercial equipment (even greater 
effectiveness is achievable). An indirect cooler provides sensible cooling of 
the outside air, followed by an evaporative air conditioning effect from the 
direct cooler. In the Denver case, the representative indirect/direct 
evaporative cooler can deliver 54'F supply air for ASHRAE 1% design 
conditions (Foster, 1990). 

TABLE 1 
INDIRECT/DIRECT AND PRECOOLING PERFORMANCE 

a All temperatures in OF, 1% Dry-bulb/Mean Coincident Wet-bulb design conditions. 
1% design dry bulb condition and 5% design wet-bulb condition (ASHRAE, 1989). 
All cases assume an overall performance factor of 65% for the indirect process and a 
saturation effectiveness of 85% for the direct process; dry-bulb supply temperature OF. 
The overall performance factor of the precooler is 65%. 20% outside air was mixed with 
return air. Return air was 78/66OF and supply air was 55/52.5OF. 
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FIGURE A 
INDIRECI'/DIRECT EVAPORATIVE AIR CONDITIONING PROCESS 

1.3 EVAPORATIVE PRECOOLING 
Evaporative air conditioning can be used throughout the U.S. as a 

supplemental precooler to increase capacity for commercial buildings with 
refrigerated systems. Indirect coolers without a direct stage can precool all 
summer make-up air. Direct evaporative precoolers can be used on air- 
cooled condenser coils. Estimated cooling capacity added by use of an indirect 
precooler for 1% design conditions for various U.S. locations is shown in the 
last column of Table 1, and demonstrated in Figure B. A return air 
temperature of 78" and 66°F (78166) dry and wet-bulb temperatures was 
assumed. The supply air was provided to the building at 55/52.5. The overall 
effectiveness of the indirect precooler and heat exchange process 
(performance factor) was assumed to be 65%. Areas with a relatively high 
wet-bulb temperature gain at least 5% capacity, and arid regions can gain 11 to 
15% cooling capacity for these design conditions. 
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FIGURE B: INDIRECT EVAPORATIVE PRECOOLER 

Indirect systems with refrigerative second stages can provide adequate 
comfort cooling in high humidity zones with an energy savings of 20 to 25% 
(Watt, 1987). The performance of refrigeration systems can also be enhanced 
by evaporatively precooling air used to cool condenser coils. The retrofit is 
simple and economical and both power savings and increased capacity for the 
cooling system are realized. An added advantage is that the direct precooler 
will reduce head pressures and thus extend compressor life. In a direct 
evaporative precooling process, panels of wetted medium are used mounted 
on condenser faces to precool all condenser air. 

1.4 DESICCANT-ASSISTED EVAPORATIVE AIR CONDITIONING 
A desiccant-assisted evaporative air conditioning system dehumidifies 

the ventilation air first with a desiccant to a desired state, and then employs 
evaporative air conditioning (either direct or indirect or a combination 
thereof) to cool the air to the desired supply temperature. 

Processes developed use either liquid (eg. triethylene glycol) or solid 
(eg. silica gel) desiccants. The desiccant must be reactivated with a heat source 
such as natural gas, or non-polluting sources such as solar, geothermal, or 
waste heat. A desiccant combined with an evaporative cooler allows 
evaporative air conditioning to meet all comfort needs in even the most 
humid environments without use of any CFCs. Thermal COPS of 2.0 or 
higher, with an EER of 35 or better for electric parasitic power (fans, pumps, 
wheel motors) are possible for desiccant-assisted evaporative air conditioners 
(Penney, 1986). 
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2.0 APPLICATIONS 
Direct evaporative air conditioning can provide comfort over 

approximately 40% of the United States land area, from southern California 
to central Texas, and Arizona through Montana. Indirect / direct evaporative 
air conditioning can provide comfort in an additional 40% of the country for 
central and eastern areas outside of the -lower Mississippi Valley and humid 
coastal plains (Watt, 1986). Many buildings in the Southwestern United 
States use refrigerated air conditioning, which can be replaced with 
indirect /direct evaporative air conditioning systems for comfort cooling. One 
problem for retrofit situations is that existing building ducts may be 
inadequately sized for the increased airflow delivery used by indirect / direct 
evaporative coolers. Comfort cooling can be provided throughout the 
country with staged and hybrid evaporative air conditioning systems. 

Evaporative air conditioning is useful in many commercial and 
industrial applications, such as schools, commercial greenhouses, buses, 
laundries, warehouses, factories, kitchens, poultry houses, and other similar 
situations. Relief cooling for greenhouses and industrial sites can be 
provided throughout the United States. 

3.0 BENEFITS 
Evaporative air conditioning does not use CFC refrigerants and only 

requires water. Its use in place of vapor compression systems eliminates CFC 
and other greenhouse gas emissions. Over 4 million residential evaporative 
coolers are in operation today in the Southwest, directly obviating the need 
for about 23.6 million pounds of HCFC-22; these residential coolers save 
approximately 11.8 million barrels of oil annually and 5.4 billion pounds of 
carbon dioxide emissions in lieu of using vapor-compression air- 
conditioning systems (Foster, 1992). Contributions from commercial and 
industrial applications of evaporative air conditioning are probably greater. 
Advantages of evaporative air conditioning technologies are as follows: 

e 

e 
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e 
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Significant energy and cost savings 
No CFCs used 
Improved indoor air quality 
Life cycle cost effective 
Candidate for utility rebate when peak demand reduced 
Reduced C02 and power plant emissions to environment 
Easily integrated into built-up systems 
Wide variety of packages available 
Provide humidification when needed 
Easy to use with direct digital control (DDC) 
Decreased dependence on imported energy 

: 
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4.0 TECHNICAL ISSUES 

Evaporative air conditioning is a proven technology that has been used 
for many decades. The technology remained essentially unchanged for many 
years. The technology has progressed more in the past decade than in the 
previous decades with the advent of more advanced wetting media, controls, 
variable speed motors, and other recent innovations. 

One of the greatest problems for the evaporative air conditioning 
industry to date is that there has been no single performance standard 
adopted for testing and rating equipment. Ratings for residential coolers have 
typically been provided by manufacturers in terms of normalized airflow 
delivery. However, the actual effectiveness of a cooler is not reflected with 
this approach. ASHRAE is developing a testing standard for direct and 
indirect evaporative coolers that should be adopted within the next couple of 
years. Once a test standard is adopted, engineers will be able to obtain reliable 
performance ratings of evaporative coolers and will be able to specify 
equipment with unbiased data. 

As with any technology, evaporative air conditioning can continually 
be improved. There has been no federal support in promoting and advancing 
evaporative air conditioning technologies to date. Work is needed to further 
indirect and desiccant assisted systems. Many issues that need further study 
in evaporative air conditioning (EAC) are as follows: 

Quantify current EAC market and future market potential 
Quantify reduced CFC and energy consumption due to EAC 
Project future CFC obviation and energy savings 
Develop national testing standards for EAC 
Improve EAC system controls 
Develop more effective wetting ‘media and components 
Develop low-cost heat exchangers (HXs) for indirect EAC systems 
Integrate winter heat recovery with indirect HXs 
Life cycle cost studies for EAC systems 
Research maintenance issues 
Develop EAC for vehicular applications 
Verify building simulation algorithms for EAC 
Conduct hybrid systems research and demonstrations 
Quantify health advantages of EAC systems 

5.0 ECONOMICS 
Evaporative air conditioning is an available commercial technology 

that is highly competitive in both capital and operating costs compared to 
vapor compression air conditioning. For instance, residential vapor 
compression system installed costs are about six times more than that for , 
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evaporative air conditioning units. An installed residential evaporative air 
conditioning system, complete with ducting, has an initial cost of about $2,000 
(EPEC, 1991). While ducts for evaporative air conditioning systems are larger 
than for vapor compression systems, the ducts for vapor compression systems 
are still more expensive since insulation is required. Insulation for 
evaporative air conditioning ducts is not critical due to the higher airflow 
rates and low energy usage of evaporative air conditioning systems. 

Direct evaporative coolers in the Southwest typically require 70% less 
energy than conventional compressor driven systems in residences. For 
instance, in El Paso, Texas, the typical evaporative cooler consumes only 609 
kWh per cooling season as compared to 3,901 kWh per season for a typical 
vapor compression air conditioner of SEER 10. This equates to an average 
demand of .51 kW based on 1,200 operating hours, as compared to an average 
demand of 3.25 kW for a vapor compression air conditioner. Thus, a vapor 
compression unit requires 2.74 kW or almost six times the electrical demand 
of the evaporative cooler (EPEC, 1991). 

Depending on climate conditions, many buildings can use 
indirect /direct evaporative air conditioning systems to provide comfort 
cooling. Similarly, other western locations can satisfactorily obtain comfort 
cooling without refrigerated systems by using indirect/direct evaporative air 
conditioning. Indirect/direct systems realize a 40 to 50% energy savings in 
moderate humidity zones (Watt, 1986). 

Energy savings from the installation of direct precoolers on air-cooled 
condensers are substantial. In the West, energy savings of over 20% are 
possible, while in the East, savings from 5 to 10% can be expected. Simple 
payback in the West typically is in two years or less for precoolers (Foster, 
1990). 

6.0 TECHNOLOGY OUTLOOK 
Evaporative air conditioning is a commercially available technology 

that today is contributing worldwide towards diminishing the use of CFCs 
and reducing greenhouse gas emissions from power plants. Applications 
such as direct and indirect evaporative air conditioning, as well as direct and 
indirect precooling, are providing these contributions. Advances in desiccant 
technologies should further contribute to the growth of evaporative air 
conditioning technologies outside of traditionally arid zones. 

Overall, the current direct evaporative air conditioning market is about 
$150 million per year in sales. There are over 4 million residences in the 
Southwest that use evaporative air conditioning. The potential market 
penetration of this technology, given advances with indirect and hybrid 
systems, is enormous. Indeed, evaporative air conditioning, coupled with 
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desiccant technologies, could displace the need for vapor compression air 
conditioning technologies for many applications in the coming century. 

California has recently recognized the importance of the significant 
energy savings possible with evaporative air conditioning. The California 
Energy Commission adopted energy credits for evaporative air conditioning 
as part of their Title 24 code compliance program in January of 1993. These 
credits are having an immediate positive impact on industry growth. 

Pacific Gas and Electric Company is currently evaluating residential 
two-stage evaporative air conditioning systems as an energy conservation 
tool to replace vapor compression air conditioners at the end of their service 
lives. Similarly, the Sacramento Municipal Utility District is evaluating 
evaporative air conditioning as a demand side management tool (Laybourn, 
1993). 

The State' of New Mexico requires new public schools and additions to 
use evaporative air conditioning systems (mainly indirect-direct) instead of 
vapor compression systems. The State places about 100 new evaporative air 
conditioning applications per year on schools (Trujillo, 1993). 

The Federal government has given no support to evaporative air 
conditioning research and development, and only limited support for 
desiccant technologies. Market penetration of evaporative conditioning 
technologies could be enhanced by forming government/industry/utility 
partnerships to further improve designs and methodologies. Federal 
programs should strongly support the existing industry. Through increased 
use of evaporative air conditioning technologies, the United States will 
realize increased benefits related to saving energy, reducing power plant 
emissions, obviating CFC usage, and improving building indoor air quality. 
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I Evaporative Air Conditioning For Vehicular Applications I 
James F. Mattil 

Climatran Corporation 
P.O. Box 3627 

Englewood, Colorado 80155-3627 
(303) 696-6466 

BACKGROUND: Climatran Corporation is the pioneer in developing and producing 
non-CFC, evaporative air conditioning (EAC) systems for transit buses. Between 1982 
and 1984, the U.S. Department of Transportation funded the research and development 
of evaporative air conditioning systems for buses. In the final report on this two-year 
development project, the Denver Research Institute concluded that: 

"The use of a heavy duty, high efficiency evaporative air conditioning 
system designed and built for the demanding requirements of transit 
buses has proven to be a viable alternative to refngeerated air condi- 

tioning at about harf the life cycle cost. - D. 0. T. 

I. TECHNOLOGY DESCRIPTION: There are presently three distinct versions of 
evaporative air conditioning (EAC) technology: 

'1) direct evaporative cooling (DEC), 
2) compound evaporative cooling (CEC), 
3) desiccant-assisted evaporative cooling (DAEC). 

In a direct evaporative cooling (DEC) system, air cooling occurs as water is evaporated 
into an air stream as the sensible heat of the air is converted to the latent heat of 
vaporization. The amount of cooling accomplished is proportionate to the amount of 
water evaporated. 

Since cooling is proportionate to the amount of water evaporated, cooling is greatest 
when the air source is dry and can accept additional moisture. Conversely, cooling is 
decreases as the ambient air approaches saturation. Equivalent, or constant cooling 
capacity can be achieved in more humid areas by increasing the air volume delivered to 
the space and by increasing the air velocity, however there are practical limits to this 
solution. 

Refrigerant a/c systems in many automotive applications use the same technique; the 
cooling effect is enhanced by increasing the air velocity. This is done by using small air 
discharge nozzles which can be directed at the passenger. This increases the perception 
of cooling, beyond that which is actually being achieved. Airplane nozzles accomplish 
the same effect. EAC systems can use the same approach to offset diminished cooling 
in more humid areas. 
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Compound evaporative cooling (CEC) systems are designed to produce cooler supply 
air temperatures in more humid climates, while adding less humidity to the air stream. 
This is done by placing a heat exchanger upstream of the DEC module. This heat 
exchanger produces sensible cooling of the primary air, as heat is transferred to the 
secondary air stream, which is cooled by direct evaporation. 

Climatran has conducted tests of buses equipped with a two-stage, or CEC systems 
under a variety of climatic conditions. These tests have demonstrated that CEC units 
should be capable of maintaining interior comfort in climate conditions as adverse as 
those found in Washington, D.C. and Atlanta, Georgia (ASHRAE design conditions 
95dbv75wbt). CEC units differ from DEC units in that there is the heat exchanger and 
a fan to move the secondary air. Hence, they retain the energy and maintenance 
benefits of DEC equipment, but entail additional hardware cost. 

Desiccant-assisted evaporative cooling (DAEC) systems are the final version of EAC 
technology. DEAC equipment is similar to $e CEC system in that air is treated prior to 
entering the DEC module. In a DEAC system, moisture is actually removed in the first 
stage, which facilitates improved evaporation and cooling in the DEC module. In 
addition to the desiccant media and a secondary fan, the system must have a heat source 
and provisions to regenerate the desiccant material. DEAC equipment would have no 
geographic limitations, but would be larger, more complex and more expensive than 
either DEC or CEC equipment. However, DEAC units would consume significantly 
less energy than vapor compression equipment and would use no ozone-depleting 
chemicals. 

The key, underlying idea of each version is to perform the most cooling work, using 
the least energy. This is done by optimizing the contribution of the DEC phase. Due to 
the differences in cost and advantages of each version of EAC system it is likely that 
each would find applications suited to its particular characteristics. 

II. APPLICATION: This report will focus on comfort cooling applications of EAC 
technology to motor vehicles of different types. Some old timers may recall early forms 
of evaporative cooling devices used on cars in desert climates, but today’s equipment 
bears no more resemblance to those devices than does the Wright brothers airplane to 
modem jets. 

To date Climatran’s development has been concentrated on transit bus applications, but 
we have studied additional applications including light rail, trucks, vans and passenger 
cars. One particularly interesting opportunity is the potential for use of EAC on electric 
and hybrid vehicles. 

Data presented in this report has been obtained from transit applications and is useful 
because it is generally directly proportional to anticipated data for other applications. 
The relative differences between EAC and vapor compression would be similar for 
specific applications. The main difference from one application to another is related 
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directly to the cooling load, which in turn varies with the volume of the space, the glass 
area, internal heat sources and passenger load. It is easy to appreciate that transit 
applications represent a severe, possibly worst case, cooling environment. Since EAC 
equipment has been effective in such situations, it is reasonable to expect similar 
success in other uses. 

III. BENEFITS: 
chemicals, thus eliminating any releases ozone-depleting chemicals. The total absence 
of CFCs, HFCs and HCFCs also eliminates any "direct" contribution to global 
warming. The cooling effect is achieved through the simple, natural process of water 
evaporation and there are no known, or anticipated environmental concerns. EAC 
systems require very little energy, typically about 85% less energy than comparable 
vapor compression systems. This substantially reduces carbon dioxide emissions and 
mitigates the "indirect" contribution to global warming. Naturally, the lower power 
requirement also reduces fuel consumption, providing a direct economic benefit to 
operators, while reducing the absolute quantities of ground-level pollutants. 

Evaporative air conditioning uses no CFCs, nor any other 

A comparison of typical EAC equipment to typical vapor compression systems on a 
transit bus helps to quantify the energy advantages of EAC technology. A typical vapor 
compression unit will use a total of about 24 horsepower (3 hp for air distribution, 
while the compressor itself will operate over a range between 15 and 30 hp, with 21 hp 
being the accepted average). A DEC unit will use less than 2 hp, while a CEC unit uses 
about 3 total hp. 

According to a report published by the U.S. Department of Transportation, "because 
evaporative systems are relatively simple, they are far easier and less costly to 
maintain". Actual operating experience on more than 400 buses has shown EAC 
systems to be far more reliable and has documented maintenance costs about 75% less 
than those for vapor compression equipment. The combined fuel and maintenance cost 
savings result in a much lower life cycle cost for EAC equipment. At current EAC 
equipment costs the life cycle costs are about 70% less than refrigerant systems. 

IV. ECONOMICS: The first cost of any EAC system for buses can vary widely 
depending on the equipment specification. However, DEC systems are essentially equal 
in price to comparable vapor compression equipment, ranging from $5000-7000. Two- 
stage, or CEC systems will cost about 10-15% more than either DEC or vapor 
compreTsion. Currently, a target cost for DAEC equipment is about 50-75% higher. 
None of;the EAC equipment has yet achieved any scale economies. 

Using data from the DOT report, EAC systems should result in maintenance cost 
savings bf about $1000-$1500 per unit, per year. Fuel savings will vary depending on 
the length of the cooling season and the service day and will approximate one gallon 
per hour of operation. This would result in fuel savings ranging from about 400 gallons 
annually in Duluth to over 4000 gallons in Las Vegas, or Phoenix. 

I 
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The maintenance cost estimates above, were prepared in the early 1980's. Today, with 
recycling requirements, higher refrigerant costs and a requirement to actually repair 
leaks, rather than the traditional "recharge-and-go" approach, actual maintenance cost 
are likely to be significantly higher, giving EAC systems even greater advantage. 

Cooling for smaller vehicles requires smaller cooling units. The smaller refrigerant 
units generally require less maintenance than large bus units and maintenance cost 
advantage of EAC units may be less than on buses. Energy use is also less intensive 
and vehicle life cycles are shorter, which will reduce the magnitude, but not the relative 
proportion, of the fuel savings. Meanwhile, the first cost of DEC equipment for cars, 
trucks and vans is expected to be lower than the cost of vapor compression equipment, 
in some cases as much as 50% less. 

V. TECHNICAL ISSUES: The technical issues and problems facing EAC technology 
are relatively modest, however companies active in this field lack the financial 
resources to address these issues. 

The main limitation to EAC technology is the reliance on a suitable ambient conditions 
of temperature and humidity, which limits the areas of geographic application. As 
explained above, there are three general versions of equipment that address this issue - 
direct, compound and desiccant-assisted evaporative cooling systems. 

The first step should be a formal evaluation and determination of the suitability of the 
various forms of EAC equipment (DEC, CEC, DAEC), for specific applications (bus, 
truck, car and train), under the full range of climatic design conditions. In this process, 
every attempt should be made to, first, maximize the performance of the least costly 
systems, since they would offer greater cost and energy advantages. Then, efforts 
should be directed to optimizing the performance of CEC equipment for the same 
reasons and finally, DAEC systems should be developed an advanced as necessary to 
meet any unfulfilled needs. 

Climatran has accumulated extensive test results for DEC systems on buses and has 
conducted a test and evaluation of CEC systems seeking to document cooling perfor- 
mance under adverse climate conditions. In the course of this work, the company has 
identified several unique measures to enhance cooling performance. The company 
believes that significant improvements are possible that could further extend the areas 
of feasibility for EAC technology, given the modest resources and cooperation needed 
for such an effort. 

A key step toward extending EAC geographic applicability, at the least cost, would be 
development of low-cost, high-efficiency , indirect-stage heat exchangers for use in 
CEC systems. , 
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i - .  There are other technical issues of a minor nature such as water containment in a 
moving vehicle, equipment integration into the vehicle and aesthetics, However, these 
have already been addressed in transit applications and can certainly be resolved in 
other automotive uses, given cooperation from vehicle manufacturers and government. 
For truck, van and R.V. uses, the only problem is the need for funding to develop 
adequate production molds for equipment cabinetry and water tanks. 

Perhaps the greatest challenge, however, is to achieve the scale economies that would 
permit competition on an equal level. 

VI. TECHNOLOGY OUTLOOK: 
significant role in eliminating ozone-depleting chemicals and mitigating global 
warming. Since many applications of EAC technology are already commercially 
available, or feasible, such contributions could be immediate and could also provide 
meaningful cost savings. 

Evaporative air conditioning can play a 

Although DEC systems are commercially available, unless governments act to support 
and encourage EAC technology it is unlikely that it will achieve the level of market 
success justified by its numerous benefits, even in niche markets, where it already 
enjoys substantial environmental and economic advantages. There are several reasons 
for this pessimistic assessment. 

1 .) Competition. Today, total EAC industry sales are probably around $100 
million and profitability is low due to direct competition for a small total market. 
Meanwhile, the companies in the vapor compression industry include names like 
Westinghouse, United Technology, Carrier, Nippondenso, York, Trane, Fedders, 
Rheem, Thermo King and many other huge firms. EAC companies are simply unable 
to summon the resources to develop, advertise and promote their technology. 

2 . )  Resistance to Change. It is difficult to appreciate the power of tradition and 
inertia, especially when coupled with the power and influence of large companies, that 
continue to promote and foster myths about a/c performance. Many decision-makers 
lack the technical understanding to appropriately compare the merits of refrigerant and 
evaporative systems and thus rely on tradition as the over-riding basis for there 
decisions. 

3 . )  Lack of Exposure and Promotion. In the 1970’s solar energy became a 
household word, even though the technology has never achieved the competitive 
economic advantage that evaporative air conditioning enjoys today. Yet people know 
about solar, while they remain ignorant about EAC technology. Small EAC firms have, 

interest and willingness to help. 
lacked the resources to promote their technology, while government has lacked the I 

4.) Credibility. EAC products lack the credibility of competitive vapor 
compression equipment, because the government has done virtually no testing, 
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It is our sincere hope that the U.S. Department of Energy will recognize the potential 
cost-effective contribution that evaporative air conditioning technology can make to ' reducing ozone depletion and global warming, by eliminating CFC's and cutting energy 
consumption. And since the technology is already feasible, commercial and faces few 

' technical barriers to market expansion, it is hoped that the government will recognize 
this opportunity to advance an environmentally-safe technology with worldwide 
applications and business prospects. 

evaluation, certification or promotion. Meanwhile, the large refrigerant competitors 
have undermined EAC technology as part of the competitive process. So, when Arthur 

what is the result? 
- D. Little says EAC isn't feasible for electric vehicles, and Climatran says it is feasible, 

5 .) No Allies. Alternative fuels development programs have attracted 
considerable attention and major government funding because there are major 
businesses who stand to profit, from oil & gas companies to farmers, to aluminium 
producers. Meanwhile, chemical substitutes to CFCs have enjoyed similar support, 
because the chemical firms are pushing these solutions. The huge and highly profitable 
chemical industry has received more than 100 times more government funding help 
than has the cash-starved, EAC industry. Evaporative air conditioning has no 
influential allies because the technology is simple and fuel efficient. Since there are no 
major beneficiaries there is no push for action and the results have been predictable. 

American companies are in a unique position to maintain a world leadership in 
developing and expanding EAC technology business, especially in developing nations 
where energy is less available and energy costs much higher, yet without government 
help and encouragement U.S. firms will fail to capitalize on these worldwide 
opportunities. 
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BACKGROUND 

ORNL (Oak Ridge National Laboratory) published "Energy and Global Warming 
Impacts of CFC Alternative Technologies" in December, 1991 under sponsorship 
from DOE and AFEAS (Alternative Fluorocarbons Environmental Acceptability 
Study). ARI (Air Conditioning and Refrigeration Institute) member companies 
provided information through ARI to ORNL which supported the calculation of 
TEWI (Total Equivalent Warming Impact) for a variety of refrigerant and vapor 
compression hardware combinations as a function of product cost and efficiency. The 
results of the TEWI analysis for air conditioning equipment showed the indirect 
contribution to global warming via carbon dioxide generation is much larger than the 
direct GWP (Global Warming Potential) of the refrigerant chemicals themselves. 

. 

More recently, ARI has agreed to provide efficiency versus cost data for a wide 
variety of air conditioning products to ASHRAE SSPC90.1, with the data being used 
to justify proposed minimum efficiency levels. Other organizations expressing interest 
in these data include DOE, Lawrence Berkeley Laboratories, and the Canadian 
Bureau of Energy and Mines. Although ARI members have agreed to supply 
cost/performance data that meets the needs of ASHRAE SSPC90.1, care should be 
taken in using the data for longer range comparisons. The relatively narrow range of 
efficiency levels being examined by ASHRAE SSPC90.1 can be modeled with 
relatively simple changes to heat exchanger size and effectiveness, and for the most 
part ignores fundamental improvements in fan, compressor and cycle efficiencies. 

But, if we examine the historical trends in efficiency levels, the impact of technology 
growth on efficiency and cost levels is apparent. 

EFFICIENCY GROWTH 

Consider the following examples which demonstrate the impact of changing 
technology on product efficiency. 

Example 1. The efficiency data for Trane's centrifugal chiller sales (300 tons typical 
size) have been extracted for the last 20 years and plotted in kW/ton versus year as 
shown in Figure 1. The kW/ton data are typical numbers, not extremes, with the 
exception of the last two R-123 data points for 1993, which shows both the typical and 
minimum offered kW/ton values. The efficiency improvement from 1975 to 1980 
stemmed from the 1974 oil embargo/electric price increase and was accomplished 
with improved compressor performance, more effective heat exchangers and a 
multimillion dollar investment. The 1990 data point for R-123 shows the poor results 
obtained by dropping R-123 into an R-11  chiller without modification. The 
subsequent improvements in efficiency for the typical chiller through 1993 resulted 
from compressor optimization for R-123 with relatively small impact on product cost. 
The 1993 data for the "best" efficiency was accomplished by adding heat exchanger 
surface at considerable expense to both Trane and our customers. 

' 

Pushing beyond 0.55 kW/ton toward the practical limit (95% motor, 83% impeller 
adiabatic efficiency, 3 stages, 2 economizers, 3F total approach) by simply adding 
more heat exchanger surface will be expensive, thus prodding us to investigate 
compressor and cycle improvements for which simple cost/efficiency estimates are 
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tenuous at best. So, what’s the point? Product cost versus efficiency has proven to be a 
very complex function over the years, and may be poorly represented by simple 
estimates of efficiency versus heat exchanger size. 

Example 2. Another excellent example of the impact of technology growth on product 
performance is the rise in SEER levels for residential air conditioning products. 
SEER levels for residential air conditioning equipment are plotted versus year in 
Figure 2. The SEER data represent the high end of the product line rather than 
typical, as the high end results from market drivers and not regulated minimums. As 
with centrifugal chillers, the efficiency growth of residential air conditioners has 
resulted from both technology improvements and heat exchanger size increases. The 
technology improvements include: 

compressor efficiency upgrades with more efficient motors, lower parasitic 
pressure drops, and lower running gear losses (Note: These improvements have 
only been accomplished with 100’s of million dollars in investment.), and 

more effective heat transfer surfaces on both refrigerant and air side as evidenced 
by the dramatic rise in the use of internally finned tube and slit fins. 

Variable speed compressors and fans became cost competitive as the SEER’S 
were pushed past 14. 

At the same time, market forces have pushed the industry to implement lower 
cost methods of doing business, from the front office to the manufacturing floor. 
Improvements in development and factory cycle times have significantly reduced 
our cost of doing business. 

1993 will see single speed efficiencies of 15 and variable speed efficiencies of 18. 
The practical limit shown in Figure 2 is for a single speed product with 
compressor adiabatic efficiency of 80%, motor efficiency of 92%, 50F saturated 
suction, 70F return gas, 100F saturated condensing, and 85F liquid temperature, 
and total fan power of 300 watts. 

If we had calculated cost/performance data in 1980 for air conditioning products, 
could we have anticipated the improvements in both technology and business costs? 
Possibly, but probably not very accurately. Any comparison of alternate technologies 
to future cost/performance of vapor compression products is difficult at best. 

WHERE DO WE GO FROM HERE? 

The air conditioning industry is very interested in alternate cycles, as we continually 
look for a technology which may obsolete fluorocarbon vapor compression products. 
Although some alternate cycles appear very promising, they seem to have stayed 
about 10 years from commercial viability over several decades, with the exception of 
absorption and desiccant systems. Part of the challenge for’ proponents of alternate 
cycles is trying to compete against a moving target, as we continue improving the 
efficiency and cost effectiveness of our current vapor compression products through 
the use of new technology. Examples of new or developing technologies include the 
following: 
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Residential air conditioners typically use prop fans in condensing units and FC 
(forward curved blades) fans in the indoor air handlers. Although these are cost 
effective today, pushing SEER'S toward practical efficiency limits may justify the 
use of more expensive vane axial and air foil fans instead. Simple calculations 
suggest we can raise the efficiency of a single speed air conditioner from 15 to 16 
SEER through the use of more efficient and more. expensive fans. 

Water cooled chiller efficiencies are being pushed toward practical limits with 
current refrigerant cycles, so longer term the use of zeotropic blends in place of 
single compound refrigerants such as R22, R123 and R134a may prove cost 
effective. The theoretical efficiency limit for a 30/10/60% blend of R32/125/134a 
is about 20% better than for R22, assuming perfect counterflow and good glide 
matching with the water side. Practical design limitations due to manufacturing, 
service and marketing constraints may limit the use of zeotropic blends, but the 
technical challenges are being tackled due to the impending loss of R22 and the 
calculated efficiency carrot. 

Variable speed technology is becoming more widely used as the demand for 
higher efficiency levels increases. Expect to see this technology applied to a wider 
array of products as the market demands higher efficiency and tighter capacity 
control. 

Scroll and screw compressor designs offer the industry both reliability and 
efficiency improvements. 

Passive composition shifting with zeotropic blends can be a problem, but 
controlled composition shifting may let us optimize the performance of a heat 
pump as the ambient temperatures change and the climate turns from heating to 
cooling mode. This is an old idea, but still an interesting one. 

Heat exchangers with smaller refrigerant side volume are being developed which 
dramatically reduce the mass of refrigerant in the product. Implementation of 
these heat exchangers should further reduce the impact of direct GWP on TEWI. 

Devices which recover some of the lost work of the refrigerant expansion process 
are being pursued at a variety of locations. Examples of these devices include two 
phase ejectors and scroll/screw expanders. The carrot is about 5% in cycle 
efficiency. 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions from this discussion include the following: 

0 The trends in cost/performance ratios of vapor compression products have been 
strongly influenced by improvements in technology and reductions in the cost of 
doing business. Simple engineering models cannot forecast these long term trends 
with any accuracy. Technology changes generally require large sums of money for 
development and implementation costs. 
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Vapor compression systems have not reached their thermodynamic limits in 
performance, and a wide array of feasible concepts for improving their 
performance are being investigated. This technology is not standing still! 

Thus leading to the recommendation that careful thought should be given to the 
methods of comparing the different cooling technologies with an efficiency/global 
warming perspective, especially i f  you attempt to compare the technologies at similar 
cost levels. This analysis should be repeated as often as necessary so the effects of 
unanticipated technology improvements and practical limitations are factored into the 
results. 
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Current State of Development 

Zero ODP refrigerant options for R-12, R-502 and R-22 have been 
identified and are under evaluations (examples with R-502 alternatives 
for commercial refrigeration presented). 

0 
\D ul New synthetic lubricants, such as polyol esters are being developed to 

meet the needs with HFC refrigerants. 

Improvements in energy efficiency are being achieved with reciprocating 
and scroll compressors [see attachment). 



C
-96 



Table I 
RM2 Alternatives 

F 



P s
 E 

t 8 ,Q
 

;
f
:
 

W
 

L
; 8 0 

C-98 



Q E 
O
B
 

3
 

d
 

- 
g

s
 

vi 
!ti 5 

' 
c-99 



COMPRESSOR EFFICIENCIES 

? L O S S E S  + 0 

0 

Motor 

Mechanical 

Leakage 
Thermal 
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CHEER (45'/100') 

\ Flow 
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Technical and Other Issues 

Composition control aspects due to glide of near azeotrope HFC 
refrigerants . 

(? 
0 t3 

New synthetic lubricants (such as polyolester) and issues associated 
with them (such as hygroscopicity, lubricity, solvency characteristics). 

w 

Uncertainty regarding GWP/CO2 related legislations and their impact on 
some HFC-components such as HFCf 25, HFCl43a. 

*sign changes required by higher pressure refrigerants. 



In Conclusion 

Vapor compressSon technology continues to improve in terms of energy 
efficiency (compressor efficiency and system efficiency). 

? Vapor compression technology continues to be the best choice in terms 
of balance between cost, performance and reliability. w 
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Ammoniawater Absorption Systems 

Technolow DescriDtion 

Ammonidwater absorption systems are heat actuated devices which accept heat at high 
and low temperature levels and reject heat at intermediate temperature levels. As a 
closed-cycle, heat-actuated device, amonidwater absorption systems are bounded 
theoretically by dual Carnot limits and cycle stage limits, however, in practice, other 
mechanisms dictate performance levels. The thermodynamics of basic absorption cycles 
are discussed in Chapter 1 of the ASHRAE Fundamentals Volume (1993 edition). This 
paper will only discuss NH3/H2O absorption systems and their application to heat pump, 
air-conditioning, and refiigeration machines. 

The simplest continuously operating two pressure NH3/H2O absorption system consists of 
four components and a solution pump. Analogous to vapor compression systems, the 
NH3/H2O absorption system has an evaporator where liquid NH3 is vaporized and heat is 
added to the cycle, and a condenser where high pressure NH3 vapor is condensed and heat 
is rejected. Instead of being coupled by a compressor, these two components are coupled 
by a generator and absorber. In the generator, NH3 is boiled out of a solution of NH3 and 
H20 by a heat source. The NH3 vapor then goes to the condenser. In the absorber 
component, the low pressure NH3 vapor from the evaporator is absorbed into a solution 
which consists primarily of H20 and a little N H 3  produced in the generator component. 
Once the N H 3  vapor has been absorbed into the liquid phase, this rich liquid (rich in NH3) 
is pumped back to the generator by the solution pump, completing the cycle. 

Single stage NH3/H2O absorption systems are distinguished by the type and quantity of 
heat recuperation within the cycle. The simplest method of heat recuperation is the 
sensible only heat exchange between the weak liquid (weak in NH3), leaving the generator 
and the rich liquid (rich in NH3), leaving the absorber. This cycle is known as the liquid 
heat exchange (LHE) cycle. The amount of sensible heat in' the weak liquid limits the 
quantity of heat which can be transferred. 

The next level of heat recuperation in a single stage NH3/H2O absorption system is known 
as the absorber heat exchange (AHE) cycle. This method of heat recuperation is 
characterized by latent (heat of absorption) to sensible heat exchange. The rich liquid is 
heated by the heat of absorption generated in the absorber component. The sensible heat 
capacity of the rich liquid stream limits the thermal recovery possible in this cycle. 

The final level of heat recuperation (and highest efficiency) available in single stage 
NH3/HzO absorption cycles is known as the generator absorber heat exchange (GAX) 
cycle. In this cycle, heat of absorption is used to supply some of the heat of desorption 
requirements in the generator. In this latent to latent heat transfer, the working fluids 
themselves limit the amount of heat which can be transferred. 
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These three major single stage NH3/H2O absorption cycles are often augmented by other 
smaller heat exchangers within the cycle to reduce irreversibilities in an actual machine. 

More complex NH3/H2O cycles have been proposed, which opens the way toward 
efficiencies greater than those possible with GAX. Discussion of these cycles is beyond 
the scope of this paper. 

Mention should be made of the Platen-Munters NH3/H2O absorption refiigerator cycle. 
This technology uses a non-condensable gas to equalize the pressure between the 
evaporator and condenser and all solution flows are accomplished by bubble pumps and 
gravity flow. The result is a no-moving parts, heat actuated, domestic refiigerator 
product. This is perhaps the most widely used NH3/H2O absorption product in the world 
with more than one million refiigerators built annually for world-wide markets. 

Amlications 

Ammonidwater absorption systems are currently used in residential and light commercial 
air conditioners, domestic type refiigerators, and in large industrial refrigeration 
applications. Ammonidwater GAX cycles currently under development at DOE/ORNL 
and GRI are intended for use as year round heat pumps providing both heating and 
cooling for residential and light commercial applications. This equipment can be 
configured as either single packaged or split systems depending on the market need. The 
performance and efficiency of these systems is such that an ammonidwater GAX heat 
pump will be attractive in substantially all of the domestic (U.S.) unitary W A C  markets. 
The heat pump market is the largest market offering year round benefits to the user. As 
this market matures, other product applications will develop easily from the basic GAX 
technology. These other applications could be cooling only (air conditioner) products, 
heating only products, water heating heat pumps, and refrigeration applications. 

Benefits 

Ammonidwater GAX absorption systems currently under development offer benefits to 
users of the equipment and society as a whole. The use of NH3/H2O completely avoids 
CFC, HCFC, and HFC refiigerants. In a heat pump configuration, an NH3/H2O GAX 
system uses our domestic resource of natural gas in an optimum way by increasing 
summer gas use and decreasing winter gas use, thereby utilizing the installed capital base 
more efficiently. By using primarily natural gas to power the heat pump in the summer, 
the use of the already strained electric generation, transmission and distribution grid 
system will be avoided, offsetting the need for large investments to meet the demand for 
comfort cooling. Conversion to GAX cooling would free up capacity to. meet traditional 
growth requirements and improve electric system load factors (reducing the cost of 
electricity to all customers.) 
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From an equipment users perspective, the NH3/H2O GAX absorption system will provide 
the same heating and cooling functions as existing equipment, but at substantial operating 
cost savings in most parts of the country. As a gas-fired heat pump, its heating efficiency 
exceeds the efficiency of a gas hrnace by 20% to 80%, and in the cooling mode, it avoids 
substantial electric demand charges in many markets. ' 

Conservative target, steady state efficiencies for an ammonidwater GAX heat pump are 
1.4 COP heating (gas-fired) at 47OF ambient and 0.9 COP cooling (gas-fired) at the 
DOEB test conditions. Parasitic power consumption targets for the outdoor package are 
in the range of 150 to 190 watts per ton of refrigeration capacity. 

Technical h u e s  

The technical issues and problems surrounding the development of NH3/H2O absorption 
systems fall into two broad categories. The first category relates to those technical issues 
and problems which surfaced during the introduction and subsequent sales of the 
NH3/H2O air conditioner in the 60's and 70's by Whirlpool, Bryant, and Arkla. Many of 
these problems were never completely resolved and remain issues today. The second 
category of technical issues or problems concerns those associated with the development 
of the next generation NH3/H2O absorption cycle, the GAX cycle. These problems push 
the limits of single stage NH3/H2O cycles into previously unknown territory. Also, the 
heat pump configuration of GAX adds complexity when compared to the simple air- 
conditioner-only application. 

The first category consists of four broad areas of concern: the solution pump, non- 
condensable gas generation, parasitic electric power consumption, and issues relating to 
cost' effective manufacturing techniques and associated quality control. 

iThe solution pump has been an area of particular difficulty because of the lack of a 
lubricant in NH3/H2O systems and the need for long life and low cost. Early pumps were 
of the positive displacement type; either diaphragm or piston. Reliability problems with 
some pump designs caused field problems with the air conditioner product. Non- 
condensable gas generation in the absorption sealed system can lead to reduced capacity 
and may indicate corrosion of metal. Technical issues relating to non-condensable gas 
generation are fired-vessel design, material preparation techniques and inhibitor levels, and 
the use of aluminum in evaporators. Parasitic electric power consumption of the gas-fired 
NH3/H2O absorption system has become even more important with the historic narrowing 
of electric and gas rates and widespread implementation of electric demand and seasonal 
charges. This issue is addressed through efficiency improvements in air moving and 
pumping of fluids. The final topic in this first category concerns cost effective 
manufacturing techniques and' association quality issues. This encompasses welding and 

- brazing methods for mild steel sealed systems, manufacturing process sensitivity, and raw 
material specifications. Appropriate factory-floor quality measures must be developed and 
integrated throughout the manufacturing process. 
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The second major category of technical issues and problems relates specifically to the 
development of the next generation NH3/H2O absorption cycle, the GAX cycle. The 
most important issue facing GAX is the development of cost-effective simultaneous heat 
and mass transfer surfaces for use in the absorber and generator. These specialized heat 
and mass exchangers are required to maintain the desired temperature and concentration 
profiles for achieving full performance from the sealed system. With the advent of more 
strict environmental laws, the use of chromate compounds as corrosion inhibitors will not 
be acceptable. Work is underway at DOE and GRI to find suitable replacements for 
chromates in NH3/H2O absorption systems. Since the use of the GAX cycle removes one 
degree of freedom from the operation of the hardware, control and control related issues 
become significant. Control methods and control points within the sealed system need to 
be addressed for optimum steady state and seasonal performance. 

.. 

In the United States, both GRI and DOE have comprehensive programs in place which 
relate to all the above technical issues and problems. World-wide there is also on-going 
work in many of these areas. 

Economics 

A residential product application of an ammonidwater GAX heat pump cycle has been 
costed from a manufacturing perspective in several studies. This 3-ton absorption heat 
pump was designed by Phillips Engineering with DOE support. An independent company 
developed factory costs for the outdoor package for a production level of 50,000 units per 
year. The estimated base factory cost for the outdoor GAX system was $890.00 10% 
(1985 dollars). To these costs would be added the cost of the distribution chain and other 
corporate costs, as well as an indoor blower and coil with miscellaneous minor parts. The 
customer would also pay for an installation charge which can be highly variable. The total 
installed cost for the system might range from $3,200 to $3,800. This, of course is 
dependent on reaching the costlcapacity targets for the absorption sealed system and 
developing the appropriate, cost effective manufacturing processes. 

In this application, the most widely used competing system that performs the same 
fknction is a gas hrnace and split system electric air conditioner. If these cost projections 
hold true, then there would be no first cost premium of the GAX system when compared 
to the conventional alternative in most areas. Any increase in the cost of a GAX machine 
over the conventional alternative would confront consumers with a first-cost investment to 
be recovered in operating savings. 
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Technolow Outlook 

In terms of the status of NH3/H2O absorption technology as represented by GAX cycle 
and hardware development, Phillips Engineering, supported by DOE, currently leads with 
a number of operating packaged prototype heat pumps under test both in its own labs and 
in those of a major manufacturer. Other approaches to NH3/H2O GAX are under 
development in the U.S. by GRI, in Japan with MITI support, and in Europe. In an 
optimistic scenario, the f i l l  scale participation of a major W A C  manufacturer could cause 
an NH3/H2O GAX heat pump product to enter the U.S. market as early as 1996. A more 
realistic U.S. date might be 1998 market entry with more rapid scale up of a filly 
developed product. 

Market penetration in the U.S. will be a direct hnction of product installed cost. At 
equivalent cost to existing fimace/air conditioner combinations market shares can be 
expected in the double digits of the residentiaVcommercia1 unitary market. Significant first 
cost premiums in the absence of rebates or other incentives would significantly reduce 
market share and slow product introduction. ' However, environmental or other regulatory 
market dislocations may accelerate the market penetration of a GAX product in spite of 
first cost premiums. Worldwide markets, especially in Japan and the Pacific Rim are 
expected to be substantial. 
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Lithium Bromide Absorption Chillers 

Backaround 

Absorption chillers using lithium bromide as the absorbent and 
water as the refrigerant have been in use for many years. Such 
chillers are classified as single effect or double effect. 
Absorption chillers are heat driven and are classified by heat 
source as direct-fired, steam-fed, or heat recovery. They compete 
in the same market with electrically driven vapor compression 
equipment. The economics of absorption versus vapor compression is 
heavily influenced by fuel costs, utility rate structures, and 
incentives. This has led to an up and down market for these 
chillers. 

Single effect chillers enjoyed a favorable market share in the US 
until the early 1970's. The advent of fuel shortages and higher 
fuel costs led to a decline in the absorption chiller market share 
in the US. Introduction of a steam fed double effect machine in 
the US by one manufacturer (Trane) was not enough to prevent this 
decline. Product development by chiller manufacturers in the US 
came to a standstill. 

In contrast, different economic conditions led to continued 
development of absorption technology in Japan. Absorption chillers 
enjoyed an increasing market share. New, double effect direct- 
fired and steam-fed chillers were developed and improved upon by 
several Japanese manufacturers. In the late 1970ts, one 
manufacturer, Hitachi, began exporting their double effect chillers 
to the US. Throughout most of the 1980ts, the absorption chiller 
market in the US remained small. 

Towards the end of the 1980's, this situation began to change, and 
ab'sorption chillers have enjoyed a resurgence. Limited electrical 
power generating capability during summer peak load conditions is 
one important factor. The cost of providingtransmission lines and 
equipment can also be a factor, as in New York City for example. 

In 1992, York International began to produce double effect direct- 
fired and steam-fed chillers under license from Hitachi. Other US 
manufacturers began to sell double effect machines, produced in 
Japan. With this resurgence has come an increased awareness for 
the need to improve the state of the art in this technology. It is 
anticipated that these improvements will take several forms. 

Improvements can be made to single and double effect machines. 
These improvements will result in lower manufactured costs or 
improved performance. Triple effect machines have been proposed to 
permit heat input at higher temperatures, and consequently, higher 
COPS. Consequently, the global warming impact will be influenced 
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- by these developments. 

Technolo-cw DescriDtion - Present Technolosv 
The single effect machine represents the simplest cycle. The 
attached figure shows such a cycle. A mixture of lithium bromide 
and water is circulated from the absorber, through the heat 
exchanger, to the generator, back to the heat exchanger and to the 
absorber. Circulation of solution is accomplished via a pump. 
Heat input to solution in the generator causes the solution to 
become more concentrated and consequently, increases its ability to 
absorb refrigerant. The water which was vaporized in the generator 
is condensed in the condenser. The condensed liquid flashes in the 
lower pressure evaporator, where it is sprayed over the evaporator 
tubes. Heat input from the chilled water evaporates the 
refrigerant, which is absorbed by solution in the absorber. 

Cycle temperatures and pressures are dictated by equilibrium 
properties of the lithium bromide water mixture. System pressures 
are very low - on the order of 60 mmHg absolute in the condenser 
and 6 mmHg absolute in the evaporator. The maximum solution 
concentration is limited by lithium bromide solubility and a need 
to avoid crystallization at high concentrations. As a result, heat 
input for single effect machines is typically below 2 4 0  F. Most 
equipment is steam fed, requiring low pressure (less than 15 psig) 
steam. Hot water or other low grade waste heat sources can also be 
used. COPs for steam units typically peak around .7. 

Double effect machines have two generators. Heat input into the 
system occurs in the high temperature generator. Vapor is 
generated from solution in the high temperature generator at a 
pressure of about 12 psia. This vapor is the heat source for the 
low temperature generator, in which solution is concentrated and 
refrigerant boiled off. The refrigerant vapor from both generators 
is condensed and goes to the evaporator, where the useful cooling 
occurs. The double effect machine is very much like the single 
effect machine, except that refrigerant is generated in both a low 
and high temperature generator. 

Solution,flow to the generators can be either in series (i.e. to 
the high temperature generator followed by the low temperature 
generator) or in parallel (i.e. flow is divided between the high 
temperature and low temperature generators). In each case, two or 
more solution heat exchangers are typically used. 

Direct-fired units are the most common type with the fuel typically 
being natural gas. Steam-fed units require a steam temperature on 
the order of 350 F, resulting in steam pressures of about 115 psig. 
Heat recovery applications are possible, although not common. COPs  
for direct-fired chillers are on the order of 1.0. Steam units 
with COPs of 1.2 are widely available. The lower COPs for the 
direct-fired units reflect the inefficiency of the combustion 
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process. A side benefit of direct-fired chillers is an ability to 
simultaneously provide hot water - a benefit which often negates 
the need for a separate boiler. 

Technolosv Description - New Technolosv 
Improvements to existing single and double effect products can be 
expected to improve the product cost and/or performance of those 
products. For example, recent chiller designs have incorporated 
electronic control panels for improved chiller control. 

Because of their lower COPS, absorption chillers require greater 
heat rejection than vapor compression equipment. Some newer 
chillers help with that situation by permitting the same cooling 
tower water flow (i.e. 3 GPM/Ton) as vapor compression equipment. 

The size and cost of these products is largely a function of the 
amount of heat exchange surface required, which is often several 
times the amount of surface required for an equivalent capacity 
vapor compression chiller. Improvements to the design of heat 
exhangers and application of improved tube geometries has the 
potential for cost reduction. 

If the limits imposed by the crystallization issue can be overcome, 
the potential exists for cycle improvements by operation at higher 
solution concentrations. The use of organic crystallization 
inhibitors has been proposed and is being evaluated for use with 
single and double effect machines. Development work, sponsored by 
GRI, indicates that improvements in chiller capacity or COP may be 
possible with some chiller modifications. 

, 

The most significant improvements in COP would come from cycles 
which allow heat input at higher temperatures than present double 
effect 'machines. Triple effect machines offer such potential. A 
triple effect cycle is one which takes in a unit of heat at high 
temperature to evaporate a unit of refrigerant from a weak (in 
absorbent) solution, rejecting the heat at lower temperature (s) 
and reusing it to boil off two additional increments of 
refrigerant. A wide range of lithium bromide based triple effect 
machines have been and continue to be proposed. 

Some of those cycles involve use of a double loop, in which case 
the lower loop typically uses lithium bromide and the upper loop 
uses some other fluid. Some form of heat exchange exists between 
the upper and lower loops. 

Other versions involve use of lithium bromide only. Many versions 
are possible, involving various methods for heat exchange between 
different components at different temperature levels. 

For a specific cycle, the maximum full load COP depends on many 
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-factors such as the heat exchange efficiency and the maximum 
operating temperature. Assuming Ipracticall amounts of heat 
exchange surface and 'reasonable' maximum operating temperatures, 
various researchers have claimed full load COPs from under 1.3 to 
over 1.8. Whether or not machines with COPs over 1.8 are practical 
remains to be seen as several obstacles to their construction 
exist. These COPs do not account for combustion losses in the case 
of direct fired equipment. 

Application, Benefits, & Economics 

Absorption water chillers are sold in the US in capacities from 100 
to 1500 Tons. All have water cooled absorber/condensers. The 
principal competition for absorption chillers is electrically 
driven vapor compression equipment. The decision as to which 
product to use is generally made based on life cycle costs. Since 
absorption chillers have higher first costs, significant operating 
cost savings or other incentives are required to justify their 
purchase. In some cases, utilities offer significant rebates 
towards the purchase of gas or steam driven equipment in order to 
reduce peak summer electrical demand. 

Single effect absorption chillers are the only technology available 
for producing chilled water from low temperature (i.e. 190 to 240 
F) waste heat sources. Nearly all new applications for single 
effect chillers involve use of waste heat so that operating costs 
for such applications are low. Two general sources of waste heat 
are process industries (e.g. oil refineries and paper mills) and 
electric generation plants (e.g. extraction steam off steam 
turbines). Chilled water generated from such applications is used 
for either comfort cooling, process cooling, or, in the case of 
electric generation, gas turbine inlet air cooling. Process 
applications are limited to those requiring chilled water 
temperatures of 40 - 42 F or above. 
Double effect machines represent the most efficient, commercially 
available absorption technology. Because they require a higher 
temperature heat source, applications for waste heat recovery are 
not common. As stated above, the economics for double effect 
machines are determined by life cycle costing. As a rough guide, 
double effect chillers sell for a 250 $/Ton premium over electrical 
chillers with COPs of 5.75 or better. Natural gas costs tend to be 
uniform nationwide. Consequently, the incremental cost of 
electricity for the locality in question is a key factor in the 
life cycle costing. The incremental cost can be determined by 
evaluating the cases with and without electrically driven chillers 
and is a function of demand charges. The majority of units do not 
run as peaking duty units, but are also used for base load duty. 

The economics for new technologies would be no different. For 
.. 
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single or double effect machines, performance and cost improvements 
will provide lower life cycle costs. For triple effect machines, 
the two key unknowns are the cost premium for such machines and 
COP. Once known, the economics of these machines versus 
electrically driven or double effect absorption equipment can be 
determined. 

Technical Issues 

The variety of new technologies proposed for lithium bromide 
absorption chillers raises a variety of technical issues. Since 
the direction and status of development work by manufacturers is 
generally confidential, discussion of technical issues is limited. 

Improvements in product costs are possible as older chiller designs 
come under competitive cost pressures. Improved product packaging 
offers one possibility. Improvements in the design of heat 
transfer surfaces require a fundamental understanding of the heat 
exchange process combined with experience in the manufacture of 
cost effective heat transfer surfaces. In the case of absorber 
design, experience has shown that use of a heat/mass transfer 
additive is required in order to be cost effective. 

Evaluation of crystallization inhibitors involves several steps. 
First is a systematic review of potential candidates in terms of 
impact on system performance and compatibility with existing 
chillers. Thermodynamic and thermophysical property data are 
required by the designer. The impact of property changes on the 
design of individual chiller components needs to be evaluated. The 
potential for chemical interaction with corrosion inhibitors and 
heat transfer additives needs to be considered. Construction of a 
functional chiller is required to prove out design details. 

Development of a triple effect machine represents a more 
significant advance in technology than any of the above changes. 
Identification of technical issues depends on the cycle chosen and, 
as stated above, there are many cycle possibilities. None-the- 
less, some general statements can be made. Operation at higher 
temperatures raises concerns about chemical reactions which occur 
at accelerated rates at higher temperatures. The corrosive nature 
of lithium bromide solution is enhanced by operation at higher 
temperatures. If alternate fluids are used, as in dual loop 
cycles, chemical reactions in the presence of those fluids must be 
considered. Corrosion resistant materials may be required. The 
ability of heat/mass transfer additives to survive higher 
temperatures is a concern. Equipment must be capable of operating 
efficiently at part load conditions and be able to go to standby 
conditions without crystallizing. Thermodynamic and thermophysical 
property data are required. For lithium bromide, this means data 
at higher temperatures and pressures than is presently available. 
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Technolow Outlook 

Improvements in the design of single and double effect chillers 
will continue as competition forces manufacturers to reduce cost 
and improve performance. Improvement in COP for such chillers is 
possible, but limited. Substantial improvements in COP require use 
of systems, such as the triple effect cycles, which allow for heat 
input at higher temperatures and effective internal heat exchange. 
A variety of triple effect cycles are possible. Different costs 
and different COPS are to be expected with each version. The 
practicality of such equipment will ultimately be decided by an 
ability to demonstrate reduced life cycle costs versus other 
commercially available equipment. 
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VAPOR COMPRESSION CYCLE WITH SOLUTION CIRCUIT 

Eckhard Groll, Reinhard Radermacher 
University of Maryland 

CEEE - Center for Environmental Energy Engineering 
College Park, MD 20742-3035 

1. Technical Description 

The principle of vapor compression cycles with solution circuits (VCCSC) has been known in 

the literature for about 100 years [l]. - The first theoretical investigations were carried out by 

Altenkirch [2,3] and indicated a large energy savings potential. Based on this potential and the 

additional need to replace the ozone depleting CFCs, the research activities toward the VCCSC 

have increased rapidly during the last 10 to 15 years and several different experimental plants 

were build [4,:.,16]. 

The VCCSC is a vapor compression cycle, which employs a working fluid mixture 

consisting of a refrigerant and an absorbent, which are characterized by a large boiling point 

difference. The evaporation of the mixtures is not complete so that the fluid leaving the 

desorber (comparable to the evaporator in a compression cycle) is a vapodliquid mixture. Vapor 

and liquid are usually separated at the desorber outlet. While the vapor proceeds to the 

mechanically driven compressor, the liquid is recirculated to the absorber (comparable to the 

condenser in a compression cycle) with a solution pump in a separate liquid line. Both, vapor 

and liquid meet again at the inlet of the absorber. Since there are two liquid streams available, 

one from the absorber to the expansion valve, and the other from the solution pump to the 

absorber, it is advisable to bring them into heat exchange for better performance of the cycle. 

Figure 1 shows the schematic of such a cycle in a pressure-temperature-diagram so that the 

relative location of the heat exchangers is indicative of the temperature and pressure levels. 
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Possible variations of this cycle have been discussed by Alefeld [17]. 

There are two major differences between the conventional compression cycle and the 

VCCSC employed here. The first is the usage of a mixture of working fluids instead of a pure 

fluid. The second is that the mixture does not evaporate completely. Rather, a two-phase 

mixture is leaving the evaporator. By introducing a working fluid mixture two important 

features are accomplished: 

First, although desorption and absorption occur at constant pressures, the saturation 

temperatures are no longer constant but vary with the composition changes of the liquid and the 

vapor phases which occur during the phase change processes. This results in the so-called 

'gliding temperature intervals'. These temperature glides can be adjusted over a wide range or, 

if desired, eliminated almost completely. 

Second, a change in the overall concentration of the mixture circulating through the cycle 

results in a change of the vapor pressures and densities at a given temperature and therefore in 

a change of the capacity of the entire unit. Both of these features, gliding temperatures and 

capacity control by means of concentration change can be used to increase the overall COP , 
I 

compared to conventional compression systems. 

So far, two modifications of the VCCSC have been discussed in the literature. First, the 

introduction of two stage solution circuit, as shown in Figure 2. This can lead to a reduction 

of the pressure ratio of up to 45 % compared to the pressure ratio of cycles with pure refrigerants 

for a given temperature lift [13]. With this technique a single stage compressor can achieve a 

major increase in temperature lift and/or a reciprocating compressor can operate at higher 

volumetric efficiencies. 

Second, the modification of the VCCSC featuring a desorbedabsorber heat exchange, as 
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shown in Figure 3. In this case, the gliding temperature intervals in the desorber and the 

absorber overlap, Le. the highest desorption temperature becomes higher than the lowest 

absorption temperature, and a portion of the absorber is able to supply heat to a part of the 

desorber. This results in an even further reduction of the pressure ratio than obtained with the 

cycle with the two-stage solution circuit [16]. However, in all cases any decrease in pressure 

ratio is traded in for an increase in mass flow rate through the compressor as required by 

thermodynamics [ 181. 

2. Application 

The most important feature of VCCSCs with regard to applications is the enormous flexibility. 

Further, applications are highly dependent on the mixture used in the cycle, the cycle 

configuration and the desired and available temperature levels. Examples for likely applications 

are: 

High temperature heat pumps, 
High temperature lift heat pumps, 
Combined heating and cooling/refrigeration , 
Commercial/industrial heating and/or cooling, 
Dehumidification, 
Solvent recovery, 
Food processing and 
Process industry. 

Other applications will become obvious as more information about the VCCSC and their 

potential becomes available. 

3. Benefits 

The main benefits are energy efficiency and the high degree of flexibility. In particular, the 
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following d’ekkfits are impbitant: . ’ 

Adjustable temperature glide, 
Energy efficiency, 
Low, adjustable overall pressure levels, ’ 

Very low pressure ratios are possible (50% or less of what is commonly expected), 
Use at temperature levels beyond critical temperature of refrigerant and at low pressures, 
Capacity control by changing concentration. 

4. Technical Issues 

The following technical issue have to be addressed: 

Cycle Selection and Integration: A large number of cycles is known, however, the feasibility 
, r  

and applicability of these cycles has not been assessed at all. While VCCSCs usually tend to 

become rather complex configurations, there are options to reduce the complexity considerably 

for special applications. Many of those are only at the beginning of being explored. Further, 

certain cycle selections offer the opportunity for alternative and possible more beneficial system 

integration. These options have not been considered so far. Another possibility is the 

cogeneration of power and/or heating and/or refrigeration. System integration with absorption 

heat pumps and with chemical processes in the chemical,industry is yet another opportunity. 

Controls: Only a rather limited number of experiments has been conducted with VCCSCs. In 

those rather simple systems, control issues did not turn out to be a major concern. However, 

with new system integration concepts, cycle options and real life applications control issues have 

to be addressed. 

~ Component Selection: Such questions as oil-free, oil-lubricated or solution-lubricated 

d ,  . 

. >  . .  

compressors, pump design and flow rate optimization, heat exchanger technology and allocation 

of heat transfer area have to be addressed. 

Design Tools: In order to facilitate the use of this newly discovered technology, comprehensive 
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design tools have to be provided in the form of verified simulation models. These models have 

to be written and tested on suitably designed hardware. 

Economics: For specific applications it is necessary to work out detailed costlbenefit analyses 

that are also compared to alternative technologies. 

5. Economics 

Not much work was done in terms of economic analyses especially on a first cost basis. 

Estimates of the operating cost, however, indicate that the VCCSCs have great potential in large 

temperature lift applications, industrial applications and wherever conventional technology 

reaches its limits. It is anticipated that certain VCCSC systems can potentially outperform 

conventional technology. Even in conventional HVAC applications VCCSC can provide 

interesting design options especially in conjunction with new components such as ’new’ rotary 

compressor technology. 

6. Technology Outlook 

VCCSCs represent a ’young’ technology that is only at the beginning of being explored. Due 

to the large number of cycles, many design options become available and a wide variety of 

possibilities for system integration. 

It is anticipated that this technology will first be used in custom designed applications and 

large systems. Also for those applications where conventional technology reaches its limits 

(temperature range, pressure ratio, pressure ranges) are likely areas for VCCSC to succeed. As 

experience is gained, it is possible that the applications reach as far heating and air-conditioning. 

At this point it is difficult to provide a more reliable assessment of the performance potential. 
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Figure 2: Vapor Compression Cycle with two-stage Solution Circuit 
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Figure 3: Vapor Compression Cycle with Solution Circuit and 
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Liquid Desiccant Air Conditioners: 
An Attractive Alternative to Vapor-Compression Systems 

Andrew Lowenstein, W.D. 
AIL Research, Inc. 

Princeton, NJ 

1.0 Introduction 

The 1990s are a challenging decade for the HVAC industry. The need for ever more efficient 
heating, cooling, ventilation and dehumidification technologies is more urgent today than 
during the "Energy Crisis" of 1970s--energy resources are more depleted and the energy 
demands of a growing global population continue to increase. 

. However, the development of more efficient HVAC technologies is much' more constrained 
now than it was twenty years ago. CFCs and HCFCs are no longer available. C q  emissions 
should be curtailed as a prudent response to potential global warming. Ventilation rates to 
buildings must be increased to insure occupants a healthy indoor environment. The relative 
humidity within a building's HVAC system must be kept sufficiently low to inhibit the growth 
of microorganisms that can cause disease and other health problems. And, in some parts of 
the country, electric utilities are having trouble serving their peak air conditioning loads. 

While it is unlikely that a single cooling and dehumidification technology will emerge as the 
preferred alternative to today's CFC/HCFC systems in all applications, liquid desiccant air 
conditioners are unique in their ability to provide high efficiency cooling while addressing all 
of the proceeding problems. 

2.0 The Operation of a Liquid-Desiccant Air Conditioner 

A desiccant air conditioner can be viewed as an indirect evaporative cooler that has been 
modified to operate at humid outdoor conditions. This enhanced function comes at a price, 
however--thermal energy must be supplied to the system. 

Compared to an indirect evaporative cooler, the desiccant air conditioner performs two addi- 
tional processes: dehumidification of the process air and regeneration of the desiccant. Dehu- 
midification is naturally provided by the desiccant, which by definition is a material that has a 
high affinity for water vapor. Regeneration is done by heating the desiccant to drive off the 
water that was absorbed in dehumidifying the process air. 

When air is brought in contact with a liquid desiccant and the two components come to equilib- 
rium, the partial pressure of the water vapor in the air will be a function of the temperature 
and concentration of the desiccant. This pressure is referred to as the desiccant's equilibrium 

1 
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vapor pressure. If the system is perturbed, water will flow from the component with the 
higher characteristic vapor pressure, Le., air will be dried if its partial pressure of water vapor 
is higher than the desiccant's equilibrium vapor pressure. 

As a desiccant absorbs water, heat is released. The source of most of this heat is the latent 
heat of condensation for the water vapor, which is converting from a gaseous state to a con- 
densed state on or in the desiccant. Additional heat is released because the water vapor is 
forming weak bonds with the desiccant. This heat is typically an order of magnitude less than 
the heat of condensation. 

On a psychrometric chart, an adiabatic dehumidification process is essentially the opposite of 
direct evaporative cooling. As shown on Figure 1, humid air at ARI outdoor conditions (point 
A; 95"F/0.0142) emerges from an adiabatic desiccant absorber at lower humidity and higher 
temperature (point B; lll°F/O.O1lO). The process line A-B diverges slightly from a constant- 
enthalpy line on the psychrometric chart; the air at point B has a higher enthalpy due to the 
heat that is released and gained by the air as the water bonds with the desiccant. 

A liquid desiccant of fixed concentration will be in equilibrium with air at roughly a constant 
relative humidity over a 70°F to 120°F range. For a 40% solution of lithium chloride by 
weight, this equilibrium relative humidity will be approximately 19%. Point B on Figure 1, 
which is at a 19% rh, is the state that air at ARI outdoor conditions will approach in an adia- 
batic liquid-desiccant absorber that operates with a 40% lithium chloride solution. 

By analogy with adiabatic evaporative cooling--which to a close approximation will reduce the 
temperature of air towards its wet-bulb--air that is dried in an adiabatic liquid-desiccant absorb- 
er will approach its "brine bulb" temperature. This brine-bulb temperature is a unique func- 
tion of the initial state of the air, the type of liquid desiccant and its concentration. 

The brine-bulb temperature is the driving potential for heat exchange in a liquid-desiccant air 
conditioner. Since it can be much higher than the initial dry-bulb temperature of the air, the 
liquid-desiccant air conditioner will have several advantages over an indirect evaporative 
cooler. The most important of these are (1) its heat exchanger can be smaller and the volume 
of air processed can be less for the same cooling effect, and (2) it can provide cooling under 
conditions where the indirect evaporative cooler cannot operate. 

A complete liquid-desiccant air conditioner is shown in Figure 2. The system has three major 
components: (1) an absorber, which dries and cools the process air, (2) a regenerator, which 
removes water from the weak desiccant leaving the absorber, and (3) an interchange heat 
exchanger, which recovers heat from the hot, concentrated desiccant leaving the regenerator 
for preheating the weak desiccant. 

The simplest configuration for the liquid-desiccant absorber, which is the one shown in Fig- 
ure 2, uses a spray tower filled with porous contact media for conditioning the process air and 
a separate desiccant cooler for rejecting heat to the ambient. The cool liquid desiccant is 
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sprayed over the porous bed--which is also referred to as a packed bed--within the absorber. .- 

As it trickles down it comes in contact with the upwardly flowing process air. The process air - 

leaves the absorber drier and with a lower enthalpy. The warmer and weaker liquid desiccant 
in the sump is recirculated through the desiccant cooler, which in this figure is shown as a heat 
exchanger with cooling-tower water flowing through one side. 

A small flow of desiccant is diverted to the regenerator so that water can be removed from the 
system. In Figure 2, the regenerator is also shown as a spray tower filled with contact-media. 
Here, however, the desiccant is first heated before it is sprayed onto the packed bed. A 
scavenging air stream flows through the bed, picks up the excess water, and carries it out to 
ambient. 

- 

3.0 The Coefficient of Performance of a Liquid-Desiccant Air Conditioner ~ 

In very dry climates such as the southwestern U.S., the outdoor air can have a relative humidi- 
ty and wet-bulb temperature that are sufficiently low to drive a liquid-desiccant air conditioner 
without additional thermal input. In this case, the thermal COP of the system is infinite (as it 
would be for an indirect evaporative cooler). 

3.1 Regenerators for a Liquid-Desiccant Air Conditioner 

The preceding situation, however, is very limited, and it provides little insight into the effi- 
ciency gains and limitations of a liquid-desiccant air conditioner. A more useful case is one in 
which the absorber provides only latent cooling (i.e., the dry-bulb temperature of the air 
leaving the absorber is the same as that entering) and the regeneratof dws not rely on the 
relative humidity of the ambient air. The simplest form of this regenerator would be an atmo- 
spheric-pressure boiler in which the steam that is produced is vented to the outside. 

The ideal thermal COP of this liquid-desiccant air conditioner would be approximately one. 
This is because the cooling effect, which is the latent heat of condensation for the water that is 
removed from the process air, is essentially equal to the heat that must be supplied to remove 
the water from the desiccant. However, the COP of a practical system that uses lithium 
chloride would be closer to 0.57 at ARI conditions assuming a 72% effective interchange heat 
exchanger, an 80% efficient natural-gas burner firing an atmospheric-pressure boiler, a 38% 
absorber spray concentration and a 4 percentage point concentration difference between the 
weak and strong desiccant streams into and out of the boiler. 

The burner flue losses and the energy needed to heat the desiccant up to the.operating tempera- 
ture of the boiler are the two major effects that degrade the COP. Although both can be 
reduced by using more efficient components, cost presents a practical limit to this approach. 

A moderate improvement in COP, on the order of 25%, can be achieved by reducing the flow 
rate of desiccant that is exchanged between the absorber and the regenerator. The advanced 
absorbers described in Section 3.2 exploit this effect. 

C-135 



A much more dramatic improvement in COP can be achieved if the energy in the steam that 
leaves the regeneratodboiler can be used to regenerate additional desiccant. This is the ap- 
proach taken in regenerators that use either a multiple-effect boiler or a vapor-compression 
distillation (VCD) system. 

As shown in Figure 3, a double-effect boiler has a low and a high pressure vessel. Thermal 
energy from the primary fuel heats only the desiccant in the high-pressure stage, driving off 
water as superheated steam. This steam flows to a heat exchanger that is in contact with the 
desiccant in the low-pressure stage. Since the saturation temperature of the high-pressure 
steam is higher than the boiling point of the desiccant in the low-pressure stage, the steam will 
condense, its latent heat becoming the thermal energy for boiling desiccant in the low-pressure 
stage. 

A lithium-chloride air conditioner that has a COP of 0.61 with a boiler that operates at a 100°F 
steamxituration temperature will have a COP of 1.09 with a double-effect boiler. Triple- 
effect and higher boilers are possible in theory, but each additional effect must operate at a 
significantly higher temperature. If one could design a reliable triple-effect boiler for this 
system, its COP would increase to 1.36. 

The temperature rise associated with each additional effect is comparable to the boiling point 
elevation of the desiccant. As an example, a 40% lithium chloride solution will boil under 
atmospheric pressure at 278°F. Since the atmospheric-pressure steam that evolves has a satura- 
tion temperature of 212"F, the solutions boiling point elevation is 66°F. If one starts with 85°F 
water from ,a cooling tower as a heat sink and allows a 15°F temperature drop across each 
condenser that transfers heat to the next lower stage, then a double-effect boiler working with 
40% lithium chloride will operate at 247°F; and, the third stage of a triple-effect boiler will 
operate at 328°F. (For comparison, a 62% lithium bromide solution, which could be used in an 
absorption chiller, has a 110°F boiling point elevation. A double-effect boiler for this solution 
would operate at over 300°F.) 

A second approach to recovering the latent energy in the steam from a boilerhegenerator is to 
use vapor-compression distillation (VCD)--a technology that is used in water desalination. In 
a VCD regenerator, steam from a boiler is mechanically compressed so that its saturation 
pressure is higher than the boiling point of the desiccant in the boiler. Once again, the latent 
heat of the steam can be used to boil additional desiccant by condensing the steam in a heat 
exchanger that is in contact with the desiccant. 

A VCD regenerator would be most attractive for a natural-gas liquid-desiccant air conditioner. 
For this system, a natural-gas engine would drive the compressor, and waste heat from the 
engine would be used by the boiler. The liquid-desiccant air conditioner that was just studied 
withthe multiple-effect regenerator would have an ARI COP of 1.32 with a VCD regenerator. 

* Advanced regenerators for liquid-desiccant air conditioners are discussed in more detail in 
Reference 1. . 
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3.2 Absorbers for a Liquid-Desiccant Air Conditioner 

The absorber shown in Figure 2 cools the desiccant before it comes in contact with the process 
air. In this approach the flow of desiccant must be sufficiently high to prevent the desiccant's 
temperature from rising too quickly towards the brine-bulb temperature, since this would 
greatly limit dehumidification within the absorber. Desiccant flow rates on the order of 0.5 to 
1.0 gpm per 100 cfm of air are typical in packed-bed absorbers. 

A second type of absorber combines cooling and dehumidification within the absorber bed. In 
this internally-cooled absorber, the contact media over which the desiccant and process air flow 
is the surface of a heat exchanger that has coolant flowing within it. Although refrigerant from 
an electric vapor-compression system can be used to cool this absorbe8, a liquid-desiccant air 
conditioner driven almost totally by thermal sources would use either chilled water from a 
cooling tower or evaporatively cooled air. 

An internally-cooled absorber that uses evaporatively cooled air is shown in Figure 4. This 
absorber is similar to a parallel-plate heat exchanger. Process air flows through one set of 
passages where it comes in contact with liquid desiccant that is flowing down the heat exchang- 
er's walls. The heat that is released as the air is dried is transferred directly across the walls 
to the cooling air. On the cooling side, water is sprayed or dripped onto the walls so that the 
cooling air is maintained at close to the wet-bulb temperature. 

A significant advantage of the internally-cooled absorber is that it no longer relies on the 
"thermal inertia" of the desiccant flow to keep the desiccant cool. In principle, desiccant flows 
can be more than an order of magnitude less than those now used in packed-bed absorbers. 
This will permit the absorber to operate with a significant desiccant concentration change 
across it. Whereas the desiccant flowing through a packed-bed absorber will change concen- 
tration by less than 1 point, the concentration change for an internally-cooled absorber with 
reduced desiccant flow will be between 3 and 6 points. 

This larger concentration change can be exploited to improve the COP of the liquid-desiccant 
air conditioner. As noted earlier, the energy needed to preheat the weak desiccant up to the 
temperature of the regenerator is one of two major losses for the system; it typically will be 
30% of the energy needed to regenerate the desiccant in an atmospheric-pressure single-effect 
boiler. This loss can be reduced by decreasing the flow of desiccant to the'regenerator. 

But, the amount of water removed by the regenerator is proportional to both the flow of desic- 
cant and the difference in concentration between the weak and strong streams. Since the 
regenerator's water removal rate must equal the water gained in the absorber, a decrease in the 
desiccant flow to the regenerator is permitted only if the concentration difference between the 
weak and strong streams increases. This can happen if the very weak desiccant leaving an 
internally-cooled absorber is sent to the regenerator. The resulting improvement in COP can 
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be between 25% and 35%. 
more detail. 

4.0 Benefits of Liquid-Desiccant Air Conditioners 

Reference 3 describes advanced liquid-desiccant absorbers in 

The liquid-desiccant air conditioner is unique among alternative air cooling technologies in that 
it addresses all six of the critical issues noted in the Introduction. I 

4.1 Conservation of Energy Resources and Low CO, Emissions 

With advanced regenerators and absorbers, a liquid-desiccant air conditioner can have an ARI 
COP of between 1.3 and 1.7. 

Furthermore, the seasonal COP of a liquid-desiccant air conditioner can be still higher. The 
preceding COPS are for ARI conditions which have a 75°F outdoor wet-bulb temperature. 
However, like all evaporative cooling systems, the performance of a liquid-desiccant air condi- 
tioner will improve as the outdoor wet-bulb temperature decreases. 

Figure 5 shows the performance of a liquid-desiccant air conditioner with an internally-cooled 
absorber and a double-effect regenerator at different outdoor wet-bulb temperatures. The 
curve labeled "38% spray" is the system's performance when the spray concentration in the 
absorber is fixed at this concentration. A modest improvement in COP occurs at lower wet- 
bulb temperatures as a greater fraction of the absorber's total cooling is sensible. 

When the absorber's spray concentration is fixed at 38%, the liquid-desiccant air conditioner 
will provide cooling at a "design" rate of 400 cfm/ton when the outdoor wet-bulb temperature 
is about 75°F. At lower outdoor wet-bulb temperatures, the cooling rate of the liquid-desiccant 
air conditioner goes up if the absorber spray concentration is fixed at 38%. Since the build- 
ing's &ling loads are going down, the liquid-desiccant air conditioner must be cycled on and 
off so that the total cooling it delivers matches the loads on the building. 

However, rather then cycle the liquid-desiccant air conditioner, its cooling output can be 
modulated by changing the absorber's desiccant spray concentration. Since the fraction of 
cooling that is sensible goes up as the spray concentration goes down, less water is absorbed 
per ton of total cooling. This increases the COP of the liquid-desiccant air conditioner. 

Furthermore, the operating temperature of the regenerator decreases as the desiccant's concen- 
tration decreases. This further improves the efficiency of the regenerator by reducing the 
energy needed for preheating. 

These effects produce the efficiency improvement shown in Figure 5 by the curve labeled "400 
cfm/ton". This curve plots the COP of a liquid-desiccant air conditioner that weakens the 
absorber spray concentration at lower outdoor wet-bulb temperatures so that cooling is provid- 
ed at 400 cfm per ton. 

i 
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Also shown on Figure 5 are the cooling loads for an office building in Atlanta that have been 
aggregated in 3°F wet-bulb bins. Even in a moderately humid location such as Atlanta, an 
appreciable fraction of a building's cooling load will occur at outdoor wet-bulb temperatures at 
which the liquid-desiccant air conditioner is getting a boost in performance. 

If one assumes that the absorber's spray concentration can be adjusted within the limits of 20% 
and 40% for lithium chloride so that the cooling provided by the liquid-desiccant air condition- 
er equals 400 cfm/ton while processing ARI indoor air, the seasonal COP of the unit compared 
to its A N  COP will be: 

Single-Effect Boiler 
Double-Effect Boiler 
Triple-Effect Boiler 
VCD Regenerator 

ARI 
0.69 
1.09 
1.36 
1.32 

Seasonal 
0.79 
1.48 
1.86 
2.00 

(All systems in this table use a relatively high absorber spray rate--0.5 gpm per 100 cfm of 
process air--and all except the VCD regenerator operate their condensers at 100°F.) 

These high seasonal COPs, which result from increased evaporative cooling at low wet-bulb 
temperatures, make the liquid-desiccant air conditioner an excellent non-CFC/HCFC cooling 
system for both conserving energy and reducing CO, emissions". 

4.2 Conditioning Ventilation Air and Maintaining Low Relative Humidities within the 
HVAC System 

All cooling technologies except desiccant systems dry air by cooling it to below its dew point. 
The large change in dry-bulb temperature that accompanies this process means that most of the 
cooling--between 65 % and 80%--will be sensible. However, ventilation will impose much 
larger latent loads on the building; at A N  outdoor conditions, approximately 50% of the 
ventilation load will be latent. If an air conditioner that dehumidifies air by cooling it to below 
its dew point is to meet the larger latent loads (and many do not), it must either reheat the air, 
which is inefficient--or use an air-to-air heat exchanger--which increases the system's cost and 
complexity and also reduces its efficiencyb. 

Desiccant systems, on the other hand, can deliver 100% of their cooling as latent. If the loads 
on the building are such that a smaller percentage of latent cooling is needed, the supply air 
can be cooled in a direct evaporative cooler, which "trades" latent for sensible cooling. In fact 

a It should be noted that other cooling systems can boost their seasonal COPs by adding an evaporative cooling 
system. However, this significantly increases their cost and complexity. 

The air-to-air heat exchanger precools the air entering the conditioner with air that is leaving. This increases 
the latent cooling, but lowers the evaporator temperature of the conditioner. 
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by modulating the direct evaporative cooler, the liquid-desiccant air conditioner 'can indepen- 
dently control the temperature and humidity in the building. 

Furthermore, by keeping the process air well above its dew point, a desiccant air conditioner 
can avoid the high relative humidity conditions within the HVAC system that can present 
health and maintenance problems. A desiccant air conditioner can deliver air well below a 
70% relative humidity--a value commonly used as the threshold for mold and mildew growth. 

5.0 Applications for a Liquid-Desiccant Air Conditioner 

A liquid-desiccant air conditioner has the potential to broadly compete with electric vapor- 
compression equipment in almost all comfort conditioning applications. However, as with any 
new technology, it is most likely to first succeed in applications were it has a unique advan- 
tage. This would include (1) buildings with very large latent loads such as those requiring 
large amounts of ventilation or with large internal latent loads, (2) buildings that must maintain 
low humidities, (3) applications that have low outdoor wet-bulb temperatures but indirect 
evaporative coolers do not perform acceptably, (4) buildings that require additional cooling 
capacity but cannot add electric air conditioners or chillers, (5) applications where independent 
control of temperature and humidity are needed, and (6) applications where inexpensive low- 
grade heat is available. 

In the last ten years, poor indoor air quality has become a major problem. Its source is inade- 
quate ventilation, partly caused by the need to conserve energy. Now, however, as a result of 
ASHRAE standard 62-89, recommended minimum ventilation rates have approximately tripled. 
Since much of this increased ventilation load is latent, it can be effectively served by liquid- 
desiccant air conditioners. 

A second major problem now facing the HVAC industry is the loss in cooling capacity that 
will accompany the conversion of CFC and HCFC chillers and air conditioners to alternative 
refrigerants. For some buildings, it may not be possible to install additional electric cooling 
capacity. In these cases, liquid-desiccant air conditioners offer an effective means of making 
up the cooling deficit. Even in buildings where electric cooling can be added, a more effective 
approach may be to use the existing cooling system to condition only the recirculation air and 
condition the ventilation air with a liquid-desiccant air conditioner. Reference 4 discusses in 
more detail the potential for liquid-desiccant air conditioners to address both the indoor air 
quality and CFC-conversion issues. 

Regions of the country with low outdoor wet-bulb temperatures are excellent markets for a 
first-generation liquid-desiccant air conditioner. Here, the liquid-desiccant air conditioner will 
have a very high seasonal COP, possibly over 2.0 for a unit with a double-effect regenerator. 

Although indirect evaporative coolers can also effectively compete in this market, their applica- 
bility is more limited since they do not provide sufficient cooling at moderate wet-bulb temper- 
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atures. They also cannot effectively meet high latent loads as can the liquid-desiccant air 
conditioner. 

Other important early applications for both solid and liquid-desiccant systems are: 

-Supermarkets, where much of the building's sensible cooling is provided by the re- 
frigerated display cases, leaving a large latent load that must be served, and 

-Hotels, health clubs and swimming pools, which can all have high indoor humidity 
levels that lead to significant property damage from mold and mildew. 

Finally, a liquid-desiccant air conditioner is an excellent candidate for a cooling system that 
can be driven by a relatively low-temperature energy source such as solar energy. In the solar 
application, the regenerator for the liquid-desiccant air conditioner can be designed to operate 
at a very low temperature, less than 18O"F, using relatively inexpensive collectors. As demon- 
strated by Arizona State University, the regenerator and collector could be integrated into a 
single componene . 
A liquid-desiccant air conditioner will have an advantage over a solid-desiccant unit when 
operating from a low-temperature energy source. This is due to the fact that moisture sorption 
occurs at much lower temperatures in the liquid system. 

An important difference between a solid and liquid-desiccant system is that there is no means 
for cooling the solid desiccant during absorption. Whereas absorption may occur at around 
80°F in an internally-cooled liquid-desiccant absorber, it will occur at between 115°F and 
125°F in a solid-desiccant wheel. At 8PF, a 40% lithium chloride solution will dry air to a 
0.004 humidity ratio, which corresponds to a 19% relative humidity. At 12O"F, the same 
0.004 humidity ratio correspond to a 5.5% relative humidity. Recalling that regeneration air 
must have a relative humidity that is lower than the equilibrium value for the desiccant, air 
with a fixed humidity ratio must be significantly hotter to remove water from the solid desic- 
cant. 

6.0 Technical Issues 

Several important technical problems must be solved before a competitive liquid-desiccant air 
conditioner can be brought to market. These are: 

-Unless the liquid-desiccant air conditioner is to be limited to markets that have out- 
door wet-bulb temperatures below 75"F, a way must be found of increasing cooling 
capacity at these more humid outdoor conditions, 

A low-cost, reliable internally-cooled absorber must be developed. 
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*Either a non-corrosive alternative to lithium chloride must be found, or the liquid- 
desiccant air conditioner must be designed so that no desiccant escapes with the pro- 
cess air and it can be safely operated and maintained. 

A high efficiency regenerator must be developed. 

'The ability of a liquid-desiccant air conditioner to exploit low outdoor wet-bulb tem- 
peratures by adjusting the desiccant's concentration must be demonstrated. 

6.1 Operation at High Outdoor Wet-Bulb Temperatures 

A liquid-desiccant air conditioner that uses a lithium-chloride solution will have trouble meet- 
ing the load on a building at outdoor wet-bulb temperatures above 75°F if it is limited to 400 ' 
cfm of process air per ton of cooling. This limitation is explained by the processes shown on 
the psychrometric chart in Figure 1. One ton of cooling is provided by reducing the enthalpy 
of air from its initial value at Point C (78"F, 0.0103) to a point on the line D-D'. Since a 40% 
lithium-chloride solution--which is close to the maximum concentration for the absorber--will 
dry air to 19% rh, the absorber must operate below 79°F if it is to deliver air on the line B-B'. 
Obviously, the outdoor wet-bulb temperature must be several degrees below this value to 
maintain the desired absorber temperature. 

A liquid desiccant that can dry air more deeply than lithium chloride would extend the operat- 
ing range of the air conditioner. Lithium bromide could operate in the absorber at a concen- 
tration that would dry air to 7.5% rh. This would add about 9°F to the upper wet-bulb tem- 
perature limit. Unfortunately, the bromide ion is more easily oxidized than the chloride ion in 
slightly acidic solutions, which in some applications may cause problems in an "open" liquid- 
desiccant air conditioner. 

A second approach to increasing the capacity of the liquid-desiccant air conditioner at high 
outdoor wet-bulb temperatures is to modify the basic system configuration. An example of this 
approach is the Dunkle cycle which uses the low wet-bulb-temperature return air from the 
building to cool the dehumidified air leaving the absorber. This configuration is shown in 
Figure 6. It can provide a very large cooling effect, but it is more complicated and will have 
a lower COP. 

6.2 The Development of an Internally-Cooled Absorber 

Although a liquid-desiccant air conditioner can be designed with a packed-bed absorber, its 
cost will be lower and its performance will be better with an internally-cooled absorber. 
Several research groups have tried to develop a low-cost reliable internally-cooled absorb- 
eFl7**. Models with both plastic and coated aluminum plates have been built. Unfortunately, 
none of the models could effectively isolate the desiccant and cooling water. The successful 
development of an internally-cooled absorber is critical to the commercialization of a small to 
mid-sized packaged liquid-desiccant air conditioner. 
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6.3 A Non-Corrosive Liquid Desiccant 

The examples presented here have all used lithium chloride as the liquid desiccant. Thisu is the 
most common solution now used in industrial liquid-desiccant dehumidification systems. 
Although at high concentrations lithium chloride solutions are very corrosive, both the system 
designs and operating and maintenance procedures in these industrial applications are effective 
at minimizing any problems that this might cause. 

The next most common liquid desiccant for industrial dehumidifiers is glycol, either triethylene 
or propylene. Glycol has the advantage of being much less corrosive. However, glycol itself 
has a significant vapor pressure’. This presents a problem in HVAC applications since small 
amounts of glycol will always be introduced into the conditioned air. Also, the regenerator for 
glycol must be similar to a reflux boiler if there is to be very low levels of glycol in the water 
that leaves it. This probably eliminates the use of high-efficiency regeneration techniques. 

Although the commercialization of a liquid-desiccant air conditioner would be less risky if a 
suitable non-corrosive liquid desiccant were developed, lithium chloride is still a viable candi- 

’ date. The system must be designed to both resist corrosion and prevent lithium chloride from 
escaping into the conditioned air. Furthermore, the operation and maintenance of the system 
must not present a hazard to personnel. As noted above, industrial equipment and their O&M 
procedures already satisfy these requirements. Similar controls must be implemented in the 
HVAC environment. 

6.4 The Control Over Desiccant Concentration 

In Section 4.1, a liquid-desiccant air conditioner was reported to have a seasonal COP in 
Atlanta that is 1.35 times greater than its A N  value. This attractive characteristic resulted 
from the system’s ability to exploit evaporative cooling while still serving the building’s latent 
load. 

The high seasonal COP for the liquid-desiccant air conditioner is achieved by maintaining the 
concentration of the desiccant at the lowest value that still meets the load on the building. This 
mode of operation in which the desiccant’s concentration swings over a wide range is not used 
in industrial systems. A practical system that can accomplish this must be developed and 
demonstrated. 

6.5 A High-Efficiency Regenerator 

All regenerators for industrial liquid-desiccant dehumidifiers are either simple boilers or 
packed-bed devices. If the liquid-desiccant air conditioner is to achieve an ARI COP that 
exceeds 1 .O, more efficient regenerators must be developed. 

The vapor in equilibrium with a glycollwater mixture will contain a significant amount of glycol. For a wa- 
ter/lithium-chloride mixture, the vapor will be essentially 100 % water. 
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Although high-efficiency separation technologies are common in other technologies, the operat- 
ing requirements for the liquid-desiccant air conditioner are significantly different. As an 
example, the double-effect regenerators that are now used on absorption chillers do handle a 
corrosive liquid--lithium bromide--but in an oxygen-free environment. Their designs are not 
directly transferrable to a liquid-desiccant air conditioner since the desiccant will be saturated 
with oxygen and, therefore, is more corrosive. 

Similarly, a VCD regenerator for a 40% lithium chloride solution that has a 66°F boiling point 
elevation will be very different than the ones now used for desalinating salt water, which has 
less than a 2°F boiling point elevation. 

7.0 The Economics of a Liquid-Desiccant Air Conditioner 

It is very difficult to project either the manufacturing cost or selling price for a liquid-desiccant 
air conditioner. A manufacturable prototype has not yet been designed or built, and no studies 
have been published of potential sales volumes. 

If one extrapolates industrial experience, the selling price for a liquid-desiccant air conditioner 
would be very high--between $2,000 to $3,000 per ton. However, this comparison is not fair 
since industrial equipment is both built and marketed very differently than HVAC equipment. 

Several observations can be made, however, that should help bound the cost of the liquid- 
desiccant air conditioner. First, a liquid-desiccant system that directly cools air should have a 
lower cost than an absorption chiller. Both systems use a high-efficiency double-effect regen- 
erator. Although the regenerator for the absorption chiller is not exposed to oxygen, it must 
operate at a higher temperature, typically 20°F to 30°F higher. Manufacturing costs for the 
regenerator should then be comparable for the two systems. 

Both systems also use an interchange heat exchanger and a solution recirculation pump. 
These, again, should cost about the same. 

Although the costs for the preceding components will be comparable, the liquid-desiccant air 
conditioner will have a significant advantage for the sub-system that conditions the air. 

An internally-cooled absorber for a 25 ton liquid-desiccant air conditioner will be composed of 
approximately 855 plastic plates, each plate being 3’x 3’ and about 10 mil thick. For plates 
made of polypropylene, their total weight will be 360 pounds and their raw material cost will 
be $640. The absorber also needs a water and a desiccant distribution system. 

The preceding %ton absorber for the liquid-desiccant . air conditioner would replace the fol- 
lowing components in an absorption chiller: 
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ComDonent Material Area Weight - cost 

absorber copper 150 ft2 300 lb $560 
evaporator copper 100 ft2 200 lb $375 

finned-tube coilsd Cu/Al 2,200 ftZ 240 lb $399 
cooling tower packing 3,130 ft2 130 lb $230 

Total 870 lb $1,555 

where the data in this table apply only to the heat transfer surface area. 

The absorption chiller also needs a solution distribution system and purge system, and the 
cooling tower needs a water distribution system. 

Although both the liquid-desiccant air conditioner’s absorber and the absorption chiller’s 
absorber/evaporator/cooling-tower require many more components than are shown above, the 
liquid-desiccant absorber will have an appreciably lower weight and cost. 

The liquid-desiccant air conditioner will also have lower operating costs than the absorption 
chiller. At ARI conditions, both systems using double-effect regenerators will have COPS on 
the order of one. However, the liquid-desiccant system can take better advantage of evapo- 
rative cooling at low outdoor wet-bulb temperatures. This should give it a 35% higher season- 
al COP in a moderately humid climate. This advantage increases in drier climates.’ 

8.0 Technology Outlook 

Two manufacturers are now selling liquid-desiccant dehumidification equipment, mostly for 
industrial applications. Several hundred buildings, many of them hospitals, use liquid desic- 
cants in large, engineered HVAC systems’. One manufacturer, Albers Air Conditioning 
C o p . ,  displayed a prototype of a $ton residential liquid-desiccant air conditioner at the 1993 
ASHRAE winter meeting, but the cost of the system was not disclosed”. There is also little 
information available on this system’s performance, so its operating costs and its capacity in 
high wet-bulb temperature climates cannot be assessed. 

The high-efficiency liquid-desiccant air conditioner that has been described here is not now a 
commercial product. Three research projects sponsored by GRI have attempted to develop 
both internally-cooled absorbers and simple boiler regenerators6p7**. Although these projects 
did have limited success, they did not produce a commercial product. 

The fmed-tube coils are not part of the absorption chiller. They are, however, needed if the chiller is to 
supply conditioned air to the building. 

The absorption chiller could also increase its seasonal COP by adding an indirect evaporative cooler. 
However, the cost of this additional component must then be added to the cooling system’s cost. 
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As described in Section 6, several technical problems must be solved before the feasibility of 
a liquid-desiccant air conditioner that can achieve a seasonal COP of between 1.5 and 2.0 
using natural gas-or 0.8 and 1.5 using solar energy is proven. However, these problems 

-appear amenable to straightforward engineering solutions, with no "breakthroughs" required to 
meet the cost and performance goals of a commercial system. 

Unfortunately, only a minimal amount of R&D resources is now being invested in liquid- 
desiccant air conditioners. Unless this changes, the advantages offered by this technology will 
most likely not be realized. 
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Figure 1 - Psychrometric Representation of Liquid-Desiccant Processes 

Figure 2 - Generic Liquid-Desiccant Air Conditioner 

Figure 3 - Double-Effect Desiccant Boiler 

Figure 4 - Internally Cooled Liquid-Desiccant Absorber 

Figure 5 - The Performance of a Liquid-Desiccant AC as Function of Wet-Bulb Temperature 
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Figure 6 - Liquid-Desiccant AC in Dunkle Cycle 
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DEVELOPMENT OF DESICCANT COOLING SYSTEMS 
UTILIZING LOW TEMPERATURE REGENERATION 

J. A. Coellner 
ICC Technologies Corporation 

INTRODUCTION 

ICC Technologies has developed a desiccant based cooling 
system which promises to overcome the capacity, efficiency, 
and cost barriers which have overwhelmed previous projects. 
The system utilizes the classic Munters Environmental 
Control (MEC) component arrangement. A recirculation rather 
than a ventilation operating mode is presented as the 
primary configuration. The success of the design rests on 
the ability of the desiccant rotor to provide low dewpoint 
air when regenerated at low temperature, the effectiveness 
of the regenerative 'heat exchanger, and the integrity of 
construction. 

ICC has entered a Joint Development Agreement with Engelhard 
Corporation to utilize Engelhard's ETS zeolite in a 
desiccant rotor. Engelhard has developed a family of large 
pored titanium silicate molecular sieves. These octahedral 
zeolites exhibit properties which are markedly different 
from tetrahedral aluminosilicate zeolites providing the 
opportunity to develop a viable desiccant cooling system on 
a new basis. 

The working arrangement between the two companies is based 
on areas of expertise. Engelhard developed modified 
versions of ETS-10 to meet performance requirements set by 
ICC. ICC develops rotor substrates to meet mass transfer 
requirements. The coating of the ETS-10 onto selected 
substrates has been a joint effort utilizing the coating 
chemistry from Engelhard with process engineering support 
from ICC. ICC has been responsible for the evaluation of 
the coated desiccant substrates. The evaluation methodology 
has been centered on dynamic testing of prototype wheels at 
rating point conditions. In an eighteen month period more 
than 100 wheels have been fabricated, tested, and evaluated. 

The goals of the Joint Development Project have been to 
create desiccant materials and rotors with capacities 
sufficient to allow for a desiccant cooling device which 
meets the capacity levels of conventional cooling equipment, 
to assemble systems which demonstrate the attainment of that 
performance level, and to fabricate and install prototype 
systems for field demonstration. The first system 
configuration is a natural gas fired version with a rating 
point thermal COP goal of 0.70. The second is an "all 
electric" system utilizing a refrigerant heat pump cycle as 
a regeneration heat source. The performance target of this 
version is a rating point EER of 18.0. 
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Component development has been concurrent with desiccant 
subsystem work. The major effort has been on high 
effectiveness rotary regenerative heat exchangers. This has 
been successful with the attainment of an effectiveness of 
0.90+ at equal mass flow rates and relatively high fluid 
velocities. Acceptable sealing systems for the rotary 
devices are in prototype production and high performance 
evaporative cooler designs have been successfully tested. 
Bench scale systems have met measured design goals for the 
first system configuration. Full size prototypes are now 
under test at ICC’s facility. 

DESICCANT CHARACTERIZATION 

The synthesis of Large-Pored Crystalline Titanium Molecular 
Sieve Zeolites is described in U.S. Patent Number 4,853,202 
issued to Steven M. Kuznicki and assigned to Engelhard 
Corporation. The material is substantively different from 
common aluminosilicate zeolites and other adsorbents in the 
degree of temperature dependence of the sorption 
characteristics. For virtually all adsorbents now used to 
extract water vapor from air, the temperature dependence of 
the material isotherms is very small. This has led to the 
assumption that adsorbents are, in fact, temperature 
independent. Investigation of empirical data indicates that 
such an assumption may not be appropriate. A s  shown in the 
accompanying figure, ETS exhibits very large differences in 
isotherms for relatively small differences in temperature. 
At certain points in the adsorption regimes of lower 
temperatures, the shape of the isotherms clearly resembles 
that of type 1M. This isotherm difference, induced by 
temperature, can be utilized to improve regeneration rates 
and limits at greatly reduced temperatures. Engelhard has 
demonstrated an ability to msdify the temperature based 
sorption characteristics to improve both the sorption 
characteristics and to change the optimal desorption 
temperature. Work in this area was originally targeted to a 
regeneration regime of l8OF for a gas based product and has 
begun on 140F for an electric version. Typical isotherms are 
shown for each. 

A second important, but less discussed, feature of ETS is 
the so called heat of sorption. Accepting the common 
nomenclature with the understanding that it is a measure of 
the thermal energy transfer per unit mass required for a 
sorbate to sorb or desorbed, typical zeolites will have 
sorption heats in the range of 120 to 300 percent of the 
latent heat of vaporization of water. Values measured for 
the ETS versions approach latent heat values. The amount of 
energy required to affect desorption has a significant 
impact on the ultimate efficiency of the cooling system. 
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The capacity swing of the ETS desiccant is moderate. The 
mass ratio of water vapor to dry desiccant can change by 
0.15 to 0.25 from adsorption to desorption. These values are 
similar to those for zeolites now used at high regeneration 
temperatures. The degree to which the value of capacity 
swing limits the capacity of a regenerative mass transfer 
device vary with the isotherm characteristics of the 
sorbent. The importance is more significant with a linear 
isotherm such as that of silica gel than with an isotherm as 
shown by ETS. Optimization of this characteristic in ETS is 
underway . 
DESICCANT ROTOR DEVELOPMENT 

ICC Technologies has developed a mass transfer modeling 
technique derived from a heat transfer analogy. U.S. Patent 
Number 5,148,374, assigned to ICC, describes the governing 
parameters and the means to utilize them in the design of a 
sorbent system. Independent of the particular desiccant 
employed, the critical variable is the Number of Mass 
Transfer Units (MTU). This value is dependent on the passage 
geometry of the rotor, carrier fluid characteristics, mass 
velocity, and sorbate concentrations. Using this 
methodology, rotor construction alternatives were evaluated. 
The evaluation was predicated by a constraint that, in the 
schedule available, only currently available and currently 
low cost fabrication techniques could be employed. It is 
interesting to note that the optimum geometry is a parallel 
passage configuration, but that the difficulties of 
fabrication precluded any further investigation. Ultimately 
a spiral wound rotor utilizing a corrugated stock was 
chosen. The geometry of the corrugations was selectable and 
varied over a range. 

Rotors were fabricated by ICC with coatings applied at an 
Engelhard facility. More than 100 12 inch diameter rotors 
were produced over the past 18 months. These test wheels 
varied primarily on the following bases; substrate material, 
passage geometry, ETS type, coating technique, and 
volumetric desiccant loading. These wheel were tested at 
ICC. The performance evaluation was most focused on the ARI 
" A "  rating point. This meant that the regeneration air was 
set to a humidity level of 120 to 130 grains of moisture per 
pound of dry air as would be expected from an evaporatively 
cooled ambient air stream. The performance curves shown 
result from data taken at that regeneration humidity level 
with inlet air humidity varied and inlet air temperature 
fixed at 80F as defined by the rating point. 
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Published data for desiccant wheels utilizing Lithium 
Chloride and silica gel show significantly higher outlet 
moisture levels at the rating point inlet of 80F, 78gr/lb. 
Regeneration temperatures of 250 to 300F and nominal face 
velocities of 300 feet per minute as well as much deeper 
wheels are required for minimum humidity levels. ETS wheels 
at higher velocities and low flow lengths have produced 
humidity levels 50 percent lower with l8OF regeneration 
temperatures. 

To achieve adequate capacity and efficiency to compete with 
current cooling products, the other major components 
utilized in the desiccant cooling system must achieve high 
effectiveness levels. The most important of these is the 
regenerative heat exchanger. Current state of the art heat 
exchangers seldom exceed 0.82 effectiveness values at equal 
flow rates. ICC has succeeded in achieving 0.90 by 
developing a device with minimal longitudinal heat transfer. 

Commercially available cooling tower fill was employed in 
the development of a high effectiveness evaporative cooling 
section. With effectiveness measured on the difference 
between entering dry bulb and wet bulb temperatures, values 
of 0.90 have been demonstrated. 

EFFICIENCY GOALS 

ICC has been wor.king closely with the American Gas Cooling 
Center and its member companies to establish market based 
efficiency targets. In addit>ion, ICC has been working with 
the Gas Research Institute to investigate paths for 
optimization and provide third party test results. The 
consensus at this point is that a desiccant based cooling 
system in a packaged rooftop configuration which, at rating 
point, achieves a thermal COP of 0.7 and a capacity of 400 
CFM per ton will be commercially viable if competitively 
priced. 

The ultimate value will, in large part, rest on seasonal 
values of efficiency and capacity. In reality, seasonal 
considerations in the United States are geographically 
specific with regard to length of season and nature of 
cooling need. The unit design proposed has inherently many 
operating modes. Depending on location , different modes 
may be employed which allow increased capacity and reduced 
energy use through the cooling season. 
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For example, in the Southwestern U . S .  where the cooling 
season is dominated by high temperatures and low humidities, 
the evaporative cooling sections and the high effectiveness 
heat exchanger can be employed alone to meet cooling needs. 
With the desiccant rotor section inactive, there is no 
thermal energy requirement. When, periodically, lower 
temperatures arid high humidities are encountered, the system 
will revert to the "standard" operating mode. 

RESULTS 

As discussed, the performance levels for system components 
substantially exceed currently available technologies. When 
component characteristics are evaluated in a stepwise manner 
to predict system performance, the resulting values become 
the design goals for the finished product. The following 
table summarizes the values as calculated from test results 
for a 2000 CFM system. 

RATING POINT VALUES 
Temper a t u r e Humidity 

F gr/lb 
Return Air a0 78 
Leaving Desiccant Wheel 138 15 
Leaving Heat Exchanger 83 17 
Sensible Cooling - 3326 Btuh 
Latent Cooling 41431 Btuh 
Total Cooling 38105 Btuh 
Capacity 315 CFM/ton 
Thermal COP 0. 89 

A bench scale prototype has been constructed and tested. 
The desiccant and heat exchanger wheels used were 11 inches 
in diameter of active area and 8 inches deep. Unfortunately 
tests have not yet been completed at the exact conditions of 
the ARI rating point. However tests at conditions of 83F 
dry bulb temperature and 68F wet bulb temperature for return 
air with 74F return air at 95% relative humidity were 
documented and replicated. The results of those tests'and a 
comparison to the optimum expected are shown below. 

MEASURED PREDICTED 
Total cooling 3608 Btuh 4470 Btuh 
Heat input 4058 Btuh 4429 Btuh 
COP 0.89 1.01 
Capacity 333 CFM/ton 268 CFM/ton 

Given that the bench scale unit was constructed of readily 
available components and, therefor, minimal adjustment and 
optimization was possible, the results are sufficient to 
prove viability of the components developed. These values 
exceed any published for a complete working desiccant based 
system at conditions approximating the accepted rating ,. 
point. C-155 



\ 

Full scale prototype units have been constructed. 
Performance tests are now underway at ICC's plant. 
Construction issues dominate the current work on the 
prototype units. The major issues are packaging arrangements 
and the integrity of the vapor seals. The system requires 
that sections of very high vapor pressure be adjacent 
sections of very low vapor pressure. Both capacity and 
efficiency degrade rapidly if water vapor passes the 
barriers. 

FUTURE PLANS 

On completion of the prototype tests, a series of natural 
gas fired units will be placed in field operation under the 
auspices of the American Gas Cooling Center and member gas 
companies. The Gas Research Institute will assist in the 
monitoring of these field sites. Although many sites have 
been selected, there are opportunities for placement of 
additional units under other cooperative programs. 

Concurrently ICC and Engelhard will continue the process of 
wheel development with emphasis on manufacturing techniques 
and cost optimization. The field prototype units will also 
provide guidance in mechanical design. Component life cycle 
testing is scheduled to be undertaken this summer at Lehigh 
University. Test fixtures have been fabricated and installed 
andfa test plan developed. 

On a longer term basis, work is underway to develop a 
version of the ETS material which can be sufficiently 
regenerated at a temperature of 140F to provide substantial 
moisture removal. Preliminary attempts have been successful 
to the point where up to 50 X of entering moisture has been 
removed by a wheel regenerated by air at 140F with high 
moisture content. Materials with even more promising 
isotherms than the material tested have been developed. ICC 
has applied for Patents on a combined desiccant cycle and 
heat pump cycle system. The Patent Applications describe 
the sizing and arrangements of compressors, evaporators and 
condenser, applicable operating modes, and methods of 
control. A schematic is shown. 

A hybrid unit offers potential where fuel availability is 
limited or use is restricted. It may be viewed a less 
radical departure from conventional equipment. It will be 
competitive with regard to source fuel, but may be a 
slightly more costly product. 

It is planned-.that bench scale and full scale units will be 
built and tested this summer. The full scale test is 
currently planned as a proof of principal using'heat from an 
existing condenser. 
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DEVELOPMENTAL HURDLES 

Even though the materials and a set of manufacturing 
techniques have been developed which show that a desiccant 
cooling system meets minimum performance goals and promises 
to be of moderate cost, there remain many issues which must 
be addressed and obstacles overcome before this technology 
is commonly used. There are questions at both the 
engineering and consumer level as to what air conditioning 
should be. These questions center on regional weather based 
needs and perception of comfort. 

New technology is met by the in place service sector with 
concern derived from a fear of the unknown. New technology 
must be supported in terms of education and radification by 
acknowledged resource centers. 

Government policy and regulation have a significant impact 
on design issues. It is important that goals be clearly 
understood and that the means of achieving these goals known 
by equipment designers and manufacturers. The equipment 
developed from this technology must be designed to bases of 
evaluation. 

Optimization of operation will largely be dependent on 
control systems which will largely depend on the 
availability of cost effective and reliable hardware. There 
are currently great gaps in sensors for humidity and comfort 
and motor speed controllers. More cost effective, high 
efficiency gas heating systems would be a boon to the 
development and acceptance of this technology. 

Within all of these areas, consensus as to goals among 
government, utilities, user6 and manufacturers will offer 
the speediest market introduction of desiccant cooling 
systems. 
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Open-Cycle Desiccant Cooling Technology 
A Pathway to the Future 

William A. Belding, Ph.D.' 

Introduction 

Over the last four years, LaRoche Chemicals Inc. under a joint research project with the 
Gas Research Institute, has developed an advanced desiccant wheel for use in open-cycle 
desiccant cooling systems. The new wheel technology, in conjunction with innovative 
equipment design shows promise for placing desiccant cooling systems in a competitive position 
with existing high performance electric vapor compression equipment. In fact, other side 
benefits of this technology should provide a strong driving force for its acceptance in the ai'r 
conditioning market place. 

Technology Description 

Open CycIe Desiccant Coofing 

Perhaps the simplest way to understand the concept of desiccant cooling is to think of 
the desiccant's role as creating a desert climate so that an evaporative cooler can function very 
efficiently. This technology utilizes only water as a refrigerant. In a typical desiccant cooling 
system, the process air is dried to a low dew point by passing it through the laminar flow 
channels of a rotating desiccant wheel. The desiccant is contained in the walls of the channels. 
In its most basic design, the wheel is partitioned into two sections allowing flows in opposite 
directions. The process side of the wheel provides dehumidification. In the case of a solid 
desiccant, water condenses on the internal surface of its fine network of pores. On 
condensation, the water's latent heat is released in addition to the heat of wetting of the surface. 
The total combined heat is called the net heat of adsorption. The air, therefore, exits the 
process side of the wheel hot and dry. Passing this process air through a heat exchanger allows 
most of the added heat to be rejected and to be used later for regenerating the desiccant. This 
cooler, dry air is passed thougli an evaporative cooler. Sufficient water is evaporated into the 
air to reduce its temperature substantially, while still providing a comfortable humidity level. 

W.A. Belding was formerly Research Director for LaRoche Chemicals Inc., Pleasanton, 
CA and is presently President of Innovative Research Enterprises, Dandle, CA and 
consultant to LaRoche Chemicals, Inc., Baton Rouge, LA 
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Open-Cycle Desiccant Cooling Technology 

A desiccant cooling system can be operated in either a recirculation mode, where return 
air from the building is processed through the adsorption side of the desiccant wheel or a 
ventilation mode, where outside air is processed through the adsorption side of the wheel. 

On the regeneration side, in the recirculation mode of operation, outside air is first 
passed through an evaporative cooler to provide a heat sink for the heat exchanger. The heat 
exchanger is able to recover, for regeneration, most of the heat generated during adsorption. 
The hot air stream exiting the heat exchanger is then further heated by a gas-fired burner, a 
boiler system, a solar heat source or waste heat from another process. 

In the ventilation mode, outdoor air, rather than building air, is used to feed the process 
side, The hotter, more humid outside air creates a larger load on the desiccant wheel and the 
air exits the process side hotter than in the recirculating mode of operation. The cooler 

I-.building air feeds the regeneration side and is able to provide a colder heat sink for the heat 
exchanger than it can in the recirculation mode, offsetting the impact of the higher 
temperatures on the adsorption side. 

T p e  1M Concept 

Collier et al.' extensively modeled the effect of modifying desiccant properties on the 
cooling capacity and thermal coefficient of performance (COP) of open-cycle desiccant cooling 
systems. The therinal COP is an indication of efficiency and is defined as the ratio of the 
cooling capacity -8 to the thermal input to the system. In this work, he pointed to the need for 
a desiccant exhibiting a particular modified Langmuir Type 1 isotherm shape, referred to as 
Type 1M. The isotherm shape is defined by the following formula, where the separation factor, 
R, equals 0.1: 

SC = FC/ (R+FC-R'FC) (1) 
where 

SC = relative solid concentration 
FC = relative vapor concentration 
R = separation factor. 

Figure 1 illustrates a Type 1M isotherm with a separation factor, R, of 0.01 compared 
to Type 1 extreme (R = 0.1) and linear (R' = 1 .O) isotherms. The moisture breakthrough curves 
predicted for a Type 1M desiccant are sharp enough to be contained during the adsorption 
cycle. Wavefront containment is necessary 'if significant improvements are to be made in 
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system COP. During the regeneration cycle, the water can also be efficiently removed from the 
desiccant without breakthrough of the temperature wavefront. Strongly adsorbing desiccants 
such as 3A and 4A zeolites with Type 1 extreme isotherms give very sharp wavefronts on 
adsorption but significant temperature breakthrough results on regeneration. Silica gel, having 
a near-linear isotherm, regenerates easily without temperature breakthrough, but adsorption 
wavefronts are broad and low dew points can not be maintained. The Type 1M desiccant 

- provides the required balance between adsorption and regeneration modes resulting in 
contained wavefronts on both sides. 

The total equilibrium capacity of the desiccant also is important due to diffusional 
limitations and overall heat capacity effects. Theoretically, the rotational velocity of the 
desiccant wheel can be increased to compensate for low desiccant capacity, but at a certain 
speed, a point of diminishing returns is reached. With short cycle times, heat and mass transfer 
resistances can seriously degrade performance and a significant portion of the heat from the 
regeneration side can be carried over to the adsorption side of the process due to the heat 
capacity of the wheel. 

Modeling has also demonstrated that elevated regeneration temperatw, in conjunction 
with the Type 1M isotherm, result in significant improvements in system cooling capacities.' 
Currently, commercial systems operate at temperatures near 212" F (1 00" C) and, in most cases, 
materials of construction for the desiccant wheel and seal systems prevent their use at higher 
temperatures. 

LaRoche Chemicals has now developed a high temperature Type 1 M wheel having the 
adsorption isotherm shown in Figure 2. The total equilibrium loading at 60% RH is about 
20%. Although aging studies are still underway and will be for some time in the future, the 
desiccant is expected to be thermally stable under cyclic regeneration at temperatures of at least 
200" c. 

Application 

Conventional technology has restricted the use of desiccant cooling to niche markets 
that can bear a high price. Existing systems are bulky compared to electrical vapor 
compression units of equivalent cooling capacity. The advanced desiccant technology 
developed by LaRoche Chemicals will boost both the capacity and efficiency of desiccant 
cooling systems, making them considerably more competitive. 

Desiccant cooling technology has been slow to penetrate the mainstream HVACmarket 
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and its application is now found principally in markets where moisture control is critical. For 
-example, some supermarkets are seeing the benefits of low humidity from desiccant cooling in 
maintaining frost-free open food freezers without the additional cost of overcooling and reheat. 
A notable side benefit has been the comfort of their customers and employees; the stores did 
not have the cold, clammy feel of typical air conditioned markets in humid climates. 

Desiccant cooling has also made inroads in applications requiring a high percentage of 
ventilation air. The penalty incurred by operating a desiccant cooling system in a ventilation 
mode is far less than that with conventional air conditioning systems. Hospitals and 
laboratories are typical examples of this application of the technology. 

Other prime applications where the advantages of desiccant cooling technology have 
been documented are fast food restaurants and hotels. Fast food restaurants have high 
humidity loads from occupants and kitchen activities and hotels in humid climates have 
problems in handling the cyclic humidity loads in the guest rooms. 

LaRoche Chemicals has postured itself as a desiccant wheel, wheel cassette, and 
technology supplier to the HVAC manufacturers. Significant interest in desiccant cooling 
technology has been shown by potential manufacturers. LaRoche’s new technology will allow 
manufacture of equipment with significantly reduced size and first cost. For the first time, 
penetration into the residential and light commercial markets can be expected. 

Benefits 

A need exists in the HVAC market for an economical gas cooling device for residential 
and commercial buildings. With this technology, the potential exists for significant electric 
peak load leveling, even with partial substitution for existing electric vapor compression units. 
Natural gas fired desiccant cooling systems will provide an excellent tool for utility companies’ 
demand side management programs. Long term load leveling during peak summer months will 
result in a reduced demand for additional electric power plants which add to utility costs. The 
new power plants have negative environmental impacts particularly in the case of coal-fired 
operations where additional CO, generated is a major contributor to global warming. With 
the current global emphasis on the ozone depletion issue, there is a requirement for cooling 
devices that do not utilize CFCs and HCFCs. Desiccant cooling devices address these needs 
in that water is the refrigerant used. 

Comfort is a benefit which is difficult to quantify but it could represent a strong driving 
force in the market. Anyone who has spent time in the Southeast U.S. especially during the hot 

C-168 



Open-Cycle Desiccant Cooling Technology 

summer months is very much aware of the physiological effects of humidity. Control of 
humidity in buildings using desiccant equipment could allow thermostat settings to be 
increased, enhancing comfort and eliminating the cold wet chill that conventional systems 
provide. Standard practice is to overcool and reheat air to control its humidity level. This very 
inefficient method ofhumidity control is generally used only in large buildings and in industrial 
facilities and has not been used in residential air conditioning. Desiccant cooling, using this 
advanced technology, can provide the option of independently controlling temperature and 
humidity for a wide range of markets. 

Indoor air quality has become a growing concern since buildings are being sealed more 
tightly to achieve improved energy efficiencies. High moisture levels and inadequate levels of 
ventilation air have resulted in an increased number of "sick" buildings. Desiccant cooling 
technology can meet the need for improved indoor air quality by reducing or eliminating the 
energy penalty for increased ventilation air and reducing moisture loads without having to 
overcool and reheat. 

Building maintenance cost in humid climates can be favorably affected by lower indoor 
humidities. In buildings lacking proper humidity control, mildew can cause damage to wall, 
floor and window coverings and can become a sanitation problem for bathrooms. Hotels are 
especially vulnerable since moisture loads in hotel rooms fluctuate considerably during the day. 

A desiccant cooling system can be run in a ventilation mode without the severe penalty 
typical of conventional vapor compression units. This is due to the ability of the unit to 
exchange heat with the outside air. A desiccant unit can, therefore, provide a significant 
operating cost benefit to applications such as hospitals, laboratories and other applications 
requiring a high portion of ventilation air. 

Technical Issues 

LaRoche has now successfully manufactured a desiccant wheel which exhibits an 
equilibrium isotherm that closely matches the Type 1M shape and provides total water uptake 
of about 20% at 60% RH. Wheel sections have been evaluated in dynamic tests with favorable 
results verifying the computer models developed for this project. The next major technical 
development phase is addressing the performance of the wheel when operated in an actual 
cooling system. 

A fully instrumented test bed including a complete desiccant cooling system and 
conditioning loops for the process and regeneration sides of the process has been set up. A 

. .  . ,  
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Type 1M wheel has been installed in a cassette which in turn has been installed in the system. 
Initial testing is presently underway to determine the performance of the wheel in the test bed 
configuration. 

Desiccant aging can have a negative impact on wheel performance. On repetitive 
adsorptioddesorption cycling, particularly at elevated temperatures, the equilibrium moisture 
capacities decline, especially in the low relative humidity end of the isotherm. The shape of the 
isotherm can become more linear or a portion of the curve can even exhibit a concave upward 
inflection, resulting in a decline in system performance. In a typical application, a desiccant 
will be exposed to 15,000 to 20,000 regenerationdyear. It is, therefore, imperative that 
isotherms of aged desiccants be evaluated for determining projected system performances. 
Since the use of a direct gas-fired burner is favored to achieve high temperature regeneration, 
the impact of the products of combustion on both the equilibrium isotherm and adsorption rate 
must be defined. 

The long term effects of dust buildup in the channels of the desiccant wheel could have 
a serious effect on system performance. Thought and planning are being given to filter 
requirements as well as maintenance techniques for rejuvenating a wheel partially clogged with 
dust. Tests will be designed to indicate the effects on performance of mechanical cleaning of 
the wheel. 

During this project, wheel manufacturing techniques have been developed which can be 
directly scaled-up to commercial production. There are, however, significant challenges 
remaining in optimizing each part of the wheel manufacturing operation. Manufacturing a 
cassette which operates continually at elevated temperatures is another concern. Existing 
systems are, for the most part, low temperature operations, do not require high temperature 
seal materials, and are not exposed to as much stress on cycling. Although initial efforts have 
proven successful in testing to date, continued improvements will be sought in the area of 
cassette and seal design. 

I 

A final technical issue involves the area of ratings and standards. Desiccant cooling 
systems are able to provide comfort at a different set of temperature and humidity conditions 
than a vapor compression unit. Performance at ARI indoor or other standard conditions may 
not reflect the conditions of actually usage since the humidity can be controlled independently 
of temperature in a desiccant system. It may be necessary to devote some effort to developing 
improved standards of comparison for the different types of equipment. 
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Economics 

Although existing desiccant cooling systems have penetrated certain commercial 
markets, they have not performed well enough to meet general market needs, which include the 
light commercial and residential sectors. Forcurrent systems, both operating and initial capital 
costs are too high. 

To make a valid operating cost comparison between desiccant cooling systems and 
electrical air conditioners, it is especially important to use a seasonal basis rather than a 
standard single operating point (Le. ARI rating condition). Collier and McFadden3 developed 
detailed seasonal performance characteristics of aType 1 M desiccant systemusing a residential 
energy modeling program. At part load conditions, desiccant cooling efficiencies increase 
significantly if the equipment has variable speed capabilities. The thermal COP, defined as the 
cooling capacity divided by the natural gas energy input for regeneration, increases as a result 
of lower flow rates and longer contact times with the desiccant. Parasitic electrical demand is 
reduced resulting in an increased energy efficiency ratio (EER) which is defied as the cooling 
capacity divided by the parasitic electrical power (Btdw-hr). 

Proper operating cost comparisons need to bemade city-by-city since cooling loads and 
utility costs (especially electric) vary significantly. For example, Figures 3 and 4 from 
Reference 3 compare energy costs (by component) of fixed and variable speed desiccant cooling 
against costs of electric air conditioning (SEER 10) for Atlanta, Chicago, Dallas and Phoenix. 
Although the total cost of a fixed speed design is slightly higher in Atlanta, the variable speed 
design provides lower cost. The very low gas-to-electric ratio for Chicago makes desiccant 
cooling an attractive alternative even though the cooling season is shorter than the other cities. 
In Phoenix the desiccant system is projected to have considerably lower operating cost partially 
due to the special gas cooling rates for the city. Dallas with its low electric rates is the only city 
of the four where electric air conditioning offers an operating cost advantage. 

For the three most humid cities, Atlanta, Chicago and Dallas, indoor air relative 
humidities exceed 60% for a large number of operating hours as shown in Figure 5. Desiccant 
cooling will reduce indoor humidity levels, significantly reducing the number of days where 
relative humidity exceeds 60%. Although the enhanced comfort and reduced maintenance 
afforded by improved humidity control is difficult quantify, it is expected that a desiccant 
cooling system will be able to command a premium price in humid areas of the country off- 
setting additional first cost increases resulting from the higher cost of variable speed motors for 
example. This "comfort factor" could also offset incremental operating expense differences in 
humid areas. 
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LaRoche has developed wheel technology which should permit high temperature 
regeneration using a direct fired gas burner. This will favorably impact the first cost of the 
system by eliminating both a boiler and heat exchanger and the operating cost by lowering 
losses in heat transfer. 

Desiccant cost and availability are important criteria impacting wheel cost. Due to the 
large potential market for desiccant cooling, it is imperative that desiccant materials be 
commercially available or easily synthesized at a reasonable cost. To achieve its unique 
properties, the LaRoche desiccant is a synthesized product requiring several processing steps. 
Although the desiccant is not inexpensive, its perfonnance gains justify its cost in that 
equipment size can be reduced dramatically. One key to cost reduction of the desiccant wheel 
is mass production. LaRoche’s wheel manufacturing technology is adaptable to high speed 
equipment removing much of the labor intensity of manufacturing. 

LaRoche sees its business position as being a desiccant wheel cassette manufacturer 
selling to HVAC equipment manufacturers who have fabrication experience, installation and 
service capabilities, plus extensive marketing knowledge. Given this approach, LaRoche 
anticipates a declining first-cost over time as a function of market acceptance and 
manufacturing cost economies. Accordingly, costs have been estimated based on LaRoche’s 
experience to date in raw materials and manufacturing. Production costs have been calculated 
using reasonable current cost estimates of each of the manufacturing steps and projected with 
adjustments for inflation and presumed economies. 

Field evaluation units with 3-ton cooling capacities will be priced comparable to high 
efficiency (SEER 12) conventional equipment. This is also the targeted first cost of market 
launch units. As market acceptance grows, economies of scale should enable LaRoche to sell 
its wheel cassettes to equipment manufacturers at a price where they will be competitive with 
standard equipment. It is conceivable that incentives and stimulants anticipated from the gas 
utilities will assist LaRoche’s equipment manufacturing partners in effecting an installation cost 
comparable to mainstreamconventional equipment. With rapidmarket acceptance, continued 
support of gasindustry partners, cost economies likely in equipment fabrication steps, and cost 
savings programs subscribed .to by LaRoche, it is possible that LaRoche’s desiccant wheel 
cooling systems may ultimately underprice conventional equipment price levels. 

The performance of LaRoche’s desiccant cooling systemderives considerable economic 
benefit to ultimate users depending on their utility situation. Commercial adopters, in 
particular those who must now pay high electric demand charges, will profit from reduced 
energy consumption. Also, the LaRoche desiccant system addresses their humidity control, 
indoor air quality and mildew concerns. Residential applications offer similar economic 
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advantages to homeowners. Market research has revealed that residential users perceive the 
"creature comfort" benefit due to humidity control. Comfort affords significant qualitative 
benefit in addition to the operating energy cost savings allowable from setting the thermostat 
at a higher temperature. 

Technology Outlook 

Presently LaRoche has successfully manufactured a Type 1 M wheel which exhibits an 
equilibrium isotherm that closely matches the goal in both shape and total uptake. For the 
most part, manufacturing techniques have been developed which can be directly scaled up to 
commercial production. 

The dynamic performance of a core section of the Type 1 M wheel has been tested at the 
with very favorable results. Low dew points have been maintained over relatively long periods 
of time. 

A Type 1M wheel is under test now in a fully instrumented test bed. Within the next 
month test data will be gathered to prove the concept of the Type 1M desiccant. Naturally the 
performance data are eagerly awaited by concerned parties. 

LaRoche is now designing a large performance testing and aging facility. One portion 
of the facility will be devoted to performance testing of wheels under a variety of climatic and 
operating conditions. Control strategies unique to desiccant cooling systems will be optimized. 

An efficiently operating desiccant cooling system depends on minimal leakage and cross- 
flows in the system. Several test stations for long term testing of the high temperature wheel 
seals will be set up. These test units will simulate cyclic operation of the wheels in use. 
Mechanical seal design and seal materials will be further optimized. 

Since the desiccant wheel has been designed for long term (5  to 10 year) use, the question 
of aging is of extreme importance. LaRoche now has indirect-fired aging tests underway with 
small specimens of desiccant and wheel matrix materials. Since data must be accumulated over 
many thousands of cycles under simulated real world conditions, the new aging facility will 
provide for testing small wheels in multiple stations under direct gas-fred operation. Other 
tests in this facility will assess the impact of dust on performance and how the wheel can be 
rejuvenated when clogging occurs. 

The manufacturing process has been developed with commercial scale-up in mind but 
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optimization of the various manufacturing processes is necessary to minimize and recycle waste 
so that the lowest possible price can be given to the market place. Within the next few months 
the critical unit operations will be scaled up and 25-50 wheels will be produced for testing. 

Deployment of a variety of field test units is set for fscal 1994. Commercialization of 
3- to 10-ton units will immediately follow. LaRoche has researched market penetration 
scenarios and believes that the rate of adoption is dependent on several factors. A plausible 
market penetration scenario is a niche market with slow but steady growth, largely in the light 
commercial replacement sector. An alternative, scenario is rapid acceptance where external 
pressures (e.g. amassed public opinion concern for global warming) and industry competitive 
dynamics champion an environmental1 y-friend1 y air conditioning technology as is represented 
by LaRoche's desiccant cooling system. LaRoche estimates the niche scenario as accounting 
for less than 10% of the total domestic HVAC market, while the rapid penetration case could 
represent over 30% in 10 years. Similar potential exists for the penetration of desiccant cooling 
systems in world market regions where the climate is hot and/or humid and natural gas grids 
are in place. 
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Figure 1 Langmuir Isotherms with 
Different Separation Factors 
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Figure 3 - Operating Cost Comparison 
Desiccant Cooling vs. Electric A/C 
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Figure 5 - Indoor Hours Exceeding 
60%-Relative Humidity 
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ADSORPTION HEAT PUMP DEVELOPMENT AT JPL 

Jack A. Jones 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, CA 91109 

BACKGROUND 

In simple sorption refrigeration systems, low pressure gases are physically 
adsorbed onto or chemically absorbed into various solids, typically near ambient 
temperatures or above (Figure 1). When heated an additional 100-300"C, the gases 
are desorbed, i.e., vented, at substantially higher pressures. When the high pressure 
gas is precooled and expanded through an orifice, known as a Joule-Thomson (J-T) 
valve, the gas becomes partially liquefied and provides net cooling. Heat boils the 
liquid, and the returning low pressure gas is eventually reabsorbed by the sorbent, 
thus completing the cycle. The entire refrigeration system has essentially ng 
wear-related moving parts, other than very long life, self-operating, room temperature 
check valves. Thus life expectancy is many years, possibly decades, and there is 
essentially no vibration. 

Since 1979, the Jet Propulsion Laboratory (JPL) has tested numerous 
hydrogen, oxygen, nitrogen, and. krypton cryogenic sorption refrigeration systems('V2) 
for cooling space-based infrared imaging systems. More recently, JPL has been 
developing a quick cooldown 10 K(-263 "C) hydrogen sorption refrigeration system 
for the cooling of infrared sensors for the Strategic Defense Initiative Organization 
(SDIO) "Star Wars" missile tracking program. A proof-of-principle experiment was 
successfully conducted at JPL in 1991,O) and a JPL Space Shuttle flight experiment is 
planned for 1994. 

For ground applications, the simple sketch of Figure 1 has been found to be 
too inefficient to compete with alternate heat pump technologies. To conserve 
energy, a number of heat regeneration techniques have been attempted, whereby the 
waste heat from and sorbent bed is used to heat another sorbent bed. Shelton4 and 
Tchernev' have devised a simple double-bed systems, in which a hot sorbent bed that 
is being cooled will pass its heat to a coolant fluid which then passes through a heater 
(to make up for regeneration thermal losses) and then on to another sorbent bed. A 
number of alternate techniques using four, six, or more beds have also been 
proposed. 697 

Extensive studies have been performed at JPL which show that a four bed 
approach is much more efficient that two beds, but there is not a significant advantage 
in using more than four  bed^.^,^ In particular, a patented four bed approach (Figure 
2) will use a fluid (water of oil) to transfer hot and cold thermal waves.('') In 
addition, it has been discovered that significant performance improvement can be 
attained if the coolest sorbent bed is cooled further at the end of each quarter cycle 
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without regenerating the fluid through the other three sorbent beds. The results of the 
multiple bed analyses are shown Table 1. 

In order to confirm the analytical tools, a single compact sorbent bed was 
fabricated and tested in both heating and cooling modes. The sorbent bed (Figure 3) 
consisted of activated carbon with a binder that was molded into a finned aluminum 
tube extrusion (patent pending"')). Pressurized water was selected as the heating and 
cooling means. A hollow ullage volume in the center of the water stream allowed 
enhanced fluid heat transfer coefficients. The transient test results showed very good 
correlation to analytical predictions('). Of the three refrigerants that were tested (R22, 
R134a, and ammonia), ammonia was clearly far superior and yielded 1038 BTU/hr 
(304 watts) cooling for only a 0.51 Kg carbon bed (Table 2). 

Coefficients of performance have been estimated for various standard heating 
and cooling conditions, and these are shown in Table 3. Modifications #1 and #2 are 
JPL/Caltech proprietary modifications that can greatly increase COP efficiencies. 

APPLICATION/ BENEFITS 

The applications for the regenerative adsorption heat pump are air 
conditioning, heating, and refrigeration. The overall advantages of the advanced 
regenerative sorption heat pump over existing vapor heat pumps are 

Use of non-ozone depleting refrigerants 

Ability to use much lower greenhouse-effect fluids 

Long-life, reliable, solid-state compressors with no wear-related moving 
parts other than low frequency valves 

Use of any refrigerant with absolutely no lubrication requirements 

Noiseless and vibration-free compressor operation 

Inexpensive fabrication techniques and materials with no close 
tolerances or elaborate equipment required 

Use of long-life, reversible physical reactants, as opposed to corrosion- 
prone and potentially life-limiting chemical reactants 

Use of low pressure, single expansion, easily scalable systems, unlike 
complicated, high pressure, multi-effect liquid chemisorption systems 
that are corrosion-prone and cannot be scaled for small, home 
applications - 

i 

'- 
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0 Greatly reduced winter and summer total fuel costs 

0 The condenser and compressor heat rejection systems can double as a 
domestic water heater to provide essentially free hot water while 
actually improving overall heat pump performance 

0 - Significant net reduction in effluent pollution 

Reduction of U.S. dependence on foreign oil 

Reduction in electrical utilities peak load requirements of summer air 
conditioning 

TECHNICAL ISSUES/ ECONOMICS 

The most pressing technical issue at present is the confirmation of predicted 
COPS, and confirmation of long lifetimes. Lifetimes of other sorbent beds at JPL 
have exceeded 32,000 continuous hours without any degradation in performance. 
These beds, however, are of a different configuration and do not have heat transfer 
enhancement fins, and thus accelerated lifetimes should be performed for carbodfin 
configurations similar to that shown in Figure 3. 

Another technical issue to be addressed is the selection of water or a heat 
transfer oil as the coolant fluid. Water provides much better heat transfer, but it must 
be pressurized to at least 225 psi (1.5 Mpa). Dowtherm or Therminol heat transfer 
oils can operate at low pressure, but they are toxic and potentially flammable. 

A possible coolant flow schematic is shown in Figure 4 with four sorbent 
beds. For this system, it is necessary to obtain long-life, low cost, multi-port valves 
to redirect the heat transfer fluid for each quarter cycle. Another economic issue that 
must be addressed are trade studies that optimized system cost by comparing a four- 
burner system with that of a single burner system using either flow diversions or heat 
exchangers for heating each of the four beds. 

Fabrication costs for actual mass production are anticipated to be low, since 
the compressors have no moving parts, no close tolerances, and can be made from 
inexpensive carbon and aluminum heat transfer devices. 

TECHNOLOGY OUTLOOK 

JPL is a NASA field facility that is operated by the California Institute of 
Technology (Caltech). As such, JPL is non-profit and is not permitted to compete 
with private industry. JPL is ,however, presently engaged in transferring the 
technology to private industry. A coalition team consisting of JPL, The Gas 
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Company of Southern California, and Aerojet is presently making plans for a three 
ton air conditioning heat pump prototype that will be fabricated and tested within two 
years. 

Initial market penetration is anticipate to be for residential air conditioning/heat pump 
applications, with later applications of multi-family dwellings and possibly large scale 
industrial building applications. Refrigeration, including mobile refrigeration, is also 
under consideration for development. 

ACKNOWLEDGEMENTS 

The research described in this report was carried out by the Jet Propulsion 
Laboratory, California Institute of Technology, under a contract with the National 
Aeronautics and space Administration. Funding for the ground-based heat pump 
studies and tests was provided by The Gas Company of Southern California. 

The kind assistance of a number of individuals is greatly appreciated: W. Boulter, 
M. Schmelzel, and C. Mirate for laboratory support; A. Yavrouian for carbon binder 
chemistry support; and V. Christophilos and J. Nolting for analytical trade-off 
studies. 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

REFERENCES 

Jones, J.A. and Golben, P.M., "Design, Life Testing and Future Designs of 
Cryogenic Hydride Refrigeration Systems, 'I Cryogenics, 25 2 12 (1985). 

Jones, J.A., "Sorption Cryogenic Refrigeration -- Status and Figure," Adv 
Cryog Eng (1988). 

Bard, S., Rodriguez, J., Wu, J., and Wade, L., "10 K Sorption Cooler 
Development," Proceedings of the Seventh International Cryocooler 
Conference, Santa Fe, New Mexico (November 17-19, 1992). 

Shelton, S.V., Wepfer, W.J., and Miles, D.J., "Square Wave Analysis of 
the Solid-Vapor Adsorption Heat Pump," Heat Recover Systems & CHP, No. 
3, pp. 233-247, Great Britain (1989). 

Tchernev, D. and Emerson, D. , "Closed Cycle Zeolite Regenerative Heat 
Pump," 2nd International Workshop on Research Activities of Advanced Heat 
Pumps, Graz Austria (September 1988). 

Miller, E.B., "The Development of Silica Gel Refrigeration, 'I Refngerating 
Engineering, Vol. 17, No. 4, pp. 103-108, (1929). 

Wade, L, Alvarez, J., Reyba, E., and Sywulka, P., "Development of a 

C-184 

, I  



High Performance Sorption Refrigerator, 'I paper presented at Space 
Cryogenics Workshop, California Institute of Technology, Pasadena, 
California (August 1989). 

Jones, J.A. and Vassilis Christophilos, "High Efficiency Regenerative 
Adsorbent Heat Pump, I' ASHRAE Winter Annual Meeting, Chicago, Illinois 
(January 1993). 

8. 

9. Jones, J.A., "Sorption Refrigeration Research at JPL/NASA," Solid Sorption 
Refrigeration Conference, International Institute of Refrigeration, Paris, France 
(November 18-20, 1992). 

Jones, J.A., "Regenerative Adsorption Heat Pump," U.S. Patent #5,046,319, 
Jet Propulsion Laboratory/California Institute of Technology, Pasadena, 
California. 

10. 

11. Jones, J.A. and Yavrouian, A., "Activated Carbon Sorbent with Integral 
Heat Transfer Device," U.S. Patent Pending (1992). 

C-185 ' 



Table 1. Heat Pump Analytical Comparisons 

Sorbent/ 
Sorbate 

c / m 3  

C/R 134a 

2 Canister 4 Canister 6 Canister 12 Canister Ideal 
Max COP, Orig Bottoming Orig Bottoming Orig Bottoming COP, 

0.71 -- 1.02 0.92 1.06 1.01 1.16 1.46 

0.61 -- 0.80 0.69 0.83 0.75 0.92 1.27 

I C/H,O I 1.20 ' I -- -- I -- 1.47 I -- -- I 1.60 

R134a 

NH3 

Table 2. Measured Cooling Capacities 

337 

1038 

- Sorbate 

Outdoor 
Temp. 

(F) 

95 

82 

47 

17 

Total Cooling Capacity 
(BTU/hr) 

Outdoor Supplied Supplied 
Temp. HeatPump COP COP COP Air Temp. Air Temp. 

(C) Mode Standard Mod. #1 Mod. #2 (F) (C) 

35.0 Cooling 1 .o 1.3 1.7 55 15.6 

27.8 Cooling 1.3 1.6 2.1 55 12.8 

8.3 Heating 1.9 2.1 2.4 105 35.0 

-8.3 Heating 1.5 1.6 1.8 105 32.2 

R22 386 

Table 3. Coefficients of Performance for Standard Heating and Cooling Days 

Note: These values do not include parasitic losses (estimated at about 3%) or electric 
fan power (estimated at about 5%). COPS may increase with alternate sorbents. 
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FIGURE 1. BASIC SORPTION REFRIGERATION CONCEPT 
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FIGURE 2. SORPTION COMPRESSOR REGENERATIVE THERMAL "WAVE" 
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FIGURE 4. COOLANT CIRCUIT DIAGRAM FOR FOUR SORBENT BEDS 

HOT (200°C) 

COOLING RAD I ATOR d 
t, 

t 

1 , HEATING 

C-190 



CFC-Free Chemisorption Heat Pumps and 
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Technology Description 

Backaround 
The widespread use of modem cooling, heat pumping, and refrigeration systems depend on 
the development. over the last 50 years. of CFC vapor compression cycles. Few engineering 
developments have experienced the success or had the impact on society of this 
technology. Modem building have become dependant upon mechanical cooling, and the 
geographic pattern of popuIation throughout the United States has been altered. Areas 
previously ' considered too hot for the establishment of industry and large population 
centers are now the site of some of the fastest growing cities. 

In the face of this success, vapor compression enters the 1990's at a crossroads. The 
technology has always required large investments in electric sources to cover power needs 
on hot days. New environmental concerns have significantly increased the cost of this 
generating capacity in recent years. New fossil fuel plants require emission controls and 
the future potential for nuclear power appears reduced. In addition, concerns on the 
ozone depleting potential of the chlorofluorocarbons have led to legislation and the 
development of alternative refrigerants. Thus far. these new refrigerants have been shown 
to decrease the efficiency of the vapor compression systems1, which will merely 
exacerbate the electric supply problem. 

One solution is to look at systems that can utilize a primary energy source directly, 
without burdening the electric distribution systems. Existing solutions include the 
classic lithium bromide absorption chiller and vapor compression systems driven by 
engines or steam turbines. These systems have been in use for decades in large 
institutional installations. However, the largest market for cooling and -heat pumping 
equipment is for small commercial or residential buildings2. Therefore, small systems 
hold the promise for the largest market share. Due to the need for compactness, 
efficiency, and low cost, small absorption, adsorption. or engine driven systems also 
present the greatest research challenge. 

Numerous cycles have been investigated in the last decade for applications to small 
systems including absorption systems345, and engine systems. Less conventional 

' 

lHow Will CFC Bans Affect Energy Use?, S.K. Fischer, F.A. Creswick, ASHRAE Journal, 
Nov. 1988, Reprinted in CFC's: Time of Transition, ASHRAE, Atlanta, 1989 
2The Air Conditioning, Heating and Refrigeration News - Statistical Panorama. March 29, 
1 9 9 3  
3Development of the Residential Gas Fired Absorption Heat Pump, Allied Corporation, GRI 

4Development of the Dual Cycle Absorption Heat Pump for Residential Applications, 
Battelle, GRI-90-0075, 1990, 6 Volumes 

84-0112, 1984 
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approaches include solid vapor systems, in which a refrigerant is sorbed onto a solid 
material, and later released at a higher pressure when the solid is heated. In this way, a 
container of the solid acts as a compressor, and the power source can be any type of 
heating fuel. A number of these systems have been developed, in the past including a 
zeolite solid67 (a form of absorbant clay) which can draw in water refrigerant and 
activated carbon which can draw in ammonia refrigerant89lo. Research continues in these 
areas, but "chemisorption" offers a new alternative to previous solid vapor systemsll. In 
chemisorption ammonia is drawn into any one of a number of possible salt materials. The 
wide choice of available salts, and the different temperatures at which this sorption takes 
place makes it possible to tailor systems to applications to a far greater degree than was 
ever previously possible. 

Baslcs 
Chemisorption is a solid-vapor adsorption cooling system utilizing ammonia refrigerant. 
The refrigerant experiences the same evaporation and condensation process as in a 
conventional cooling system, but the compressor is replaced by a solid mass of 
ammoniated salt. This salt adsorbs ammonia at low pressures. When heated, the salt 
desorbs ammonia at high pressure. thereby acting as a "compressor". 

HEAT 
RElECTION 

OUTDOOR 
FAN COIL 

Liquid Refrigerant 
Vaporous Refrigerant 

WATER TO INPUT 
AND FROM 

LOAD 

Figure 1 - A Simple Single Effect Chemisorption ' Air Conditioner 

5Development of the Double Effect Air Conditioner Heater (DEACH), GRI-92-0205. 1992. 3 
Volumes 
6Closed Cycle Zeolite Regenerative Heat Pump, from Solar Engineering, D.I. Tchernev and 
J.M. Clinch, ASME, Book No. H00467-1989 
7Absorption Cycles with the Working Fluid ZeoliteWater, J. Schwartz, C. Keller, J. Soltes, 
ASHRAE Transactions, 1991, NY-91-6-1 
8Gas Fired Sorption Heat Pump Development, Miles, Sanbom. Nowakowski and Shelton, 
Solid Sorption Refrigeration Symposium, Paris, 1992 
9Sorption Refrigeration Research at JPLDJASA, J.A. Jones.Solid Sorption Refrigeration 
Symposium, Paris, 1992 
lOGas Fired Solid-Vapor Heat Pump Development, D. Sanbom, D. Miles, G. Nowakowski and 
S. Shelton. 1992 International Gas Research Conference, Tokyo, 1992 
llComplex-Compound Heat Pump : Topical Report on Phase 1 Results, GRI93/0113 
Rocky Research, Inc., 1993 



A simple chemisorption cycle might appear as in Fig 1. In this cycle, heat is used to drive 
the ammonia refrigerant out of the ammoniated salt. The ammonia is then condensed in an 
air cooled coil, reduced in pressure, and evaporated producing a cooling effect. The low 
pressure ammonia vapor is then adsorbed into a second salt adsorber. In this simple 
cycle, both adsorbers contain the same salt, and the heat of adsorption is rejected. Once 
all the ammonia is passed from one adsorber to the other, the heat source switches to 
heating the full adsorber, the four way valve switches and the cycle continues. 

Liberating ammonia refrigerant from an ammoniated salt does require more heat than 
freeing refrigerant in other solid-vapor systems. This is due to the relatively tighter 
bonding in the ammoniated salt complex. Therefore, in a simple adsorption/desorption 
cycle, efficiency would be relatively poor. However, with the variety of salts available, 
more efficient cycles can be utilized. Different salts adsorb and desorb ammonia at 
differing temperatures. Curves for a variety of compounds have been experimentally 
measured. 

Coordlnatlon Sohereg 
A specific salt will adsorb or desorb at a specific temperature over an entire 
"coordination sphere" If a salt has three "coordination spheres", this means that 
ammonia can array itself around the salt in three ways. The first molecules of ammonia 
form a "shell" or "coordination sphere" around the salt molecule. If more ammonia 
molecules are added once the first shell is filled, they arrange themselves further from 
the salt in a second coordination sphere. Some salts may form as many as three of these 
coordination spheres at increasing distances from the salt. 

Monovalence 
In conventional absorption cycles, absorption temperature changes with solution 
concentration. Conversely, in chemisorption, all molecules of ammonia in one 
coordination sphere are bound to the salt with equal force and therefore, absorb at a 
constant temperature. This means that chemisorption cycles behave like a vapor 
compression cycle with a constant suction and discharge pressure from the sorbers. 

Flexibilrtv 
A large number of chemisorption salts are known and more a presently under 
development. In addition, each salt may operate over as many as three different 
temperature-pressure curves, one for each coordination sphere. This gives chemisorption 
tremendous flexibility in application. 

ylah Efficiencv ChemisorDtton Cvclefi 
High efficiency chemisorption cycles rely on this flexibility. 
more than one salt is used in a single cycle. 
temperatures, heat input to the cycle can be used more than once. 
cycle referred to as a Constant Pressure Engine Stage (CPES) cycle. 

time, the medium temperature adsorber is adsorbing. 
desorbing low temperature adsorber. 

Once all the ammonia is driven to the medium temperature adsorber, the boiler is shut 
down. The high temperature and low temperature adsorbers now adsorb ammonia. Heat 
from the high temperature adsorber is rejected to the medium temperature adsorber. This 
powers the desorption process. The heat of absorption in the low temperature adsorber is 
rejected. 

To obtain high efficiency, 
With differing adsorption and desorption 

Figure 2 shows such a 
In this cycle, heat is 

At the same 
This heat of absorption is fed to the 

. provided by a boiler to the high temperature adsorber which is desorbing. 
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FIGURE 2. - The CPES Cycle 

In this way, three adsorbers can provide continuous cooling and heat input is used three 
times before rejection. This unique hardware configuration, however, is not limited to 3 
stages. All cooling is provided by phase change in one 
evaporator. This simplifies system packaging and integration. Current developments 
focus on two and three stage cycles for commercial applications. 

Any number of stages can be used. 

Appl ica t ion  

Chemisorption is currently seen to be applicable to; 
o Air Conditioning Systems to 100 tons 
o Space Heating and Cooling Heat hunps 
o Refrigeration and Freezing 
o Thermal Storage Systems 
o Ammonia Clean-up Systems for Process Applications 

. .  

B e n e f i t s  
The advantages of chemisorption systems in refrigeration and cooling or heat pumping 
applications are 

o uses a non-CFC and chlorine free refrigerant with no ozone depletion potential, 
o faster rates of adsorption and higher adsorption capacity than from any previously 

explored solid-vapor system, meaning smaller, lower cost equipment, 
o the ability to tailor the reaction to the temperature requirements of the system by 

using any of numerous salts, 
o the ability to assemble high efficiency cycles by using a variety of salts that 

adsorb and desorb at differing temperatures, 
o upon system shutdown, the bulk of .the ammonia goes into the ammoniated salt form 

and is not free to escape, making systems "fail-safe", and 
o chemisorption systems have no moving parts other than control valves, potentially 

making chemisorption a durable system. 

Technical Issues 

Pevelooment Status 
Development of the chemisorption concept to date includes; 

o definition of the desired cycles, 
o 

o 

construction and optimization of small scale sorbers with salts selected for a wide 
variety of cycles, 
cycling testing of these small sorbers to establish durability, 
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o 
o 

corrosion testing of the salts on absorber surfaces in ammoniated form, 
construction of very large sorbers for industrial applications including the 
recently commercialized Amvac ammonia storage system and for the upcoming 
field test of the DOE chemisorption industrial heat pump 
design and construction of a simplified sorber sized for residential and light 
commercial systems, 

o 

o development and testing of interstage coupling systems, and 
o initial breadboard construction. 

A breadboard of a two stage CPES heat pump breadboard will be completed this fall. - 
Research will continue on the following points: 
. o testing of the two stage breadboard in the fall of 1993, 

o expansion of the breadboard to a 3 stage CPES in 1994, 
o controls systems for a CPES system, 
o long term durability testing of prototype systems, and 
o field testing of prototypes. 

Economics 

The largest potential market for the application of chemisorption is in cooling and heating 
of commercial and residential buildings. A chemisorption cycle can act either as a 
reversible heat pump or purely as a cooling system. 

The following economic analysis compares chemisorption as a reversible heat pump, 
producing heating in the winter and cooling in the summer to a high efficiency 
conventional system. The parameters in this comparison are; 

SV- 

Type (Cooling) 
COP Cooling 1 .o 3.52 
Equivalent SEER 3.4 12 
Parasitic Power(Coo1ing) 300wIton None 
Type (Heating) Cond. Gas Furnace 
COP Heating 1.5 0.w 
Parasitic Power (Heating) 32OwDO MBH 130w/20 MBH 
Heating Capacity Required 20 KBH/ton cooling 20 KBH/ton cooling 

High Eff. Electric AC 

The two most important variables in the economics of this or of any gas fired heating and 
cooling system are the the ratio between electric and gas prices and the climate of the 
application. The electric to gas price ratio varies from year to year and from location to 
location. Therefore, to make the' economic analysis most useful, it should account for a 
wide range of price ratios and climates. 

Heating and cooling total costs vary throughout the US. To make the analysis as simplk 
and universal as possible, the following results are shown as the percent annual savings 
over the year. 

% -  
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Current National Average 
40%- Electric to Gas Ratio 

All Heating 

S . ! ( s . ! h ! Y ! o q , $ $  k o q u ? q  
N c u  cu cu m m . 0  * - m m m  

Electric to Gas Price Ratio 

Technology Outlook 

The development of chemisorption has, thus far, proven to meet the original expectations 
for the concept in all significant respects. Should the development of complete system 
breadboards and prototypes be equally successful, prototypes could be in field test by 
1996. 

The introduction of a novel mass market product is a considerable undertaking. With 
field testing and long term durability testing in 1996-97, it is possible that the product 
could be introduced to the residential and light commercial heating and cooling market in 
1998. 

The build-up of sales of a new type of cooling and heat pumping system will take a number' 
of years. 
of the next century. 

Large volume sales should not be expected before the middle of the first decade 

American residential and commercial air conditioning and heat pump products currently 
use HCFC-22. This "transition" refrigerant is not expected to be phased out until the 
beginning of the next century (35% reduction-2004, 65% reduction-201012 ). Therefore, 
the chemisorption development, if successful, will produce a replacement for central air 
conditioning and heat pump systems at the point in the future where such a replacement 
will be required. 

12Copenhagen 1992: a Revision or a Landmark?, L.J.M. Kuijpers, The International Journal 
of Refrigeration, Vol 16, No. 3, 1993 
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Technology Description 
The hydraulic refrigeration system ( H R S )  is essentially a synthesis between the hydraulic gas 

compressor and a vapor compression refrigeration cycle. Devices utilizing hydraulic compression 
in general, and specifically hydraulic gas compression, have been in existence since antiquit$: In - 
these devices, a gas is entrained in a downward liquid flow. The gas is compressed as a 
consequence of increased hydrostatic head as the gas bubbles move downward. Schulze (1954) 
documented the history of hydraulic air compression and provided performance, construction, and 
operation data for compressors built between 1896 and 1910. Rice (1976) presented a one- 
dimensional bulk parameter analytical model of hydraulic gas compressors which was used as the 
foundation for his later work on the hydraulic refrigeration system. 

The hydraulic refrigeration system is a vapor compression refrigeration system which uses 
a vertical liquid loop and a Iiquid pump to provide circulation of the carrier liquid and compression 
and condensation of the refrigerant. The first modeling of a H R S  was presented by Rice (198 1) 
and since that time the H R S  has been the subject of much analytical and experimental effort. As 
shown in Figure 1, superheated refrigerant vapor from the evaporator is entrained into a 
downward liquid flow at the top of the closed liquid loop at location (1). As the refrigerant 
bubbles travel downward they are gradually compressed. The compression process is energy 
efficient because it is nearly isothermal at the liquid temperature. For a particular choice of 
refrigerant, carrier liquid, and loop operating temperature range, the vertical height of the liquid 
loop is determined so that condensation of the refrigerant is achieved at the end of the compression 
process (2). After condensation is complete, the refrigerant is gravitationally separated from the 
carrier liquid in a separation chamber (3), as shown in Figures 2 and 3. Following separation, the 
carrier liquid is pumped to the entrance of the up flow pipe at (3, and the refrigerant passes 
through the expansion valve and enters the evaporator portion of the cycle (4) where heat is 
removed from the refrigerated space (Qe). After leaving the evaporator, the refrigerant is a vapor 
and travels to the entrainer (1) and the process is repeated. Constant temperam of the closed 
liquid loop is provided by an annulus-type heat exchanger (6). The closed loop carrier fluid travels 
through the center pipe of the heat exchanger to minimize pressure drop while cooling tower water 
flows through the annulus to remove the water loop heat load. The main heat load of a H R S  is the 
result of work of refrigerant compression, heat of refrigerant condensation, and pumping 
inefficiencies. With regard to the thermodynamic cycle, the heat exchanger provides heat rejection 
to the environment (Qc). Work input to the cycle is provided by a pump which circulates the 
carrier liquid around the loop (Wp). Cooling capacity is the heat input to the system (Qe) at the 
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Figure 1. Simplified hydraulic refrigeration system schematic 

t 

Figure 2. Vapor-liquid separator Figure 3. Liquid-liquid separator 
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evaporator. Regeneration (in which vapor from the evaporator is used to subcool liquid refrigerant 
from the separator) may also be included in the cycle, but is not discussed here. 

Analytical models of the H R S  have suggested that a 6" diameter pipe loop 100 feet tall will 
provide the necessary compression and refrigerant flow rate for a nominal 9 ton system, at Air- 
Conditioning and Refrigeration Institute standard rating condition. The H R S  can be multi-staged, 
i.e., in two 50 foot, or three 35 foot sections, to provide the same resultant compression and 
refrigeration capacity. In an experimental 3-stage H R S  presently under construction, water is used 
as the carrier liquid and n-butane is the refrigerant. 

Application 

system utilizes an indirect (low probability) system classification (ANSVASHRAE 15-1989). 
Because hydrocarbons pose certain flammability hazards, several conditions have been taken into 
account that help to ensure safety of the H R S  design. First, with n-butane as the refrigerant, the 
compression process will take place at low pressure (= 40 psia) and at a very low temperature 
(= 85OF) relative to its ignition point. Second, the mass ratio of water to n-butane exceeds 100: 1 in 
the process of the compression cycle. Finally, by using a chiller circuit for the evaporator, heat 
removed from the refrigerated space can be transported by chilled water, allowing the all-butane 
circuit to be remotely housed in a mechanical room. 

Current guidelines, such as ANSVASHRAE 15-89 are fairly specific about the conditions 
in which a group 3a refrigerant can be used and meet code requirements. As a consequence, at the 
present time, the H R S ,  with water as the carrier liquid and n-butane as the refrigerant, can only be 
approved for use in an industrial setting. Experience with the H R S ,  future legislation, and code 
revisions may ease these restrictions. 

Ultimately it could be widely used for air conditioning, chilling, cold energy storage and freeze 
desalination. 

The H R S  is currently envisaged for use in industrial applications in which the refrigeration 

The H R S  is a generic refrigerator and can technically satisfy any refrigeration application. 

Benefits 
The H R S  offers the following advantages: 

Since the system can use group 3a refrigerants safely, the H R S  will not be ozone 
destructive and therefore will be more environmentally friendly than systems using 
either CFC's, HCFC's or HFC's. 

o d  paperlhrs paperlhrs se 
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Components are commonly available, simple and reliable. Low system maintenance 
and high reliability are primarily dictated by the simplicity of the system components. 
Due to the abundance and low cost of n-butane, as well as the inherently low 
maintenance requirements of the systems, the H R S  will be a very important technology 
to developing countries. 

Analytical, as well as some experimental evidence, has shown that a nominal 3 ton unit 
operating with three compression stages will have an energy efficiency rating (EER) of 19 at ARI 
standard rating conditions. Since the H R S  has the capability of operation over a range of 
refrigerant mass flow rates, this same system when operating at a capacity of 9 tons will have an 
EER of approximately 10. Rice and Beakley (1992) investigated the parametric performance of the 
H R S .  They showed how changes in refrigerant and water mass flow rate, height of the HRS, and 
rates of refrigeration are related to EER. 

Technical Issues 
The technical issues and problems that need to be addressed in maximizing the efficiency of 

the H R S  include loop pump configuration, nature of the carrier liquid, and separator design. 
The HRS requires the use of a large volume flow rate and low pressure differential of the 

carrier liquid. Centrifugal pumps, while readily available, do not have good efficiency for these 
flow conditions and are therefore not the best choice for use in a H R S .  An axial flow pump would 
be suitable, but is not readily available at present. For this reason, one goal of the current research 
and development effort is to pursue the design of an axial flow pump or the functional equivalent. 

If the compression medium is water, a maximum of approximately 1 psi of compression is 
obtained per 28 inches of downward bubbly flow travel. Increases in the local vapor fraction will, 
of course, result in reduced pressure rise and an increase in the two-phase friction factor. This 
necessarily results in a compression loop with moderately large height dimensions. As a result, 
n-butane is an ideal refrigerant cboice because vapor to liquid phase change occurs at low pressure 
(40 psia) and low temperature (85OF). However, even at this low pressure, modeling asowell as 
experimental work concludes that a single water loop 100 ft tall, or three loops 35 ft tall, are 
necessary for condensation at 85°F. Multi-staging adds substantially to initial costs of the system. 
Consequently, a water additive or a more dense carrier liquid will be sought so that the height 
requirements of a H R S  can be reduced. Height reduction would also aid in marketability in areas 
where the system visibility would pose an esthetic problem, or where below ground installation is 
not viable. 

,-. , 
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With regard to the liquid-liquid separator, the goal is to maintain a high separation 
efficiency with a small overall pressure drop. Because the buoyant effects are much less effective 
in separating liquid refrigerant from water, the plate-type separator (see Figure 3) must be 
approximately one and a half times the volume of the vapor-liquid separator. 

Economics 

tonnage. In many, if not most, real world commercial applications of the H R S ,  the height will not 
be a limiting factor, and a single-stage system can be used. It now appears that the H R S  will be 
very competitive with regards to both performance and first cost With the new HCFC and HFC 
refrigeration systems. 

consideration is being given to optimizing future manufacturing costs. Also, this unit is fully 
instrumental for experimental purposes, which is an added expense that will not be present in 
manufactured units. 

As operational experience is gained by running the prototype, new design criteria will 

A single-stage H R S  will be less expensive to build than a multi-stage unit for the same 

The H R S  presently under construction reflects conservative design criteria, and little 
/ 

become apparent that will result in significant component cost reductions. When the concept of the 
H R S  is examined, the simplicity of the system intuitively leads to the conclusion that costs will be 
competitive with existing technology on a first cost basis. When life cycle costs are factored in, the 
H R S  should show an impressive cost saving over present equipment. The greater efficiency of the 
H R S  reduces the cost and demand for electricity which, in turn, reduces the environmental impact 
of electric power production. The use of a naturally occurring refrigerant could eliminate the 
production of complex chemical compounds presently being used or promoted as refrigerants. 
This, too, would reduce considerably environmental stress. 

Technology 0 ut look 
At this time all components of the H R S  are accessible with current technology. 

Improvements in individual components, however, are inevitable and necessary to further increase 
the system performance. A substantial amount of seasonal performance experimentation is also 
desirable. 

The development of the HRS is well past the feasibility stage and now has entered a 
performance evaluation and re-design stage. Two small capacity systems have been previously 
constructed, an 85 foot single-stage system and a 35 foot three-stage system. Both H R S  systems 
used R-114 as the refrigerant and water as the carrier liquid. Based on the encouraging 
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performance of these systems, a larger capacity three-stage HRS is now being built. This larger 
system, which uses 6” diameter pipe, will use n-butane (R-600) as the refrigeration fluid, water as 
the,carrier liquid, and will be capable of capacities of up to approximately 10 tons. Based on the 
operation of this version (Phase l), a Phase 2 large capacity HRS system (perhaps 35 to 50 tons) 
will be constructed. After this phase of development, pre-production field test models will be built 
and operated in different climatic locations. It is estimated that each phase of development will 
require approximately two years time depending on availability of funds. 

HRS. With only pumps and motors as the mechanical components of the system, maintenance- 
free operation for long periods of time is assured. This not only translates into reduced 
replacement costs but into reduced downtime and less expensive service personnel. The cost of 
repair parts that must be kept in inventory will be a fraction of that required by present equipment. 
Costs associated with training of service personnel will be much less because of the simplicity of 
the system. 

Another aspect of cost reduction that needs to be examined is the expected reliability of the 
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HALONE REFRIGERATION 

Gregory W. Swift 
Condensed Patter and Thermal Physics Group 
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ABSTRACT 

Malone refrigeration is the use of a liquid near its critical point, 
without evaporation, as working f hid in a regenerative or  recuperative 
refrigeration cycle such as the Stirling and Brayton cycles. 
advantages include compactness, efficiency , an environmentally benign working 
fluid, and reasonable cost. One Malone refrigerator has been built and 
studied; 
relatively unexplored technology that the potential for inventions leading to 
improvements in efficiency and simplicity is very high. 

It’s potential 

two more are under construction. lalone refrigeration is such a new, 

TECHNOLOGY DESCRIPTION 

As recently as 10 years ago, only a few experts appreciated the 
disastrous consequences of stratospheric ozone depletion by manufactured 
halogenated chemicals such as chlorofluorocarbons (CFCs) . 
of CFCs, the use as a refrigerant in refrigerators and air conditioners has 
been the most difficult to eliminate, in part because CFC-based cooling systems 
are reasonably efficient. Cooling systems use about 20% of the nation’s 
electricity, most of which is produced by burning fossil fuels; clearly 
cooling- system efficiency has a major greenhouse- gas impact. These concerns 
are stimulating research into a variety of alternative cooling technologies. 

One new cooling technology is Malone refrigeration, the use of the 
cooling accompanying the expansion of a liquid, without evaporation. 
the name lalone refrigeration in honor of John lalone (1880-1959), who invented 
heat engines that use the expansion of liquids without evaporation. 

Our intuitive sense of how liquids behave is no doubt based on our 
widespread experience with the most common liquid of all, room- temperature 
water. 
point have thermophysical properties that are well suited to use in a 
regenerative or  recuperative thermodynamic cycle such as the Stirling cycle. 
One important property that a single-phase refrigerant must have is an 
adequately large thermal expansion coefficient @, because the heat absorbed 

substantial range o temperature, just below the critical temperature. The 
solid lines in Fig. 1 show values of TO for COa over a range of temperature and 
pressure. 

Of the common uses 

We chose 

But, unlike room-temperature water, liquids just below the critical 

during isothermal expansion is proportional to @ via Maxwell’s relation, 
iquids have TP N 1 over a (as/+)t = ($p/b’T)pl. Ideal gases have Tp = 1; 

Plots of TP for all liquids - -  water, hydrocarbons, CFCs, even 
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liquid metals - -  are similar to that of C 0 2 ,  when plotted against coordinates 
normalized by the critical temperature Tcrit and critical pressure Pcrit .* 

Thus, for a wide range of temperature near and below Tcrit, Tp is large enough 
to make liquids useful single- phase refrigerants. 

A second important property is the isothermal compressibility ,q.. 
dashed lines in Fig. 1 show Pkt for C02 over the same range of P and T. 
the values are similar for other liquids. liquids 
have PKt < 0.1 in the range where Tp N 1. 
liquids several advantages (particularly in comparison with ideal- gas- Stirling 
ref rigerators) . Most importantly, it keeps aiiabatic temperature changes and 
attendant losses low. Additionally, it enables large pressure changes (to 
which cooling power is proportional) to be achieved with modest fractional 
volume changes of the liquid. This feature can be put to practical use in two 
ways : 
made smaller, and/or more fluid volume can be permitted in the heat exchangers 
and regenerator. 

The 
Again, 

For ideal gases, PKt = 1; 
This low compressibility gives 

cylinders and associated mechanical components can be simplified and 

Next, we consider the volumetric specific heat at constant pressure, pc,, 
which is much larger for liquids than for gases, because the density is much 
larger. 
change, is even lar er than the latent heat per unit vapor volume o f  

between heat exchangers for liquids and those for gases or  gas-liquid mixtures. 
To transfer a given amount of heat from a liquid requires less volumetric 
displacement of the liquid through the heat exchanger, so that less mechanical 
power is required to pump the liquid through the exchanger. 
exchanger can be made very small if it exchanges the heat to another liquid 
stream. 

Liquid's volumetric specific heat, times a mere l ° C  temperature 

conventional CFC re !i rigerants. This leads to a great, qualitative difference 

Also, the 
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Fig. 1. Selected thermophysical 
properties of liquid CO2, for 

74 bar. 
thermal expansion coefficient ; 
- - - -  Plct, where Kt is 
compressibility. In most of the 
region shown, the thermal 
expansion coefficient is 
comparable to that of an ideal 
gas, but the compressibility is 
much smaller. 

which Tcrit = 304 K and Pcrit = 
TB, where p is 
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Liquids are thermodynamically effective just below their critical 
temperatures. lost simple hydrocarbons, fluorocarbons, and 
chlorofluorocarbons , with critical temperatures somewhat above room 
temperature, are effective as liquids near room temperature. 
few here. 
environmentally acceptable. 

ethyl alcohol, acetone, or SO2 in carbon dioxide have higher critical 
temperatures and hence greater inherent efficiency, but sacrifice some safety. 
SF6 and various ozone- safe fluorocarbons including C3F6, perf luorocyclobutane , 
and HFC- 134a, and mixtures thereof, also have appropriate critical 
temperatures, and can be used at lower pressures than carbon dioxide; 
these are less attractive because they are moderately toxic and/or are 

flammability. 

Alamos in the 1980s, was designed for systematic study of the use of liquids in 
a Stirling cycle. 
45.6 bar) at an average pressure of 100 bar and at temperatures near room 
temperature, just below its critical temperature. 
cooled, and operated at speeds up to 5 Hz, with heat flows up to about 1 kW, 
temperature differences up to 30 K ,  and shaft powers up to a few hundred watts. 

This apparatus, shown schematically in Fig. 2, was designed for 
versatility, understandability, easy diagnostics, and easy modification, 
without much concern for its efficiency, size, cost, or  reliability. 
included several features that would never be found in a practical device. The 
piston'and displacer strokes and time phasing between them, which controlled 

We list only a 
COz is most attractive, because it is nontoxic, nonflammable, and 

But its critical temperature (304.2 K is a little 
too low for highest efficiency operation. Dilute solutions of met b yl alcohol, 

however, 

reenhouse gases. Propane and propylene are also attractive except for their 

The first experimental lalone refrigerator1 , built and studied at Los 
We used liquid propylene (C3H6; Tcrit = 365 K ,  Pcrit = 

The machine was water 

Hence it 

Fig. 2 .  Schematic of principal components of the first experimental lalone 
ref rigerator. 
double- acting pistons were combined to form four ref rigerators operating in 
parallel, running 90" out of phase from one another on a common crankshaft ., 

Four regenerator- heat- exchanger assemblies and four 
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propylene displacement and pressure changes, could be adjusted using mechanisms 
within the crankshaft. Also, valves were connected in parallel with heat ex- 
changers and regenerators. By opening these valves we could let the propylene 
bypass the heat exchange components, to distinguish between thermodynamic and 
frictional effects in operat ion. The engine was instrumented very extensively . 

Generally, measurements of thermodynamic effects agreed with calculations 
based on component geometry and known properties of propylene; for example, 
the heat pumped at zero temperature difference was equal to TTBfPaV,, where f 
is frequency and Pa and Va are the amplitudes of the pressure and volumetric 
displacement. 
Malone refrigerator had a second-law efficiency of 0.2, not including motor 
inefficiency. 

At its most efficient operating point as a heat pump, the first 

These results are discussed in detail in Ref. 1 .  

APPLICATION 

Because of the high heat capacity per unit volume of liquid working 
fluids5 we expect Malone refrigeration to be most compact when heat source, 
heat sink, or  both are also liquids, such as water. 
applications would include ground- coupled heat pumping and assorted medium- and 
large- scale refrigeration, air- conditioning , and heat pumping applications such 
as air conditioning of large buildings. 

Hence, the most probable 

BENEFITS 

lalone refrigeration is environmentally benign. 
is a substance that occurs naturally in quantities so large that the impact of 
its use by the refrigeration industry would be negligible. (We each exhale 2 
pounds of C02 per day!) Methanol o r  ethanol mixed with the C02 would also be 
used and released in quantities far smaller than are used in other industries. 
Materials and fabrication techniques used to build Malone refrigeration systems 
are also environmentally benign. 

It’s working fluid, C02, 

When used in a liquid- to- liquid application such as water- cooled water 
chilling, Malone refrigeration systems should be much more compact than 
vapor- compression systems, because of the small size of the heat exchangers .2 

The first Malone refrigerator, which was not optimized in any way, had a 
second- law efficiency of 0.2, not including motor inefficiency. Our present 
design calculations for larger, free- piston systems show that the second- law 
efficiency ,can be over 0.4, including motor inefficiency, in low-cost designs 
with mass no greater than 10 kg/kW, comparable to the values of today’s 
large- scale vapor- compression water- cooled water chillers. 
efficiency of the fundamental cycle2 is in the range 0.6 to 0.8, so that 
efficiencies approaching this range appear possible for large, complex systems 
costing significantly more than today’s vapor- compression systems. 

The second- law 

I 
TECHNICAL ISSUES 

The most important immediate technical challenge is the demonstration of 
a lalone refrigerator with efficiency comparable t o  that of conventional 
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cooling systems, in an embodiment that is reasonably simple. 

problems remain to be solved. 
application- specific . 

If that challenge is successfully met, a large number of additional 
Some are general; others will be very 

We list a few representative examples here. 

The best thermodynamic cycle for Ialone refrigeration has not yet been 
determined. 
as candidates, but each has at least one practical disadvantage, such as the 
need for automatic valves (B?, I, SI), the difficulty of building 
high- effectiveness high-pressure counterflow heat exchangers (By 1) , the need 
to keep total entrained fluid volume small (S, I, SI), and inability to locate 
heat exchangers remote from mechanical components (S , I, SM) . 

Allen et al.3 list Brayton, Stirling, lalone, and Stirling-lalone 

Details of regeneration when the fluid's specific heat per unit mass is 

Design of low-cost heat exchangers that take advanta e of the Malone 

pressure dependent are not well understood. 

refrigerator's potential for compactness without risk of p !f ugging or  fouling of 
the water passages appears challenging. 

A much better design technique than that outlined in Ref. 1 is needed. 

Understanding of tradeoffs in choice of mechanical configuration is 
The multiplicity of gas- Stirling configurations , each offering required. 

different advantages of simplicity, vibration balancing, torque smoothing, 
compactness , hermet icity , etc . , is indicative of the complexity this issue 
holds for Ialone refrigeration. 

if so, thermophysical properties (especially viscosity and thermal 
conductivity) of such mixtures at pressures above vapor pressure are probably 
not yet available. 

The best working fluid may be a'mixture of enviroimentally benign fluids; 

ECONOMICS 

We expect the production costs of Malone refrigeration systems to be 
comparable to those of existing refri eration s stems. 
on which our new small Malone cooler 7 see below{ are based predict that large 
systems, with second- law efficiencies over 0.4, have system masses of about 
10 kg/kW, comparable to those of large vapor- compression systems. 
materials used are commonplace and inexpensive: 
stainless steel and motor materials such as copper. 
are using are straightforward, and requirements on dimensional tolerances are 
modest. 

The design calculations 

The 
mostly steel, with some 

Fabrication techniques we 

TECHNOLOGY OUTLOOK 

It is sobering t o  consider how many decades of work have been required t o  
1 bring CFC- based Rankine- cycle refrigeration to its present state of maturity; 
la tremendous amount of engineering development must be done to bring any new ' 

techno1ogy:to a similar state. . 
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The Los Alamos propylene machine was the f i r s t  Malone refrigerator.  

c e -  Second prototypes a re  now under construction at L O ~  Almos and at the Naval 

time person t o  work on each of these projects. 

working f lu id .  We picked the S t i r l ing  cycle instead of the Brayton cycle t o  
avoid d i f f i cu l t  construction of the Brayton, s counterf low heat exchanger and 
expander, even though it i s  much easier t o  calculate performance of a Brayton 
system and it seems l ikely that  the Brayton cycle would permit higher 
efficiency. We picked the l inear ,  free-piston configuration t o  eliminate 
bearings subject t o  high forces. 
operating pressure w i l l  be well above 100 bar and C O 2 ' s  viscosity i s  10 times 
lower than tha t  of water. 
5 Hz a t  up t o  2 kW of cooling power. 

C 0 2  as working f l u i d  i n  a Brayton cycle, with cooling power up t o  40 kW. 

- - -- Surface Warfare Center at Annapolis.4 Funding levels permit less  than one f u l l  - 
- 

- 
A t  Los Alamos, the new Malone refrigerator w i l l  use COz o r  CO2-alcohol as 

We chose a hermetic design since the 

We are  constructing a small machine, t o  operate near 

A t  Annapolis, the much larger Malone machine under construction w i l l  use 
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THERMOELECTRIC COOLING TECHNOLOGY 
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B. Mathiprakasam 

425 Volker Boulevard. Kansas City, M O  641 10 
Midwest Research Institute * 

Phone: 8 1 6-753-7600 

Increased awareness of the impact of 
chlorofluorocarbons (CFCs) on the global 
environment has become the impetus in the 
search for alternative cooling technologies and 
alternative' refrigerants for the vapor compression 
technology. The cooling industry is concerned 
that the alternative refrigerants currently under 
development could still face some tough 
regulations in the future. Therefore, the industry 
is looking for alternative cooling technologies 
that do not apply the vapor compression cycle. 

There are a number of cooling technologies that 
are alternatives t o  the vapor compression 
technology. One of them is known as 
Thermoelectric (TE) technology. This paper 
describes the various aspects of this technology. 

TECHNOLOGY DESCRIPTION 

TE cooling technology is based on the well- 
known principle, Peltier Effect. When t w o  
dissimilar conductors are connected and a direct 
current (DC) is passed through the circuit, then 
the temperature of one of the junctions (of 
dissimilar conductors) will decrease and that of 
the other will increase. Since one junction is 
colder than its environment, it is capable of 
absorbing heat from that environment. Similarly, 
the other junction is hotter than its environment 
and thus is capable of rejecting heat t o  this 
environment. The DC power applied t o  the 
circuit is also converted into heat. Under steady 
state conditions, the heat rejected by the hot 
junction is the sum of the heat absorbed by the 
cold junction and the heat equivalent of DC 
pow e r a p pl i ed . 

I 

, 
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In most applications, the cold junction 
environment will be at  a lower temperature than 
that of the hot  junction environment. Since the 
heat is absorbed from the cold junction 
environment and rejected to  the hot junction 
environment, heat is pumped from a low 
temperature t o  a high temperature environment. 
Thus the system acts as a heat pump. 

Figure l ( a )  shows a circuit that has a single 
couple of dissimilar conductors connected to  a 
DC power supply. Plate A is exposed t o  a cold 
environment and plate B, t o  a hot environment. 
These plates are made of high thermal 

Cold Environment -plate A 

t Plate B 

Hot Environment 

DC Switch D 
Power Supply 

l(a) A Couple Illustrating Thermoelectric Heat Pump 

Cold Environment 

t Hot Environment + 
' I  / 

l(b) A Thermoelectric Module 



conducfivity and high electrical resistivity 
materials -(typically ceramics). The elements 
shown as P and N are the dissimilar conductors 
that form the junctions. These conductors are 
made of low thermal conductivity and low 
electrical resistivity materialsdbismuth telluride). 
Copper straps (marked C) are used to  complete 
the electrical circuit. When the DC power is 
applied by closing swi tch D, plate A is cooled 
and plate B is heated. Heat is transferred from 
the cold environment t o  plate A, then from plate 
A through the straps t o  the P and N materials, 
then through the straps t o  plate B, and finally t o  
the hot environment. It can be noted that the 
directions of heat and current f low are parallel in 
the P element and are countercurrent in the N 
element. 

I 

- 

The amount of heat pumped by a single couple 
as shown in Figure l ( a )  is usually very small. 
Greater capacity is obtained by arranging a 
number of couples into a single circuit, as shown 
schematically in figure l (b) .  The number, of 
couples in a commercially available subassembly, 
called a thermoelectric module, varies from 1 0  t o  
127. A typical 127-couple TE module is 
approximately 30 mm square and 4 mm high, 
weighs about 25 g, and can pump about 1 0  W 
of heat against a temperature difference of 
4OOC. 

TECHNOLOGY APPLICATION 

Thermoelectric cooling is currently applied in 
several instruments and sensors. These include 
electronic chips, infrared detection devices, 
dewpoint hygrometers, calorimeters, amplifiers, 
air pollution analyzers, several medical devices 
(blood analyzers, cancer detection units, etc.), 
and freeze point detectors. There are also 
consumer products, such as thermoelectrically 
cooled picnic baskets, on the market. 

The application of TE cooling technology can also 
be applied to  air conditioners and water chillers. 
The general arrangement of various components 
in an air conditioner (or a water chiller) is shown 
schematically in figure 2(a). The system has a 
central channel for the f low of air to  be 

I 
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Heat Sink Fins 7 

TE Modules 

Cold Side Channel 

I Heal Sink 
Ease Plate 

2(a) TE Cooler Arrangement 

2(b) TE Air Conditioner 

conditioned (or water t o  be chilled). The channel 
is rectangular in cross section. A number of TE 
modules are placed on each side of the channel, 
and they are in close thermal contact with the 
channel surface. The heat sink plates which 
have fins t o  dissipate the heat are soldered t o  the 
outer surfaces of these modules. The orientation 
of the heat sink fins are such that the direction 
of ambient air f low is a t  right angles t o  the 
direction of the fluid being cooled. The space 
between the channel and the heat sink plate that 
is not occupied by the TE modules is filled with 
insulation t o  minimize the cooling losses from the 
channel. 

c-2 12 
- .  . -- 

>- - .  / 



In order t o  provide the required cooling capacity, 
a TE cooling unit may require the use of a large 
number of TE modules. If all the modules are 
placed over the sides of a single channel, then 
the channel length is excessively large and 
unacceptable. Therefore, TE cooling units are 
designed with multiple channels. A photographic 
view of a typical air conditioning unit is shown in 
figure 2(b). 

function of the temperature difference (AT) 
between the heat source and heat sink. The 
ratio of COP of a TE unit t o  that of a vapor 
compression unit operating under identical 
conditions is about 0.9 when the AT is very low. 
As  the AT increases, this ratio decreases. A t  
very high ATS, the ratio is only about 0.5 
(sometimes even less). 

TECHNICAL ISSUES 
BENEFITS 

The principal advantages of using TE technology 
for developing air conditioners and water chiller 
are as follows: 

* The cooler core is a completely solid state 
device. The fluid pumping components 
(such as the fan and pump) are the only 
components with moving parts. As such, 
the TE cooling units are highly reliable. 
Maintenance is rarely required once the 
systems are put into service and 
operating. 

* By properly choosing the pump and fan, 
the system can be designed t o  operate as 
an extremely quiet system. Also, the 
system can be stored on the shelf for 
several years and be ready t o  operate 
whenever it is needed. I * As a heat pump, the system an be 
reversed to  provide useful heating. Thus, 
air and water heating are possible. 
Switching is also simple because it is 
done electrically. 

* Low-capacity TE systems are very small 
in size and are light weight. For 
applications where bulk and weight are 
important considerations, TE systems 
should be considered. 

The main drawback in applying this technology 
t o  today's air conditioners and water chillers is 
its low energy efficiency compared with vapor 
compression machines. The Coefficient of 
Performance (COP) of any cooling unit is a strong 

Based 'on the benefits alone of the technology, 
the attractiveness of the technology for 
numerous applications in the future is evident., 
However, the poor energy efficiency of the 
technology, (especially when AT is high) is a ,  
major obstacle for immediately adopting this 
technology. 

Because energy efficiency could approach 90% 
of vapor compression efficiency at  low ATS, the 
cooling industry should identify those units with 
a low AT that currently employ the vapor 
compression technology t o  determine whether 
any of the units can be switched t o  TE 
technology. Air conditioners and water chillers 
normally used in an already conditioned room 
would qualify for this evaluation. 

One indicator that the TE community uses to  
meifsure the TE property of a couple is i ts "ZT" 
value. The semiconducting materials used in 
today's TE modules have a ZT value of about 
1.0, which is not enough: A ZT value of 3 and 
above is required t o  produce energy-efficient 
cooling units. Numerous universities and other 
organizations are conducting materials research 
t o  reach this level of ZT. The cooling industry 
should closely monitor the progress of this 
research effort. 

'$ 

ECONOMICS 

As is typically the case, the initial cost of 
producing a unit employing a new technology is 
high. This is also true with the TE technology. 
The cost of a typical TE module purchased in 
quantity is about $10 and it produces about 10 

\ 
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W of cooling. The capacity of a quarter ton air 
conditioner, for example, is about 850 W and it 
will require 85 TE modules. The associated 
module cost is $850. Including the cost of 
fabricating channels and heat sinks and 
assembling, the manufacturing cost of the air 
conditioner will be about $1,000. This cost is a t  
least twice the cost of a vapor compression air 
conditioner. 

All of today's TE modules are manually 
assembled. As the market share for TE cooling 
units expands, more automation will be 
implemented, and at that time, the TE module 
cost is expected t o  decrease, resulting in a lower 
cost for TE unit production. 

If and when new TE materials become available, 
TE modules will be made of those materials 
instead of the currently used bismuth telluride. 
If the cost of making' these new materials is 
lower than that of bismuth telluride, then a 
reduction in the cost of TE modules also can be 
realized. The first cost of TE units will then 
decrease and become competitive wi th  the cost 
of vapor compression units. 

TECHNOLOGY OUTLOOK 

The development of TE technology has t w o  
components: system development and material 
development. The system development is nearly 
a t  a mature stage, primarily because this 
development is very similar to  that of a cross- 
f low heat exchanger. The system can be easily 
designed and fabricated. The techniques for 
attaching the TE modules t o  the heat sinks have 

/-- 
, 1  
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been well established. As  such, the technology 
is ready for commercialization of those products 
where the AT is l ow  or the energy efficiency is a 
secondary consideration. 

The status of TE materials development is not 
encouraging. While several scientists have been 
attempting t o  invent new TE materials and/or 
trying t o  improve the existing materials during 
the last three decades, no major breakthrough 
has yet occurred. As such, the probability that 
a new, very attractive material will be available 
within the next five years is very low, but not 
inconceivable. Just as a breakthrough occurred 
in the superconducting materials area, should 
such a breakthrough occur in the TE materials 
area, then thermoelectrics will become a fully 
matured technology. 

The market penetration of TE technology during 
the next five years will only be around 1 %  or 
less. Some of the currently used vapor cycle 
cooling units operating in an already conditioned 
space are likely t o  be replaced by thermoelectric 
units. Specifically in those applications where 
system reliability and/or long shelf life are 
primary considerations, TE technology will find a 
market niche. Good examples are medical and 
military devices. 

With the explosive growth in computer chip , 

technology, the  chip manufactures are 
increasingly concerned about cooling chips to  
increase reliability and processing speed. 
Thermoelectric technology will acquire a 
significant share of this market during the next 
five years. 
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Introduction 

There are a number of metals that possess the remarkable ability 
to absorb large quantities of hydrogen gas. The hydrogen 
combines with the metal to form a "solid solution'! which is, in 
effect, a new metal alloy. Hydrogen absorption occurs under 
specific temperature and pressure conditions. 
released (desorbed) when the alloy temperature is elevated or-the 
pressure is reduced. The absorption/desorption phenomenon is a 
reversible reaction and the metals that absorb hydrogen are 
called reversible metal hydride alloys. 

The hydrogen is 

When a reversible metal hydride alloy absorbs hydrogen gas, heat 
is given off; the reaction is exothermic. In order to desorb 
hydrogen from the metal alloy, heat is required. If the 
desorbing alloy takes its heat from ambient temperature air, the 
air temperature decreases, thus producing the refrigeration 
associated with air conditioning. 

Ergenics, Inc. specializes in metal hydride alloy technology and 
its application for hydrogen storage, thermal compression, 
rechargeable batteries and heat pumps. Ergenics is in the 
process of quantifying performance characteristics of a metal 
hydride bench top prototype air conditioner with a cooling 
capability of 8000 BTU/HR. The energy source for the prototype 
is a hot air stream. Values for size, weight and performance 
that are presented in this paper are based on this bench top 
prototype. 

Principles of Operation 

The reversible metal hydride reaction can be expressed in the 
simplified chemical equation: 

M + H  2 MH 

where: M is a metal or metal alloy 

H is hydrogen 

The top arrow in the equation signifies the absorption cycle: 

M + H -+ MH + heat out 
'The lower arrow shows the reversibility of the reaction and 
signifies the desorption cycle: 

M + H + MH + heat in 
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The reversibility of the metal hydrogen reaction and the heat 
associated with it provide the basis for hydride heat pumps. The 
heat pump is a closed unit in which hydrogen serves as an energy 
carrier between a pair of hydride beds. By selecting appropriate 
hydriding alloys; heat sources and heat sinks, heat can be pumped 
over wide temperature differentials. Elements of the process are 
illustrated in Figures 1 and 2. 

Figure 1 illustrates a pair of hydride beds in the cooling mode. 
Hydrogen, which has been stored as a solid metal hydride in the 
lefthand bed, is desorbed. The heat necessary for desorption is 
taken from the bed's environment, causing cooling for air 
conditioning or refrigeration. The hydrogen flows into the 
righthand bed (mechanical pumping is not required). Heat from 
the righthand bed's hydrogen absorption reaction is rejected. 

interior. car air 

heat 

Desorption 

outside air 

heat  

Absorption 

MH + heat in -+ M + H M + H --+ MH + heat out 

Cooling Mode 

Figure 1 - Hydride Automobile Air Conditioner 
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When all of the hydrogen has been desorbed from the lefthand 
hydride'bed (and subsequently absorbed by the righthand bed), it 
must be recharged into the lefthand bed to become available for 
additional cooling. Figure 2 illustrates the recharge mode. 
Here, the righthand bed is heated by an energy source, causing it 
to release its hydrogen which then returns to the lefthand bed. 
Heat from the lefthand bed's hydrogen absorption reaction is 
rejected. 

outside air 
heat 

Absorption 

u- 

M + H + MH + heat out 

Recharge 

hot exhaust gas 

heat 

Desorption 

MH + heat in -b M + H 

Mode 

Figure 2 - Hydride Automobile Air Conditioner 

' The metal hydride air conditioner consists of a minimum of two 
One pair of beds operate in the cooling mode two-bed systems. 

while the other pair are in the recharge mode. 
continuous cooling is available for air conditioning or 
refrigeration. 

In this way, 
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Physical Confiquration 

The alloys used in heat pumps are in powdered form and hydride 
beds can be arranged in a number of physical configurations. 
Hydride beds fabricated by Ergenics contain the alloy powder 
within stainless steel tubes. An internal support structure 
accommodates powder expansion and contraction,(up to 25%), and 
preyents powder migration. The current metal hydride heat pump 
stape of development is defined by the 8000 BTU/HR bench top 
prototype which is briefly described below. 

The prototype heat pump is essentially a shell and tube heat 
exchanger comprised of two paired hydride beds and inlet and 
outlet air flow ga,tes that direct the hot air energy source, 
ambient air for heat rejection and cooled air flow during 
operation. The hydride beds are hermetically sealed via 
all-welded construction. The tube pattern is rectangular and a 
tube sheet partitions each paired bed into a hot energy source 
section and a cooling section. The heat pump is insulated 
internally. 

' I  I 

The heat pump measures 25 inches wide by 15.5 inches high by 18 
inches deep and weighs 75 pounds. It contains 27 pounds of 
hydride alloy. The hydride beds occupy only 55% of the shell 
volume leaving ample space for fans, controls, etc. 

Performance i -  ' 

The cooling capability of the hydride heat pump operating at 100% 
efficiency without any sensible heat recovery is 8172 BTU/HR as 
summarized in Table 1. 

I TABLE 1 
I 

I I 
Metal #Hydri.de Heat Pump Design Basis 

BTU/HR 

Cooling capability of the alloy 10,280 
Sensible heat loss (1,710) 
Loss through shell (180) 
Conduction loss through tube sheet (138) 

8172 Net cooling capability 

Temperature drop across the heat pump air conditioner defines the 
llqualityll of cooling. A temperature drop of 2OoC (36OF) was 
selected as the design basis for the bench top unit. 
temperature drop dictates hydride alloy selection. 

This 

1 .  
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The coefficient of performance (COP) for the bench top prototype 
is expected to be 2.65 with sensible heat recovery. A certain 
amount of COP performance improvement can be attained in future 
designs by using alloys with higher heats of formation, alloys 
with greater hydrogen storage capability and lower ancillary 
hardware mass. 

Heat pump size and-weight can be reduced with the use of extended 
surface tubing. 
prototype heat pump,is 4 minutes; 2 minutes for cooling and 2 
minutes for regeneration. The heat pump has thirty cooling "halfv1 
cycles per hour. Extended surface tubing will reduce cycle time 
while transferring the same amount of heat in each cycle. More 
than thirty cycles.wil1 occur each hour either increasing the 
heat transferred over time, or enabling smaller beds to achieve 
the same cooling performance. 

The cycle time for each pair of beds in the 

Applications 

Metal hydride heat pumps are particularly attractive for 
applications that have a source of waste heat because the heat 
pump cycle derives all of its air conditioning energy 
requirements from heat (electrical power is required only for 
fans and controls). Waste heat powered applications include air 
conditioning for automobiles and trucks as-well as truck 
refrigeration. 

As more performance, size and cost data is accumulated, metal 
hydride heat pumps may be found to be appropriate for residential 
air conditioning and refrigerators powered by natural gas. 

Scale-up for industrial and commercial building cooling and 
refrigeration needs is feasible if a waste heat source exists, 
but may not be competitive with other cooling technologies. 

Benefits 

Metal hydride heat pumps for air conditioning and refrigeration 
are environmentally acceptable and provide the following 
benefits : 

Non-polluting hydrogen is used as the energy carrier. 

Metal hydride alloy raw materials (primarily rare earths, 
nickel and aluminum) are non-hazardous and plentiful. 

The preferred energy source is waste heat (transportation) 
and natural gas (residential). 

Coefficients of performance of less than 2.5  are achievable. 

Compressors are not used. 
eliminating the compressor increases engine fuel mileage and 
power. 

The only moving parts are air stream dampers. 

For transportation applications, 

The hydrogen 
-process boundary is hermetically sealed. 
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Technical Issues 

Relatively few technical issues remain to be resolved. 

For transportation applications, the source of engine waste heat 
must be carefully evaluated. 
exhaust gas temperatures need to be examined for hydrogen 
diffusion effects. 
through tube walls are being investigated. 

Cool air temperature fluctuations, due to the reciprocating 
nature of the heat pump cycle, may not be acceptable to the 
consumer. Consideration must be given to adding a third pair of 
hydride beds to reduce the cool outlet temperature fluctuations. 

Due to the flammable nature of hydrogen, detailed safety analyses 
will be required for each air conditioning application. 

Hydride beds subjected to hot 

Techniques to minimize hydrogen diffusion 

Economics - 
The metal hydride heat pump performance capabilities need better 
definition before meaningful estimates of initial system cost and 
total evaluated cost can be made. 
material costs for a 12,000 BTU/HR metal hydride air conditioner 
are the following: 

Rough estimates of raw 

1. Metal hydride alloy $130.00 
2. Bed tubing 85.00 
3. Plastic ducting/dampers 12.00 

Assembly labor in a high volume production operation is 
anticipated to range from $40 to $80. 
estimated. 

Costs for controls are not 

Summary 

Increases in hydride bed heat transfer kinetics have dramatically 
reduced the size and weight of metal hydride heat pumps. An 8000 
BTU/HR bench top prototype air conditioner is expected to 
demonstrate a COP of 2.65. Future improvements include the use 
of extended surface tubing for additional size and weight 
reduction and higher heat of formation alloys for COP reduction. 

Ergenics anticipates achieving projected cycle improvements in 
1994. Product designs for specific applications and ramp up for 
commercial production can occur in the 1995 to 1997 time frame. 
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SOLID SORPTION GAS HEAT PUMP TECHNOLOGY 

Sam V. Shelton, Ph. D . , Georgia Institute of Technology 
David M. Sanborn, Ph. D., Wave Air Corporation 

D a n i e l  J. Miles, Ph.D., Wave Air Corporation 
Atlanta, Georgia 

TECHNOLOGY DESCRIPTION 

The four major components in an electric heat pump are the compressor, 
condenser, evaporator and expansion device. The compressor's function is to pump 
refrigerant vapor from the low pressure evaporator to the high pressure condenser. 
This function can also be accomplished by alternately heating and cooling a solid 
adsorbent bed containing refrigerant and connected via check valves to the 
evaporator and condenser. This solid adsorbent heat-driven heat pump concept 
appears in U.S. patent literature as early as 1909, and refrigerators employing a 
solid adsorbent were commercially available in the 1920s. 

In the basic solid sorption heat pump cycle, a condenser, expansion device, 
and evaporator are used to provide the same functions as  in a vapor compression 
cycle. A two-bed solid sorbent system, in which the beds act as the compressor, is 
illustrated in Figure 1. Heat transfer fluid is pumped through a circuit consisting 
of the two beds, a fluid cooler, and a fluid heater. The fluid heater is natural gas 
fueled. The solid sorbent material is contained in the bed pressure vessels which 
are connected via check valves to the evaporator and condenser. The heat transfer 
fluid passes through tubes which are embedded in the solid adsorbent. 

Initially, Bed 1 is heated while Bed 2 is cooled (i.e. heat transfer fluid flow 
is counterclockwise). As Bed 1 is heated, the adsorptive capacity of the solid 
sorbent decreases, and refrigerant is desorbed. The desorbed refrigerant vapor 
pressurizes the vessel. When the pressure in Bed 1 reaches the condenser 
pressure, the refrigerant check valve opens to allow the desorbed refrigerant to flow 
to the condenser and to continue flowing as the bed continues to be heated. The 
cooling of Bed 2 increases the adsorptive capacity of the solid, and the pressure in 
the vessel falls. Bed 2 depressurizes until the pressure is reduced to the evaporator 
pressure, at  which time the check valve f r o m  the evaporator opens to allow 
refrigerant flow to the bed as it continues to be cooled. 

When Bed 1 is fully heated and Bed 2 is fully cooled, the heat transfer fluid 
flow direction is reversed so that Bed 1 is cooled and Bed 2 is heated. This returns 
the beds to their original state. Alternate heating of the two beds results in a nearly 
continuous flow of refrigerant vapor to and from the condenser and evaporator 
respectively. 

The fluid cooler provides a source of heat for space heating in addition to the 
heat from the condenser. Fluid enters the cooler at approximately 160°F and leaves 
at  approximately 120" F . This high-temperature source of heat combines wi th  heat 
from the condenser to deliper 120"-125°F heat to the house. 

When one examines the basic cycle, it is noted that a substantial portion of the 
heat rejected from the bed being cooled is at a temperature equal to, or higher than, 
the temperature of the heat required to heat the other bed. Ideally this allows 
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Figure 1. Solid Adsorbent Heat Driven Heat  Pump 

substantial regeneration' of that rejected heat to reduce the gas energy required. 
In fact, calculations show that over 80% of the heat required is available from the bed 
being cooled without violating the second law of thermodynamics. 
Unfortunately, when traditional heat exchange practices are used such as employed 
in shell-and-tube heat exchangers, the availability of high-temperature heat is out 
of phase wi th  the need for high temperature heat. Figure 2 shows the temperature 
profiles at times tl t2 and t, in the heating bed using conventional heat exchanger 
design practices. Notice that the temperature of the fluid leaving the bed (right 
side of the diagram at distance "L") rises continuously with time. The opposite is 
true for the fluid leaving the cooling bed as shown in Figure 3. Notice that 
regeneration is possible only up to time "aft. After that time, the cooling bed is 
further coaled by rejecting heat to the environment, and the heating bed is further 
heated by heat from the gas heater. 

The amount of regeneration can be substantially increased by changing the 
fluid outlet temperature-time relationship as shown in Figure 4. The desirable 
characteristics shown in Figure 4 can be obtained using the t h e r m a l  wave concept. 
As shown in Figure 5, the fluid exit temperature (temperature at distance "L") 
remains at T, until the heating bed is almost fully heated. The fluid exit temperature 
from the cooling bed wi l l  r ema in  at T, until it is almost fully cooled. In this manner, 
regeneration can occur until the temperatures cross at point "a" in Figure 4: 
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TECHNOLOGY APPLICATION 

This technology is under development by Wave Air Corporation in Atlanta, 
G e o r g i a  with private, utility, and Gas Research Institute financial support. The 
application under development is a residential gas heat pump. This application 
requires both space coaling and heating. In DOE Region IV, which cuts across the 
middle of the U . S . at Washington, D . C . , the ambient temperature at which  the mos t  
heat must be delivered to the typical house on an annual basis is about 30°F. The 
ambient temperature at which the most coaling must be supplied on an annual basis 
is about 82°F. At  typical energy rates, the cost for cooling using conventional 
electxic air conditioning is about 3 times less than the annual cost of gas heating 
using a conventional furnace. 

Therefore, for annual efficiency and economics the most important single 
operating point to consider is the heating operation a t  an ambient temperature of 
30" F . This requires an evaporator temperature of about 20 O F . In order to deliver the 
space heat without a,"cold heat" effect the duct air temperatures must be above 
110" F requiring the condenser temperature to be above 110 O F . 
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Figure5. T e m p e r a ~ P r & h ? s  . Using the Thermal Wave Concept 

. TECHNOLOGY BENEFITS 

Solid sorption technology has severalimportant fundamental technical features 
which m a k e  it an attractive candidate to achieve the advantages discussed above for 
generic sorption systems. These fundamental advantages are m o s t  noteworthy when 
directly compared against competing gas heat pump technologies. Briefly, these are; 
simplicity, low maintenance, high temperature heat input capability providing high 
efficiency potential, low pump power, inherent flexibility in operation, heating 
performance insensitivity to low winter ambient temperature, and environmentally 
benign refrigerants. The refrigerants which are most frequently discussed as being 
best suited for solid sorption are water and anhydrous ammonia. Both of these are 
environmentally benign, and ammonia is non-corrosive a t  the high temperatures w i t h  
the least expensive meta ls .  

Global warming is of course becoming a significant factor in international 
environmental protocol negotiations. Solid sorption also has significant advantages 
in this regard. Not only do the refrigerants have zero global warming potential, but 
the higher efficiency of converting fossil fuels to space heating and cooling produce 
less carbon dioxide, which is the major contributor to global warming. c' 
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Regarding the m e r i t s  of the two common solid sorption refrigerants, water and 
ammonia, water is the ideal refrigerant except for its very low pressure (high 
vacuum) and low density at evaporator conditions, and its freezing point at 0°C. On 
the other hand, ammonia has been in use in refrigeration for over 100 years. It has 
a high heat of vaporization, high heat transfer characteristics, and positive 
evaporator pressures relative to the atmosphere. Mass diffusion kinetics in the solid 
sorbent is therefore not a problem. W h i l e  flammable in a narrow range of high 
concentrations, it is difficult to ignite and w i l l  not support combustion after the 
ignition source is withdrawn. It has zero ozone depletion potential. In September, 
1991, the American Society of Heating, Refrigeration, and Air Conditioning 
Engineers officially endorsed ammonia as an alternative refrigerant. The European 
community is also strongly supporting ammonia as an alternative refrigerant. 

TECHNICAL ISSUES 

The primary new technology in a residential gas heat pump product utilizing 
d i d  sorption is the sorbent beds containing the solid sorbent which must be heated 
and coaled by the use of a heat transfer fluid. First, a solid/refrigerant pair m u s t  
be selected which  is chemically stable and has a large change in adsorption with a 
over a reasonable temperature range. Activated carbon and ammonia is one pair that 
is an excellent candidate. 

The solid sorbent bed and integral heat exchanger m u s t  have characteristics 
as follows: 1) the time period of the complete  healing and cooling cycle must be less 
than about 5 to 10 minutes and, 2) this m u s t  be accomplished while maintaining an 
optimum thermal wave profile along the heat traqsfer fluid flow path. 

The maximum cycle time period of 5 to 10 minutes is necessary to keep the mass 
of solid sorbent on the order of about 15 pounds per refrigeration ton of cooling 
capacity. If the mass  of solid sorbent is greater than this, the m a s s  of the sorbent 
and assaciated heat exchanger will be very large, resulting in cost greater than is 
economically practical to compete  wi th  current commercial technology. 

Of course the thermal wave is necessary to reach a high regeneration of heat 
from the bed being coaled to help heat the bed being heated. It should be noted 
however, that while a very short thermal wave will produce the highest efficiency, 
it leads to large sor-t beds and assoCiated heat exchangers. This is because at 
any given time, the only active part of the bed heat exchanger is that part on the 
progressing front. For a very steep wave, this means  that only a very smaU fraction 
of the bed heat exchanger will be utilized at a any given time, dictating a very slow 
moving wave. This increases cycle times and leads to large beds and associated heat 
exchangers. Therefore, trading off the efficiency of the gas heat pump wi th  the 
cost of the sorbent beds is necessary to determine an optimum thermal wave profile. 

This thermal wave concept can be extended to refrigerant compressor systems 
using multiple beds, even or odd. This w a s  demonstrated in systems that were  built 
in the 1920s and reported in the literature by E. B . M i l l e r  ( "The Development of Silica 
Gel Refrigeration," American Society of Refrigerating Engineers, Vol. 17, No. 4, 
1929). 

Over the past 5 years, these design trade offs between the number and 
configuration of the beds and the design of each bed have been studied both 
experimentally and theoretically in considerable detail to produce a bed and heat 
pump system design with the best potential for economic success against existing 
residential heating and cooling systems. These beds have been comprehensively 
tested over all operating conditions, and installed in a complete air cooled heat pump 
system. This system consists of an outdoor unit which produces chilled water for 
space cooling in the summer, or hot water for space heating in the winter. The hot 
or c u e d  water is circulated inside to an air coil which heats or cools the house air. 
Complete system optimization trading off system manufacturing costs against annual 
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operating cost is being carried out at this time. This primarily involves heat 
exchanger Sizing, air  flow rates, and water flow rates. At  the same time, s y s t e m  and 
component simplification for ease of manufacturing is being studied. 

ECONOMICS 

To develop a successful gas heat pump for the residential application, the 
product must deliver comfort as good or better than the existing technology. The 
higher equipment costs, which will always accompany a gas heat pump, must be 
compensated for by lower annual operating costs. Acceptable simple paybacks for 
home owners is debatable, but 3 years is generally considered quite good with 
anything over 10 years unacceptable. Electric and gas utility demand-side- 
management subsidies to level their respective demands can reduce the equipment 
cost premiums. 

To aid the purchaser in m a k i n g  this payback calculation, Federal Regulations 
require a yellow label w i t h  annual operating data clearly stated. The procedure for 
calculating this number is spelled out by DOE for electric heat pumps, electric 
furnaces, and electric air conditioners. The American National Standards Institute 
has just approved a standard for testing gas heat pumps which  w i l l  
yield annual operating data that the purchaser can use to compare the operating cost 
against other available heating and cooling products. 

Detailed manufacturing costs studies have been carried out by an outside 
party on a base system design using the existing sorption bed design. The sorption 
beds have been developed to a point where  their costs are less than 25 percent of the 
total system costs. Given this detailed costs analysis, system design optimization is 
being carried out to minimize this costs, while maintaining a significant cost savings. 

The current status shows that a five year simple payback is achieved in a 
substantial number of cities of the U. S. These economics vary substantially from city 
to city as gas and electric rate structures varies. A significant variable is not only 
the annual electric to gas costs ratio, but also the winter to summer electric rate 
variation and the winter to summer gas rate variation. Many cities have considerable 
higher electric rates in the summer than winter, with lower gas rates in the summer 
compared to the winter. 

CONCLUSION 

Solid sorption has important fundamental features which make it advantageous 
for space conditioning. These fundamental merits coupled wi th  new regeneramn 
technology make it a strong candidate to capture the long sought after advantages 
of direct fossil fuel fired space conditioning in conjunction with benign refrigerants. 
New salid sorption technology shows advantages including; simplicity, low 
maintenance, high temperature heat input capability, low pump power, inherent 
-ty in operation, heating performance insensitivity to low winter  ambient 
temperature, and environmentally friendly refrigerants. 

Minimum market volumes of 50,000 units per year must be achievable for a new 
gas heat pump product to m a k e  it attractive to an W A C  manufacturing and 
distribution company. ‘al m a r k e t  introduction should be prudently small  and built 
up over a few years. f..arket analyses by outside HVAC industry marketing 

product technology concept to be commercialized in 1996. One benefit of this 
technology is that the theoretical potential is much higher than necessary for 
successful product introduction. Further development and system optimization is 
possible wi th  second and third generation products based on this technology 
achieving increasing penetration of the 2 to 3 million residential heating/cooling 
systems sold annually. - 

specialists shows that 1.  si^. icant marke t  penetration is achievable wi th  the current 
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Ejector Expansion Refrigeration Cycle 

Brian Silvetti , 
Calmac Manufacturing Corporation 

P.O. Box 710 
Englewood, NJ 07631 

(201) 569-0420 

This material was submitted for inclusion with the information 
presented at the 1993 Non-Fluorocarbon Refrigeration and 4 r -  
Conditioning Technologies Workshop. Mr. Silvetti was unable to 
attend the workshop and hence could not respond to questions or 
comments relative to his work. 
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Section 4. Executive Summary 

4a. Scientific and Technical Merit 

A significant breakthrough ia underway which promises to improve the efficiency, capacity, 
and maxlmum thermal differential for a wide range of vapor compresslon refrigeration 
systems. It is applicable to  cooling, heating, and refrigeration systems in all sizes, including 

household refrigerators, 
residential, automotive, and commercial alr conditioners, 
heat pumps, and 
commercial and industrial refrigeration. 

A breadboard system has have already achieved a bench test efficiency (COP) improvement 
of 6% over standard vapor compression cycles. The fully developed system is expected to 
reach 10% improvement for air conditioning and up to 20% improvement for lower tempera- 
ture applicatfons. 

The breakthrough is called the Ejector Expansion Refrlgeration Cycle (EERC). One of the 
intrinsic losses in the standard vapor compression refrigeration cycle is the throttling of 
'refrigerant in the expansion device. In the EERC, the energy normally wasted in therm81 
expansion valves, capillary tubes, and orifices is used positively by means of an ejector to 
raise the suction pressure entering the compressor. Since work done by the ejector replaces 
wasteful throttling, the evaporator cooling effect increases while compressor work decreases. 
The results are increases in both efficiency and capacity. These improvements are attained 
by the addition of low cost components having no moving parts, They are applicable to all 
vapor cornpression, refrigerants, including new ozone-safe compounds. 

Others have attempted to make this concept workable but'have failed because of poor 
efficiency of the ejector primary nozzle. In their devices, the condenser liquid in the nozzle 
changes to vapor phase slowly relative to the nozzle transit time, so most of its expansion 
takes place after the nozzle exit. The result is an ejector pressure rise too small t o  be 
practically useful. 

The applicant has repeatedly achieved I very significant pressure rise in laboratory tests. This 
success is based on a patentable innovation which causes the phase change in the primary 
nozzle to occur very quickly. The innovation is described more fully in Section 5. 

The scientific merit of this proposal is demonstrated by the discovery of a means to realize 
the EERC concept where sewrel other well known and highly respected parties have failed. 
The solution t o  the problem was based on an improved understanding of the basic physics of 
the process~es involved. 

The technical merit is shown by the proposal's total uniqueness relative to current industry 
practice, where tha expansion energy is wasted in all cases, The state of the art is being 
extended, and wide scale application of the Innovation is feasible. Multi-disciplinary planning 
has been used in guiding and evaluating the work done so far. This work has been limited, 
however, by the levels of financing viable for the applicant over the past two years. Rapid 
and effective commercialization requires more equipment, design and test facilities, and 
research personnel. 

1 )  
I 
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. 4b. Proposed Research and Oevelopment Program 

The development of the EERC promises large benefits. Before this development can progress 
to the prototype stage, more information is needed on both the performance of two phase 
ejectors and the overall performance of the EERC. The EERC research program will thus be 
divided Into two main components: two phase ejector development and integrated EERC 
development and prototyping. , 

The ejector development component will concentrate on a better understanding of the 
phenomena withln the EERCs two phase ejector. Calrnac’s EERC research to  d6te has greatly 
increased knowledge In this ama, resulting in dramatic perFormance improvements. Further 
research into the basics of ejector performance promise additional improvements. 

The EERC prototyping component will concentrate on analysls, design, and manufacturing 
methods for integrated EERC systems. Prototype EERC component packages will be installed 
in off-the-shelf heat pump and air conditioning systems. Testlng will provide the database 
needed to select EERC components for a particular application, and the working test stand will 
be a powerful tool for marketing to large volume OEM customers. 

* 

4c. Broad-based Benefits 

Concerns a bout energy consenmion, global warming, and ozone depletion are having a major 
impact on U.S. and worldwide technology. There is clear consen8us on the need to  reduce 
fossil energy usage, with consequently lower C o r  emissions, and to reduce the leakage of 
CFC refrigerants to cut ozone depletion. _Vaaar c o v  for a bout 
23&&lJ.S. 0 electric energy use- so an increase in its efficiency by 10 to  
20% could etentiellv save about 2 auads, This decrease in energy use would be d great 
benefit to the U.S., and the reduction in CO, emissions would go far towards meeting our 
national goals in that area. Worldwide, such an efficiency increase could save 70 to 20 quads 
of energy. 

There is also growing concern about U S  industrial competitiveness. Air conditioning and 
refrigeration equipment ha$ always been 6 significant US. export, but our share of the world 
market in this area has shrunk. The dwelopment of an important, proprietary, US. owned 
innovation in air conditioning and refrigeration technology would result in a major increase in 
U.S. market share. With a 821 billion world market, this could have e meaningful positive 
impact on the U.S. balance of trade. 

4d. Technology Transfer 

The key innovation In our sucsess with the EERC has been deemed patentable by our patent 
attorney, and csn application has been filed with the U.S. Patent Office. Foreign patent 
applications will be filed within the year to secure international protectlon. Additional 
patentable innovations are expected. The precise dimensions, heat transfer, and flow pattern 
needed for meximorn ejector performance will be a source of trade secrets which will also 
protect Calmac and our U S .  licensees. 

Cslmac does not plan to manufacture complete EERC refrigeration eystems. We will, instead, 
manufacture a package of components required for the EERC and distribute them OR both 
OEM and retrofit bases. We will make our expertise available to our customers, insuring that 
they make the best use of this new technology in their applications. For specialized market 
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Section 6. Research and Development Program 

6a. Technology Development Goal 

This project has two major technology development goals: 

0 to understand and improve the performance of two phase ejectors, 8nd 

to integrate these ejectors into ejector expansion refrigeration cycles (EERC’s) for 
air conditioning and heat pumping applications. 

In order to make the motivations and goals for the project clear, this subsection will cover 

Basic concept of two phase ejector application, 

Performance improvements theoretically possible with theedditlon of a two phase 
ejector to a standard refrigeration cycle, 

0 The history of the EERC and of two phase ejectors, 

Calmac EERC research end improvements to the EERC, 

The need for development of two phase ejectors and of integrated systems, and 

An assessment of technical risks and potential payoffs from the research and 
development program. 

Sal The Use of an Ejector 8s a Refrigerant Expander 

It has long been recognized that the COP of the vapor compression cycle would be improved 
by replacing the free expansion in the expansion valve with a work-producing expansion. This 
change would give two benefits: it would increase available cooling by removing energy from 
the refrigerant entering the evaporator and reduce required work by helping drive the 
compressor. ’ The work-producing device could be a reciprocating, rotary, or turblne expander, 
but such a device would be expensive and prone to  damage by low quality two phase flow. 

The jet ejector is low in cost and able t o  handle a wide range of multiphase flows without 
damage. It is proposed that ern ejector be used as a refrigetant expender. 

A conventional vapor compression refrigeration cycle Is shown in Figure I (a). In this cycle, 
the high pressure liquid leaving the condenser is expanded to the low pressure of the 
evaporator through an expansion valve, capillary tube, or other expansion device. Within the 
expansion device, the internal energy associated with the high inlet pressure is converted to  
kinetic energy and then dissipated to  heat through fluid friction. The energy is thus not only 
wasted 8s useful work, but is dumped into the evaporator as heat, increasing the load on the 
refrigeration system. 

The ejector expansion refrigeration cycle (EERC) is shown in figure 1 (b). In this cycle, the 
high pressure liquid leaving the condenser is expanded in the motive nozzle of an ejector. The 
internal energy associated with the high inlet pressure is converted to  kinetic energy, some 
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of which is transferred through mixing to the low pressure vapor leaving the evaporator. The 
kinetic energy Is then used, in the diffuser, to compress the mixed stream to PI pressure above 
evaporator pressure. 'The two phase stream enters a separator, from which vapor enters the 
compressor and liquid retwrns to the evaporator. The energy of expansion is thus kept out of 
the evaporator and used to assist the compressor. In essence, the EERC is a two stage 
refrigeration system, with the work otherwise lost in the high stage expansion process 
providing the work input for the low stage, The low stage throttling process is across a small 
pressure difference and thus causes little loss. 

ENTHALPY 

Figure 2. Comparison of Pressure-Enthalpy Diagrams for Standard Cycle and EERC 
(Numerals refer to points shown on Figure 1.) 

Figure 2 compares the evaporation and compression process of the EERC with that of a 
standard cycle on a pressure-enthalpy diagram. It is apparent that the nearly isentropic 
expansion into the evaporator will result in lower evaporator inlet quality, and thus in higher 
evaporator enthalpy change. The higher compressor inlet pressure results In lower 
compressor enthalpy change. These two beneficial effects are, to some extent, counteracted 
by the fact that compressor flow in the EERC is slightly greater than evaporator flow. The 
net effect is, however, advantageous. 

6a2. Performance lmprovementa with Two Phase Ejector 

In order to  compare the performance of the ejector expansion refrigeration cycle (EERC) with 
the standard vapor-compression cycle, simulations of the two cycles were carried out for the 
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same evaporator temperatures, condenser temperatures, compressor efficiencies, and hsat 
loads. Those components which were common to the standard cycle and EERC were modeled 
ea ideal elements. The ejector was modelled by estimating efficiencies of the motive and 
suction fluid nozzles and of the diffuser. Mixing loss was calculated from conservation of 
energy and momentum and the second law of thermodynamics. 

Table 1 
EERC Performance vs. Standard Cycle Performance. 

5 F Ev8pOratOr Temperature, 86 F Condenser Temperature; 
Compressor, Nozzle, Dlffuser Efficiencies 1. 

I 
R-142B 5.72 8.97 5 .71  4.93 10.96 +16% -18% 

R152A 5.68 5.03 6.5 % 4.81 6.22 +18% -19 Sb 

R.500 5.69 3.93 8.0% 4.68 4.96 +21 w -21 % 

R402 5.67 2.66 11.1% 4.35 3.57 +30% -26 Sb 

5.33 2.98 4.1% 4.76 3.44 +12% =13% 

, Table 1 compares the performance of an ideal EERC (all efficiencies 1) with that of an ideal 
vspor compresslon cycle for standard evaporating and condensing temperatures. The table 
shows significant increase in COP and decrease in compressor displacement for all 
refrigerants, but the changes are much larger for some refrigerants than for others. In the 
EERC the ejector provides I small but significant part of the overall compression ratlo. In 
evaluating the results shown in the Table, one must keep in mind that performance 
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improvements increase with increasing temperature difference and decrease with decreasing 
ejector component efficiencies. Change in compressor efficiency has little effect on relative 
ejectorhonventional performance. 

It is instructive t o  study the effect of various refrigerants on cycle Coefficient of Performance 
with and without an ejector. For a conventional cycle, COP varies from 4.1 9 to 5.02, a 
spread of ~ 9 . 0 %  about a middle value. For an EERC, COP varies from 5.33 to 5.73, a 
spread of ~3.6%. If we eliminate ammonia from consideration and include only current 
CFC's and propoaed replacement compounds, EERC COP varies from 5.61 to  6.71,a spread 
of only &0.8%. It is apparent that a large part of the difference in COP of various refrigerants 
is due t o  the loss in the expansion valve. In comparing varioue CFC's and alternatives, the 
expansion valve loss comprises almost the entire difference. Thus, the loss in COP from 
switching to environmentally acceptable refrigerants is minimized by the EERC. 
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EFFICIENCY OF NOZZLES AND DtFFU5En 

Figure 3. COP lmprovement Relative to  Ideal Ejector Expansion Cycle. 
R-12, 5 F Evaporator, 86 F Condenser, Compressor Efficiency 100% 

Other Efficiencies Equal as Given. 

The effects of ejector component inefficiency are shown in Figure 3. The figure shows the 
fraction of the COP improvement given in Table 1 that can be expected for the same operating 
temperatures with individual component efficiencies (motive nozzle, suction nozzle, diffuser) 
equal and less than 100%. The plot was made for R-12, but the plots for other refrigerants 
are almost identical. It should be noted that overall ejector efflciency is much lower than the 
individual component efficiencles. Nevertheless, the data shows that performance 
improvement is considerable even for component efficiencies in the 7040% range. 

I The effects of varying evaporator and condenser temperature are shown in Figure 4. The 
figure shows the COP improvement with ideal components and R-12 over B range of operating 
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Flgure 4. COP Improvement vs. Evaporstor Temperature. 
R.12, Various Condensing Temperatures, all Efficiencies 100%. 

conditions. Performance improvement with the EERC is shown to increase with increaaing 
temperature lift. The point reported in Table 1 is marked on the graph, and it is evident that 
many realistic operating conditions result ' in greater performance improvement. System 
performance shows similar dependence on temperature for other refrigerants. 

Refrigerant R-22 is now being considered as a medium-term substitute for R-12 and R-502 
in many systems. One of the difficulties with this substitution is the high discharge superheat 
associated with R-22'. Figure 5 shows that the EERC gives greatly reduced compressor 
discharge temperatures, even with conservative ejector component efficiencies. It should be 
noted that the figure was plotted for a fully hermetic compressor, For a semi-hermetic 
machine, where thereds some cooling of the heads, the EERC will meet the practical limit of 
300 F for all conditions shown. 

It is evident that the EERC offers considerable improvement over a conventional vapor 
compression cycle in energy efficiency, compressor displacement, and compressor diacharge 
superheat. All of the elements of the system except the two phase ejector are used in 
existing systems. The ejector, however, requires further development. 

1. Muir, E.B., 'Commercial Refrlgrration end CFC's,' CFCJ: 7Oday'a Options - Tomonow's Sofutlons. 
ASHRAE, 1989, pp 81 -86. 
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Questions and comments for Manfred DBhlinger concerning refrigerators using 
hydrocarbons: 

Please comment on the near term introduction of 16 to 18 cubic foot (450 to 510 1) 
refigerator/’eezer models in Europe around October; is not a refrigeratorl’eezer already 
on sale in Europe including U. K ? 

There is no market in Europe for domestic fridges of sizes in the range above 16 ft3. 
The largest produced in series is 12.9 ft3 without freezer from BoschlSiemens. It has 
only an R-600a charge of 20 g. This is less than the charge in 5 ft3 models. With only 
0.1 k W 4  hr/100 liters it has the lowest relative power ionsumption on the market. 
By this it can be assumed that hydrocarbon charges for larger fridges of 16 to 18 ft3 
can easily be kept lower than 50 g if optimized properly. 

There is a 5 ft3 refrigeratodfreezer from BoscNSiemens on the market since April 
1993. The same size fridge will be on sale by Liebherr at the end of this month [July 
19931. Foron will offer their whole line at October ’93, including fridges with 3-star 
freezers. 

What is the status of hydrocarbons as refrigerants for use in heat pumps and air 
conditioners? 

There are no changes in using R-22 in new air conditioners and heat pumps in 
Europe announced yet. R-290 is sometimes used as a drop in, but more or less 
secretly. 

Recent published data by German refrigerator manufacturers show that refrigerant 
R-134a provides better energy eficiency than when using hydrocarbon refrigerants. This 
raises the question of using the same basis of comparison and if systems were optimized. 

This is only true with the Bosch/Siemens fridgelfreezer. All the others on the market 
have (by their catalog data) equal or better energy efficiencies with hydrocarbons than 
with R-134a. All will have better efficiencies with R-290/R-600 blends after more time 
for optimizing. 
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Questions and comments for David Berchowitz concerning the free-piston oil-free 
- compressor developed by Sunpower: 

Do manufacturers see a problem in the life of compressor valves that are running dry 
(oil-pee) ? 

It is possible to design compressor valves' to run dry for indefinite periods. The units 
that are currently on test at Sunpower are using valves that normally operate under 
oil-lubricated conditions. So far we have not noticed any indications of wear or other 
deleterious effects other than slightly poorer sealing characteristics. 

What is the system weight of a 250 W compressor unit? 

5 kg. 

Have you built and tested high capacity units, such as 3 tons? If so, compare its 
peqomance. 

No ,  but we are planning to move in that direction as soon as possible. 

One of the secondaty benefits of the lubricant in a domestic refrigerator is the 
suppression of noise. How does the noise level of the linear compressor compare to that 
of a conventional crank and piston compressor? 

From subjective evaluations the compressor seems to be very quiet. Oil does reduce 
noise in crank driven machines because it damps out the tendency for backlash in the 
clearances of the mechanical linkage. Since the free-piston compressor does not have 
a mechanical linkage, there is no mechanism slap or backlash to cause the noise in the 
first place. Piston slap does not occur due to the presence of the gas bearings. The 
valves do not seem to contribute significantly to the noise either lubricated or dry. 

What is the electromechanical efficiency? 

dV P- 
d t  ' = Power elect. 

The gas bearings have insignificantly small friction thus the electromechanical 
efficiency is essentially the efficiency of the linear motor. The linear motor efficiency 
is between 92 and 93%. 

What are the limitations which would occur i f  the frequency is increased by a factor of 
two or four? 

Valve response is likely to be a problem, however, with redesign this may be 
overcome. Flow losses may not be that easy to keep low. 
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Have you considered flexure bearings? 

No. 

How do machining tolerances and surface finishes impact production costs? 

'J'his machine has only one close fitting pair and therefore manufacturing costs 
associated with close tolerances and finishes are considered to be less than 
conventional crank machines. 

How will you deal with the problem of system contaminants in the gas bearing and the 
tiny drillings that supply the gas to the piston-cylinder gap? 

No capillaries are employed and no problems have been encountered with system 
contaminants with the exception of oil. We have thus far not used filters but we make 
sure that the system is oil free. 

Please comment on the automotive AIC application of pee-Rankine and Stirling what 
is the potential? 

The free-piston compressor would be a better choice wherever electrical energy is 
used to drive the A/C system. I doubt that it could compete with an engine driven 
system but we have not looked at this carefully. The free-piston Stirling is competitive 
with vapor compression at temperature lifts of greater than 70°C. This is probably 
unlikely in most automotive applications. 

. Up to what thermal capacity do you think the linear piston compressor is competitive 
with current vapor compression machinery, say at -30 "C cold temperature? 

The linear compressor is competitive with all current vapor compression systems 
employing a piston crank drive. It essentially removes the losses attributable to the 
crank mechanism and provides modulation by adjusting the amplitude while holding 
a constant dead volume. Furthermore, the linear compressor does not require oil. 
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Questions and comments for David Berchowitz about Stirling cycle refrigeration: 

. The isentropic efficiency of commercial refrigeration compressors is substantially higher 
than that for domestic refrigeration compressors. Can the Stirling cycle gain the same 

~ benefits when it is scaled up to larger sizes? 

The free-piston Stirling does have a disadvantage when scaled up to larger sizes owing 
to the scale-effect of the internal heat exchangers. There would be a point where one 
would require multiple cylinders to preserve performance. The free-piston Stirling is 
probably limited to about 60% of Carnot at typical food freezer temperatures. I would 
expect that a well designed commercial refrigeration compressor performs at a similar 
level. Furthermore, small vapor compression systems generally have friction losses 
which are a larger fraction of the input power. As the capacity increases, the friction 
generally becomes a smaller fraction of the input. The free-piston configurations do 
not.have friction losses and so have an advantage wherever friction is significant. In 
commercial applications, the real advantage of the Stirling may be in the Duplex form 
in which natural gas may be used as the energy source rather than electricity. 

What are the investments required for OEMs in retooling for the required changes in the 
refigerator and costs of other required components (ie.  heat p;Pes, etc.)? 

The cost of the heat pipes is not seen by GE to pose a significant additional cost to 
the system. Their argument being that if efficiency is maximized, as it might be in 
future refrigerators, then vapor compression systems will in all likelihood have far 
more extensive heat exchangers than are currently used. When maximized efficiency 
systems are compared then it was found that the costs of improved vapor compression 
heat exchangers are similar to the costs of the Stirling heat pipe. Investment and 
tooling costs were estimated by GE to be $18.7 million and $1.544 million respectively 
for a 250,000 unitshear volume. This does not include facility costs. 

What are the efficiency irade-ofis between continuouslmodulated operation of a domestic 
cooler and onloff operation? 

The efficiency trade-offs using continuous modulation have never been determined 
at Sunpower. According to Warren Bessler at GE, the energy savings of continuous 
modulation may be as much as 15%. About 10% comes from cycle losses and the rest 
comes from the increased component efficiencies when running at lower capacity 
(e.g., heat exchangers become more effective). The comparison between the vapor 
compression and Stirling systems was based on both being capable of continuous 
modulation. In the study, GE assumed that the vapor compression system modulates 
with motor speed and the Stirling uses amplitude. A free-piston compressor would 
obviously use amplitude too but GE chose to compare the Stirling to an advanced GE 
crank-driven design which uses speed modulation. Costs of the modulation are 
associated with the increased electronics required. However, the mechanical 
components are expected to be cheaper so the overall effect of including the 
electronics is not seen to add significantly to the cost. 
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Questions and comments for Pete Riggle about Stirling cycle refrigeration: 

Please expand on the reluctance of end-users to fund systems integration, engineering, 
etc.; and your expanded role of government to address producability issues. 

What are the efficiency trade offs between continuouslmodulated operation of a domestic 
cooler and onloff operation? 

Eristing refigerator compressors have a COP over 2.0 at typical conditions, whereas your 
target efficiency is only 1.5. How are you going to improve on vapor compression 
efficiency? 

Please comment on long life testing. 

Stirling engines and coolers developed by STC employ two alternative approaches to 
achieve long maintenance-free life. In our kinematic Stirling machines and hydraulic 
output free piston Stirling engines, welded metal bellows are employed to separate 
the Stirling cycle working gas from portions of the machine containing oil for 
lubrication or power transfer. In our free piston machines employing linear motors or 
alternators we employ flexural bearings to allow pistons, displacers, and the armatures 
of linear electric motors or alternators to oscillate with rubbing. 

The flexural bearings employed in some STC machines, and the bellows employed in 
others, employ steel alloys, which exhibit endurance limit behavior. For flexing 
elements made of these materials, the expected failure rate for infinite cycles of 
flexure is predictable, and falls dramatically with the peak design stress selected. The 
peak design stress employed by STC implies very low engine and cooler failure rates 
from bellows or flexural bearings. Typical predicted engine or cooler failure rates from 
bellows or flexural bearing failure are well under 0.1% of the machines over a 10 year 
life. 

An endurance test of a Stirling engine employing a flexural bearing and seal bellows 
was initiated around 1970 and operated for 6.9 years of continuous running without 
failure of the bellows or the flexural bearing. Component tests of 30 welded metal 
bellows units have been in continuous operation for 11 to 15 years at a frequency of 
30 Hz with zero flexural failures. Three of these bellows have developed pinhole leaks 
from high sulphur lubricant which was spattered on the bellows by the test drive 
mechanism. Flexural bearings have demonstrated lifetimes exceeding 30,000 hours 
without failure. STC has an ongoing flexural bearing life test in which we have 
intentionally failed flexures in accelerated testing and at lower stress levels have 
accumulated thousands of hours of failure-free life. STC has never failed a flexural 
bearing outside a test in which failures were expected. 

In 1992, STC completed development of a 250 watt 77 K kinematic drive cryocooler 
with bellows seals. Dozens of sets of bellows underwent 18 months of accelerated life 
testing which supported STC's basic life and reliability prediction methods. Operation 
of the seals within prototype coolers verifies the expected long life of the bellows. 
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Questions and comments for Ed Miniatt about Stirling cycle refrigeration: 

Are you concerned about oil vapors condensing on the cold suqaces? 

No. In the past, oil penetration into the cycles was a concern, but no longer is. 
Several reliable oil seal devices have been’developed and proven in keeping oil out 
of the cycles. 

Please comment about life testing. 

Successful endurance testing of the STM4-120 engine at full power is ongoing now. 
Although the first refrigeration prototype will not be completed until the end of this. 
year, it will use the exact same drive. 

Is auto AIC being worked on? Function of Detroit diesel application; auxiliary power? 

Yes. STM has signed a Corporate Agreement with Detroit Diesel Corporation to 
develop the STM4-120 for various auxiliary power applications. These include, but are 

7 

not limited to: 
e 
e 
e 
e 

Hybrid Electric Vehicles (buses and vans) 
Marine Generator Sets 
Military N U ’ S  
Solar . ., 

How does the mass of your engines and coolers compare with that of conventional 
engines and compressors? 

The short block for the STM4-120 weighs 120 kg. With the external heating system 
for engine applications the weight comes to about 110 kg. Producing 52 kW @ 4500 
RPM,. this gives a weightlpower ratio of about 2.1 kg/kW (3.5 lb/hp). With the 
refrigerator cooling heads the weight comes to 109 kg, not including the electric 
motor needed to drive the machine. For a cooling capacity of 25 kW @ 1800 RPM, 
the weightlcooling capacity ratio comes to 4.36 kg/kW (0.0028 lbmtu). These weights 
are very competitive with engines and cooling machines of the same power ratings. 

, 

, ,- 
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Questions and comments for Tim Lucas about acoustic compressors: 

How do you modulate the compressor? 

Variable capacity is accomplished simpy by changing the drive voltage to the linear 
motor. 

When power is first applied to the compressor, the peak-to-peak pressure amplitude 
of the acoustic wave will increase until it reaches the steady state pressures required 
for condensation and evaporation. Once these pressures are reached the wave 
becomes clipped. The clipped portion of the wave, above condensing pressure and 
below evaporating pressure, is associated with the PV work being provided. Once this 
equilibrium condition has been reached, further increases in applied drive power will 
increase the PV work at the current heat exchanger pressures, thus varying the 
compressor’s capacity. 

which working refrigerants are the appliance manufacturers interested in for the 
compressor? Can you use noble gases or ammonia? 

U.S. appliance manufacturers are primarily interested in HFC-143a for the short term, 
since it is commercially available. They have also+expressed interest in hydrocarbons 
for the European market. 

Any gas can be used in the compressor with the following considerations. The 
resonator is the primary size determining component of the compressor, and its length 
is equal to a minimum of one half of the wavelength of sound. The speed of sound 
is different for different gases. This means that for a constant operating frequency the 
resonator’s length will be different for different gases. 

Running frequency will ultimately be limited by how fast valves can run. If gases with 
very high sound speeds are used, then the length of the compressor must increase to 
prevent excessive valve speeds. Current prototypes run at 300 Hz, but valves have 
been operated at 600 Hz. There appears to be plenty of valve speed head room to 
allow the use of higher sound speed refrigerants, like hydrocarbons, and still keep 
resonator size constant. 

, 

what are the projected efficiencies of your compressor? Are there any test data? 

See E’ciency section of the written paper. 
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Questions and comments for Steve Garrett about thermoacoustic cooling systems: 

What is the work that Ford is going to report on in October? Is it auto AIC? Wll it be 
efficient with current engine designs? Does it still use noble gases? 

The work that Ford has been doing in thermoacoustic cooling will be reported at the 
October meeting of the Acoustical Society of America which will be held in Denver, 
Colorado. They will be describing a modular refrigerator built to explore scaling to 
larger heat flux Their test system employs a commercial 10 inch woofer as the sound 
source and uses pure helium gas. Their initial application is novel and proprietary. If 
these efforts are successful, extension to appliance and automotive air conditioning 
applications could follow. 

What is the best projected efficiency of your system? 

At the present time, our best projected efficiency in a domestic refrigeratorlfreezer 
system has been 42% of Carnot. This is inclusive of resonator and primary heat 
exchanger losses but exclusive of electroacoustic conversion efficiency of the loud 
speakers and of electrical power consumption of the pumps which circulate the heat 
exchanger fluids for transport of useful cooling and exhaust of waste heat. This design 
is still of the 'conventional" type. Better efficiencies may result from some of the 
variations which are mentioned in the response to the next question. 

How is energy efficiency to be increased to 40% of Camot? Does the efficiency include 
the heat transfer equipment required to make an operable system? Current home 
refigerators operate at 40% of Camot, with expectations of 5040% of Camot. Can the 
thennoacoustic compete with this type of efficiency? 

The ene& efficiency has been raised to 40% of Carnot by improvements in resonator 
geometry to reduce turbulent losses and by the recent availability of computer models 
which allow for the simultaneous optimization of the stack and primary heat 
exchanger spacing, length, and location. Since the field is still rather immature, it is 
difficult to predict exactly how further efficiency increases could be realized. Just 
recently, the use of stacks which have a convex curvature (e.g., pin stacks), as opposed 
to the conventional concave curvature (ducts, capillary arrays, parallel plates, etc.), has 
produced theoretical efficiency increases of as much as 15% over the existing stack 
geometries in some applications [G. W. Swift and R. M. Keoleian, accepted for 
publication in the Journal of the Acoustical Society of America]. The use of multi- 
element stacks or stacks with continuously variable spacing also are predicted to 
provide improved performance [G. Bennett, Ph.D. thesis, Department of Mechanical 
Engineering, University of New Mexico, 19911. 

In acoustic terms, thermoacoustic cooling and the Stirling cycle are the standing wave 
and travelling wave limits in a continuum of possible refrigerator designs. It is likely 
that the performance of thermoacoustic (standing wave) refrigerators would also be 
improved by the proper reduction in the standing wave ratio so that a Stirling 
(travelling wave) component could be used to enhance the overall heat pumping 
efficiency and power density [T. J. Hofler, "ConGpts for Thermoacoustic 
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Refrigeration and a Practical Deyice," Proceedings of the 5th International Cryocooler 
Conference 18-19 Aug 1988, Monterey, CAI. 

Ultimately, as one might expect in a new technology, there are presently many more 
interesting options to explore than there are qualified scientists and engineers to test 
them. Recent support from the Office of Naval Research should increase the number 
of universities and graduate students working on thermoacoustic systems and their 
components so it may be possible that thermoacoustics will be able to compete with 
the projected efficiencies of chemically based cooling cycles in a few years in the 
laboratory, and within this decade in some component of the marketplace. 
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Questions and comments for Tony DeGregoria about magnetic refrigeration: 

How can the high investmentlcost be reduced? 

There appear to be two questions here: 

0 How can the high initial investment cost be reduced? 

The manufacture of magnetic heat pumps does not require the use of unique 
materials, tooling, or manufacturing processes. While regenerative beds constructed 
of magnetocaloric materials are unique as assemblies, the tooling and manufacturing 
processes -required for their construction are commonly available in the mechanical 
and fluid components manufacturing industry. 

Superconducting magnetic design methods, materials, and construction processes 
required for the manufacture of superconducting magnet assemblies is publicly known 
and readily available. Superconducting magnetic assemblies are available as products 
from numerous manufacturers. 

The investments required for other major system components, such as high 
performance heat exchangers, and fluid system components would not be significantly 
different from the investment required for manufacturing these same components in 
present refrigeration systems manufacturing. 

e How can the high cost of magnetic heat pumps be reduced? 

The two major recurring cost items in any magnetic heat pump are the magnetocaloric 
materials and the superconducting magnet assemblies. 

We have been exploring these costs with several vendors. Our investigations have not 
been exhaustive by any means. 

The information we have received is that cost reductions on the order of a factor of 
2 to 4 can be obtained for the purchase of large quantities (100' metric tonsbear) of 
magnetocaloric materials if the purchase contracts are firm and for multi-year delivery 
of fmed quantities on a fured schedule basis. 

These estimates were based on fured wire cost. They did not consider future 
manufacturing process and wire technology development, Le., future developments 
that could lead to reduced wire cost. 

0 

There are two other manufacturing cost reducing opportunities that we are 
investigating at this time: 

1. There are indications that alternative magnetocaloric materials can be 
found that will be much cheaper than gadolinium. 
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2. The primary cost reducing opportunity lies in increasing the operating 
speed. If the operating speed of any specific design can be doubled or 
quadrupled, the manufacturing cost of the magnetocaloric material 
and superconducting magnet assemblies could be halved or quarted 
when measured on the basis of $/ton. 

What funding or R&D partners do you have? 

Astronautics work in magnetic refrigeration is presently supported by DOE’s Oak 
Ridge National Laboratory in the construction of a 40 Watt, 50 K cryocooler. Other 
work is being supported by corporate funding. We are expecting the award of an 
additional contract for the design, construction and demonstration of a 4 K device in 
the near future. Additional proposals have been submitted to potential supporters, 
both in government and industry. 

During the past 8 months, and continuing at this time, Astronautics has been seeking 
appropriate industrial partners with whom we can work to commercialize the 
technology we are developing. We have found interested parties and we are working 
jointly with them towards the objective of commercializing this technology. 

We are interested in finding additional R&D and commercialization partners which 
we believe the broad applicability of magnetic refrigeration technology requires. 

Is there a need for more continuous DOElfederal funding policy over 5 to 10 years? 

We believe that there is. The history of the role of DOEFederal funding in the 
development of magnetic refrigeration over nearly two decades provides an example 
of the problems that occur without continuity of funding in the development of a new 
technology. 

It must be clearly stated that magnetic refrigeration technology generally, and 
magnetic refrigeration at Astronautics Corporation of America in particular, has 
benefitted greatly from DOE and other federal support over a period of about 18 
years and that support is continuing at this time. However, this support has been 
discontinuous. 

The U.S. government has shown a consistent pattern of backing efforts in magnetic 
refrigeration technology development to the point where projects were close to 
completion, then terminating the efforts and getting little benefit to the country from 
the investment. 

Looking at the history of development of this technology leads one to believe that a 
good amount of luck has been required to enable the technology to evolve to the 
point it has: 

0 In the mid to late 1970’s, DOE’s Office of Basic Energy Sciences and 
EPRI supported Los Alamos National Laboratory’s ealy efforts but 
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discontinued support in the early 1980's after feasibility had been 
demonstrated. 

e In the early 1980's, NASA's Kennedy Space Center provided further 
support to Los Alamos for investigation of the application of magnetic 
refrigeration to hydrogen reliquefaction for Space Shuttle ground 
hydrogen storage systems. 

When the conceptual design of the system had been completed, a 
technology transfer of the key members of the Los Alamos staff to 
Astronautics Corporation of America took place in 1985. An RFP 
(request for proposal) was then issued by NASA KSC for construction 
of the device. THe RFP was withdrawn after bids were received, and 
the design was never built. 

e The availability of funding through the Federal IR&D processes 
enabled Astronautics Corporation of America to fund the transfer of 
magnetic refrigeration technology from LANL to Astronautics 
Technology Center in Madison, Wisconsin and to support the 
technology development efforts until contract revenue began to be 
received. 

In the mid-l980's, ACA was funded by the SDIONAFB to build a 
4K device and to further investigate regenerative devices. The 4K gas 
conduction/rotary prototype device ran into serious design problems, 
but a parallel alternative design demonstration of an active magnetic 
regenerative (AMR) device performed extremely well, demonstrating 
the ability of "Active Magnetic Regenerator" (AMR) devices to 
achieve high temperature single stage temperature span and high 
cooling power in a simple device. This was a key technical 
breakthrough overcoming the two major problems facing magnetic 
refrigeration up to the time this work was done. 

I 

Project funding was terminated in the late-80's with SDI (Strategic 
Defense Initiative) program funding cutbacks and development of the 
AMR device was continued at a much slower rate with internal 
Astronautics funcing. 

e In the same time frame, the Air Force backed Hughes Aircraft in a 
multi-million dollar design program to build a regenerative magnetic 
refrigerator in the 80 K range. The design was then changed to a 4 K 
device. The hardware was built but when experimental problems and 
design flaws appeared the program was terminated before the 
experimental problems and design flaws could be corrected. 

e The DOE supported Idaho Falls National Laboratory in the design of 
a near room temperature magnetic heat pump. Modeling efforts 
showed that high efficiency was obtainable. A small scale device was 
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constructed. Difficulties were encountered with the water resistance 
of the adhesive. The program was cancelled before this problem could 
be addressed. The device is still in storage but has never been tested. 

The Navy constructed a near room temperature magnetic regenerator 
refrigerator test device that produced 50 K temperature span near 
room temperature. Sufficient funding was never obtained to 
thoroughly model the thermodynamics of the device. The first design 
iteration of the device failed to improve the performance and work 
has essentially stopped due to lack of funding. 

In the late 1980's, DOE funded Astronautics to design a hydrogen 
liquefier based on the use of active magnetic regeneration. The design 
of this device, based on the successful AMR;was completed and 
construction was begun. The technical quality of the deisgn was judged 
by DOE to be "excellent." 

0 

0 

Funding of the DOE/ACA "Magnetic Liquefier of Hydrogen" project 
was stopped in March of this year [1993] after a cost overrun 
combined with funding cutbacks at DOE. It is unlikely that funds will 
be found, under the present circumstances, in the amount required to 

, construct the device. 

Largely as a result of the joint AstronauticsDOE hydrogen liquefier 
project work, the technical feasibility of near-room temperature 
application of magnetic heat pump technology has recently been 
established by Astronautics technical staff. This finding creats an 
additional and much more significant energy conservation opportunity. 
This is the opportunity to apply magnetic heat pump technology to a 
broad range of energy intensive industrial and commercial 
refrigeration applications at near-room temperatures - the primary 
goal of DOE. 

With the termination of the DOE contract, the technology 
commercialization efforts that were to be supported by DOE funds 
are stopped. These efforts are continuing to the extent they can be 
supported by Astronautics Corporation in an environment of 
"downsizing" of the market for the company's primary products - 
aircraft and aircraft related flight and ground instrumentation, display, 
and flight control systems for military and commercial aircraft and 
NASA space systems. Construction of a near-room temperature 
demonstraction device has been started with Astronautics funds. 

Did you include power required for the liquid helium cooler, pumps, and other 
auxiliaries in your efficiency numbers? 

The power required for the liquid helium cooler is included, but only in an 
approximate way. A detailed design was not performed. Therefore, an accurate 
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calculation of the heat leaks is not available. The power for the pump required to 
overcome pressure drop through the beds is included. This pressure drop is accurately 
computed. Additional pressure drop through piping and manifolding is not included, 
again, because no detailed design was performed. We feel this additional pressure 
drop will be small. Another omission is thermal conduction through structure other 
than the beds of magnetic material. We feel that this additional loss can be small 
through proper design. 

Have you looked at chiller applications.? 

A chiller application was examined using a blended magnetic refrigerant. Hot and cold 
temperatures were 308 K (95°F) and 277 K (39°F). The COP was estimated to be 
8.14 W/W, which is about 70% of Carnot. The estimate included power required by 
the cryocooler and power consumed by pump and drive inefficiencies. The cycle used 
a blended magnetic refrigerant which could contain primarily gadolinium or primarily 
transition metals alloyed with yttrium. 

What is the availability of gadolinium? ' 

A domestic producer estimated their current production capacity for gadolinium metal 
at 150,000 pounds per year. The reserves of ore are very large; the production 
capacity is sized to current demand. The producer anticipates the production rate 
could be tripled if demand justified it. 

A foreign supplier estimated their production capacity at 200,000 pounds per year for 
gadolinium and 1,600,000 pounds per year for yttrium. Again, reserves are ample, and 
production can be maintained over a long term. 
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Questions and comments for Bob Foster about evaporative cooling: 

Are there any geographic limitations on the use of evaporative cooling in southern 
California? 

How far will demand side management by utilities in California redress marketing 
disadvantages for evaporative cooling? 

- 

What are the possibilities for global applications? 

How does water use compare between evaporative cooling and mechanical cooling? 

Can evaporative cooling systems be used to replace A IC unites in homes using existing 
air duct sues? 
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Questions and comments for Jim Mattill about evaporative cooling for vehicular 
applications: 

What are the technical obstacles to using evaporative cooling in passenger cars? 

F 
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Questions and comments for Sonny Sundaresan about advanced fluorocarbon 
compression systems: 

What L the view of Copeland about the trend to use hydrocarbons by major 
manufacturers in Europe? 

Yes, some hydrocarbons would have to be considered for the standpoint of 
thermodynamic and general performance parameters. Our major concerns are the 
high risk and liability introduced with the flammability aspects of the refrigerants in 
our type of applications. 

What k your view about the relative energy efficiency; lack of lubricant problems, and 
simplicity versus azeotropic blends? 

Most HFC refrigerants we work with are near-azeotropes; some are so near they have 
basic characteristics of azeotropes like R-502. We have seen near-azeotrope HFC 
refrigerants with equivalent efficiency to that of propane. Only the HFC refrigerants 
need new lubricants such as polyolesters. Mineral oil lubricants with hydrocarbon 
refrigerants may still have issues regarding lubricity since there is no chlorine to give 
beneficial lubricity effects. 

How might you approach hydrocarbon compressors from a global business point of view; 
and given your recognition of the need to reduce both direct and indirect G W ?  

Our compressors can be adopted to work with hydrocarbons. However, the high risk 
and liability issues introduced with the flammability aspects of the refrigerants need 
to be considered. 

Have you lookzd at the R-32lR-125 azeotrope as an R-502 alternative? 

Yes; however, due to higher pressure and higher discharge temperatures, the 32/125 
azeotrope is not considered a good R-502 alternative. 

What vapor compression systems are possible at temperatures below -40 "C? Many 
industrial processes (though a small market) require cooling in the range of -120 "C to - 
40 "C in relatively small capacities. 

Cascade and two-stage systems, today, use our compressors in such applications with 
appropriate refrigerants. 

Are today's compressors compatible with hydrocarbons? 

Mostly, yes; some small modifications may be needed with motors and protectors. 
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Questions and comments for Kent Anderson about ammonia compression: 

Please compare the energy efficiency of supermarket applications of ammonia using a 
secondary brine loop versus conventional systems having no secondary loop. 

What vapor compression systems are possible at temperatures below -4O"C? Many 
industrial processes (though a small market) require cooling in the range of -120 "C to - 
40 "C in relatively small capacities. 

Could you expand on the potential retrofit market for R-22 chillers with ammonia; also 
that for new chillers that can be converted to ammonia at a later stage? 

Please provide your view of the likelihood of finding new HFC blends to replace R-22, 
and whether the market for ammonia is therefore set to expand. 

What is the relative energy efficiency gain of ammonia application over R-22; and versus 
proposed non-Class I& i.e. HFC blends, to replace R-22? Could you provide one 
example? 

How do you address problems with pinhole leaks in aluminum tubing used in water 
systems? 

Although ammonia has no ODP or GW, the OSHA regulations are a limitation. Please 
comment. 

Who is doing work on heat transfer enhancements for ammonia? 

What are the issues with using ammonia in auto AIC? Is anybody seriously looking at 
ammonia for auto AIC? 

I know of two incidents in Madison, WI over the past several years where ammonia 
plants have burned. What are the stahtics regardingplant safety? 
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Questions and comments for Joe ‘Marsala about absorption cooling: 

Assuming that gas is the chosen prime energy source, what are the pros and cons of 
using absorption systems versus gas-fired engine driven vapor-compression cooling 
systems? 

As I understand the technologies, ifyou compare a HCFC-123 vapor compression chiller 
and a commercial 2 stage absorption system, built to comparable cost conditions; that 
the vapor compression system would always use less energy (COJ emissions, when 
operated in any typical US. power grid. I recognize that absorption would always be 
prefered if a source of waste heat is available as a driver. 

‘1’ 

During the 1960s the ammonialwater absorption manufacturers were subsidized by the 
gas industry which permitted the equipment to be sold at competitive first cost. The 
market disappeared when the subsidies were discontinued. 

For ammonialwater G a ,  how do the energy eficiency estimates compare with energy 
efficiency for conventional vapor compression systems? 
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Questions and comments for Jay Kohler about absorption cooling: 

Are you aware of the California Energy Commission (CEC) program over the last 5 
years to on-site demonstrate a solar paneUabsorption residential-light commercial (1 to 
5 ton) AIC system; and the interest of CEC and California utilities to reduce 
summertime energy demand? Has York considered this pairing as a market opportunity 
in the California market given the energy policy environment there? Similarly, what are 
the potential markets in developing countries? 

The economics of absorption are largely affected by electric demand rates. 

Given present day economics, we do not see a significant market for solar powered 
absorption chillers. 

As I understand the technologies, ifyou compare a HCFC-123 vapor compression chiller 
and a commercial 2 stage absorption system, built to comparable cost conditions; that 
the vapor compression system would alwavs use less energy (Cod emissions, when 
operated in any typical US. power grid. I recognize that absorption would always be 
prefered if a source of waste heat is available as a driver. 

The most extensive study on this topic which I am aware of is the 'Energy and Global 
Warming Impacts of CFC Alternative Technologies' sponsored by AFEAS and DOE. 
My understanding is that this statement is true in most, but not necessarily all cases. 
The conclusions depend on many assumptions, such as chiller efficiency, electrical 
power generation and transmission efficiency, and fuel source. 

How does the part-load eflciency of absorption chillers compare to vapor compression 
systems? 

The answer depends on the specific conditions involved. In general the part load 
efficiency of an absorption chiller is comparable to that of a vapor compression 
chiller. 

What are the regulations and environmental concerns regarding disposal of LiBr at the 
end of the life of the equipment? Are there accident or service scenarios in which the Br 
can be midized or otherwise get into the atmosphere (bromine bearing compounds have 
large ODP)? 

I am not aware of any federal regulations restricting disposal, however state and local 
regulations may apply, malchg a response difficult. It is highly unlikely for the 
bromide to be oxidized or otherwise get into the atmosphere. 

I 

f . :  

I 
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Questions and comments for Andy Lowenstein about desiccant cooling: 

Given your contention that liquid desiccants could allow comfort cooling in all regions 
(* evaporative elements), what are the obstacles in the industry to manufacturing? 

The obstacles facing the commercialization of liquid desiccant sir conditioners are the 
same facing many advanced W A C  technologies. Perhaps the most significant one is 
the fact that the engineers that specify and design W A C  systems are averse to new 
technologies, preferring instead to work with equipment that has been successful for 
them in the past. This problem is most acute for liquid desiccant air conditioners since 
they have yet to be proven in field tests and their lifetime ownership costs are not 
well quantified. 

Are you familiar with New Thermal Technologies solar powered evaporativeldesiccant 
systems, what kind of market potentialjbr example in southern Califomia4o you see 
for solar heatfliquid desiccant systems? 

I am not familiar with the New Thermal Technologies system. The cost of solar 
collectors that can deliver heat at between 160O.F and 250°F and the cost of thermal 
storage systems are both too high and the cost for electricity too low for a 
solarldesiccant cooling system to be competitive now in any part of the country. 
However, advances on both collectors and storage systems will bring down their costs. 
Furthermore, environmental and natural resource concerns can be most effectively 
addressed with cooling systems that use a renewable fuel source. Southern California, 
which has high cooling requirements, abundant solar energy and stringent air quality 
standards, would be an excellent market for a solarldesiccant cooling system. 

Is the Albers technology similar to your described saltlwater system? 

The Albers system is a liquid desiccant air conditioner that uses lithium bromide 
solutions as the desiccant. It is one embodiment of the general liquid desiccant air 
conditioner that I described. 

How do you compare with a Camot efficiency? 

The liquid desiccant air conditioner is an "open" system, i.e., water vapor is exchanged 
with the ambient in both the absorber and the regenerator. As such, it is not possible 
to define a Carnot efficiency for the system. 

D-21 I I '.. 



Questions and comments for Jim Coellner about desiccant cooling: I 

,-Could you expand on some of the problems experienced in interesting the W A C  industry 
- in' this technology? 

* I  

What kind of geographical limitations in high humidity areas are taken into account? 
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Questions for Jack Jones about adsorption cooling: 

What are the maximum and minimum electric to gas cost ratios across the US.? 

The maximum and minimum electric cost/gas cost ratios across the U.S. are 7/1 and 
311. 

- 

What are the environmental concern with using large amounts of natural gas for air - - 1  
conditioning? 

The natural gas that is burned for the regenerative adsorbent heat pump is burned 
in an external combustion manner. The pollutants are inherently much less than an 
internal combustion technique. dveraII, the winter heating and summer cooling 
natural gas requirements are significantly less with this sorption heat pump device 
than for a conventional electrical vapor compression heat pump, considering 
electricity power generation inefficiencies. Thus this system should be considerably 
more environmentally friendly than present existing systems. There is, however, always 
the problem of fossil fuel greenhouse gas exhaust, even though this sorption heat 
pump system produces less greenhouse gas than present systems. 

- 
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Questions for Warren Rice about hydraulic refrigeration: 

Have you considered using lower pressure refrigerants, such as pentane, as a way to 
reduce height requirements? 

Yes, briefly. We concluded that to do so would result in negative gage pressure in the 
evaporator and that we would rather avoid that than enjoy the small reduction in 
required height that might result from using a lower pressure refrigerant. Also, the 
limitation on the amount of refrigerant that can be entrained in the water is one of 
volume ratio. The use of a lower pressure refrigerant would result in a lower mass 
flow ratio, refrigeranthater, and reduction in the EER and in the amount of 
refrigeration that could be produced using a given diameter downpipe. We are more 
inclined to use a higher pressure refrigerant to increase EER and capacity. Finally, 
we think that clathrate formation must be avoided. It is known that n-butane does not 
form a clathrate but most other hydrocarbons can do so. 

Have you considered using the system as a heat engine? 

Yes, but several other organizations are actively involved in that effort which has 
progressed through several experimental generations. More information can be 
obtained by contacting: - 

i 
' 

c Mr. V. H. Cover, President 
ThermEcon 

4725 Sunrise Drive 
Tucson, Arizona 85718 

3 Box 404 

I 
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Questions for Greg Swift about hydraulic refrigeration: 

What are the maximum working pressures with liquid CO,? 

Currently we plan on 20 MPa (2900 psia). 

How does the APIPm (AP=P--P,,; P m = P m - )  for the different working fluids impact 
the engine weightlpower density and eficiency issue? 

Power density's dependence on AP/P, is easy to explain: Basically, weight is almost 
proportional to P, and cooling power 1s almost proportional to AP, so APE, should 
be as high as possible. Efficiency dependence is more difficult to explain. Our designes 
generally show a broad maximum in efficiency around APE, - 0.3. This represents 
a compromise among many competing effects (listed in Ref. 1 of "Malone 
Refrigeration" in proceedings of this workshop), such as adiabatic compression/ 
expansion losses at high AP and ordinary heat conduction at low AP. 
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Questions and comments for Marty Mathiprakasam about thermoelectric cooling: 

A CPU computer chip cooler using Peltier has already been marketed. It's called the "Ice 
Cap." It cools the CPU to OOC; it is mounted directly on top of the CPU and has in 
integral aluminum heat sink and tiny electric fan. 

Stirling does 35 W at -50°C with 60 W input. How does the thermoelectric compare? 
And what would the requirements be for the rejection heat exchanger (sue and fan 
requirements) ? 

How would you couple the cooler to the computer chip? 

What would the COP be for removing 100 W at 200 OK? 
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Questions for Sam Shelton about the Wave Air sorption system: 

How well do the experimental data fit the modeling data and which were used to 
construct cost curves? 

All data shown were arrived at by experimental testing of the Thermal Wave Solid 
Sorption refrigeration system. The only calculations used were for the evaporator and 
condenser temperatures/prksures to determine the evaporator and condenser test 
conditions. These were arrived at by using well established air coil heat exchanger 
data from air coil manufacturers. In fact, this air coil data should be conservative 
because it is for conventional refrigerants rather than ammonia refrigerant, which has 
much better heat transfer coefficients. Air coil testing is just beginning. 
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