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INTRODUCTION

Production of chlorofluorocarbons (CFCs) for virtually all applications in refrigerati_m _,,t m,
conditioning will be phased out by 1996 in developed countries. This production ban is rcctuircd untlcl
the Montreal Protocol and its subsequent revisions. Some individual countries have agre.cd to all evt_.n
more rapid phaseout of CFCs and are also undertaking to regulate or prc_hibit the u.s,__1
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). Many fundamentally diffcrt:iJt
technologies could serve as alternatives to vapor compression systems using HCFCs or HFCs_ These
include Stirling cycle refrigeration, gas-fired absorption chillers, thermoelectric: cooling, magn_:li,:
refrigeration, and acoustic compression, among others. Conventional compression equipment using
"natural" refrigerants such as ammonia or hydrocarbons is another viable alternative. It is {;xlit:m_l_,,

important that policies regulating the uses of refrigerants be developed with an acculatt_
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 m_st
important, how the equipment effiencies, energy use, and ultimately indirect CO 2cmissitms ccmq_at'_::
with equipment designed to use HCFCs or HFCs. Without knowledge of these issues, tla_:rcmay bt;
prolonged periods when essential products are not available because fluorocarbons were t'_ut:cdL_t_t
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 int:tmtt_l,.tc
or theoretical predictions of system energy efficiencies.

The Alternative Fluorocarbon Environmental Acceptability Study (AFEAS), a consoltium of
fuorocarbon manufacturers, and the U.S. Department of Energy (DOE) are collaborating tm a
project to evaluate the energy use and global warming impacts of CFC alternatives. The goal _t' 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 w_rmiJlg;
and to compile accurate estimates of energy use and indirect CO 2 emissions of sub.,,titute
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 CFCAlternative Technologies. The time trame 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 technc_h_gicsthat
could be developed to replace CFCs, HCFCs, and HFCs over a longer period. As part of this cffoit,
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 spcakc__
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 iss,t:s
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 parti,:itmnts
concerning the presentation and area of expertise. The primary goal of the presentati_ms a_d
discussions was to identify the developmental state of the technology and to obtain comparable dala
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 tiffs panel were as [k_llows:

,, 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, tie 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 cach 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.

Hydrcxzarkm Refrigeration

Domcstic 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
bccausc of product liability concerns. In fact, it is questionable whether a significant market potential
will develop in cither of those countries bccause of the concerns raised about using a flammable
refrigerant. The market potential throughout Europe and in the developing countries is considered
to bc high. The energy cfficicncy of rcfrigcrators using hydrocarbons is more or less the same as that

of a refrigerator using HFC-134a; contlicting 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 bc available.



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 tbr 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.

Stifling Cycle Refrigeration

Several research and development companies and appliance manufacturers are actively pursuing
application of the Stirling refrigeration cycle to refrigerator/freezers 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 _cle 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



area of the store. No high market potential is foreseen for Stirling cycle rcl'riger_tion in commercial
applications. The technology could compete successfully in cvcn lower temperature applications where
vapor compression cascade systems currently dominate and where there arc essentially no available
nonfammable refrigerants to replace the CFCs and HCFCs used today.

Compression/Absorption 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 ammonia/water have already been built commercially in Europe for hcat 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 rcviewed 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. Rcsearch 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 ammonia/water 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 bc 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 efficiencics have not
been high in the past, but it is highly possible that cfficiency 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



conditioners and heat pumps wants to take abt)ut 10% of the present market for Wll)C_rcompression
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 consumpti(_n during the summer
months, redt, cing utility demand charges. In the l,ast, the double-effect chiller was developed to
improve upon the energy efficiency of the s_ngle ct'fect system, and now there is an cl'f(_rt to dt:vclop
the triple-effect system for further efficiency gains. The high initial costs _t"abs_rption 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 cooling can be used in more humid areas. Efficiency is superior; energy use is typically
less than half of that of conventional air-conditioning systcm,_. 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, barciers 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 arc already in commcrciai 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 he_t wheels and solid-
desiccant wheels to create a heat-driven (i.e., 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 cockling can be used for much of



the year. Solar-driven systems are also a possibility for improving efficiency. Some companies arc
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 Btu/h, 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.

Therm_aeoustie Cooling

A small cooling capacity (4 W at Whot -- Wcold = 37°C) thermoacoustic cooling device, STAR, was
demonstrated on the space shuttle Discovery in January 1992. A higher powered unit (700 Btu/h
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



applications, including mobile air conditioning (the initial report is due in fall 1993) and initial
commercialization for refrigerator/freezers 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 system, 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 of 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 retail/supermarket 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
t,essures. 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.



Thermoelectric 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, howevcv,
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 believcd
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 ca,_
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 et'ficiencies
are not presented in the paper.

Advanced Fluorocarbon Cx)mpression 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.



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 anti, to
a lesser extent, efficiency.
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Refrigeration & Air Conditioning Technology Workshop
Breekenridge Hilton, Breekenridge, CO

June 23-25, 1993

Wednesday- June 23
8:00.8:45 Continental Breakfast 11:00-12:30 Absorption Cooling

• Ntt 3 / ItzO Absorption Cooling (Joe Marsalla,
8:45-9:00 Introduction and Welcoming Remarks GRI)

• LiBr / It20 Absorption Cooling (Jay Kohler,
9:00-10:00 Alternative Compression Systems York International)

• Hydrocarbon Compression (Manfred • Compression / Absorption Hybrid (Reinhard
Doehlinger) Radermacher, UM)

• Free-Piston Oil-Free Compressor (David

Berchowitz, Sunpower) 12:30-2:00 Luncheon

10:00-10:30 Coffee Break 2:00-3:30 Desiccant Cooling
10:30-12:00 Stifling Cycle Refrigeration • Liquid Desiccants (Andy Lowenstein, AIL

• StirlingCycle Refrigeration (David Berchowitz, Research)
Sunpower) • Desiccants (James Coellner, ICC Technologies)

• Stifling Cycle Refrigeration (Pete Riggle, STC) • Desiccants (W. Belding, Innovative Research
• Stifling Cycle Refrigeration (Ed Miniatt, STM) Enterprises)

12:00-1:30 Luncheon 3:00-3:30 Break

1:30-3:00 Acoustic, Thermo-Acoustic, & 3:30-4:30 Adsorption Technologies

Magnetic Cooling • Adsorption (Jack Jones, JPL)
• Acoustic Compressors (Tim Lucas, Sonic • Adsorption (Bill Ryan, GRI)

Compressors)
• Thermoacoustic Cooling (Steven Garrett, Naval

Postgrad School) 6:00_7:00 Reception - Cash Bar
• Magnetic Refrigeration (Anthony DeGregoria,

Astronautics) 7:00 Dinner

3:00-3:30 Break

3:30-4:30 Evaporative Cooling Friday - June 25
• Evaporative Cooling (Robert Foster, NMSU)
• Evaporative Cooling (James Mattil, Climatron) 8:00-8:30 Continental Breakfast

8:30-9:30 Hydraulic Refrigeration
• Gravity Driven ttydraulic Refrigeration (Warren

Thursday - June 24 Rice, Arizona State Univ.)
• Malone Cycle Hydraulic Refrigeration (Gregory

8:00-8:45 Continental Breakfast Swift, Los Alamos)

8:45-9:00 Introductions & Welcoming Remarks 9:30-10:30 Thermoelectric & Metal Hydride

9:00-10:30 Advanced Compression Systems Technologies• Thermoelectric Cooling (B. Mathiprakasam,
• Fluorocarbon Compression (Paul Glamm, MRI)

Trane) • Metal ltydride Cooling (Dave DaCosta,
• Fluorocarbon Compression (Sonny Sundaresan, Ergenics)

Copeland) • Sorption (Sam Shelton, Wave Air)
• Ammonia Compression (Kent Anderson, lIAR)

10:30-11:00 Coffee Break 10:30-11:30 Wrap-Up and Summary
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Introduction

Following the CFC ozonecrisis independent scientists andtechnicians inthe 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 havingpassed all official safety and

efficiency requirements (Figure 1).

Environmental Impacts

The indirect global warmingeffect resultingfrom power production is a key issue,

howeverexperienceinEuropedemonstratesthathydrocarbonscan havesuperiorenergy

efficiencyrelativeto Ro12andeven R-134a andotherproposedsubstitutes.This is due

to the inherentlysuperiorthermoydnamiccharacteristicsof hydrocarbons.Optimizingthe

designof of refrigeratorsoffersthe greatestenergysavingcapacity- the EPA's Super

Energy Efficient Refrigeratorreport bearsthisout.

Apart from energy efficiencywe must consider life-cycle environmentalcosts. The

chlorine-based manufactureof HFCs results in the productionof perniciousorgano-

chlorine wastes and subsequentrisks to workers. Productionof small quantitiesof

hydrocarbonsas refrigerantswouldbe lessenvironmentallycostly.

Figure 2 shows the ODP and GWP profilesforvarious refrigerants,withGWPs over 500

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

demonstrates that hydrocarbonssuch as butaneand pentaneare far lessenvironmentally
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damaging. They are not visible on this scale.

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

concem 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 impacts or liability problems.

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

cabinet away from the evaporator, have beenincorporated into the designof 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 refrigerantcharge, approximatelyoneounce, 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-600a/R-290.
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Technical Performance

In small size refrigerant equipment hydrocarbons can easily be used, evenas a drop-in,

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

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

* lower compression ratio

* higher thermal conductivity for better heat exchange

* very high specific entropy for low refrigerantcharge

* 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 calometric 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 mostof the rangeof evaporationtemperatures.

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-134a 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 efficiencieschanges

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-134a, the refrigerant charge is much lower. For R-290, the compressor

capacity was too high relativeto the condensor and evaporator and thereforesome data

for propane could not be obtained.

Data from Liebherr's fridges on sale (Figure 8) prove that the best efficienciesobtainable
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with R-134a were also achievableusing a R-600arefrigerant 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 thermodynamicpropertiesof various refrigerants usinga Whirlpool

compressor which had been optimised for R-134a. 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 chargehave both

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

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

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

With a specific power consumption of 0.10 kWh/100 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 hasbeen 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

* hiL,,er 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 enormouspotentialfor mostair conditioningand refrigerationsystems

using up to 101bsof CFCstoday. This wouldincluderesidentialair conditioningunits.

Propane (R-290) in particularis an almostperfect,dropin substitutefor R-22and R-502

in existingair conditioningandrefrigerationsystemsas itworkswithoutinvolvingchanges

to componentssuchas expansiondevices,dryers, lubricantsetc.and withonlyvery little

Ios_ of capacity.

For decades propane has beenwidely usedas a lowtemperaturerefrigerant,especially

inthe petroleumindustry. MostmajorcompressormanufacturersprovideR-290 ratings

to their compressorson request. It not,there is littleproblemas ratingsfor proaneare

very close to R-22 ratingsover the typicalevaporationtemperatures.
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FIGURE 1
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FIGURE 4
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FIGURE 7

TableI

Re.suitsofenergyconsumpaonwithdifferentrefrigerantsattheexampleoftherefrigerator

KT 135 R with the compressor KI-I0,52 N 05-2

....: ,i ,,,,, i iii

Re_getm-_t ambient temperature

, 32°C ! 25°C l 16°C

•Et.RT t_ P, RT % RT t_ E RT _ E

'_l_v ' 'r..... II ' 'IIII I • " _.l

R-12 100 -1 70 60 +5 1,12 37 +5 0,73 16 +5 0,37

(75g)
,,,,, I ii iii i

R-134a 100 +0,5 74 65 +5 1,26 40 +5 0,77-4 23 +5 0,41

(68g)
,11 i ii iii i i ii , i

9,-290 I00 -0,5 112 - - - 50 +5 1,0 - - -

(30g)
ii ii [i i

R-2901 100 -1 76 60 +5 1,23 38 +5 0,74. 19 +5 0,38

R-600a*

(Zeg)
L illu

R-2901 1130 -1,3 68 54 +5 1,02 35 +5 0,65 18 +5 0,34.

R-6(X_:

(24g)
, II i i

:firstchangeoftherefrigeratorplant

:secondchangeoftherefrigeratorplant

RT: run time in %

_: average temperatur of inside in °C

P L:performance input in W

E: Energy consumption in kWh/24 h
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FIGURE 8

Lieb_err Hausgerflte GmbH Technische Entwicklung

I Kiihlgerflte mit Kiiltemittel Isobutan im Vergleich zu R134a -I i II I mill[ ............... I I IllUilllI III ___. III I I I

Gerflt Energieverbrauch K_iltemittel- Ffiilmenge

KT 1580 - 10 0,35 Kwh/24h 55 g R 134a

KT 1580 - 20 0,35 Kwh/24h 24 g R 600a

KI 1830- 10 0,70 Kwh/24h 50 g R 134a

KI 1830 - 20 0,70 Kwh/24h 23 g R 600a

KE 1830- 10 0,70 Kwh/24h 50 g R 134a

KE 1830 - 20 0,70 Kwh/24h 23 g R 600a

KI 2530 - 10 0,80 Kwh/24h 65 g R 134a

KI 2530 - 20 0,80 Kwh/24h 30 g R 600a

KE 2530 - 10 0,80 Kwh/24h 60 g R 134a

ICE2530 - 20 0,80 Kwh/24h 30 g R 600a

16.06.93 Wiest

C-ll,



Tabellarischer Vergleich de- k_lltetechnischen Kigeuschafteu
(B_echa_ f_a_)

c_
I

_n

"1hem'cltcal A$11111A£Cycle III1| ji 111341aA % Vat. 1t1291P" Y. %'ar. Rldlllu 11 ".;.

._,_ Prcssucc(..ab_ol_)_ [_|__ 1.240 I.o_ -t_.'Tt % z.o_. _'l u'7s- o_ -s n,

I'l_!_lwL_sic_Rm4_: 9.?£ 12.3.1 2633_ i-I_ -11]6°_, II41 17"
!.J;_!_o "t'_._._ (__op,:):: l'Cl_.__ 024.s iff]] -_.0 uns_+ -,_", na_s -',

t:.,---,r,_..,__-:,,_ m_r_ !"_n_L n4n.n4 1u?.o2 )l u_;;.......___],_'?._!4_?,_-_/_,...__.__!.!,_.__!]__,,

__!__.++_!:h,,,,,,nSok,:_i,orcoon._ Iknn,I 4.;2o :_..-w,o-2_._n _?_ .s,J,_s-;, 1u_ - -s:J
!_.:+n:l_-.-'-• n_m_m,_rcc.(_Joon_+L l_-,o.mk/n_ 4.0+ 4.4111 $I_3% 2+?m "-"_-.3+.++_,+ ?_J4_ "- i6
__'.!! i, : |WeWL... 2.73a 2.'_ n.s3 -,,. 2 "_}n_ acm_ _, 29n'n .... K
I:.n.:R: +l__k_Wl _+sso 2:+,_+ 1.'m"]"L +_s_+ "" "+;'i ,_s_ 6



PIODUCTZIIIINti_TZON8/_roe-oSmndLng spp218Jioe at 41mb2eheLgllt, vLtk OOnlProooor Iml[-T

ii

5"1flPEIfl/UGEII DBIzgI_T][OII 8 I T I $ L • •

IIII i

MIll I n_l M_TI_ ItO
lreeela_lq q_iml_Mio let Mlaq ml_ eOe refrilerolert
freelta_lq qq_Im elm ulrtUp el UM, klIN * ml .
hltl + q_ImlMeWalo -I- oeml-m---llc -
hill In q_l_IMevo_, -I- emile *
mmllm, of Mar llom_m_ drmm_ I1- froomN" mile

klqlq r_ Dreamt *
_c_ frame sl_Wm_lt mira -p _-m_mllc .
tlar rlllq d f_ mile eue Mille -

el l_e _lq l j
il_ natal

ll_llll Ndrll_llMl /
kl_l I I I r_ m. el I M

I vlmk el SS dser elm. vltb Ill m" Ill+nil / m. i),...,
d_m ImlMM ill ellrmN li M deer _etvu umV_ bul m. 4
kel#l vim Imr_lp rllovgd _ Iii Ntm In mfrll, m Ira. $
vldlk IdUI door Ipm m SO let. -aJmld_, lira m" oq_arl Irlll no. l
dq_ _m _ _ V i In mfrl_lt_ _ m. I

_ll eut m 18 froeNr oeetlem
lil.OWillll Ill

Ulllm Win _ kl ]11 lee _lo IroIM ,i,. I

PltFOINMIC8 a_Nl_Iml ,-- IU_II_L IlL'Tiff

• rm cap_lly, 11411 Lltl_l f 114S vollmlo V laO-IMI

_t _pacl,, --1 Lit+ _ }" lill '144 mild ismll , 1.
_o slp_llPIp, rofrllorMor oomllm Lltro
incl. II+fNmk I_, i._L Llt_ . . M NnlllPllllJ

ellelol ewlmrlmml Lltro * la 14_ biuro kl 0.P4
siilllo allY. frlll_ ._ - - LIIro 191- Iql¢lllly pOlr_ t smlblle Iiipi¢lty _ 0.531

In 310 11_ kl 11.2
frmmlq _1_ la M _ _ * _le u|Ut _ NI_y +all_o *

Nmloliy _ 101 i mdNo IIpIIIIv _ - fltll lllm iMerfm mqqlreloer *
ilmll flu In b mml 19 _ i Ilmn * q_illl INIPuSlI_III *

Im_llallen Imlrmllms *

_¢ lllllI
• Im_allen k_ure8 _ •
• kit.circle ioluroa lulm • ]18

• • • X I u 8 - lz_Buot _eot£tost£om - (mmum) eel,,_.es.n



F1GUnE 10.2

PRODUCTINFORMATIONS Free-standing appliance at table height, with oonpreeeor |_K-T

TYPE/B_LEfl DESZGNATZON t K T 1 5 R 8 0

{'_ DESIGN ANO TYPE DIEFItOETiIIO NETIIOD

I freestanding qqptlence/eultmbte for building uhder *r refrlg*retor;
t--, freestw_lin0 appliance vlth tmgktop et table height * imnuet
_1 built under apptlan£ellntegretabte -I- aemi-eutamstlc

bug t ttn qppt iance/integretabie -/- mutaamtlc *
rod)or of outer cloorslexternst dretmrs 11- freezer eectlanz
door hinging rlw manual
decor fraulm standard/retrofit option -P eeml-automtic -
stir turin9 of freezer section matoitlc
ci imete retina Ill

EqUI IqqFJIT FEATUIES

D 114[NSIONS refrigerator:
height cm 8S egg racks no. of eggs 12
uidth cal 55 do_ r.aq:ertlL Mlth flap or sliding door no. 2
depth including troLL ©teerance ca 60 door shelves and/or boxes no. &
height with tiorktop rGimoved cl R sheLves in refrig. Cc_,,ertL ha. 4
uidth uith door open ,!, S8 incL. aclJultab|e shelves or sqpport griLL no. 3
depth with door apart or boxes in refrl0erstor campsrtment no. I

drover pulled out _- 112 freezer section:
mx.height ca -

UEIGIIT UHEN EHPTY kll ]1 Ice cdbe trays no. -

PERFOAHAHCECHARACTERISTICES ELECTRICAL C:QIINECTIOII

gross capacity, total Litre 14A voltage V Z20-240
net capacity, total Litre I 142 _ r.ann_ted toed Id 90
usable capacity, refrigerator sectlan Litre ' 14Z
te_:t, stay*fresh c_mpertlmt, Imx.Iain. Litre I_MEi_ ¢01tlLIIfTiOII

special caapertmmt Litre in 24 hours kwh 0.48 .
usable cmpecity, freexer ¢ampertamnt Lgtre -/- specialty per 100 t usable capacity kUh 0.34

in ]0 deys kMIt 1&.4
freezing r.ape¢lty in It hre kl ramp41ee _lth German safety regutotlone •

specs, aLLy _ 100 t usable cal_lty kg fitted tilth Interference suppressor *
storage tim In the event of power gut hours operation Instructlcmslimluetta *

InstatLatlan Instructions *

CFC GUMiT I TIES
• InsuLation SaLute: Pentarl g
• Rafr.clrcLe Ilature: Buton g 2;_

t
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FIGURE 10.3

PRODUCTINFORMATIONz Froe-otanding (upright) applitnao, vith ao_proooor ZMK-T

TYPE/BALE8 DESIGNATION : E D 3 7 R 0 0

OESIGN AND TYPE DEFtOSTIllO ILrlrNOD
freestamcltne appLiance/suitabLe for building under "/- refrigerator:
freestanding epptllmce ulth workteqp st table he|ght - manuel
buitt under apptlence/Integretabie -/- soni-outmmtlc
bul tt in q_p| lance/Integrotabte -/- sutmmtlc •
number of outer doors/external driers I/- freezer eectlon:
door hinging flu mnumt

L_ decor frim standard/retrofit option -/- smi-mutomtl¢
star rating of freezer section Watammti¢

_-" ci immte rating I;N
EQUIRNENT FEATU_S

DIMENSIOUS refrigerator:
height cm 187 egg racks no. of eggs 8
•,idth ca 66 door caapertm, with ftop or stldlng door no. I
depth I_t,-_lng eLI clearance ca 66 door sheLves rod/or boxes no. •

height with worktop removed ca -. shelves In refrlo, ceepertL no. 6
width with door open cl 69 IncL. adJumtabte shelves or support gr|tt no. S
depth ,tth door open or boxes in refrigerator caqsertimt no. 3

drsMer putted out ca 128 freezer sections
mul.helllht ca -.

tdEIGHT UIIEN ENPTY ko 76 ice cube trays no.

PERFORHMICE CIIARACTERISTICES ELECTRICAl. CINIllECTlOII

gross cqsecity, toter Litre 366 voltage V 220-240
net capacity, toteL Litre / ]64 connKted toed t4 90

usable cq_city, refrigerator settle Litre _ 364..
incl. itiy-fresJl cmlMrtimnt , Ix.lmln. Litre POUEt CONSUNPTICI

special coqMrtiient Litre In 24 hauls l_h _ 0.35 ,

usable cq:lclty, freezer campertment Litre -/- speclgt|y per 100 | lalabtl capacity kl,lh / 0.10 )

In 30 clsys kUh _ 10.Sfreezing capec|ty in 2_ hrs kg ccmptlee ulth Gorumn eefoty relNtetlans
speciaLLy per 100 t umabte cqpe¢lty kg fitted ulth Interference eqplX'emmor *

storage tlw In the event of pmmr cut hours operation Inmtructlonm/mnuotte *
Inmtst Ilmtlm Instructions *

CFC QUANTITIES

+ Inmutmtlon Nature: Pontort g
+ gefr.ci rcte Nature: Buton g 20

S I E M E N S - Produat Speai£iaation - c_m0) 0ate, I_._.93
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Free-Piston Stifling and Rankine Cooling

D.M.Bc_chowitz
Sunpow&, lnc

1) Technologydescription
Two applicationsof thc free-piston/ linearmotortechnologywill Ix:dcscribcd,namely:
fre.e.FlsmnSdrling coolen andflrcc.ptstonRanklne(vaporcompression)compressors.

_piston Stifling coolcn
These machinesemploy the Sdding cycle for cooling, whichunderideal circumstances

of isothermalbeat u'ansfer,hasCm'notefficiency. This cycle operatesentirelyin thegas
phase, so none of the typical refrigerantsarcrequired(such as CFC's and HCI:C's).
Helium or a non-explosive Hydrogengasmixturcis used.Propermodon of the moving
partsis obtainedby utilizing thepressureforcesdeveloped by thecycle. Thereis no crank
shaft,connecting rodor any otherkinematiccomponents.Only two movtnl;partsare
required.Since sitic loads am extremelysmall,gas bearingsareused whichensurenon-
contact operationandhighmechanical cfflctenctes.Since theamplfmdcof a linearmotor is
disccdy prolxzrtionalto thedriveRMSvoltap, modulationof lift is possible bycontrolling
inputvoltq_.Unitsarchcrr_ticallyscaled.

Free-piston Rankinecompresscn
This is a convendonalrefrigeratorcomprusor in whichthedrivemotor hasbe.on

replaced by a linearmotor.Again,since side loads artsvcrysmall, gas bearingsarcused
which allows the use of oil-freeoperation.Theremovalof thekinematicmechanismand
the oil lubricationresultsin a muchhighermechanicalefficiency andhenceoverall
efficiency. Owing to the flexibilityof amplitudeandmeanposition(controlledby a DC
voltage), these machinesarcable m tolmm_a widevarietyof refrigerantswithout
modification.Modulationof lift is obtainedbycontrollingthcinputRMSvoltage.

2) Application

Inprinciple,taken together,the free-pistonStiflingandRanktnemachinesarcableto
cover all cooling applications from a few 10'sof Kelvinto domesdc airconditioningand
heatpumping. They areposidvc displacementmachinesand would only Ix:limited to the
point whereturbo-typemachinesmake morescnsc (usuallyin termsof capacity).More
s_y:
Prec-pistonSttrlingcoolen

Our studies andprototypessuggest thatface-pistonStidinss shouldbc able m achieve
similaror slightly bcttcrperformanceto highcfflcicncyfr_-piston Rankincm_klnes at
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don_sflc refrigerationtemperatures(about-26°C). BelowthesetemperaturestheS_Eng
does Increasingly better while above they do p(x)_r than Rankine. Wherever it is necessary
to cascade a _tankine, the Stirllng will do better. Both in performance and in cost (assuming
large production numbers). The $drling also scales well to small sizes and may enjoy a
margin over the Rankine for ,mall domestic refrigeratorsrequiring only a few tens of Watts
of lift. Excellent applications include Biological refrigeration, vaccine coolers, low
temperatureelectronics and some low temperatureapplications in thepharmaceutical
industry.

Free-piston Rank/he compressors

These units do well at domestic refrigeration temperatureswhere they already hold the

record in COP at the standardtest point. At temperatures above this they become even more
competitive with other technologies. So heat pumps and air conditioners arc perfect
applications. Also, they me useful with refrigerants which arc not compatible with oil
lubrication.

3) Benefits

Free-piston Stirling coolers

Non-CFC, HCFC or HFC cooling. High efficiency. Low cost. Long life and high
reliability.

COP's of around 60% of Carnot should be possible at domestic refrigeration temperature._.
Best so far achieved is 32%.

Free-piston 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

Free-piston Stifling coolers

Very little hardware work has been done for machines intended for operation at above

100K and below 240K. Hardware for domestic rcfrlgeradon has also been poorly funded.
Prototype units should be built to verify the theoretical predictions of performance at these

relatively warmer temperatures. Experiments should bc conducted with Hydrogen gas
mixtures and improved intcrn_ heat exchangers. External heat transferin higher capacity

machines would likely be handled by heat pipes, Work should be directed in building and
interfacing the required heat pipe technology. Cost analysis of production is not well
identified.
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Fr_,-piston Rankine compressors

Developing the_ machines for wanner and higher capacity applications. All work has
focused on domestic refrigeration applications. Investigau: the advantages or otherwise of
continuous modulation. Costing analysis.

5) Economics:

Pree-piston Stifling coolers

Only one analysis has b_n compleml (GE Corp) for units designed for large domesdc
refrigerators. Costs appear to be in the range of $30 / unit for I million units per year for a
product/on optimized design. Investment cost was estimated at $20.24 million.

Free-piston Rankinc compressors

No cost analysis has been perf--. However, the free-piston units have less

components and arc smaller than the convemional units, In addition, no oil is required,

which for HFC units is a significant cost saving. It is generally expected that the free-piston
units will be less expensive than conventional units.

6) Technology outlook:
Frec-plston $_Ling coolers

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

assured. Units for high temperature superconductivity arc curn_ntlyunder devolopment.
Production could begin within one year if unit costs could be reduced to $500/unit.

A few wanner temperatureunits have been constructed for use aboard the space shuttle,
The market potential of high tech applications is not seen to be very large.

Free-piston Rankine compressors

Relating to domestic refrigeration, inidal development is complete. Design for

manufacturo will begin the process to full comnm_ialization for rids field of use. Actual
availability of product could be within two years.

Other applications for sir conditioning or markets requiring oil flee operation require
additional product development anddefinition,
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STIRLING CYCLE REFRIGERATION

A Discussion Prepared for the

ORNL / DOE / AFEAS

Refrigeration and Air Conditioning Workshop

By
Pete Riggle and Barry Penswick

STIRLING TECHNOLOGY COMPANY

Breckenridge, Colorado
June 23- 25, 1993
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1.0 TECHNOLOGY DESCRIPTION

The Stifling 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.

Rejector. Power Plston

Regenerator _ _ ......... Orlve Motor VibrationlsolatOrstator.

Ols01acer .-

.

Acceptor _

Linear Orlve Motor Armature
Ftexural Bearings

Figure 1. Free Piston Stirling Refrigerator Concept
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The theory of linearmotors indicatesthat the best motor efficiency occurswhen 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
providedby the armaturesupport flexural bearings,and by the gas springeffects of
the working gas and the gas inthe motor compartment, are just rightto resonatethe
effective moving mass of the piston and motor armature assembly. The displacer
operatesas a freely oscillatingmass springdamperassemblydriven by the oscillating
pressure of the working gas. The displacer is sprung by the displacer flexural
bearings,not shown in Figure 1. The displaceris dampedby windage effects of gas
flowing through the heat exchangers.

Heat Exchangers and Heat Transport Systems

The heat exchangercomplement is typical of the three heat exchangersrequiredfor
Stirlingcoolersand engines. Heat enters the machinethrough a heat acceptor. The
energyfluctuationrequiredto fluctuate the working gasrapidlybetween acceptorand
rejector temperatures is provided by the regenerator. Heat leaves the machine
through the heat rejector. In the design presentlyunder study, the acceptor uses
internal and external fins. The regeneratorcan be either sintered random wire or
polyester fiber. The rejector currently understudy uses tubes embedded in fins.

Due to the basicconfigurationof standarddomesticrefrigeratorcabinets, the Stirling
cycle refrigerator will have to be located in the lower portion of the refrigerator
currentlyoccupiedbythe vaporcompressionsystemcompressor. Unlikefor the vapor
compressionsystem, there is no intrinsicprocessoccurringinthe Stirlingcycle which
will pump a cold working fluid to the freezer compartment or "hot" fluid to the heat
rejectionheat exchanger. Thisenergy transfer must be carriedout via an independent
heat transport system couplingthe $tirling 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 acrossthe rejector. Also, the additionalenergy
required to operate auxiliary equipment (pumps and fans) and their costs must be
cons;aerec in the selection of the heat transport system. Heat exchanger
effectiveness is typically maximized by making the heat exchanger surface area as
large as possible. However, large surface areas can result in significant unswept
volumeswithinthe Stirlingmachinewhich compromiseStirlingcycle performanceand
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 inthe upperportionof the cabinet abovethe refrigeratedfood
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
conservativeand placed a number of restrictionson the GCR hardwareand system
performance. However, since this cabinet layout can be easily modified to

C-28 AOMIN¼.3031.11R



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 fan/blower. 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.

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 II 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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systemswhich providesimilarfunctions, for examplethe GCR's lineardrivemotorand
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
dlsplacer/powerpiston assembly.

Since it was Imposslbleto place absolutedollarvalueson the Indlvidualcomponents,
an attempt was made to define there relatlve cost-in comparlson to exlstlng
components assumlng that the Investment had been made In the necessary
toollng/manufactur!ngequipment to support the manufacturing rate common to the
domestic refrlgeration market.

The basic conclusionsof this review were that the GCR concept can be brought to
massproductionwith a sufficient further designrefinementsand 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 majorconcern;however, there are no fundamental reasonsthat
its costs cannot be comparable to that of highperformancerefrigeration systems in
the future. All cost reductlonefforts must be carefullyevaluated agalnst their Impact
on the performanceof the GCR system since the relative performanceadvantagesof
the GCR in comparisonto advancedvapor compressionsystems are relativelysmall,
with the primary advantage being environmental.

6.0 TECHNOLOGY OUTLOOK

Development Status

As shown in Figure2, the Stirringmachinehas been developedand demonstratedin
the laboratoryas a maintenance free long life free piston refrigeratorwith excellent
potential for high COP. All of the technologies required to achieve long life and
efficient performance have been proven. The next step in Stirring machine
developmentfor domestic refrigeratorsinvolvesextensivethoughtful productdesign
to achieve manufacturabilityand low cost without sacrificingdemonstratedpotential
for efficiency, freedomfrom maintenance,and longlife. Additionally, furthersystems
integration work is required to Integrate the cooler with the domestic refrigerator
system without excessive loss of efficiencyor excessivecost for the heat transport
connectionbetween the Stirllng machineand the cold space.

77metable for Commercialization

With serious Intent and seriousdesign for commercial implementation, the Stirring
domestic refrigeratorcould be a product by the turn of the century. On the basisof
our impressionsof the interests of the refrigerator industry, it appears that serious
design for commercial Implementation will not be paid for by the Industry. The
situationis chickenand egg. Support from the industryfor commercialdesignwill not
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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 of 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.

t

/
!
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STM4-120RF AS REFRIGERATOR FOR SUPER51ARKETS

Roelf J. Meijer and Edmond C. Miniatt
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 STM4-120RF 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-35



STM4-I20 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)

O

i", OI '4

(
740mm

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, K0hler and Jonker state that, due to the losses,

the Stirling cooling machine (later called the Philips cryocooler) has the best efficiency
between -$0°C and -2000C. 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 ofrl/rlc 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 ofrl/rlc 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 Stifling cycle, with the unwanted temperature
fluctuation, as small as possible.

1
I, I
I I
! !
I I
I I
I
I ,I
I I
I I
J t l J,,, I

Figure2

• 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.

C-37



1. The adiabatic temperature fluctuation ofthe gas depends also on the properties ofthe

gas, in this case ._a.
ev

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

p K whereK=_a
ev

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.P 0.29 which means that the temperature fluctuation in helium is much higher thar

in hydrogen. This is the reason to choose hydrogen instead &helium

2. The adiabatic losses are approximately proportionalwith the pressure ratio because
the temperaturefluctuation dependson the pressureratio. Theoretically,

K-1

T1 1

p_

which means if we make_11smaller,the temperaturevariation also becomes
smaller.

Of course the cold production decreases ifwe do that. To compensate for this
decrease we raisethe internalworking pressure in orderto get a satisfactory
production. This is possiblein our case because the drive is developed for a mean
engine operatingpressureof 12MPa. For our cooling machine, even higher
pressuresare possible.

With this basic philosophy we optimizedthe new heat exchangers,which are the key
to the success of our cooling machine, with the limitationthat the heat exchangers
should fit on the shortblock of the STM4-120 engine.

Forsimplicity,our cooling machine willuse our four cylinderall purpose drive
mechanism. Only the heat e_changers willbe different. The cooling capacity will be
controlledverysimplybymeans of the variable swash plate which controls the swept
volume of the pistons.
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• 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.

• Benefits

Ecologically, Stirlin8cycle machines are famous for being environmentally friendly. Our
cooling machine is no exception. Economically, there are several advantages.

1. Ourallpurpose short block is alreadybeing developed and is proving itself to be a
simple,reliable,and efficient drive mechanism. When the engine goes into mass
productionany numberof short blocks will be availableat 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 machineis controlled bythe 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. Whateverchemicalthe existing refrigerationcompaniesfind to replace CFCs, it is
difficultto imaginethat it will be as efficientas CFCs. STM'sintent is to develop a
cooling machine that not only matches currentCFC vapor compressor systems, but
exceeds themin manufacturing cost and annual operation performance.

The performancecharacteristicsof the vapor compressor and that of the STM4-120RF
predicted by the STM/Philipssimulation code, are entirelydifferent. The performance
curves are very steep for the vapor compressor system over a wide range of ceoling
temperatures, whereas those for the STM4-120RFare quite flat. The STM4-120RF is
more efficientat deep freeze temperatures (-300 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 operationalbasis. For this reason, a study willbe
conducted this year in the Netherlands to determinethe annualperformance ofboth
systems. Figure 3 shows the performance of the STM4-120RF compared with that of a
modem vapor compressor unit of comparable cooling capacity.
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• Technical Issues

The success of the STM4-120P.Frestsalmost entirelyon the heatexchangers. Theymust
be simple,highlyefficient, inexpensiveandcompatiblewith the short block. STMis now
developingand buildingsuch heatexchangersfor the first prototype. Inaddition,the
short block, althoughsuccessful, is stillbeingdevelopedand improved. Obviously,more
enduranceand performancetests mustbe done andimprovementsmadebefore the
machineis readyfor the market.

• Economics

It is anticipated, fromexperie,_ce,thatthe "firstcosts" ofthe systemwill be high. Thisis
alwaysthe case with any prototype or P,&D. Therefore, it is more practicalto consider
massproductioncosts. The firstcosts forprototypes arealways high, but they are only
one time costs and are insignificantcomparedwith productioncosts. As for the short
block, STM has a corporateagreement with DDC to develop the engine, so it willalready
be in mass production. The cooler heads are alreadyinexpensive. The whole design is
centered aroundbeing competitive with existing vapor compressor systemsin mass
production.
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• TechnologyOutlook

STM expects to have the firstprototypeSTM4-120RF on the test bed by the end of this
summer. The second generationprototypewillbe madeby the end of thisyear.
Improvementswill be madeas experience is gainedinenduranceand performancetests.
As testing is successful,moreand moremachineswillbe made each yearuntil
commercializationwhich should takeplace in 5 years. Projectedmarketpenetrationis
verydifficultto determine, especiallywhen some existingsuppliersof supermarket
refrigeratorsdo not report theirmarketsharenow.

• Conclusion

The cooling capacityof the Stirlingrefrigeratoris nearlyconstant with different
temperatures of the cold production. It is also nearlyconstant over a wide rangeof
ambienttemperatures. This is a significantadvantage over the vapor compressioncycle
wherethis effect is considerabledue to the fact that the cycle is based on two phases of
the working medium. This means that the vapor-cyclecompressorsystem needs different
working media for differenttemperatureregions.

A particularadvantageof the STM4-120R.Fis that, with the piston strokecontrol the
cooling capacity can be changedcontinuouslyover a wide rangewithoutadversely
affectingthe COP. In orderto matchthe desirableload, severalcompressorsof the
vapor-cycle have to be switched inand out. See for instance,the Oak RidgeNational
Laboratorystudy,OR,NL/Lab/80-61601/2concerningResearchand Developmentof
Highly EnergyEfficientSupermarketRefrigerationSystems,where it is proposedfor a
unitof 30 hp input,to use threedifferentcompressorsconsistingof 5 hp, 10 hp and 15 hp.
This will improvethe efficiency,but makethe controlcomplicatedandthe systemmore
expensive.

Consequently, the developmentof the STM4-120RFwill notonly maintainthe important
characteristicof using a harmlessworking medium,but willalso simplifyany application
considerablyand, therefore,be morecost effective.
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Acoustic Compressors
Tim Lucas

SONIC COMPRESSOR SYSTEMS, INC.

1. Technology Dcscription

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 that 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 BEI 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-i00 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 Pc 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 driveris properlychosen, 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. Ill 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.

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 droo-in replacements for current PD compressors,
thus requiring little or no retooling and rcmvestment 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.

Efficiency
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 Senic 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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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

1.0 TECllNOLOGY DESCRIPTION

1.1 ltistorical 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 glassblowerslll and
for decades by cryogenic researchers[21; the recognition that useful amounts of _,eat 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 ago[31, with the first demonstration,

including efficiency measurements, being made in 1986141.

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"[4] 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 Laboratories[3-51 and two refrigerators for spacecraft

applications were built at the Naval Postgraduate School. The Space ThermoAcoustic

Refrigerator[71 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 refrigerator/freezer. 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 lnvisid 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 I.
Heat -_
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Figure 1. Schematic diagram of a one-quarter wavelength
thermoacoustic refrigerator.

The thermal penetration depth, 8K:,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[91 in terms of the thermal conductivity of the gas, K, the gas density, p, and its isobaric

specific heat (per unit mass), Cp.

81{=4 Kxfpcp (1)

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 _xpansion 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, Pl, relative to the mean (ambient)

pressure, Pro, and the adiabatic temperature change of the gas, T1, due to the acoustic pressure

change, relative to the mean absolute (Kelvin) temperature, Tm, is given below in equation (2).

TI 7- I Pl

T-_= ), Pm (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 Tm - x lVT, and at the right-most excursion is Tm + XlVT.

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

2x 1 and is heated by adiabatic compression from a temperature of Tm - xIVT to Tm - x 1VT + 2T !.

The adiabatic gas law provides the relationship between the change in gas pressure, Pl, and the

associated change in temperature, T 1, as described i_ 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 (i.e., IxlVTI < ITII).

In the second step, the warmer gas parcel transfers an amount of heat, dQhot, to the plate by

thermal conduction at constant pressure and its temperature decreases to that of the plate, Tm +

XlVT. In the third step, the fluid is transported back along the plate to position -x I and is cooled

by adiabatic expansion to a temperature Tm + XlVT - 2T 1. This temperature is lower than the

original temperature at location -x 1, 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, Tm - x IVT.
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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 up a temperature 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 tile full length of the stack as shown in the upper portion of Figure I, 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, lleat 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"15,101and the second was a thermoacoustically driven

orifice-pulse-tube cryocooler designated the "Coolahoop"llll. A more compact commercial

version of the Coolahoop is now tinder development for cooling of high speed electronics. Several

other heat-driven thennoacoustic 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

cryt,cooler (TAR-3) which is designed to reach high-T c superconductor transition temperatures.

The other is q'AI_SR, which is capable of prod_cing cooling comparable to commercial domestic

refrigerator/freezers. TALSR was also designed for use on-board the Space ShuttlelSI. The first

commercial application of a TALSR-Iike 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 -50"C.

*Should bc Bangladcsh. C-54



S. L. Garrett, et. al. ThermoAcoustic Refrigeralion AFEAS Workshop

" I' d "_: - n_i_. / !

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 working fluid. Helium, being an inert gas, cannot participate in chemical resactions

and hence no toxicity, flammability, or negative environmental effects (ODP=GWP=0).

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 TECIINICAL ISSUES

4.1 Immaturity. Because thermoacoustics is the youngest of existing heat engine cycles, it lacks
the infrastructure (suppliers, sales and 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 Efficiency. Although computer models[121 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 _ 20%, again exclusive of electroacoustic
efficiency.

4.3 Power density. The simple boundary layer models of thermoacoustic engine
performancel6,121 may not apply as acoustical amplitudes are increased. If acoustic roach numbers
_u'erestricted to Mac<5%, 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._ 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 measuredil31.

4.5 Secondary heat transfer. All thermoacoustic engines produced thus far have used either
conduction for small heat loads (<10 Watts) or electrically pumped heat exchange fluids for large
heat loads (>100 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 therr, oacoustic engines which have been produced to date have been research prototypes.

The costs have been typically 1-2 MS, 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 TECItNOLOGY 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 study/141, several domestic refrigeration technologies were ranked from 1

(Lowest) to 5 (ltighest) 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 +

0.6 out of a possible maximum sum of 10. The 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 SunpGwer, 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 obse_,ations made by Prof. Faraday, D.C.L., F.R.S., in 18171151:
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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 fairsl) 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 desired
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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Fig. 1 A rotary active-magnetic-regenerative refrigerator which displays components
common to all magnetic refrigerators.



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.)

_pplication:

The superconducting magnet is in persistent mode and it sees
no time varying magnetic environment. It, therefore,
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.

Bone£its:

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
(I), an analysis of a 50 KW magnetic refrigerator was
presented. Table 1 lists the characteristics of the device.

Table I: Characteristics of a 50 KW AMR Refrigerator

Power 50 KW

Efficiency (% Carnot) 50 %
COP 2.6

Temperature span 255 - 305 K
Wheel diameter 78 cm
Wheel speed 240 RPM
Bed length 3 cm
Bed height 3 cm
Porosity 0.I
Amount of Magnetic Material 18 kg
Field change 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 I0 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 refrigerator would have to have an efficiency of
74 % to break even with the magnetic refrigerator.

An additional benefit is that no harmful gases are required!
If a liquid is employed as the heat transfer fluid, no gases
are used except for helium, an inert gas, which is required
in the cryogenic cooling system for the superconducting
magnets.

The cycle is regenerative. In applications where the
temperature range may vary due to changing conditions at the
hot temperature end or the setting of the cold temperature,
the device automatically responds, improving efficiency.

The device has 'glide' at both the hot and cold ends. That
is, the temperature of the fluid emerging from the device is
hotter or colder than the returning fluid at the hot or cold
end, respectively. This temperature difference is often
compatible with application requirements and serves to
improve efficiency.

Technical issues:

It has been shown (2) that there exists an 'ideal' magnetic
material for a balanced flow AMR. This material has an

adiabatic temperature increase with the applied field which
increases linearly with the absolute temperature.
Gadolinium deviates significantly from this ideal. This
means that efficiency will fall as the temperature span of
the device increases. Any pure magnetic material will
suffer from the same problem. As a consequence, research is
required to make a blended material bed which will come
close to the ideal behavior. The outlook for success

appears high. There are many materials and material blends
to choose from. A research effort spanning at least two or
three years is required.

While Gadolinium is far from ideal for a balanced flow

refrigerator, it is nearly ideal for an unbalanced flow
device operating from about 300 K down. In such a device,
more heat transfer fluid flows from hot to cold through the
bed than in the opposite direction. The excess is diverted
at the cold end of the device and passed through a heat
exchanger which warms the fluid all the way to the hot
temperature. The fluid then reenters the bed at the hot
end. We are exploring potential applications of this unique
de_ice. In applications where a large fraction of the
cooling power is used to cool a product from room
temperature, efficiency improvements could be dramatic.

Additional technical issues are bed fabrication and bed
corrosion. Gadolinium can be formed into sheets. Many
other possible magnetic materials are brittle and cannot be
worked into that form. Particle beds may only be practical
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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 i0 %
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 wire (Oxford Superconductor) 3,600
Magnet bobbin with HEX (ACA shop) 1,200
Magnet support structure (ACA shop) 400
Wheel housing (American Fabrication) 1,400
Split wheel (AC Equipment Services) 500
Adiabatic material (Engineering estimate) 1,200
Seals (Engineering estimate) 700
Bearings 200
General support structure (ACA shop) 500
Drive system (shaft, motor, seals, gears) 500

(Engineering estimate)
Manifolds (Engineering estimate) 500
Sensors, control system (ACA suppliers) 1,000

Dewars (NBP LN 2, LHe, cryostat)(ACA shop) 2,000
Misc. piping, valves, flanges I00

(Engineering estimate)
Magnetic Material ($100/kg) 1,500

Material Subtotal 15,300
Burden (I00 %) 15,300

Labor, 800 hr, $10/hr 8,000
Burden (200%) 16,000

Recurring cost 54,600

A vapor compression refrigerator, comparable in size and
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 KS)

unit first cost operating cost comments

VC 8.9 13.1 COP = 1.6

MR 55 I0.7 uses LHe,LN 2
MR 60 8.9 1 KW cryocooler

Operating costs are annual and are based on 6000 hours

annual operation at an electricity cost of $0.07/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 I0
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 77 K liquid nitrogen bath. This program

is in collaboration with researchers at Oak Ridge National

Laboratory. The device is scheduled to operate in January
1994.

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 commercial 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
compression refrigeration. The only power consuming components of an
evaporative 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% over refrigerated systems.
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1.2 INDIRECT/DIRECT 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

1% Design a Indirect/Direct b % Precooling c
Location Condition Supply Air (°F) Capacity Added

A!buciuerciue ' 96/61 54 14%
Chica_;o 94/75 73 5 %
Dallas 102/75 72 ' 7%

i ,H i

Denver 93/59 56 14%
E1Paso 100/64 59 " 13%

Las Vegas .... 108166 61 15%

Los Angeles .......1 93/70 73 .... 5%
New York City 92/74 72 7%
a All iemperaturesin °F,1%Dry-bulb/Mean CoincidentWet-bulbdesign conditions. -

1%design dry bulb condition and5%design wet-bulbcondition (ASHRAE,1989).
b All cases assume an overall performancefactorof 65%for the indirect processand a

saturation effectivenessof 85%for thedirect process; dry-bulb supply temperature °F.
c The overall performance factorof the precooler is 65%. 20%outside air was mixed with

returnair. Return air was 78/66°F and supply air was 55/52.5°F.
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FIGURE A
INDIRECT/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 (78/66) 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 eitker 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 a_r-
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:

• 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 CO2 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 v_ith 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 cf evaporative air conditioning systems.

Direct evaporative coolers in the Southwest typically require 70% !ess
energy than conventional compressor driven systems in residences. For
instance, in E1 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 realizc 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 OUFLOOK

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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BACKGROUNDI 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 refrigerated air condi-

tioning at about ha_ the I_fecycle cost. ". D.O. 7".

I. TECItNOLOGY 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 thert_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
95dbt/75wbt). 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 the 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
modern 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: Evaporative air conditioning uses no CFCs, nor any other
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.

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
compression. 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 _f 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.
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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 '-" :litional "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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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: Evaporative air conditioning can play a
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.

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 evaporativ,_ air conditioning enjoys today. Yet people know
about solar, while they remain igno_,_qt about EAC technology. Small EAC firms have
lacked the resources to promote their technology, while government has lacked the
interest and willingness to help.

4.) Credibility. EAC products lack the credibility of competitive vapor
compression equipment, because the government has done virtually no testing,
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evaluation, certification or promotion. Meanwhile, the large refrigerant competitors
have undermined EAC technology as part of the competitive process. So, when Arthur
D. Little says EAC isn't feasible for electric vehicles, and Climatran says it is feasible,
what is the result?

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.

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.

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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ORNL (Oak Ridge National Laboratory) published "Energy and Global Warming
Impacts of CFC Alternative Technologies" in December, 1.991 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:

• 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 if 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 anti practical limitations are factored into the
results.
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Figure I. Centrlfugal Chlller Efficlency Growth
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Figure 2. Alr Conditioner Efficiency Growth
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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).

• 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).



CommercialRefrigeration
C_lderations
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Table1
RG02Alternatives

Rofdgemnt ODP GWP G_b,
•F

12St143a/134a 0.0 0.94 0.8

128/143a o.o o.M o.o
[4r_u]
32J/2S/143a 0.0 0.88 0.8
[10_4_
32rl2S/1348 o_ 0.46 7.0
pw4om]
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Table2
Comparisonof R502Alternatives

Re_gerant _ COP Direct Indirect
RS02 6489 1.39 2997 3492

126/143at134a 5931 1.26 2894 3315

126t143a 6211 1.34 2816 311S

32/1_3_ 6893 0.72 1130 $763

Conditions -40/130"F
10%/yearleakrate
20yearequipmentlee
100yearrrH

$G$6/24/_



Tabb 3
Effectof PressueRatioonVolumetricEfficiency

Refrigerant Ptwsure VolumeMc
RaU Eff'ucSency

R602 18 31'%

BlendsContaining,R32 20-26 20-26%

Gond]tiorm: -401130"F

8GS6124F_



TODAY'S TODAY'S
SCROLL REClP. FUTURE

LOSSES

Motor 13.0% 13.0_ 10.0% --_ 8.0%

Mechanical 8.0% 4.0% 6.5%

Flow 2.7% 10._ 1.7%

Leakage 2.8% .-- 2.0%

Thermal 5.5% 10.0% 5.0%

USEFUL OUTPUT 68% 63% 74.8% 76.8%

CHEER (45°/100-) 19.0 17.0 20.9 21.45

ARI (45°/130") 11.2 10.8 12.3 12.65

SGS e/2_e3



Efficiency (45 oF/1O0oF)
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Recip. Scroll
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Technical and Other Issues

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

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

• Uncertainty regarding GWP/CO2 related legislations and their impact on
some HFC components such as HFC125, HFC143a.

• Oesign changes required by higher pressure refrigerants.



in Conclusion

• Vapor compression technology continues to improve in terms of energy
efficiency (compressor efficiency and system effic|ency).

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

Technolo_:Descrintion

Ammonia/water 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, ammonia/water 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/H20 absorption systems and their application to heat pump,
air-conditioning, and refrigeration machines.

The simplest continuously operating two pressure NH3/H20 absorption system consists of
four components and a solution pump. Analogous to vapor compression systems, the
NH3/H20 absorption system has an evaporator where liquid NH 3 is vaporized and heat is
added to the cycle, and a condenser where high pressure NH 3 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, NH 3 is boiled out of a solution of NH 3 and
H20 by a heat source. The NH 3 vapor then goes to the condenser. In the absorber
component, the low pressure NH 3 vapor from the evaporator is absorbed into a solution
which consists primarily of H20 and a little NH 3 produced in the generator component.
Once the NH 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 _;I-I3/H20 absorption systems aredistinguished 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/H20 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/H20 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/H20 absorption cycles are often augmented by other
smaller heat exchangers within the cycle to reduce irreversibilities in an actual machine.

More complex NH3/H20 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/H20 absorption refrigerator 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 refrigerator
product. This is perhaps the most widely used NH3/H20 absorption product in the world
with more than one million refrigerators built annually for world.wide markets.

Anr_lications

Ammonia/water absorption systems are currently used in residential and light commercial
air conditioners, domestic type refrigerators, and in large industrial refrigeration
applications. Ammonia/water GAX cycles currently under development at DOE/ORNL
and GKI 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 ammonia/water GAX heat
pump will be attractive in substantially all of the domestic (U.S.) unitary HVAC 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

Ammonia/water GAX absorption systems currently under development offer benefits to
users of the equipment and society as a whole. The use of NH3/H20 completely avoids
CFC, HCFC, and FIFC refrigerants. In a heat pump configuration, an NH3/H20 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/H20 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 furnace 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 ammonia/water GAX heat pump are
1.4 COP heating (gas-fired) at 47OF ambient and 0.9 COP cooling (gas-fired) at the
DOE/B test conditions. Parasitic power consumption targets for the outdoor package are
in the range of 150 to 190 watts per ton of refrigeration capacity.

T_echnical Issues

The technical issues and problems surrounding the development of NH3/H20 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/H20 air conditioner in the 60's and 70's by Whirlpool, Bryant, and ArEa. 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/H20 absorption cycle, the GAX cycle. These problems push
the limits of single stage NH3/H20 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.

The solution pump has been an area of particular difficulty because of the lack of a
lubricant in NH3/H20 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/H20 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/H20 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/H20 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 GILl 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 ammonia/water 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
develop,ed factory costs fbr 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 pans. 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 cost/capacity 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
function is a gas furnace 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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TechnoloLrv Outlook

In terms of the status of NH3/H20 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/H20 GAX are under
development in the U.S. by GRI, in Japan with MITI support, and in Europe. In an
optimistic scenario, the full scale participation of a major HVAC manufacturer could cause
an NH3/H20 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 fully
developed product.

Market penetration in the U.S. will be a direct function of product installed cost. At
equivalent cost to existing furnace/air conditioner combinations market shares can be
expected in the double digits of the residential/commercial 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

Backqround

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 1970's, one
manufacturer, Hitachi, began exporting their double effect chillers
to the US. Throughout most of the 1980's, the absorption chiller
market in the US remained small.

Towards the end of the 1980's, this situation began to change, and
absorption chillers have enjoyed a resurgence. Limited electrical
power generating capability during summer peak load conditions is
one important factor. The cost of providing transmission 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.

Technoloav Description -Present Technoloqv

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 240 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.

'oTechnoloay Descript_ n - New Technology

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 'practical' 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 i00
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 S/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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_echnolouy 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 [1]. The first theoretical investigations were carded 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 vapor/liquid 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

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 featuringa desorber/absorber heat exchange, as

C-124



shown in Figure 3. In this case, the gliding temperature intervals in the desorber and the

absorber overlap, i.e. 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 [18].

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 temperaturelift heat pumps,
Combined heating and cooling/refrigeration,
Commercial/industrialheating 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 benefits are important:

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

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

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 cost/benefit 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 antic:,patedthat this technology will first be used in custom designedapplicationsand

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

(temperaturerange, pressure ratio, pressureranges)are likely areas for VCCSC to succeed. As

experience is gained, it is possible thatthe applicationsreach 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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Liquid Desiccant Air Conditioners:
An Attractive Alternative to Vapor-Compression Systems

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

Princeton, NJ

1.0 Introduction

The 1990s are a challengingdecade for the HVAC industry. The need for ever moreefficient
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. CO_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
humiditywithin 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
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vapor pressure. If the system is perturbed, water will flow from the component with the
higher characteristic vapor pressure, i.e., 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
formingweak 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 evaporativecooling. As shown on Figure 1, humidair at ARI outdoor conditions (point
A; 95°F/0.0142) emerges from an adiabaticdesiccant absorberat lower humidity and higher
temperature (point B; Ill°F/0.0110). 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 th,: 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 i9% 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
temperatureof air towards its wet-bulb--airthatis dried in an adiabaticliquid-desiccantabsorb-
er will approachits "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-desiccantair 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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sprayedover 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 upwardlyflowing process air. The process air
leaves the absorberdrierand with a lower enthalpy. The warmer and weaker liquid desiccant
in the sump is recirculatedthrough 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 divertedto the regeneratorso 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 southwesternU.S., the outdoorair can have a relativehumidi-
ty and wet-bulb temperaturethat are sufficiently low to drive a liquid-desiccantair conditioner
withoutadditional thermal input. In this case, the thermal COP of the system is infinite (as it
would be for an indirectevaporative 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-desiccantair 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 regenerator does not rely on the
relative humidityof the ambientair. The simplestform of this regeneratorwould be an atmo-
spheric-pressureboiler in which the steam that is producedis vented to the outside.

The ideal thermal COP of this liquid-desiccantair conditioner would be approximatelyone.
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 assuminga 72% effective interchange heat
exchanger, an 80% efficient natural-gasburnerfiring an atmospheric-pressureboiler, 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 burnerflue losses and the energy neededto 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 presentsa practical limit to this approach.

A moderate improvementin COP, on the order of 25 %, can be achieved by reducing the flow
rate of desiccant that is exchanged between the absorberand the regenerator. The advanced
absorbersdescribed in Section 3.2 exploit this effect.
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A much more dramaticimprovement in COP can be achieved if the energy in the steam that
leaves the regenerator/boiler can be used to regenerate additionaldesiccant. This is the ap-
proach taken in regeneratorsthat 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 thermalenergy for boiling desiccant in the low-pressure
stage.

A lithium-chloride air conditionerthathas a COP of 0.61 with a boiler that operates at a 100°F
steam saturation temperaturewill 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 temperaturerise 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 2780F. Since theatmospheric-pressuresteam that evolves has a satura-
tion temperatureof 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. (Forcomparison, a 62 % lithium bromidesolution, which could be used in an
absorption chiller, has a 110°Fboiling 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 boiler/regenerator 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
with the 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 absorbershown in Figure 2 cools the desiccant before it comes in contact with the process
air. In this approachthe 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 dehumidificationwithin the absorber. Desiccant flow rates on the order of 0.5 to
1.0 gpm per 100 cfm of air are typical in packed-bedabsorbers.

A second type of absorber combines cooling and dehumidificationwithin the absorberbed. In
this internally-cooledabsorber,the contact mediaover which the desiccant and process air flow
is the surfaceof a heat exchanger that has coolant flowing within it. Although refrigerantfrom
an electric vapor-compressionsystem can.be used to cool this absorber2, a liquid-desiccantair
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-plateheat exchanger. Process air flows through one set of
passages where it comes in contact with liquiddesiccant that is flowing down the heat exchang-
er's wails. The heat that is released as the air is dried is transferreddirectly 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 maintainedat close to the wet-bulb temperature.

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

This larger concentrationchange 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 regeneratoris one of two major losses for the system; it typically will be
30% of the energy needed to regenerate the desiccant in an atmospheric-pressuresingle-effect
boiler. This loss can be reduced by decreasing the flow of desiccant to the regenerator.

But, the amountof water removedby the regeneratoris proportionalto both the flow of desic-
cant and the difference in concentration between the weak and strong streams. Since the
regenerator's water removal rate mustequal 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
internaUy-cooled absorberis sent to the regenerator. The resulting improvement in COP can
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be between 25% and 35%. Reference 3 describes advanced liquid-desiccant absorbers in
more detail.

4.0 Benefits of Liquid-Desiccant Air Conditioners

The liquid-desiccant air conditioneris uniqueamong alternativeair cooling technologies in that
it addresses all six of the critical issues noted in the Introduction.

4.1 Conservation of Ene_ Resources and Low CO_ Emissions

Withadvancedregeneratorsandabsorbers,a liquid-desiccantairconditionercanhaveanARI
COP ofbetween1.3and1.7.

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 evaporativecooling systems, the performance of a liquid-desiccantair condi-
tioner will improve as the outdoorwet-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 cooling 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.
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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
appreciablefraction of a building's cooling load will occur at outdoor wet-bulbtemperaturesat
which the liquid-desiccantair conditioneris getting a boost in performance.

If one assumes that the absorber's spray concentration can be adjustedwithin 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 ARI COP will be:

ARI Seasonal
Single-Effect Boiler 0.69 0.79
Double-Effect Boiler 1.09 1.48
Triple-Effect Boiler 1.36 1.86
VCD Regenerator 1.32 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 regeneratoroperate 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 CChemissions'.

4.2 Conditlonhlg 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 ARI 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

"It should be notedthat other cooling systems can boost their seasonalCOPs by adding an evaporative cooling
system. However, this significantly increases their cost and complexity.

b The air-to-airheat exchanger precools the air entering the conditioner with air that is leaving. This increases
the latent cooling, but lowers the evaporator temperatureof the conditioner.
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by modulating the direct evaporativecooler, the liquid-desiccantair conditioner can indepen.
dently control the temperatureand 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--avalue commonly used as the threshold for mold and mildew growth.

5.0 Applications for a Liquid-Desiccant Air Conditioner

A liquid-desiccantair conditioner has the potential tO broadly compete with electric vapor-
compression equipmentin 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 amountsof ventilationor with large internal latentloads, (2) buildings that must maintain
low humidities, (3) applications that have low outdoor wet-bulb temperaturesbut indirect
evaporative coolers do not perform acceptably, (4) buildings that require additional cooling
capacitybut cannot add electric air conditionersor chillers, (5) applicationswhere independent
control of temperature and humidity are needed, and (6) applicationswhere inexpensive low-
grade heat is available.

In the last ten years, poor indoor air quality has become a majorproblem. Its source is inade-
quateventilation, partlycaused by the need to conserve energy. Now, however, as a result of
ASHRAE standard62-89, recommendedminimumventilationrates have approximatelytripled.
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 evaporativecoolers can also effectively compete in this market,theirapplica-
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 eases, 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 180*F,using relatively inexpensive collectors. As demon-
strated by Arizona State University, the regenerator and collector could be integrated into a
single component s.

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.

A#Iimportant 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 I15°F and
125"F in a solid-desiccant wheel. At 80*F, a 40% lithium chloride solution will dry air to a
0.004 humidity ratio, which corresponds to a 19% relative humidity. At 120*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.

6.0TechnicalIssues

Severalimportanttechnicalproblemsmustbe solvedbeforeacompetitiveliquid-desiccantair
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
elm 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-
er ti'7'8. 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. This 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 c. 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 ARI 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 1.0, more efficient regenerators must be developed.

cThe vaporinequilibriumwith a glycol/watermixturewill containa significantamountof glycol. For a wa-
ter/lithium--chloridemixture, the vaporwill be essentially100%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*Fboiling 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 25-ton absorber for the liquid-desiccant air conditioner would replace the fol-
lowing components in an absorption chiller:
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Com_nent Material Area _W_c.ighI Cost

absorber copper 150 ft_ 300 lb $560
evaporator copper 100 ft_ 200 lb $375
cooling tower packing 3,130 ft_ 130 lb $230
finned-tube coilsd Cu/AI 2,200 ft2 240 lb

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, e

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 9. One manufacturer, Albers Air Conditioning
Corp., displayed a prototype of a 3-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 regenerators6,7,s. Although these projects
did have limited success, they did not produce a commercial product.

dThe finned-tubecoils arenotpartof theabsorptionchiller. They are, however,neededif thechilleris to
supplyconditionedair to thebuilding.

" The absorptionchillercould also increaseits seasonal COP by addingan indirectevaporativecooler.
However,thecostof thisadditionalcomponentmustthenbe addedto the coolingsystem'scost.
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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

Figure 6 - Liquid-Desiccant AC in Dunkle Cycle
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DEVELOPMENT OF DESICCANT COOLING SYSTEMS

UTILIZING LOW TEMPERATURE REGENERATION

.]. 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 alumino_ilicate 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-IO to meet performance requirements set by

ICC. ICC develops rotor substrates to meet mass transfer

requirements. The coating of the ETS-IO onto selected

substrates has been a joint effort utilizing the coating

chemistry from Engeihard 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 I00 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 refrigezant 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. Thls 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. As 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 IM. 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 _dify 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 180F 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

scrption 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

O. 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 I00 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/Ib.

Regeneration temperatures of 250 to 300F and nominal face

velocities of 300 feet per minute as well as much deepe_

wheels are required for minimum humidity levels. ETS wheels

at higher velocities and low flow lengths have produced

humidity levels 50 percent lower with 180F 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 employe_ 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 working closely with the American Gas Cooling

Center and its member companies to establish market based

efficiency targets. In addition, 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 Southwesteln 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 and high humidities are ez_countered, 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

Temperature Humidity

F gr/ib
Return Air 80 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 ii 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 aporoximating 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 ai_rangements

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

and a 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 % 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, users and manufacturers will offer

the speediest market introduction of desiccant cooling

systems.
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Cooling Inputs / Outputs / Efficiency- 2000 cfm DESI/AIR heat pump

Compressor Size: 4.0 hp

Fan Sizes: 2 x 0.75 hp

Miscellaneous (pump, drives): 250 watts

Total Energy Input: 4.9 kV__
I

b_

Sensible Cooling: 43,200 btuh

Total Cooling: 97,600 btuh (8.1 tons)

EER: 97,600 btuh/4900 watts = 19.9

Peak Reduction from EER = 12" 3.2 kW (39.5%)

ICC Technologies
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Open-Cycle Desiccant Cooling Technology
A Pathway to the Future

William A. Belding, Ph.D. _

Introduction

Overthelastfouryears,LaRocheChemicalsInc. underajoint researchprojectwiththe
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
equipmentdesignshowspromisefor placingdesiccantcoolingsystemsin acompetitiveportion
with existing high performance electricvapor compression equipment. In fact, other side
benefitsof this technology should provide a strong driving force for its acceptance in the air
conditioning market place.

Technology Description

Open CycleDe_'ccant Cooling

Perhapsthe simplestwayto understandthe conceptof desiccantcooling is to think of
the desiccant'srole ascreating a desertclimate so that an evaporativecooler can function very
efficiently. This technology utilizesonly water asa refrigerant. In a typical desiccantcooling
system, the process air is dried to a low dew point by passing it through the laminar flow
channelsof a rotating desiccantwheel. The desiccantiscontained in the wallsofthe channels.
In its most basic design, the wheelis partitioned into two sections allowing flowsin opposite
directions. The process side of the wheelprovides dehumidification. In the case of a solid
desiccant, water condenses on the internal surface of its fine network of pores. On
condensation, thewater's latentheat isreleasedin addition to theheat ofwetting ofthe surface.
The total combined heat is called the net heat of adsorption. The air, therefore, exits the
processsideof the wheelhot and dry. Passingthis processair through aheat exchangerallows
most of the added heat to be rejectedand to be used laterfor regenerating the desiccant. This
cooler, dry air is passedthough an evaporativecooler. Sufficientwater isevaporated into the
air to reduceits temperature substantially,whilestill providing acomfortable humidity level.

W.A. BeldingwasformerlyResearchDirectorfor LaRocheChemicalsInc., Pleasanton,
CA and is presently President of Innovative Research Enterprises, Danville, CA and
consultant to LaRoche Chemicals, Inc., Baton Rouge, LA
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Open-Cycle Desiccant Cooling Technology

A desiccant cooling systemcan 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
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.

Type IM Concapt

Collier et al._extensively modeled the effect of modifying desiccant properties on the
cooling capacity and thermal coeMcient ofperformance (COP) ofopen-cycle desiccant cooling
systems. The thermal COP is an indication of efficiency and is defined as the ratio of the

cooling capacity to the thermal input to the system. In this work, he pointed to the need for
a desiccant exhibiting a particular modified Langmuir Type 1isotherm 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) (I)
where

SC = relative solid concentration

FC = relative vapor concentration
R = separation factor.

Figure 1illustrates a Type 1M isotherm with a separation factor, R, of 0.01 compared
to Type 1extreme (R = 0.1) and linear (R = 1.0)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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systemCOP. Duringtheregenerationcycle,thewatercanalsobeefficientlyremovedfromthe
desiccantwithoutbreakthroughof thetemperaturewavefront.Stronglyadsorbingdesiccants
such as 3A and 4A zeolites with Type 1extremeisothermsgive verysharp wavefrontson
adsorptionbutsignificanttemperaturebreakthroughresultsonregeneration.Silicagel,having
anear-linearisotherm,regenerateseasilywithouttemperaturebreakthrough,butadsorption
wavefrontsare broad and low dewpoints can not be maintained. The Type IM desiccant
provides the requiredbalance between adsorption and regenerationmodes resulting in
containedwavefrontson both sides.

The total equilibrium capacityof the desiccantalso is importantdue to diffusional
limitationsand overall heat capacity effects. Theoretically,the rotational velocity of the
desiccantwheelcan be increasedto compensatefor lowdesiccantcapacity, but at a certain
speed,apoint ofdiminishingreturnsisreached.Withshortcycletimes, heatandmasstransfer
resistancescanseriouslydegradeperformanceanda significantportionof the heat fromthe
regenerationside can be carriedoverto the adsorptionside of the processdue to the heat
capacityof the wheel.

Modelinghas alsodemonstratedthatelevatedregenerationtemperatures,inconjunction
withthe Type IM isotherm,resultin significantimprovementsin systemcooling capacities)
Currently,commercialsystemsoperateattemperaturesnear212°F (100°C)and,inmostcases,
materialsof constructionfor the desiccantwheelandsealsystemspreventtheiruse athigher
temperatures.

LaRoche Chemicalshasnow developedahigh temperatureType IM wheelhavingthe
adsorption isothermshown in Figure2. Thetotal equilibriumloading at 60%RH is about
20%. Although aging studiesarestill underwayandwill be forsome time in the future,the
desiccantisexpectedto be thermallystableundercyclicregenerationattemperaturesofat least
200°C.

Application

Conventionaltechnologyhasrestrictedthe use of desiccantcooling to nichemarkets
that can bear a high price Existing systems are bulky compared to electrical vapor
compression units of equivalent cooling capacity. The advanced desiccant technology
developedby LaRoche Chemicalswill boost both the capacityand efficiencyof desiccant
cooling systems,makingthem considerablymore competitive.

Desiccantcoolingtechnologyhasbeenslowto penetratethemainstreamHVACmarket
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and its application is now found principally in markets where moisture control is critical. For
example, some supermarkets are _eing the benefits oflow 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 willallow
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 aneconomical gascooling 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 willprovide 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 CO2generated 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 isdifficult 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
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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 isgenerally 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
humidifies. 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 sincemoisture 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
ofabout 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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Open-Cycle Desiccant Cooling Technology

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
adsorption/desorption 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 regenerations/year. It is, therefore, imperative that
isotherms of aged desiccants be evaluated for determining projected system performances.
Since the use of a direct gas-fitted 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 wellas 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, wheelmanufacturing 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.

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 wellenough to meet general market needs, which include the
light commercialand residentialsectors. 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
standardsingle operating point (i.e. ARI ratingcondition). Collier and McFadden 3developed
detailed seasonal performance characteristicsof aType 1M desiccant systemusing aresidential
energy modeling program. At part load conditions, desiccant cooling efficiencies increase

significantly if the equipment has variablespeedcapabilities. 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 defined as the cooling
capacity divided by the parasitic electrical power (Btu/w-hr).

Proper operating cost comparisons need to be made city-by-city since cooling loads and
utility costs (especially electric) vary significantly. For example, Figures 3 and 4 from
Reference 3compare energy costs (by component) offixed and variable speed desiccant cooling
against costs ofelectric 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 performance 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 willassist LaRoche's equipment manufacturing partners in effecting an installation cost

comparable to mainstreamconventional equipment. With rapid market acceptance, continued
support of gas industry 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 system derives 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 1M 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 ofthe Type 1Mwheel 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 1Mdesiccant. 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 willbe 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 10year) use, the question
ofaging is ofextreme importance. LaRoche now has indirect-fired aging tests underway with
small specimens ofdesiccant and wheelmatrix 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-f'tred 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 isnecessary to minimize and recyclewaste
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 fiscal 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 environmentally-friendly 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 10years. Similar potential exists for the penetration ofdesiccant 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 Isothermswith
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Figure 2 Water Adsorption Isotherms
LaRocheWheel Compared to Type 1M
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Figure 3 - Operating Cost Comparison
Desiccant Cooling vs. Electric A/C
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Figure 4 - Operating Cost Comparison
Desiccant Cooling vs. Electric NC
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Figure 5 -Indoor Hours Exceeding
60% Relative Humidity
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ADSORPTION HEAT _ DEVELOPMENT AT JPL

Jack A. Jones
Jet PropulsionLaboratory

CaliforniaInstituteof Technology
Pasadena,CA 91109

BACKGROUND

In simple sorptionrefrigerationsystems, low pressuregases are physically
adsorbed onto or chemically absorbedinto various solids, typically near ambient
temperaturesor above _igure 1). When heatedan additional 100-300°C, the gases
are desorbed, i.e., vented, at substantiallyhigher pressures. When the high pressure
gas is precooled and expanded throughan orifice, knownas a Joule-Thomson (J-T)

valve, the gas becomes partially liquefiedand provides net cooling. Heat boils the
liquid, and the returninglow pressuregas is eventually reabsorbedby the sorbent,
thus completing the cycle. The entire refrigerationsystem has essentially no
wear-related moving parts, other thanvery long life, self-operating, room temperature
check valves. Thus life expectancyis many years, possibly decades, and there is
essentially no vibration.

Since 1979, the Jet PropulsionLaboratory(JPL) has tested numerous
hydrogen, oxygen, nitrogen, and kryptoncryogenic so_ptionrefrigeration systems (t'2)
for cooling space-based infraredimaging systems. More recently, JPL has been
developing a quick eooldown 10 K(-2630C) hydrogensorptionrefrigeration system
for the cooling of infrared sensors for the Strategic Defense Initiative Organization
(SDIO) "StarWars" missile trackingprogram. A proof-of-principleexperiment was
successfully conductedat YPLin 1991,¢3)and a JPL Space Shuttle flight experiment is
planned for 1994.

For ground applications, the simple sketchof 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 5 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.6,7

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 beds. s'9 In particular, a patented four bed approach (Figure
2) will use a fluid (water of oil) to transfer hot and cold thermal waves.(1°) 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 pendingt"_). 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 predictionstg_. 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 effieiencies.

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 cor.._sion-prone and cannot be scaled for small, home
applications
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• Greatly reduced winter and summer total fuel costs

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

• 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 carbon/fin
configurations similar to that slaown 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 :.ycle. 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 Southem 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.
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Table 1. Heat Pump Analytical Comparisons

Sorbent/ 2 Caniste _ 4 Canister 6 Canister 12 Canister Ideal

Sorbate Max COPe Orig Bottoming Orig Bottoming Orig Bottoming COPe
, .... |

C/NH3 0.71 -- 1.02 0.92 1.06 1.01 1.16 1.46
...................

C/R134a 0.61 -- 0.80 0.69 0.83 0.75 0.92 1.27
....

C/H20 1.20 ...... 1.47 .... 1.60
.............

Table 2. Measured Cooling Capacities

Total Cooling Capacity
Sorbate (BTU/hr)

i Illlll I I ill II I ill

R22 386

R134a 337
ii

NH3 1038

Assumptions:

1. Cooling capacity is measured over a 6 minute period with a 3 minute heating cycle and
a three minute cooling cycle.

2. Condenser saturation temperature = 100°F (37.8°C).
3. Evaporator saturation temperature = 40°F (4.4°C).
4. Total carbon weight is 0.51 kg with finned aluminum tube weight of 1.16 kg.

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

.....

Outdoor Outdoor Supplied Supplied
Temp. Temp. Heat Pump COP COP COP Air Temp. Air Temp

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

95 35.0 Cooling 1.0 1.3 1.7 55 15.6
,,

82 27.8 Cooling 1.3 1,6 2.1 55 12.8
l ...........

47 8.3 Heating 1.9 2,1 2.4 105 35.0
......................

17 -8.3 Heating 1.5 1.6 1.8 105 32.2
......

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
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CFC-Free Chemisorption Heat Pumps and
Refrigeration

William A. Ryan
Gas Research Institute

8600 W. Bryn Mawr Ave.
Chicago, IL 60631

United States

Technology Description

Backaround

The widespread use of modern 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. Modern building have become dependant upon mechanical cooling, and the
geographic pattern of population 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 systems 1, 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 buildings 2. 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 systems 345, and engine systems. Less conventional

1How 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,
1993

3Development of the Residential Gas Fired Absorption Heat Pump, Allied Corporation, GRI
84-0112, 1984

4Development of the Dual Cycle Absorption Heat Pump for Residential Applications,
Battelle, GRI-90-0075, 1990, 6 Volumes
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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 solid 67 (a form of absorbant clay) which can draw in water refrigerant and

activated carbon which can draw in ammonia refrigerant 8910. Research continues in these

areas, but "chemisorption" offers a new alternative to previous solid vapor systems II. 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.

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".
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Figure 1 - A Simple Single Effect Chemisorption Air Conditioner

5Development of the Double EffectAir ConditionerHeater (DEACH), GRI-92-0205, 1992, 3
Volumes

6Closed Cycle ZeoliteRegenerativeHeat Pump, from SolarEngineering,D.I.Tchernev and
J.M. Clinch,ASME, Book No. H00467-1989

7AbsorptionCycles with the Working Fluid Zeolite/Water,J. Schwartz,C. Keller,J. Soltes,
ASHRAE Transactions,1991, NY-91-6-1

8Gas Fired SorptionHeat Pump Development,Miles,Sanborn,Nowakowski and Shelton,

Solid Sorption RefrigerationSymposium, Paris,1992

9SorptionRefrigerationResearch at JPL/NASA, J.A. Jones,SolidSorptionRefrigeration

Symposium, Paris, 1992

10Gas Fired Solid-Vapor Heat Pump Development, D. Sanborn, D. Miles, G. Nowakowski and
S. Shelton, 1992 International Gas Research Conference, Tokyo, 1992

l lComplex-Compound Heat Pump : Topical Report on Phase 1 Results, GRI93/0113
Rocky Research, Inc., 1993
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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.

Coordinstloq Soheres

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.

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.

Hl_ah Efficiency Chemlsorntlon Cycles

High efficiency chemisorption cycles rely on this flexibility. To obtain high efficiency,
more than one salt is used in a single cycle. With differing adsorption and desorption

temperatures, heat input to the cycle can be used more than once. Figure 2 shows such a

cycle referred to as a Constant Pressure Engine Stage (CPES) cycle. In this cycle, heat is
provided by a boiler to the high temperature adsorber which is desorbing. At the same
time, the medium temperature adsorber is adsorbing. This heat of absorption is fed to the
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.
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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. Any number of stages can be used. 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.

Application

Chemisorption is currently seen to be applicable to;
o Air Conditioning Systems to 100 tons

o Space Heating and Cooling Heat Pumps
o Refrigeration and Freezing

o Thermal Storage Systems
o Ammonia Clean-Up Systems for Process Applications

Benefits
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 ehemisorption a durable system.

Technical Issues

Development Status

Development of the chemisorption concept to date includes;
o definition of the desired cycles,
o construction and optimization of small scale sorbers with salts selected for a wide

variety of cycles,
o cycling testing of these small sorbers to establish durability,
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o corrosion testing of the salts on absorber surfaces in ammoniated form,
o construction of very large sorbers for industrial applications including the

recently commercialized Amvae ammonia storage system and for the upcoming
field test of the DOE chemisorption industrial heat pump

o design and construction of a simplified sorber sized for residential and light
commercial systems,

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.

Issues to be Determined

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;

i i

Chemisorntion Conventional System

Type (Cooling) High Eff. Electric AC
COP Cooling 1.0 3.52
Equivalent SEER 3.4 12
Parasitic Power(Cooling) 300w/ton None
Type (Heating) Cond. Gas Furnace
COP Heating 1.5 0.90
Parasitic Power (Heating) 320w/20 MBH 130w/20 MBH

Heating Capacity Required 20 KBH/ton cooling 20 KBH/ton coolinG

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 simple
and universal as possible, the following results are shown as the percent annual savings
over the year.
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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 by1996.

The introduction of a novel mass market product is a considerable andertaking. 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 in1998.

The build-up of sales of a new type of cooling and heat pumping system will take a number
of years. Large volume sales should not be expected before the middle of the first decade
of the next century.

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 Landmark7, L.J.M. Kuijpers, The International Journal
of Refrigeration, Vol 16, No. 3, 1993
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Technology Description

The hydraulic refrigeration system (HRS) is essentially a synthesis between the hydraulic gas

compressor and a vapor compression refrigeration cycle. Devices utilizing hydraulic compression

in general, and specifically hydraulic ga.,_compression, have been in existence since antiquity. 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

fo,mdation 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 liquid pump to provide circulation of the carrier liquid and compression

and condensation of the refrigerant. The fin'stmodeling of a HRS was presented by Rice (1981)

and since that time the HRS 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 (5), 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 temperature 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 HRS 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

ornl paper/hrs paper/hrs se C-199 May 20, 1993



HeaSeaorriiExchanger (3) Io ....

(6) _ Evaporator(4)

o f ,qc e

(5) I ¢-"'---" I ke Location

Figure I. Simplified hydraulic refrigeration system schematic

0

O0 o u
0 I J

I

I

II I

Nil

|111

Figure 2. Vapor-liquid separator Figure 3. Liquid-liquid separator

ornl p.aper/hrs paper/hrs se, C-200 May 20, 1993



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 HRS 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 HRS 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 HRS presently under construction, water is used

as the carrier liquid and n-butane is the refrigerant.

Application

The HRS is currently envisaged for use in industrial applications in which the refrigeration

system utilizes an indirect (low probability) system classification (ANSI/ASHRAE 15-1989).

Because hydrocarbons pose certain flammability hazards, several conditions have been taken into

account that help to ensure safety of the HRS 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

(= 85°F) 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 ANSI/ASHRAE 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 HRS, 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 HRS, future legislation, and code

revisions may ease these restrictions.

The HRS is a generic refrigerator and can technically satisfy any refrigeration application.

Ultimately it could be widely used for air conditioning, chilling, cold energy storage and freeze

desalination.

Benefits

The HRS offers the following advantages:

• Since the system can use group 3a refrigerants safely, the HRS will not be ozone

destructive and therefore will be more environmentally friendly than systems using

either CFC's, HCFC's or HFC's.
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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 HRS 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 HRS 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

HRS. 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 HRS 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 HRS. 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 choice because vapor to liquid phase change occurs at low pressure

(40 psia) and low temperature (85°F). However, even at this low pressure, modeling as.well 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 HRS 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

A single-stage HRS will be less expensive to build than a multi-stage unit for the same

tonnage. In many, if not most, real world commercial applications of the HRS, the height will not

be a limiting factor, and a single-stage system can be used. It now appears that the HRS will be

very competitive with regards to both performance and first cost with the new HCFC and HFC

refrigeration systems.

The HRS presently under construction reflects conservative design criteria, and little

consideration is being given to optimizing future manufacturing costs. Also, this unit is fully

instrumental for experhnental 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

become apparent that will result in significant component cost reductions. When the concept of the

HRS is examined, the simplicity of the system intuitively leads to the conclusion that costs will be

competitive with existing technology on a tirst cost basis. When life cycle costs are factored in, the

HRS should show an impressive cost saving over present equipment. The greater efficiency of the

HRS 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 Outlook

At this time all components of the HRS 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 HRS 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 carder liquid, and will be capable of capacities of up to approximately 10 tons. Based on the

operation of this version (Phase 1), 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.

Another aspect of cost reduction that needs to be examined is the expected reliability of the

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.
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IALONE REFRIGERATION

Gregory W. Swift
Condensed Matter and Thermal Physics Group

Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

ABSTRACT

Malone refrigeration is the use of a liquid near its critical point,
without evaporation, as working fluid in a regenerative or recuperative
refrigeration cycle such as the Stirling and Brayton cycles. It's potential
advantages include compactness, efficiency, an environmentally benign working
fluid, and reasonable cost. One Malone refrigerator has been built and
studied; two more are under construction. Malone refrigeration is such a new,
relatively unexplored technology that the potential for inventions leading to
improvements in efficiency and simplicity is very high.

TECHNOLOGYDESCRIPTION

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 the common uses
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. We chose
the name Malone refrigeration in honor of John Malone (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. But, unlike room-temperature water, liquids just below the critical
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
during isothermal expansion is proportional to _ [via Maxwell's relation,
(_s/_p)t = (Sp/_T)p]. Ideal gases have T_ = 1; liquids have T_ ~ 1 over a
substantial range of temperature, just below the critical temperature. The
solid lines in Fig. 1 show values of T_ for COs over a range of temperature and
pressure. Plots of T_ for all liquids -- water, hydrocarbons, CFCs, even
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liquid metals -- are similar to that of COs, 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, TB is large enough
to make liquids useful single-phase refrigerants.

A second important property is the isothermal compressibility _t. The
dashed lines in Fig. 1 show P_t for COs over the same range of P and T. A_ain,
the values are similar for other liquids. For ideal gases, P_t = 1; liquids
have P_t < 0.1 in the range where T_ ~ 1. This low compressibility gives
liquids several advantages (particularly in comparison with ideal-gas-Stirling
refrigerators). _ost importantly, it keeps adiabatic 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: cylinders and associated mechanical components can be simplified and
made smaller, and/or more fluid volume can be permitted in the heat exchangers
and regenerator.

Next, we consider the volumetric specific heat at constant pressure, pCp,
which is much larger for liquids than for gases, because the density is much
larger. Liquid's volumetric specific heat, times a mere I'C temperature
change, is even larger than the latent heat per unit vapor volume of
conventional CFC refrigerants. This leads to a great, qualitative difference
between heat exchangers for liquids and those for gases or gas-liquid mixtures.
To transfer a _iven 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. Also, the
exchanger can be made very small if it exchanges the heat to another liquid
stream.

!
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Liquids are thermodynamically effective just below their critical
temperatures. Most simple hydrocarbons, fluorocarbons, and
chlorofluorocarbons, with critical temperatures somewhat above room
temperature, are effective as liquids near room temperature. We list only a
few here. C02 is most attractive, because it is nontoxic, nonflammable, and
environmentally acceptable. But its critical temperature (304.2 [) is a little
too low for highest efficiency operation. Dilute solutions of methyl alcohol,
ethyl alcohol, acetone, or SOs in carbon dioxide have higher critical
temperatures and hence greater inherent efficiency, but sacrifice some safety.
SF8 and various ozone-safe fluorocarbons including C3F8, perfluorocyclobutane,
and HFC-134a, and mixtures thereof, also have appropriate critical
temperatures, and curt be used at lower pressures than carbon dioxide; however,
these are less attractive because they are moderately toxic and/or are

reenhouse gases. Propane and propylene are also attractive except for their
lammability.

The first experimental Malone refrigerator1, built and studied at Los
Alamos in the 1980s, was designed for systematic study of the use of liquids in
a Stirling cycle. We used liquid propylene (C3H8; Tcrit = 365 K, Pcrit =
45.6 bar) at an average pressure of 100 bar and at temperatures near room
temperature, just below its critical temperature. The machine was water
cooled, and operated at speeds up to 5 Hz, with heat flows up to about 1 kW,
temperature differences up to 30 [, 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. Hence it
included several features that would never be found in a practical device. The
piston'and displacer strokes and time phasing between them, which controlled

v I
HEATEXCHANGER REGENERATOR I

i

PISTON I

BYPASSVALVE
CONNECTINGRO0 I
1 I

Fig. 2. Schematic of principal components of the first experimental Malone
refrigerator. Four regenerator-heat-exchanger assemblies and four
double-acting pistons were combined to form four refrigerators operating in
parallel, running 90" out of phase from one another on a common crankshaft.
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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 operation. 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 rT_fPaVa, where f
is frequency and Pa and Va are the amplitudes of the pressure and volumetric
displacement. At its most efficient operating point as a heat pump, the first
Malone refrigerator had a second-law efficiency of 0.2, not including motor
inefficiency. These results are discussed in detail in Ref. 1.

APPLICATION

Because of the high heat capacity per unit volume of liquid working
fluids_ we expect Malone refrigeration to be most compact when heat source,
heat sink, or both are also liquids, such as water. Hence, the most probable
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.

BENEFITS

Malone refrigeration is environmentally benign. It's working fluid, C02,
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 COs per day!) Methanol or ethanol mixed with the CO_ 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.

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 _ater chillers. The second-law
efficiency of the fundamental cycle 2 is in t,_ .ange 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.

TECHNICALISSUES

The most important immediate technical challenge is the demonstration of
a Malone refrigerator with efficiency comparable to that of conventional
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cooling systems, in an embodiment that is reasonably simple.

If that challenge is successfully met, a large number of additional
problems remain to be solved. Some are general; others will be very
application-specific. We list a few representative examples here.

The best thermodynamic cycle for Malone refrigeration has not yet been
determined. Allen et al.S list Brayton, Stirling, Malone, and Stirlingiialone
as candidates, but each has at least one practical disadvantage, such as the
need for automatic valves (B?, M, SM), the difficulty of building
high-effectiveness high-pressure counterflo w heat exchangers (B, i), the need
to keep total entrained fluid volume small (S, M, Sl), and inability to locate
heat exchangers remote from mechanical components (S, M, $1).

Details of regeneration when the fluid's specific heat per unit mass is
pressure dependent are not well understood.

Design of low-cost heat exchangers that take advantage of the Malone
refrigerator's potential for compactness without risk of plugging 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
required. The multiplicity of gas-Stirling configurations, each offering
different advantages of simplicity, vibration balancing, torque smoothing,
compactness, hermeticity, etc., is indicative of the complexity this issue
holds for Malone refrigeration.

The best _orking fluid may be a mixture of environmentally benign fluids;
if so, thermophysical properties (especially viscosity and thermal
conductivity) of such mixtures at pressures above vapor pressure are probably
not yet available.

ECONOMICS

We expect the productioncosts of Malone refrigerationsystems to be
comparableto those of existingrefrigerationsystems. The design calculations
on which our new small Malone cooler (see below) are based predict that large
systems,with second-lawefficienciesover 0.4, have system masses of about
10 kg/kW, comparableto those of large vapor-compressionsystems. The
materialsused are commonplaceand inexpensive: mostly steel, with some
stainlesssteel and motor materialssuch as copper. Fabricationtechniqueswe
are using are straightforward,and requirementson dimensionaltolerancesare
modest.

TECHNOLOGYOUTLOOK

It is sobering to consider how many decades of work have been required to
bring CFC-based Rankine-cycle refrigeration to its present state of maturity;
a tremendous amount of engineering development must be done to bring any new
technology to a similar state.
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_ The Los llamos propylene machine was the first lalone refrigerator.
• Second prototypes are now under construction at Los Alamos and at the Naval

4 Surface Warfare Center at Annapolis. 4 Funding levels permit less than one full
time person to work on each of these projects.

At Los Alamos, the new Malone refrigerator will use CO2 or C02-alcohol as
working fluid. We picked the Stirling cycle instead of the Brayton cycle to
avoid difficult construction of the Brayton's counterflow heat exchanger and
expander, even though it is much easier to calculate performance of a Brayton
system and it seems likely that the Brayton cycle would permit higher
efficiency. We picked the linear, free-piston configuration to eliminate
bearings subject to high forces. We chose a hermetic design since the
operating pressure will be well above 100 bar and COs's viscosity is 10 times
lower than that of water. We are constructing a small machine, to operate near
5 Hz at up to 2 kW of cooling power.

At Annapolis, the much larger Malone machine under construction will use
COs as working fluid in a Brayton cycle, with cooling power up to 40 kW.
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THERMOELECTRIC COOLING TECHNOLOGY

B. Mathiprakasam
Midwest Research Institute

425 Volker Boulevard, Kansas City, Me 64110
Phone: 816-753-7600 FAX: 81 6-753-8420

Increased awareness of the impact of In most applications, the cold junction
chlorofluorocarbons (CFCs) on the global environment will be at a lower temperature than
environment has become the impetus in the that of the hot junction environment. Since the
search for alternative cooling technologies and heat is absorbed from the cold junction
alternative refrigerants for the vapor compression environment and rejected to the hot junction
technology. The cooling industry is concerned environment, heat is pumped from a low
that the alternative refrigerants currently under temperature to a high temperature environment.
development could still face some tough Thus the system acts as a heat pump.
regulations in the future. Therefore, the industry
is looking for alternative cooling technologies Figure l(a) shows a circuit that has a single
that do not apply the vapor compression cycle, couple of dissimilar conductors connected to a

DC power supply. Plate A is exposed to a cold
There are a number of cooling technologies that environment and plate B, to a hot environment.
are alternatives to the vapor compression These plates are made of high thermal
technology. One of them is known as

Thermoelectric (TE) technology. This paper Cold Environment p/---PlateA
describes the various aspects of this technology. ,._, .._,_,,.;"_ .................

TE cooling technology is based on the well- '..... _.... "' ...................... [Plate B
known principle, Peltier Effect. When two 1
dissimilar conductors are connected and a direct Hot Environment ]current (DC) is passed through the circuit, then

the temperature of one of the junctions (of ii /
dissimilar conductors) will decrease and that of oc SwltchO
the other will increase. Since one junction is Power Supply

colder than its environment, it is capable of
absorbing heat from that environment. Similarly, l(a) A Couple Illustrating Thewnoelectri¢ Heat Pump

the other junction is hotter than its environment
and thus is capable of rejecting heat to this
environment. The DC power applied to the Coid Environment

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 t Hot Environment }cold junction and the heat equivalent of DC
power applied. II J

l(b) A Thermoelectric Module
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conductivity and high electrical resistivity /--TEuo_o,os
materials (typically ceramics). The elements /r'CotdS_d_Channa_

Heal Sink Fins _ / / wnlh F;ns

shownare,heoonOuctors Ithat form the junctions. These conductors are .,.,,,b_,nt
made of low thermal conductivity and low A_,_o_

electrical resistivity materials (bismuth telluride). .b.-'-----"-;; ;,,---,--- ' :_-,-,,--_

Copper straps (marked C) are used to complete L , = , !:iUHIIHIIilIIIlI!i H!i;;:ii

the electrical circuit. When the DC power is __l__UU_i!____ I" I
applied by closing switch D, plate A is cooled _a,s_
and plate B is heated. Heat is transferred from
the cold environment to plate A, then from plate

A through the straps to the P and N materials, 2(a) TE Cooler Arrangement
then through the straps to plate B, and finally to

the hot environment. It can be noted that the _ • ,.....
directions of heat and current flow are parallel in ,: ....
the P element and are countercurrent in the N
element.

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 10 to
127. A typical 127-couple TE module is
approximately 30 mm square and 4 mm high,
weighs about 25 g, and can pump about 10 W
of heat against a temperature difference of
40°C.

TECHNOLOGY APPLICATION

Thermoelectric cooling is currently applied in 2(b) TE Air Conditioner
several instruments and sensors. These include

electronic chips, infrared detection devices, conditioned (or water to be chilled). The channel
dewpoint hygrometers, calorimeters, amplifiers, is rectangular in cross section. A number of TE
air pollution analyzers, several medical devices modules are placed on each side of the channel,
(blood analyzers, cancer detection units, etc.), and they are in close thermal contact with the
and freeze point detectors. There are also channel surface. The heat sink plates which
consumer products, such as thermoelectrically have fins to dissipate the heat are soldered to the
cooled picnic baskets, on the market, outer surfaces of these modules. The orientation

of the heat sink fins are such that the direction

The applicationofTEcoolingtechnologycanalso of ambient air flow is at right angles to the
be applied to air conditioners and water chillers, direction of the fluid being cooled. The space
The general arrangement of various components between the channel and the heat sink plate that
in an air conditioner (or a water chiller) is shown is not occupied by the TE modules is filled with
schematically in figure 2(a!. The system has a insulation to minimize the cooling losses from the
central channel for the flow of air to be channel.
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In order to provide the required cooling capacity, function of the temperature difference (AT)
a TE cooling unit may require the use of a large between the heat source and heat sink. The
number of TE modules. If all the modules are ratio of COP of a TE unit to that of a vapor
placed over the sides of a single channel, then compression unit operating under identical
the channel length is excessively large and conditions is about 0.9 when the AT is very low.
unacceptable. Therefore, TE cooling units are As the AT increases, this ratio decreases. At
designed withmultiplechannels. A photographic very high ATs, the ratio is only about 0.5
view of a typical air conditioning unit is shown in (sometimes even less).
figure 2(b).

TECHNICAL ISSUES
BENEFITS

Based on the benefits alone of the technology,
The principal advantages of using TE technology the attractiveness of the technology for
for developing air conditioners and water chiller numerous applications in the future is evident.
are as follows: However, the poor energy efficiency of the

technology, (especially when AT is high) is a
• The cooler core is a completely solid state major obstacle for immediately adopting this

device. The fluid pumping components technology.
(such as the fan and pump) are the only
components with moving parts. As such, Because energy efficiency could approach 90%
the TE cooling units are highly reliable, of vapor compression efficiency at low ATs, the
Maintenance is rarely required once the cooling industry should identify those units with
systems are put into service and a low AT that currently employ the vapor
operating, compression technology to determine whether

any of the units can be switched to TE
• By properly choosing the pump and fan, technology. Air conditioners and water chillers

the system can be designed to operate as normally used in an already conditioned room
an extremely quiet system. Also, the would qualify for this evaluation.
system can be stored on the shelf for

several years and be ready to operate One indicator that the TE community uses to
whenever it is needed, measure the TE property of a couple is its "ZT"

value. The semiconducting materials used in
• As a heat pump, the system can be today's TE modules have a ZT value of about

reversed to provide useful heating. Thus, 1.0, which is not enough. A ZT value of 3 and
air and water heating are possible, above is required to produce energy-efficient
Switching is also simple because it is cooling units. Numerous universities and other
done electrically, organizations are conducting materials research

to reach this level of ZT. The cooling industry
• Low-capacity TE systems are very small should closely monitor the progress of this

in size and are light weight. For research effort.
applications where bulk and weight are
important considerations, TE systems
should be considered. ECONOMICS

The main drawback in applying this technology As is typically the case, the initial cost of
to today's air conditioners and water chillers is producing a unit employing a new technology is
its low energy efficiency compared with vapor high. This is also true with the TE technology.
compression machines. The Coefficient of The cost of a typical TE module purchased in
Performance (COP) of any cooling unit isa strong quantity is about $10 and it produces about 10
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W of cooling. The capacity of a quarter ton air been well established. As such, thetechnoiogy
conditioner, Jr example, is about 850Wand it is ready for commercialization of those products
will require 85 TE modules. The associated where the AT is low or the energy efficiency is a
module cost is $850. Including the cost of secondary consideration.
fabricating channels and heat sinks and
assembling, the manufacturing cost of the air The status of TE materials development is not
conditioner will be about $1,000. This cost is at encouraging. While several scientists have been
least twice the cost of a vapor compression air attempting to invent new TE materials and/or
conditioner, trying to improve the existing materials during

the last three decades, no major breakthrough
All of today's TE modules are manually has yet occurred. As such, the probability that
assembled. As the market share for TE cooling a new, very attractive material will be available
units expands, more automation will be within the next five years is very low, but not
implemented, and at that time, the TE module inconceivable. Just as a breakthrough occurred
cost is expected to decrease, resulting in a lower in the superconducting materials area, should
cost for TE unit production, such a breakthrough occur in the TE materials

area, then thermoelectrics will become a fully
If and when new TE materials become available, matured technology.
TE modules will be made of those materials

instead of the currently used bismuth telluride. The market penetration of TE technology during
If the cost of making these new materials is the next five years will only be around 1% or
lower than that of bismuth telluride, then a less. Some of the currently used vapor cycle
reduction _nthe cost of TE modules also can be cooling units operating in an already conditioned
realized. The first cost of TE units will then space are likely to be replaced by thermoelectric
decrease and become competitive with the cost units. Specifically in those applications where
of vapor compression units, system reliability and/or long shelf life are

primary considerations, TE technology will find a
market niche. Good examples are medical and

TECHNOLOGY OUTLOOK military devices.

The development of TE technology has two With the explosive growth in computer chip
components: system development and material technology, the chip manufactures are
development. The system development is nearly increasingly concerned about cooling chips to
at a mature stage, primarily because this increase reliability and processing speed.
development is very similar to that of a cross- Thermoelectric technology will acquire a
flow heat exchanger. The system can be easily significant share of this market during the next
designed and fabricated. The techniques for five years.
attaching the TE modules to the heat sinks have
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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. The hydrogen is

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.

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 n 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. E].ements of the process are
illustrated in Figures i 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 outside air

heat /"--_ heat

C, D ( D
C ) C D
C ) ( )

Desorption Absorption

MH + heat in _ M + H M + H _ MH + heat out

Cooling Mode

Figure 1 - Hydride Automobile Air Conditioner

C-218



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 hot exhaust gas

heat _'_ heat

C " - )
C ) ( D
C ) C >

C ) C

Absorption Desorption

M + H _ MH . heat out MH + heat in _ M + H

Recharge Mode

Figure 2 - Hydride Automobile Air Conditioner

The metal hydride air conditioner consists of a minimum of two

two-bed systems. One pair of beds operate in the cooling mode
while the other pair are in the recharge mode. In this way,

continuous cooling is available for air conditioning or
refrigeration.
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Physical Configuration

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

prevents powder migration. The current metal hydride heat pump

state 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 gates 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.

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

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 I.

TABLE 1

Metal Hydride 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 ......(.238)

Net cooling capability 8172

Temperature drop across the heat pump air conditioner defines the

"quality" of cooling. A temperature drop of 20°C (36°F) was

selected as the design basis for the bench top unit. This

temperature drop dictates hydride alloy selection.
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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. The cycle time for each pair of beds in the

prototype heat pump is 4 minutes; 2 minutes for cooling and 2

minutes for regeneration. The heat pump has thirty cooling "half"

cycles per hour. Extended surface tubing will reduce cycle time

while transferring the same amount of heat in each cycle. More

than thirty cycles will occur each hour either increasing the
heat transferred over time, or enabling smaller beds to achieve

the same cooling performance.

ADD!icatioDs

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. For transportation applications,

eliminating the compressor increases engine fuel mileage and
power.

The only moving parts are air stream dampers. The hydrogen
process boundary is hermetically sealed.
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Technical _s_es

Relatively few technical issues remain to be resolved.

For transportation applications, the source of engine waste heat
must be carefully evaluated. Hydride beds subjected to hot

exhaust gas temperatures need to be examined for hydrogen

diffusion effects. Techniques to minimize hydrogen diffusion
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.

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. Rough estimates of raw

material costs for a 12,000 BTU/HR metal hydride air conditioner

are the following:

I. 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. Costs for controls are not
estimated.

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.

/jr/DHDI2/MHHP622
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SOLID SORPTION GAS HEAT PUMP TECHNOLOGY

Sam V. She/ton, Ph. D., Georgia Institute of Technology

David M. Sanborn, Ph.D., Wave Air Corporation

Daniel 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 i. 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 depressurlzes until the pressure is reduced to the evaporator

pressure, at which time the check valve from 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°V. This high-temperature source of heat combines with heat
from the condenser to deliver 120°-125°F heat to the house.

When one examines the basic cycle, itis 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 I. Solid Adsorbent Heat Driven Heat Pump

substantlalregeneration of that rejectedheat to reduce the gas energy requlred.
In fact,calculationsshow that over 80% of the heat required isavailablefrom the bed
belng cooled without violating the second law of thermodynamlcs.
Unfortunately,when traditionalheat exchange practicesare used, such as employed
In shell-and-tube heat exchangers, the availabilityof high-temperature heat Is out
of phase with the need for high temperature heat. Figure 2 shows the temperature
profilesat times t_,t2and t3In the heating bed using conventional heat exchanger
design practices. Notice that the temperature of the fluid leaving the bed (right
s_de of the diagram at distance "L") _ 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 _une "a". After that time, the cooling bed is
further cooled by rejectingheat to the environment, and the heating bed is further
heated by heat from the gas heater.

The amount of regeneration can be substantiallyincreased by changing the
fluid outlet temperature-time relationship as shown in Figure 4. The desirable
characteristicsshown in Figure 4 can be obtained using the thermal wave concept.
As shown in Figure 5, the fluidexit temperature (temperature at _istance "L")
remains at T. untilthe heating bed isalmost fullyheated. The fluidexittemperature
from the cooling bed _ remain at T. untilitis almost fullycooled. In thismanner,
regeneration can occur untilthe 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,
Georgia with private, utility,and Gas Research Institutefinancialsupport. The
applicationunder development is a residentialgas heat pump. This application
requires both space cooling 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 most
heat must be delivered to the typicalhouse on an annual basis is about 30°F. The
ambient temperature at which the most cooling must be supplied on an annual basis
is about 82°F. At typical energy rates, the cost for cooling using conventional
el_ air conditioning is about 3 times less than the annual cost of gas heating
using a conventional furnace.

Therefore, for annual efficiencyand economics the most important single
operating point to consider is the heating operation at an ambient temperature of
30°F. This requires an evaporator temperature of about 20 °F. In order to deliverthe
space heat without a "cold heat" effectthe duct air temperatures must be above
II0°F requiring the condenser temperature to be above II0°F.
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TECHNOLOGY BENEFITS

Solid sorptlon technology has several important fundamental technical features

which make itan attractive candidate to achieve the advantages discussed above for
generic sorptlon systems. These fundamental advantages are most noteworthy when

directly compared against competing gas heat pump technologles. 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 sorptLon are water and anhydrous ammonia. Both of these are

environmentally benign, and ammonia is non-corrosive at the high temperatures with
the least expensive metals.

Global warming is of course becoming a significant factor in international

environmental protocol negotiations. Solid sorption also has significant adv=_ntages

in this regard. Not only do the refrigerants have zero global warming potential, but

the higher efficiency of converting fossilfuels to space heating and cooling produce

less carbon dioxide, which is the major contributor to global warming.
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Regarding the merits 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. While flammable in a narrow range of high

concentrations, it is difficult to ignite and will not support combustion after the

ignition source is withdrawn. It has zero ozone depletion potential. In September,

1991, the American Soc/ety of Heating, Refrigeration, and Air Conditioning

Engineers officiallyendorsed 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 ud]/zing

solid sorption is the sorbent beds containing the solid sorbent which must be heated
and cooled by the use of a heat transfer fluid. First, a solid/refrigerant pair must

be selected which is chemically stable and has a large change in adsorption with a

over a reasonable temperature range. Activated carbon and ammorfia is one pair that
is an excellent candidate.

The solid sorbent bed and integral heat exchanger must have charact_cs

as fnHows: 1) the _me period of the complete heating and cooling cycle must be less

than about 5 to i0 minutes and, 2) this must be accomplished wh/le maintaining an

optimum thermal wave profile along the heat transfer fluid flow path.

The maximum cycle time period of 5 to i0 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 mass of the sorbent

and associated heat exchanger will be very large, resulting in cost greater than is
economy practical to compete with current commercial technology.

Of course the thermal wave is necessary to reach a high regeneration of heat

from the bed being cooled to help heat the bed being heated. It should be noted

however, that while a very short thermal wave willproduce the highest efficiency,

itleads to large sorbent 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
progressL_g front. For a very steep wave, this means that only a very small fraction

of the bed heat exchanger will be utilized at a any given time, dictating a very stow
moving wave. This increases cycle times and leads to large beds and associated heat

exchangers. Th_ore, trading off the efficiency of the gas heat pump with 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 was demonstrated in systems that were built

in the 1920s and reported in the literature by E. B. Miller ("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 alloperating 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 chilled water is circulated inside to an air coilwhich 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, system and
component simplification for ease of manufacturing is being studied.

ECONOMICS

To develop a successful gas heat pump for the re2/dential 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 i0 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 making this payback calculation, Federal Regulations

require a yellow label with 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 will

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 opthnlzation is

being carried out to minimize this costs, while malntaLnlng a signif/cant cost savings.

The current status shows that a five year simple payback is achieved in a

substantial number of citiesof 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 e/_c rate

vaudation and the winter to _ummer gas rate varlation. Many citieshave considerable

higher electric rates in the "unmer than winter, with lower gas rates in the summer
compared to the winter.

CONCLUSION

Solid sorption has important fundamental features which make itadvantageous

for space conditioning. These fundamental merits coupled with new regeneration

technology make ita strong candidate to capture the long sought after advantages

of direct fossitfuel fired space conditioning in conjunct/on with benign refrigerants.

New solid sorption technology shows advantages including; simp]/city, low

maintenance, high temperature heat input capability, low pump power, inherent

flexibilityin 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 make it attractive to an HVAC manufacturing and

distribution company. IT_al market introduction should be prudently small and built
up over a few years. Market analyses by outside HVAC industry marketing

specialists shows that sign_r_tficantmarket penetration is achievable with the current
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 with second and third generation products based on this technology

achieving increasing penetration of the 2 to 3 million residential heating/cooling

systems sold annually.
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Section 4. Executive Summary

4a. Scientific and Tachnlcel Merit

A significant L_reakthroughIs underway which promisesto Improve the efficiency, capacity,
end maxlmurr_ thermal differential for e wide range of vapor compression refrigeration
systems. It is applicableto cooling, heating,and refrigerationsystems in all sizes, including

• householdrefrigerators,
e residential,automotive, and commercialair conditioners,
• heat pumps, end
• commercial end industrial refrigeration.

A breadboardsystem has have alreadyachieveds benchtest efficiency (COP) improvement
of 6% over standard vapor compraulon cycles. The fully developed system is expected to
reach 10% improvement for air Conditioningand up to 2016 improvement for lower tempera-
ture applications.

The breakthrough is caUedthe Ejector Expansion Refrigeration Cycle (EERC), One of the
Intrinsic losses in the standard vapor compressionrefrigeration cycle is the throtl:ling of
refrigerant in the expansion device. In the EERC, the energy normally wasted in thermal
expansion valves, capillary tubes, and orifices Is used positively by means of In ejector to
raise the suction pressureentedng the compressor. Since work done by the ejector replaces
wasteful throttling, the evaporatorcoolingeffect increaseswhilecompressorwork decreases.
The results are incree.sesIn both efficiency andcapacity. These improvements are attained
by the addition of low cost componentshiving no moving parts. They ere applicableto all
vapor compreulon, refrigerants, includingnew 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 il an ejector pressure rise too small to be
practically useful.

The applicant has repeatedlyachieved avery significantpressure risein laboratorytests. This
success is baled on s patentable innovationwhich causes the phase change in the primary
nozzle to occur very quickly. The innovationis described more fully in Section 5.

o

The scientific merit of this proposal is demonstratedby the discovery of a means to realize
the EERCconcept where several other well known and highly respected parties have failed.
The solution to the problemwas basedon In improvedunderstandingof the basic physicsof
the processesinvolved.

The technical merit is shown by the proposal'stotal uniqueness relative to current industry
practice, where the expansion energy is wasted in all cases. The state of the art is being
extended, end wide scala applicationof the Innovationis feasible. Multi-disciplinary planning
has been used in guidingand evaluatingthe work done so far. This work has been limited,
however, by the levelsof financing viable for the applicant over the past two years. Rapid
and effective commercialization raquiru more equipment, design and test facilities, and
research personnel.

C-231



4b. ProposedResearchand Development Program

The development of the EERCpromiseslarge benefits. Beforethis developmentcan progress
to the prototype stage, mote Informationis needed on both the performance of two phase
ejectors and the overall performance of the EERC. The EERCresearch programwill thus be
divided Into two main components: two phase ejector development end integrated EERC
development and prototyping.

The ejector development component will concentrate on a better understanding of the
phenomenawithin the EERC'I two phNe ejector. Calmac's EERCrlsiarch to date hal greatly
increasedknowledge in this area, resultingIn dramatic performanoe improvements. Further
researchinto the basics of ejector performancepromiseadditionalImprovements.

The EERCprototyplng component will concentrate on enaly$1s,design, and manufacturing
methodsfor integrated EERCsystems. PrototypeEERCcomponentpackages will be installed
in off-the-shelf heat pump end sir conditioningsystems. Testing will providethe database
neededto select EERCcomponents fora particularapplication,end the working test otand will
be e powerful tool for marketingto large volumeOEM customers.

4C. Broad-basedBenefits

Concernsabout energyconservation,globalwarming, and ozonedepletionarehaving • major
Impact on U.S. and worldwide technology. There is clear connnaue on the need to reduce
fossil energy usage, with consequentlylower CO=emiulons, end tO reduce the leakage of
CFC refrigerantsto cut ozonedepletion. VAnnrc_ur,,**lrm mfdOeratlana_unta for about
9R_ of all U.S. electric ener¢v usa_as(62 a,,,,daL so an increasein its efficiency by 10 to
20% coCd RO.t.e_tllliivta_veO ;mut_. aue(_a. This decrease in energy use would be a great
benefit to the i_.S.,-and t_e r_idu--otlonin C0.2 emissionswould go far towards meeting our
nationalgoalsIn that ares. Worldwide,suchan efficiencyincreasecouldlave 10 to 20 quads
of energy.

There is also growing concern about U.S, industrialcompetitiveness, Air conditioning and
refrigerationequipment has always beena significantU.S, export, but our ehtre of the world
market in this area has shrunk. The developmentof In important, proprietary, U,S, owned
innovationin air conditioningend refrigerationtechnologywouldresult in a major increase In
U.S. market share. With a $21 billionworld market, this could have a meaningful poeitive
impact on the U.S. balanceof trade.

4d. TechnologyTransfer

The key innovation in cur success with the EERChas beendeemedpatentable by our patent
attorney, and an application has been filed with the U.S. Patent Office. Foreign patent
applications will be filed within the year to secure international proteotlon. Additional
patentablttInnovationsereexpected. The precisedimensions,heat transfer, and flow pattern
needed for maximum ejector performance will be a source of trade secrets which will also
protect Calmoc end our U.S. licensees.

Calmacdoesnot planto manufacture complete EERCrefrigerationsyltems. We will, Instead,
manufacture e package of components requiredfor the EERCand distribute them on both
OEM andretrofit bases. We will make ourexpertiseavailableto ourcustomers, Insuringthat
they make the best usa of this new technologyin their applications. For specializedmarket
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laotian 5. Reseemh end Development Program

Be. Technology Development Goal

This project has two major technology developmentgoals:

• to understandand improv_lthe performanceof two phase ejectors, and

• to integrate thole eJeotorlInto ejectorexpansionrefrigerationoycles (EERC'a)for
air conditioningend holt pumping applicatlonl.

In order to make the motivations sad goals for the praiser olear, this subsection will cover

• Basleoonoept of two phase ejector application,

• PerformanceImprovementstheoreticallypossiblewith the additionof a two phase
ejector to a standard refrigerationcycle,

• The history of the EERCand of two phaseejectors,

• Calmao EERCresearch and Improvements to the EERC,

• The need for developmentof two phaseejectort and of integrated systems, and

• An uaessment of technical risks and potential payoffs from the researoh and
development program.

8al. The Usa of en Ejectoras a Refrigerant Expander

It has long beenreoognizedthat the COPof the vaporcompressioncycle would be Improved
by replacingthe free expansioninthe expansionvalvewith ework-producingexpansion. This
changewouldgive two benefits: it would increaseavailablecoolingby removing energyfrom
the refrigerant entering the evaporator and reduoa required work by helping drive the
oomprassor.The work-producingdevicecouldbea reciprocating,rotary, orturbine expander,
but such s device would be expensiveand proneto damage by low quality two phue flow.

The Jet ejector is low in (:oat and able to handlea wide range of multiphase flows without
damage. It Is proposedthat en ejector be usedas e refrigerant expander.

A conventionalvapor compression refrlgerstion cycle I$ shown in Figure 1(e). In this cycle,
the high preslure liquid leaving the condenser is expanded to the low pressure of the
evaporatorthroughan expansionvalve, oepillerytube, or otherexpansiondevice. Within the
expansion device, the internal energyassociatedwith the high inletpressureia convertedto
kineticenergy and then dissipated to heat throughfluid friction. The energy is thus not only
wasted aa useful work, but is dumpedinto the evaporatoras heat, increasingthe load on the
refrigerationsystem.

The ejector expenslon refrigeration cycle (EERC)is shown In Figure1(b). In this cycle, the
highpressure liquidleavingthe condenserisexpandedin the motive nozzleof en ejector. The
Internal energy associated with the high Inlet pressureis converted to kinetic energy, some
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Figure 1. RefrigerationSystem Schematic.
(Numeralsrefer to point shown on Figure2.)
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of which is transferredthroughmixingto the low pressurevaporleavingthe evaporator. The
kinetic energy isthen uild, In the diffuser,to compressthe mixedstream to e proslure above
evaporetor pressure. The two phasestreamenters e separator, from which vapor enters the
compressorend liquid returns to the evaporator. The energyof expansion is thus kept out of
the evaporator and used to assist the compressor. In essence, the EERCla a two stage
refrigeration system, with the work otherwise lost in the high stage expansion process
providingthe work Input for the low stage. The low stagethrottling processis across e small
pressure difference end thus causesli_le loss.
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Figure 2. Comparison of Pressure-EnthelpyDiagramsfor Standard Cycle and EERC
(Numeralsrefer to points shown on Figure 1.)

Figure 2 compares the evaporationand compressionprocessof the EERC with that of a
standard cycle on a preasure.enthalpydiagram. It ie apparent that the nearly isentroplc
expansion into the evaporator will result in lower evaporatorinlet quality,and thus in higher
evaporator enthelpy change. The higher compressor Inlet pressure results In lower
compressorenthalpychange. Thesetwo beneficialeffects are, to some extent, counteracted
by the fact that compressor flow in the EERCie slightlygreeter then evaporator flow. The
net effect is, however, advantageous.,,

602. Performance Improvements with Two Phase Ejector

In orderto compare the performanceof the ejectorexpansionrefrigerationoycle (EERC)with
the standard vapor-compressioncycle,simulationsof the two oyclee were carried out for the
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same evaporator temperatures, condenser temperatures, compressorefflciencies, and hoot
loads. Those components whichwere commonto the standardcycleand EERCwere modeled
as Ideal elements. The ejector was modelled by estimating efficlenciesof the motive and
suction fluid nozzles end of the diffuser, Mixing loss was oolouletodfrom conservation of
energy and momentum and the ascend law of thermodynamics.

Table 1
EERCPerformancevs. StandardCycle Performance.

5 F EvaporatorTemperature, 86 F CondenserTemperature;
Compressor,Nozzle, Diffuser Efflclenoles1.,

ii iiii iiiii i iiii ] • i
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......... v,po,,co,,p,u, orjUr?r-T:
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IL-124 5.71 8,03 7.6S 4.d8 10.45 +221 -23/I
I l m- Ill III __ I IIIII I

P.-134 5.7; 5.14 7.$S 4.70 7.5g +21l -231
| nil I II I I I ....

]P.-134A 5,70 4,61 7.91 4.d4 6.04 +2311 -241
i ii i l i in -I ,i • L_ [ _

IL-142B 5.72 1.97 f.TS 4.93 10,96 + 16111 -IIS
l l In In ILIll I I I HI ' I IIII II Ill

9,-152A $.dll f.03 6.5S 4.81 6.22 + 11S -19S
| HHIL I I
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Table 1 compares the performance of on Ideal EERC(all efflcionclea 1) with that of an Ideal
vapor compressioncycle for standardevaporating and condensingtemperatures. The Table
shows significant Increase in COP and decrease In compressor displacement for ell
refrigerants, but the changes are much larger for some refrigerants than for others. In the
EERC the ejector provides a smell but significant pert of the overall compression ratio, In
evaluating the results shown In the Table, one must keep in mind that performance
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Improvements InareaM with ingressing temperaturedifferenceanddecrease with decreasing
ejector component efflclenclea. Changein¢ompreelor efficiency has little effect on relative
ejector/conventional performance.

It is instructiveto study the effect of variousrefrigerantson cycle Coefficient of Performance
with and without en ejector. For anconventionalcycle, COP varies from 4.i9 to 5.02, a
spread of ±9.0% about s middle value. For an EERC,COP varies from 8.33 to 5.73, a
spread of :!:3.0%. If we eliminate ammonia from considerationand include only current
CFC's end proposedreplacement compounds,EERCCOPvaries from 5.61 to S.71, a spread
of oh!y :1:0,8%. It I$ apparent that a largepart of thedifferencein COPof variousrefrigerants
le due;to the Iou In the eXl:anllon valve. In comparing variousCFC'a end alternatives, the
exp.lnslon valve loss comprisesll_nolt the entire difference. Thus, the loss in COP from
switching to environmentally acceptablerefrigerants Is minimizedby the EERC.
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Figure 3. COP Improvement Relative to Ideal Ejector ExpansionCycle.
R-12, 5 F Evaporator, 86 F Condenser,Compreuor Efficiency 100%

Other EfficienclesEqualas Given.

The effects of ejector component inefficiency arc shown In Figure 3. The figure shows the
fraction of the COP Improvementgiven InTable 1 thatcan boexpected for the ssmo operating
temperatures with Individualcomponentefficienclos(motivenozzle, auction nozzle,dlffular)
equalend leas than 100%. The plot was madefor R-12, but the plots for other refrigerants
arc almost Identical. It should benoted that overallejectorefficiency is much lower than the
individual component iffiolonclos. Nevertheless, the data shows that performance
improvement ie considerableeven for componentefflclencio$in the 70-80% range.

The effects of varying evaporator and condensertemperature are shown in Figure 4. The
figure shows the COPImprovementwith idealcomponontt endR-12 over a range of operating
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Figure 4. COP Improvementvs. EvaporatorTemperature.
R-12, Various CondensingTemperatures, all Effiolen¢lea100%.

conditions. Performanceimprovement with the EERCis ehown to increase with inoreeelng
temperature lift. The point reportedin Table 1 is markedon the graph, end it Jl evident that
many reallsU¢ operating conditions result in greater performance improvement. System
performanceshows similardependence on temperature for other refrlgerents.

Refrigerant R-22 is now being consideredes a medium-termsubstitute for R-12 end R-602
in many systems. One of the difficulties with this substitutionis the highdischargeluperheet
associated with R-221. Figure ISshows that the EERCgives greatly reduced compressor
dischargetemperatures,even with conservativeejectorcomponentefficiencles. It should be
noted that the figure was plotted for e fully hermetio oompressor. For a semi-hermetic
machine, where there i8 some coolingof the heads,the EERCwill meet the practicallimit of
300 F for all conditionsshown.

It is evident that the EERC offers considerable improvement over a c(_nventionelvapor
compressioncycle in energyefficiency, compressordisplacement,and compressordischarge
superheat. All of the elements of the system except the two phase ejeotor ere used in
existing systems. The ejector, however, requiresfurther development.

I _1 IIIII I I_

1. Mu|r,ILII., "CommercialRtfrlgeretlon|nd (;;PC's,"CtrCm:Today'_ODtions- Tomon_v's$¢lutlonJ,
ASHRAE,1080,pp81-86.
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APPENDIX D

QUESTIONS AND ANSWERS



Questions and comments for Manfred D6hlinger concerning refrigerators using
hydrocarbons:

Please comment on the near term introduction of 16 to 18 cubic foot (450 to 510 l)
refrigeratorfreezer models in Europe around October; is not a refrigeratorfreezer already
on sale in Europe including UoK?

There is no market in Europe for domestic fridges of sizes in the range above 16 fts.
The largest produced in series is 12.9 ft3 without freezer from Bosch/Siemens. It has
only an R-600a charge of 20 g. This is less than the charge in 5 ft3 models. With only
0.1 kwh/24 hr/100 liters it has the lowest relative power consumption 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 refrigerator/freezer from Bosch/Siemens on the market since April
1993. The same size fridge will be on sale by Liebherr at the end of this month [July
1993]. 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 efficiency 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 fridge/freezer. 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.

D-1



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-free)?

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
performance.

No, but we are planning to move in that direction as soon as possible.

One of the secondary 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?

pdv
dt

11= 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 if 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?

This 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 A/C application of free-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 refrigerationcompressors 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 requiredfor OEMs in retooling for the required changes in the
refrigerator and costs of other required components (i.e. heat pipes, 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 units/year volume. This does not include facility costs.

What are the efficiency trade.offs between continuousmodulated operation of a domestic
cooler and onoff 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 continuousmodulated operation of a domestic
cooler and onoff operation?

Existing refrigeratorcompressors have a COP over 2.0 at typical conditions, whereasyour
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 Stifling engines, welded metal bellows are employed to separate
the Stifling 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 dramaticallywith 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 Stifling 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 surfaces?

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 A/C being worked on? Function of Detroit diesel application; auxiliarypower?

Yes. STM has signed a Corporate Agreement with Detroit Diesel Corporation to
develop/.he STM4-120 for various auxiliary power applications. These include, but are
not limited to:

, Hybrid Electric Vehicles (buses and vans)
• Marine Generator Sets

• Military APU'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 weight/power 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 @ le00 RPM,
the weight/cooling capacity ratio comes to 4.36 kg/kW (0.0028 lb/Btu). 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 Efficiency section of the written paper.
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Questions and comments for Steve Oarrett about thermoacoustic cooling systems:

What is the work that Ford is going to report on in October? Is it auto A/C? Will it be
efficient with current engine designs? Does it stir 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 refrigerator/freezer
system has been 42% of Carnot. This is inclusive of resonator and primary heat
exchanger losses but exclusive of electroacoustie 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 Carnot? Does the efficiency include
the heat transfer equipment required to make an operable system? Current home
refrigeratorsoperate at 40% of Carnot, with expectations of 50-60% of Carnot. Can the
thermoacoustic compete with this type of efficiency?

The energy efficiency has been raised to 40% of Carnot by improvements in resonator
geometry to reduce turbulent losses andby the recent availabilityof 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. Swirl 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, 1991].

In acoustic terms, thermoacoustic cooling and the Stirling cycle are the standing wave
and travelling wvve 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, "Concepts for Thermoacoustic
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RefrigerationandaPracticalDevice,"Proceedingsofthe5thInternationalCryocooler
Conference18-19Aug 1988,Monterey,CA].

Ultimately, as one might expect in a new technology, there are presently m,_nymore
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 DoGrcgoria about magnetic refrigeration:

How can the high investmentcost be reduced?

There appear to be two questions here:

• 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 magnet,caloric 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 ['orthe 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.

• How can the high cost of magnetic heat pumps be reduced.'?

The two major recurringcost items in any magnetic heat pump are the magnet.caloric
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 tons/year) of
magnet.caloric materials if the purchase contracts are firm and for multi-year delivery
of fixed quantities on a fixed schedule basis.

These estimates were based on f'g_edwire cost. They did not consider future
manufacturing process and wire technology development, i.e., future developments
that could lead to reduced wire cost.

There are two other manufacturing cost reducing opportunities that we are
investigating at this time:

1. There are indications that alternative magnet,caloric materials can be
found that will be much cheaper than gadolinium.
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2. The primarycost reducing opportunity lies in increasing the operating
speed. If the operating speed of anyspecific 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 S/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 applicabilityof magnetic refrigeration technology requires.

Is there a need for more continuous DOEfederal funding policy over 5 to 10 years?

We believe that there is. The history of the role of DOE/Federal 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 t'ederal 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:

• 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.

s In the early 1980's, NASA's Kennedy Space Center provided further
support to Los Alamos for investigationof 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 Corporati,m 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 withdrawnafter bids were received, and
the design was never built.

* 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.

s In the mid-1980's, ACA was funded by the SDIO/WAFB 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.

Project funding was terminated in the late-80's with SDI (Strategic
Defense Initiative) programfunding cutbacks and development of the
AMR device was continued at a much slower rate with internal
Astronautics funcing.

, In the same time frame, the Air Force backed Hughes Aircraft in a
multi-milliondollar design program to build a regenerative magnetic
refrigerator in the 80 K range. The design was then changed to a 4 K
device. The hardwarewas built but when experimental problems and
design flaws appeared the program was terminated before the
experimental problems and design flaws could be corrected.

s 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 wascancelled 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."

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 Astronautics/DOE 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 treats 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 e_ciency 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 refrigerantwhich could contain primarilygadolinium or primarily
transition metals alloyed with yttrium.

What is the avaiiabUity of gadolinium?

A domestic producer estimated their current production capacity forgadolinium 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
g_dolinium 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/C unites in homes using existing
air duct sizes?
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Questions and comments for Jim Mattill about evaporative cooling tbr vehicular
applications:

What are the technical obstacles to using evaporative cooling in passenger cars?
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Questions and comments for Sonny Sundaresan about advanced fluorocarbon
compression systems:

What is 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 is 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 GWF?

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 looked at the R-32/R-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 markeO 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 -40"C? Many
industrial processes (though a smal" narket) 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 energyefficiency gain of ammonia application over R-22; and versus
proposed non-Class II; i.e. HFC blends, to replace R-227 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 GWP, 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 A/C? Is anybody seriously looking at
ammonia for auto A/C?

I know of two incidents in Madison, WI over the past several years where ammonia
plants have burned. What are the statistics 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 (COz) emissions, when
operated in any typical U.S. power grid. I recognize that absorption would always be
preferred if a source of waste heat is available as a driver

During the 1960s the ammoniawater absorption manufacturers were subsidized by the
gas industry which permitted the equipment to be soM at competitive first cost. The
market disappeared when the subsidies were discontinued.

For ammoniawater GAY, how do the energy efficiency 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 panelabsorption residential-light commercial (1 to
5 ton) A/C 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 energypolicy environment there? Similarly, what are
the potential markets in developing countries?

The economics of absorption are large_,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 always use less energy (COz) emissions, when
operated in any typical U.S. power grid. I recognize that absorption would always be
preferred if a source of waste heat is available as a driver.

The most extensive studyon 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 efficiency 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 axidized or otherwiseget 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, making a response difficult. It is highly unlikely for the
bromide to be oxidized or otherwise get into the atmosphere.
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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 desiccan, air conditioners are the
same facing many advanced HVAC technologies. Perhaps the most significant one is
the fact that the engineers that specify and design HVAC 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 evaporativedesiccant
systems, what kind of market potential--for example in southern California-do you see
for solar heatliquid desiccant systems?

I am not familiar with the New Thermal Technologies system. The cost of solar
collectors that can deliver heat at between 160"F and 2500F and the cost of thermal

storage systems are both too high and the cost for electricity too low for a
solar/desiccant 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 solar/desiccant cooling system.

Is the Albers technology similar to your described saltwater 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 Carnot 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.
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Questions and comments for Jim CoeUner about desiccant cooling:

Could you expand on some of the problems experienced in interesting the HVA C industry
in this technology?

lYhat kind of geograph&al 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 U.S.?

The maximum and minimum electric cost/gas cost ratios across the U.S. are 7/1 and
311.

What are the environmental concerns wit_ using large amounts of natural gas for air
conditioning?

The naturalgas that isburned for the regenerative adsorbent heat pump is burned
in an external combustion manner. The pollutants are inherently much less than an
internal combustion technique. Overall, 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 pent,me, 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, ,re
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, refrigerantAvater, and reduction in the EER and in the amount of
refrigeration that could be produced using a given diameter downpip¢. We are more
inclined to use a higher pressure refrigerant to increase EER and capacity. Finally,
we think that clathrat¢ formationmust be avoided. It is known that n-butane does not
form a clathrate but most other hydrocarbonscan 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:

Mr. V. H. Cover, President
ThermEcon
Box404
4725SunriseDrive

Tucson,Arizona85718
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QuestionsforGregSwiftabouthydraulicrefrigeration:

Whatarethemaximum workingpressureswithliquidC027

Currently we plan on 20 MPa (2900 psia).

How does the Ap/p,. (zip= P,,_-P,._,; P,. =P,..,.) for the different workingfluids impact
the engine weightpower density and efficiency issue?

Power density's dependence on a P/P,, is easy to explain: Basically, weight is almost
proportional to P, and cooling power is almost proportional to AP, so AP/P,. should
be as high as possible. Efficiency dependence is more difficult to explain. Our designes
generally show a broad maximum in efficiency around AP/P,. - 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 Peltierhas already been marketed. It :scalled the "Ice
Cap." It cools the CPU to O°C; it is mounted directly on top of the CPU and has in
integral aluminum heat sink and tiny electn'cjan.

Stirling does 35 W at .50°C with 60 W input. How does the thermoelectric compare?
And what would the requirements be/'or the rejection heat exchanger (size and fan
requirements) ?

How would you couple the cooler to the computer chip?

What would the COP be for removing 100 W at 200 °K?

D-26



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
$orption refrigeration system. The only calculations used were for the evaporator and
condenser temperatures/pressures 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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