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CHAPTER 1

INTRODUCTION

Efforts to develop energy.efficient air conditioners and re-
frigerators have focused attention on adapting heat driven cocling
cycles to use solar energy. Solar driven versioms of common vapor
absorption and Rankine cycles have been vigorously investigated [1].
However, the search for an efficient cooling system has also led to
consideration of some novel cycles. Desiccant air conditioners are
an example‘of a relatively unfamiliar class of cooling cycles cur-
rently being studied.

A variety of solar-desiccant systems have been proposed, in-
cluding open cycle liquid desiccant absorption systems [2-4] and an
intermittent closed cycle with an integrated solid desiccant ab-
sorber and sclar collectdr [5]. Open cycle solid desiccant systems
ﬁith either a codled [6,7] or an adiabatic dehumidifier [8,9] have
also been studied. The research effort has stimulated investigation
of combined heat and mass transfer [10-12], necessitated the devel-
opment and testing of hardware [7,9,13], and encouraged component
modeling and system simulation [13,14].

This thesis addresses several problems associated with the
modeling and simulation of open cycle air conditioning systems with
an adiabatic solid desiccant dehumidifier. The project has been
influenced by concurrent work being done by several groups, princi-

pally at the CSIRO Division of Energy Technology and the Solar



Energy Research Institute. The problems analyzed are of immediate
relevance-to the ongoing investigation of open cycle desiccant
cooling systems.

The desiccant cooling systems of interest are introduced in 51.1,
and the development and status of major solid desiccant cooling re—
search projects are reviewed in §1.2. The historical commentary
serves to establish a perspective on the subject, scope, and con-
tribution of this work. The specific objectives of this thesis

are presented in £1.3.

1.1 Open Cycle Solid Desiccant Air Conditioners

Refrigeration and air conditioning cycles are classified as
being either open or closed. The designation describes the locus
of points that results if the thermodynamic states of the refriger-
ant are plotted with respect to a set.of thermodynamic cobrdinates
as the refrigerant flow is traced through a control volume that
includes only the air conditioning apparatus. For example, the re-
frigerant states in a Rankine cycle form a closed loop, and the
Rankine cycle is referred to as closed. In open cycle systems,
there are flows of refrigerant across the control volume boundaries,
and the atmosphere rather than a piece of equipment is used to
close the thermodynamic cycle.

The open cycle desiccant cooling cycles considered in the en~-

suing discussion all use a solid sorbent matrix to dehumidify a pro-



cess air stream that 1s subsequently cooled and used directly to
meet an air conditioning load. The dehumidifier may be opefated
adigbatically, or it can be designed so that the desiccant matrix
is externally cooled while the process air stream is being dehumidi-
fied. To introduce the open cycle desiccant air conditioners, a
system with an adiabatic dehumidifier will be developed. The
operation of other adiabatic system configurations and cooled de-
humidifier desiccant systems can then rapldly be understood by
analogy. The desiccant cooling system that is described in this
section is shown to be just an evaporative cooler and several addi-
tional components that extend the range of climatic conditions in
which the evaporative cooler can usefully operate. While the des-
cription will be in terms of a residential scale unit, the system
can easily be adapted for larger industrial ox commercial applica-
tioms.

An evaporative cobler is a simple open cycle air conditioner.
As shown: by the psychrometric diagram in Figure 1.1, an adiabatic =
'saturation process is used to lower the temperature of an ambient
air stream with a corresponding increase in the air humidity ratio.
In order for this cooiing method to maintain comfort in the condi~
tioned space, the ambient air wet bulb temperature ﬁust be less than
the desired room wet bulb temperature, Thus, while evaporative
coolers are extremely simple devices and are commonplace in the
compercial market, they are used extensively for residential coeling

only in temperate climates.
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The simple evaporative cooler can be adapted to operate in hot
and dry climates by addition of a second evaporative cooler and a
’sensible heat exchanger., As schematically illustrated in Figure 1.2,
room exhaust air is evaporatively cooled and passed through the heat
exchanger to pre—cool the hot and dry ambient air to a low wet bulb
temperature, The cooled ambient air stream is processed by the
evaporative cooler at the room inlet to maintain room comfort. The
warm and wet room exhaust air stream leaving the sensible heat ex—
changer is vented to the atmosphere. Regenerative evaporative
coolers of this type are commercially availabie.

The evaporative coolers previously described are simple and can
be quite energy efficient, since the only energy input is the elec~
triciﬁy required to operate pumps and fans. However, they are pri-
marily sensible chillers that operate well only if the ambient air
is drier than the desired room state. In many locations, the condi-
tioned space must be considerably drier than the humid ambient condi-
tion to be comfortable, and a regenerative evaporative cooler can
usefully be employed only if the ambient air is first dehumidified.

An open cycle air conditioner with an adiabatic solid desiccant
dehumidifier to dry the ambient air stream entering the regenera-
tive evaporative cooler is shown schematically in Figure 1.3. Im
this system, referred to as the ventilation c¢ycle, ambient air is
passed over a hot and dry adsorbent matrix, and is heated and de-
humidified, The hot and dry air stream from the dehumidifier is pro-

cessed by the regenerative evaporative cooler to maintain room com-
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Ventiiation Cycle Desiccant Cooling System
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fort. The adsorbent matrix eventually saturates with water if not
regenerated., To regenerate the damp adsorbent, the warm exhaust air
from the regenerative evaporative cooler is heated to lower its rela-
tive humidity, and is passed through the adsorbent matrix. The ma-
trix is heated and dried by the regenerating air stream, while the
air cools and picks up water from the adsorbent, The warm and wet
regenerating air stream exhausted from the dehumidifier is dis-
charged to the atmosphere.

The basic compounents used in the ventilation cycle can be re-
arranged or linked with different air flow paths to produce several
alternative desiccant air conditioning cycles. Two additional sys-
tems are illustrated in Figures 1.4 and 1.5. In contrast to the
ventilation cycle, which supplies processed fresh air to the condi-
tioned space, the recirculation cycle illustrated in Figure 1.4 cir-
culates room air in a closed loop. The temperature sink for the
sensible cooling of the hot dehumidified air is the ambient wet
bulb temperature, rather than the room wet bulb temperature as in
the ventilation cycle. The Dunkle cycle [8] shown in Figure 1.5
combines features of both the ventilation and recirculation systems.
Room air is continuously reprocessed, as in the recirculationm cycle.
However, the sink for sensible cooling of the dehumidified air is
the room wet bulb temperature, as in the ventilation cycle, rather
than the ambient wet bulb temperature, as is the case in the recir-
culation cycle, The air conditioning system prototypes currently

 under development are based on the ventilation and the recirculation
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Dunkle Cycle Desiccant Cooling System

AMBIENT HEAT EXHAUST
. 0] @
DAMP {WARM WARM I WET
| pwarm [N HOT T
DAMP DAMP
DEHUMIDIFIER
ROOM WATER AMBIENT =y B
, — Y REGENERATOR
TEMPERATURE: [ COLD Y |cooL . WARM HOT
COMFORTABLE ™ MOIST /1\ | DRY ~ DRY DRY
HUMIDITY: -
COMFORTABLE 0 Q% - © U \
® WATER REGENERATOR 1
WARM Y |cooL -~ WARM
mMoisT | /| \ [DAMP o DAMP
———— ® 1 @
EXHAUST
@EXHAUST

(D.AMBIENT

HUMIDITY RATIO

TEMPERATURE

Figure 1.5 Schematic and psychrometric diagram of a Dunkle cycle

desiccant cooling system



11

cyeles [9,13].

The sensible heat exchanger and the dehumidifier used in these
desiccant cycles can have several configurations. For example, ihe
sensible heat exchanger could be a direct transfer cross-flow device.
The dehumidifier could conceivably be comprised of two stationary
adsorbent matrices with ducting and dampers to periodically switch
the process and regenerating air sfreams between the two units.

The current system prototypes use counterflow rotary components to
Jattain Both compactness and mechanical elegance [9,13].

The desiccant cycles can operate over a much wider range of
¢limatic conditions than either of the evaporative cooler systems,
as illustrated in Figure 1.6. However, this flexibility comes at
the cost of requiring a thermal energy input to regenerate the de-
humidifier in additiomn to the electrical input necessary to operate
the air fans, water pumps and rotary components drive motors. The
simple evaporative cooler has been transformed into a rather complex
heat driven air conditiomer.

The advantages of the open cycle solid desiccant cooling sys-

" ftems in comparison to other heat driven air conditioners include:
1) Mechanical simplicity. There are no sophisticated mechan-
isms like the turbine and compressor of a Rankine cycle
cooler or large ancilliary components such as a cooling
tower that might be used-in a vapor absorption system,
2) Safe_refrigerant. The water vapor-air mixture and desic-

cant materials used in the system are innocuous.
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‘3) Ambient pressure operation. Unlike a vapor absorption
cycle, which may operate at pressures well above ambient
(NH3/HZO) or well below ambient (LiBr/ﬁzo) and thus
require a pressure vessel, the open cycle desiccant sys-
tems operate near ambient pressure. The container and seal
technologies are comparatively simple and small leakage
in the system is not crucial.

4) Low regeneration temperature and high thermal COP. A de-
humidifier based on silica gel can be used to produce
cooling at regeneration temperatures as low as 60°C, and
high performance desiccant cocling systems can have a COP
near unity. These performance characteristics make the
solar-fired systems with conventional flat plate collec-~
tors feasible.

5) Low electricity use.

However, the performance of the desiccant coocling systems is
sensitive to a variety of factors, including the ambient and room
air states, the magnitude and proportion of the sensible and latent
cooling loads, and the performance characteristics of the sensible
heat exchanger and the dehumidifier. In addition, in solar-fired
systems, the interaction between the desiccant cycle and the solar
heating system is important.

The complexity of these interactions suggests that simple design
point calculations are not adequate to fully characterize the perfor-

mance of the open cycle system. Rather, simulation of long term
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operation is required to determine the average performance of the
desiccant system, particularly if a solar driven system is contem—

plated.

1.2 History and Status of Current Research Programs

1.2.1 CSIRO Division of Mechanical Engineering/Division of Energy

Technology

While there are a variety of climates on the Australian coantin-
ent, most are charitably described as rigorous. The far north is
tropical; the center and west are hot and arid. Most regions of the
continent have climates comparable to extremes in the U.S. For
example, Port Hedland, a c¢ity on the northwest coast, has a 57 de-
sign condition of (36.5°C, 18.0 g/kg), which is similar to the
(31.7°C, 17.4 g/kg) Miami design point. Alice Springs, in the
middle of the continent, has a design condition of (37.8°C, 10.5
g/kg), which is close to the (40.6°C, 8.5 g/kg) design point for
Phoenix. 1In part because of these inhospitable climatic conditions,
a large majority of the present population reside in a narrow tem—
perate fringe along the southeastern coast of the continent, How-
ever, it is amnational objective to develop the interior of the
continent, which is rich with large deposits of valuable minerals.
Many of these deposits are located in remote and harsh regions, so

that transportation to these sites and local power generationm are
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expensive. These circumstances have prompted an Australian research
effort to develop energy:efficient, durable air conditioning sys-
tems. Since the early 1960's, much of this research and development
work has been conducted by the Division of Mechanical Engineering
(reorganized in 1981 as the Division of Energy Technology) of the
Commonwealth Scientific and Industrial Research Organization. The
author's acquaintance with the early history of the research pro-
gram was obtained from [15-18] and by conversations with P.J. Banks
and J.G. van Leersum of DET.

R.V. Dunkle joined the DME in 1959 to head a research group
with the charter to investigate solar energy and thermal radiation
processes. Part of the venue of this group was to consider energy
conservation in air conditioning systems. A decision was made to
concentrate on energy recovery in air veantilation systems and on
open cycle air conditioners. The goals of the research program were
to identify candidate components and c¢ycles, develop hardware to
the commercial prototype stage, and to develop theory and techniques
to model the components and systems.

Energy conservation in ventilation required development of an
inexpensive air to air sensible heat exchanger and an enthalpy
(sensible and latent heat) exchanger. Rotary geometries were se-
lected for these regenerators to obtain compact devices with simple
air ducting. Development effort was centered on the selection of

appropriate matrix materials for each type of regenerator.
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A successful rotary heat exchanger design and manufacturing
technique were developed by Dunkle and D.J. Norris, and since 1968
sensible regenerators based on this design have been manufactured
commercially by Rotary Heat Exchangers Pty. Ltd. of Melbourne. The
regenerator matrix is formed by spirally winding polyethylene film
ot a spoked hub to form parallel passages. Dunkle and Maclaine-
cross [19] discuss the theoretical performance of these regenerators,
and present limited test data for one of thé commercial units.
Maclaine-cross and Ambrose present pressure drop data for the sensi-
ble regenerator, and are able to predict the test results with small
error [20].

The enthalpy regenerator development program, though ongoing,
has not been similarly successful. A prototype enthalpy regenerator
tested in 1977 and 1978 used a spirally wound ribbon of knitted
nylon and wool. While the performance of the prototype was deemed

adequate, it was inferior to commercially available units manufactured

outside Australia [15,16].

Interest in rotary regenerators stimulated interest in rotary
matrix evaporative coolers. The work by Hellands [21,22] résulted
‘in high performancg devices, but these have not been produced com—
mercially.

Concurrent with the development of rotary components was the
investigation of open c¢cycle air conditioning systems. Dunkle identi-
fied candidate cycles for regenerative evaporative coolers [23] and

described a desiccant system [8].
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Although a regenerative evaporative cooler system with rotary
components was built and tested at the DME, a major effort was de-
voted to a large scale system which used a rock bed as the regener-
ator. The system operated on a diurnal cycle. Evaporatively cooled
night air chilled the rock bed, and during the day the cool rock bed
was used to cool an ambient air stream supplied to the building.

A system which used the rock bed as the thermal storage unit for a
solar heating system in the winter and as the regenerator for a
diurnal cycle regenerative evaporative cooler in summer was in-
stalled at the DME site at Highett, and began operation in 1964.

The design and performance of this system is described by Close

et al. [24] and Morse [25]. The diurnal regenerative rock bed
evaporative cooling system installed at Highett performed better
than expected, because of moisture transfer. in the storage bed [24],
The cooling system was still in operation as of early 1982.

Later work at the DME resulted in a small, frequently cycled
regenerative rock bed evaporative cooler, and a parallel plate
indirect evaporative cooler [26].

A prototype of the desiccant cycle proposed by Dunkle was
never built. Johnston performed tests on a stationary bed of silica
gel to estimate the outlet states of the regenerative dehumidifier
in the Dunkle cycle, and predicted the overall performance of the
cooling system [27]. The results showed a low system coefficient of

performance (COP) in part because of poor dehumidifier performance.
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Despite Johnston's study, the potential of the Dunkle cycle was
difficult to fully assess because of the lack of a model for the
regenerative dehumidifier. Similarly, progress in other DME re-
search and development projects was impeded by the lack of a suit-
able model for combined heat and mass transfer processes. For
example, in order to predict the behavior of the diurnal cycle re-
generative evaporative cooler [24], the moisture transfer in the
wet bed had to be modeled. The drying of agricultural products,
of interest to .other research groups at DME, also involved the com—
bined heat and moisture transfer in a porous material. Clese, in-
terested in the rock bed problem, developed a simple numerical model
of the adsorbent packed bed. The results for a silica gel matrix
indicated that a step change in air state at the inlet of an ad-
sorbent bed produced a two front response in the air state at the
bed exit., This coincided with the experimental evidence of
Griffiths, who had investigated wheat drying (cited in [17,18]).
However, these efforts resulted in only a rudimentary understand-
ing of the fundamental processes.

P.J. Banks, upon joining DME in 1967, recognized that a signi-
ficant centribution could be made to the research effort if the
underlying theory of simultanecus heat and mass transfer was clari-
fied. Banks showed that the simultaneous equilibrium heat and mass
transfer in an adsorbent system with a single sorbate could be des-
cribed by two first order wave equations [28]. The form of the

equations explained the two front behavior observed by Close and
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Griffiths, and suggested that solutions to combined ‘heat and mass
transfer probléms could be obtained by analogy to sensible heat
tfansfer solutions.

Close left DME in 1968 to begin Ph.D. work at Monash University,
where he studied numerical and analogy solutions for the response of
an adsorbent bed subjected to a step change in inlet conditions
[17]. Maclaine-cross began his Ph.D. studies at Monash in 1969,
and developed efficient finite difference models for the rotary:
heat and mass regenerators as well as an analogy theory to predict
dehumidifier and enthalpy exchanger performance [18]. The analqu
solutions developed by Banks, Close, and Maclaine-cross represented
a significant contribution to the analysis of combined heat and mass
transfer [28-32,10,33].

Despite considerable success, the air conditioning energy con-
servation research effort at DME was administratively curtailed in
the'early 1970'3; and most of the people involved in this area were
reassigned to other projects. Both Close and Maclaine-cross took
university positions following completion of their studies at Mon-
ash. However, after languishing for several years, a renaissance
in open cooling cycle research occurred, partly because of continued
interest in these cycles at the University of Wisconsin Solar Energy
Lab. From September 1979 to January 1982, the Divisicn of Mechani-
cal Engineéring and the University of Wisconsin were jointly funded
by the U.S. DOE to engage in a study of open cycle solid desiccant

cooling.



20

The stimulus provided.by the collaboration with the UW-Madison
encouraged considerable work to be done. Banks has resolved sever—
al outstanding problems in the amnalogy theory by the development of
nonlinear analogy solutions [34], and has also presented a theory
to predict the combined convection-diffusion transfer resistance |
in heat and mass regenerators [353]. J.G. van Leersum has analyzed
ideal open cooling cycles [36], performed a semnsitivity analysis
of the effects of heat and mass transfer diffusional resistance on
-dehumidifier performance [37], and conducted an experimental in-
vestigation of dehumidifier performance [38]. Close, who returned
to DME in 1977, has also commented on aspects of the analogy method
{39], and has applied the analogy to determine the effects of non-
uniform inlet conditions on dehumidifier performance [40]. Close
and Sheridan collaborated in a study of the performance of the
ventilation, recirculation, and Dunkle cyecles applied to large
buildings in Australia [41l]. Sheridan worked with J.W. Mitthell of
the U.W. Solar Lab to investigate vapor compression desiccant hybrid
systems [42].

Research on heat and mass transfer related to open cooling
cycles has been significantly reduced following the reorganization
of DME as the Division of Energy Technology in September 1981, and

the lapse in U.S. DOE funding in January 1982,
1.2.2 University of Wisconsin Solar Energy Laboratory

J.A. Duffie became director (and sole employee) of the Solar
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Energy Laboratory in 1955. The conventional wisdom in the late
1950's and early 1960's maintained that in the industrialized
nations, electricity produced by nuclear power would shortly become
so cheap as to make metering its consumption uneconomical. Solar
energy technology was felt to be pertinent only to developing
nations. In this political and scientific milieu, the active world
solar energy research community was small and closely knit. The
solar energy group at DME (§1.2.1) and other Australian researchers
represented a significant fraction of the world population of
scientists investigating solar thermal processes. Under these cir-
cumstances, it is unremarkable that there is a long history of col-
laboration between the personnel at the Solar Energy Laboratory and
Australian researchers. This collaboration has been enhanced by
extended visits made in exchange by wvarious Australian. seientists
and Solar Energy Laboratory staff and graduate students.

Interest in solar energy research began to build in the late
1960's, as the heralded nuclear future began to seem increasingly
distant and less utopian. Following the oil embarge of 1973, which
exposed the dependence of the Western industrialized nations on
unstable international energy supplies, there has been a strong in-
centive to consider the utilization of solar energy. The efforts
of the Solar Energy Laboratory since the early 1970's have been
primarily devoted to the modeling and transient simulation of solar
energy processes, and have resulted in the development of the widely

used TRNSYS simulation program [43]. DPresently, the permanent staff
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are Duffie, W.A. Beckman, J.W. Mitchell, and S.A. Klein.

A review by the Solar Lab staff of cooling technology available
in the mid 1970's suggested that open cycle air conditioning might
be suitable for use with either liquid or air-based collectors. A
graduate student, J. Nelson, began analysis of two desiccant cycles
under development by the Institute of Gas Technology [9]. Simul-
taneously, D.J. Close, who had a long experience in air-based solar
collectors and rock bed storage units [24], was invited to come on
sabbatical from James Cook University in Townsville and help re-
solve problems associated with the modeling of rock beds. During
his visit, Close was able to contribute materially to a numerical
model of the rock bed storage unit [44]. However, his experience
with the analogy solutions for the rotary dehumidifier proved
essential in the simulation study by Nelson of the ventilation and
recirculation cycles [14;45].

The results of the Nelson study showed that the open cycle
desiccant air conditioners could work well with flat plate collec-
tors. It was decided that a research proposal involving Clése at
James Cook University, Dunkle at DME, and the Solar Energy Lab
should be submitted to the U.S. Energy Research and Development
Agency. The proposal, submitted in October 1976, included pro-
visions for Ehree major projects: the analytical and experimental
study of the performance of the rotary sensible heat exchanger and
the regenerative dehumidifier, a computer simulation study of

candidate cycles, and the development and testing of an unspecified
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desiccant cooling machine. The proposal was rejected in February
1977 because ERDA waé not interested in unsolicited proposals.
Nearly simultaneously with the rejection of the Solar Energy Lab
proposal, ERDA issued a public request for proposals to study open
cycle desiccant cooling systems. Since the specified tasks in the
public announcement closely reflected the contents of the original
UW submission, following swift application of scissors and tape,

a new joint proposal was sent to ERDA by the Solar Energy Lab. The
submission was rejected in September 1977, primarily because ERDA
was already funding system hardware development [9,13], and was
not keen to invest in an ambiguously specified desiccant air condi-
tioner.

By this time, Close had resigned from James Cook University,
and was again at the CSIRO Division of Mechanical Engineering at
Highett. Dunkle was on the verge of retirement. The research pro-
posal was redrafted sans air conditiomer develcpment to emphasize
component modeling and cooling system simulation by the Solar Energy
Lab and component modeiing and experimental verification of com-
ponent models by DME. The third version of the proposal was sub-
mitted late in 1977. In August, 1979, the contract was awarded to
the Solar Eﬁergy Lab, with J.W. Mitchell and J.A. Duffie as the
principal investigators.

During the hiatus between the initial proposal for the desic-
cant cooling study in 1976 and the formal contract in 1979, the

Solar Energy Lab continued its investigation of desiccant cooling
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systems., In this interim period, Mitchell contributed to TRNSYS
gimulation studies of desiccant cooling systems conducted at Solaron
[46] and SERI [521].

A graduate student, M, Brandemuehl, began a Ph.D. project on
the desiccant systems in January, 1978. His work, completed late in
1981, includes a numerical and experimental analysis of the trans-
ient respounse of the rotary sensible regenerator, presents a numer—
ical model of the transient response of.the dehumidifier, considers
the effect of nonuniform inlet conditions on rotary sensible re-
generator and dehumidifier performance, and extends the application
of the analogy solutions to the transient and nonuniform inlet
state operation of the rotary dehumidifier [47].

The present author began work on this project in April, 1979,
A preliminary investigation of the ventilation, recirculation, and
Dunkle cycles using simple system and cooling load models was
quickly completed [48]. The results of this study implied that
high ﬁerformance rotary components are required in order for the
desiccant systems to be attractive. This led to an extensive in-
vestigation of optimum dehumidifier design, and also to a compre-
hensive study of the utility of the analogy method as a dehumidi-
fier model. This thesis is essentially a compendium of the major
topics addressed.

Two additional students have begun work on desiccant cooling
projects. Schultz [49] has modeled a cooled bed system similar to

that under development by the Illinois Institute of Technology [7].
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Additional work on the application of open cycle cooling to large

building [41] is being done by Howe.
1.2.3 Solar Energy Research Institute

In March 1976, ERDA issued a request for proposals for the es-—
tablishment of a Solar Energy'Research Institute. The purpose of
the new institute was to monitor solar energy reséarch projects
sponsored by the Federal government and to engage in supporting
research. The balance between these functions and the nature of the
research to be conducted at SERI were poorly defined {50]. The
originally projected inaugural date of January, 1977, proved to be
optimistic. In March,1977, Midwest Research Institute was invited
to negotiate a contract with ERDA. In April, 1977, a contract was
signed, apd in May 1977, operations rather abruptly commenced.

B. Shelpuk was appointed to head the group at SERI responsible
for projects related to desiccant cooling. A confergnce of all
major groups that had DOE contracts to investigate desiccant cool-
ing was held at SERI in November, 1977. The participants identi-
fied a number of important research areas, including desiccant
material selection and development, mathematical modeling of the
system components, the optimization of the design of the sensible
heat exchanger and the dehumidifier, and the identification and
simulation of high performance desiccant cooling systems [51].

The desiccant group at SERI decided that it could profit—

avly contribute to the research effort by building a rig to
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measure the performance of desiccant beds and conducting a simula-
tion study of open cycle desiccant cooling systems. While the test
rig was being assembled, SERI used models of the desiccant s&stem
components [14,45] and a transient simulation program [43)] developed
by the UW Solar Energy Laboratory to investigate the performance of
a solar-fired recirculation cyecle [52]. Shortly after the report

of the systemAsimulation study was completed, but before useful
experimental data had been taken on the test rig, Shelpuk and a
majority of his desiccant group were transferred to other assign-
ments.

The new desiccant group leader, R.K, Collier, was appointed in
September, 1979, at roughly the same time as the desiccant project
contract was awarded to the Solar Energy Lab. At the time of his
appointment, the UW Solar Energy Lab was the only contra;t group
extensively involved in the modeling and simulation of open cycle
desiccant systems, the others, including the Institute of Gas
Technology, AiResearch Manufacturing Co., and the Illinois Insti-
tute of Technology, being primarily committed ‘to hardware develop-
ment and testing.

Collier had direct influence on the activities carried on by the
Solar Energy Lab and at DME. 1In a visit to the Solar Energy Lab in
August 1980, he expressed keen interest in the effect of desiccant
properties on dehumidifier and system performance. This interest
was reiterated during the author's visit to SERI in October 1980,

at which time a suggestion was made that perhaps a rotary dehumidi-~
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fier design with multiple desiccants would be attractive. Accord-
ingly, a significant portion of thié study has concentrated on the
effect of matrix properties on the dehumidifier performance. Data
on the performance of a staged multicomponent dehumidifier was pro-
vided by SERI in December 1980, though the project is not documented
in this thesis. During a visit to Highett in February 1981,
Collier's interest in a preliminary analysis of ideal desiccant
cycles by van Leersum encouraged that work to be expanded and com-
pleted [36].

In addition to actively engaging in the role of contract mana-
ger, Collier also supervised the research activities of his stéff.
These projects included the independent development of a dehumidi-
fier model [53] by R. Barlow, the use of this model to investigate
the performance of a multiple desiccant dehumidifier [54], an
assessment of the desirable properties of desiccant materials [55],
an evaluation of current dehumidifier designs {56], the experi-
mental investigation of the seascnal éimulation of desiccant cooling
system performance using test data from prototype machines, and
congideration of hybrid vapor compression-desiccant cycles.

Collier left SERI in June 1981, and is currently engaged in
privaté consulting, Program management responsibilities were
transferred to D. Schlepp. The technical program has been spear-
headed by the continuing efforts of Barlow [53-571, who by early
1982 had developed a composite silica gel-mylar film, and was test-

ing the response of a parallel passage bed composed of this material.
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However, by mid-1982, a number of the desiccant research staff will
have left SERI (including Barlow, who is plamming to begin Ph.D.
studies in fluid dynamics at Stanford University), or been re-
agsigned. The future impact SERI will have in this field is not

clear.
1.2,4 1Institute of Gas Technology

Gas utility pipelines are usually profitable only if operating
at full capacity. Because few utilities have storage facilities,
the gas must be sold as rapidly as it is delivered. In the early
1960's, the supply capacity of many utilities was sized to meet peak
winter demand, of which residential heating was an important compon—
ent. During summer months, as residential demand slackened, the
"excess'" gas supplied to the utilities via pipelines was sold to
industrial or commercial users at or below the cost to the utilities.
Because it was in the general interest of the gas utilities to stimu-
late summer consumption, the American Gas Association contracted
with the Institute of Gas Technology to review and develop technology
for gas fired residential air conditioning systems [58].

A number of candidate ecycles were considered by IGT, including
thermoelectric and closed cycle vapor absorption refrigeration
cycles., Attracted by the characteristics of open cycle cooling
mentioned in §1.1, and aware.of the availability of rotary heat and
mass exchangers from A.B. Carl Munters of Sweden, IGT opted to

develop an open cycle desiccant air conditioner with rotary compon-
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ents for the heat exchanger and the dehumidifier [58]. 1In fact,
Munters has considerable background patent rights for the rotary
component desiccant cooling machine [58,59]. These were licensed
to Gas Developments Corp., the commercialization subsidiary of IGT,
The machines subsequently developed by IGT have been referred to as
the Munters Environmental Control (MEC) systems.

By 1967, a 5.3 kW (1.5 ton} test machine was operating, and in
1969 a 10.6 kW (3 ton) demonstration unit had been built.[59].
These £est devices could be operated in either the ventilation
(Fig. 1.3) or the recirculation (Fig. 1.4) mode. The dehumidifier
used in the first MEC units was a lithium chloride impregnated
asbestos matrix manufactured by Munters. The test performance of
the 10.6 kW prototype was sufficiently attractive that Arkla Ind.,
a manufacturer of closed cycle vapor absorption chillers, had an op-
tion to_license agreement with Gas Developments Corp., the commer-
clalization subsidiary of IGT. However, in }972 disTuptions in
the supply of natural gas began occurring, and gas use curtail-
ments and limitation programs were initiated, Arkla did not exer-
cise its option to license the MEC system [58].

Following the oil embargo gf 1973, and the upsurge in solar
energy research, IGT rapidly realized that the cpen cycle desiccant
air conditioner that had been developed to stimulate gas consumption
could be transformed with slight modifications into an energy sav-

ing solar air conditioner.
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Operational experience had shown the lithium chloride wheel to
be unstable, as the LiCl became deliquescent at high air relative
humidity and would seep from the matrix. An asbestos matrix im-
pregnated with a molecular sieve was made to IGT specifications
by Munters, and substituted for the LiCl wheel. A hot water
heat exchange coil was added upstream of the gas burner, and the
Solar-MEC I was ready to save energy.

Solar-MEC 1 units were installed in Los Angeles and Toronto
for field demonstrations [60}9]. The Los Angeles unit was used for
almost th;ee years. The capacity of the system, used in the re-
circulation mode, ranged from 3.5 to 7.0 kW (1 to 2 tons). The

. thermal COP of the machine ranged from 0.3 to 0.5, with a nominal
electric COP of about 2.3 [60,9]. No indication of seasonal average
contribution by the 56 m2 (600 ftz) of Owen-Illinois evacuated glass tubé
collectors to the energy requirements of the cooling system has been
given.

The overall performance of the field and lab demonstration
units was promising, but improvements were in order. A modified
system, designated Solar-MEC TII, has been developed and tested at
IGT. Since 1977, the project has been sponsored by the U.S. DOE.
Because of health concerns, fiberglass has replaced asbestos as the
dehumidifier substrate, The gas burner has been redesigned to pro-
duce a nonuniform temperature distribution in the regenerating air
stream, and the flow through rotary components has been unbalanced.

By improving the fans and the leakage seals on the rotary components,
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the electric power requirement of the unit has been considerably re-
duced [9].

Performance data for the Solar-MEC ITI have been provided to
SERT [61] and selectively reported in [9]. At standard cénditions
the recirculation mode has a -eapacity of 9.5 kW (2.7 tons) at a
regeneration temperature of 103°C and has a thermal COP of 0.46 and -
an electric COP of 8.0. The ventilation mode has a capacity of 7.5
kW (2.1 tons) at a regeneration temperature of 95.4°C with a thermal
COP of 0.51 and an electric-COP of 6.5 [9,61]. Seasonal simulations
of the operation of the Solar MEC III ventilation and recirculation
systems reported by IGT indicate that the average thermal COP of
the system range from ~0.6 in Fort Worth to ~0.7 in Madison, with
the corresponding electric COP's varying from 9.2 to 11.1, The re-~
circulation system generally has a slight performance advantage
over the ventilation system.

A high performance system, designated HCOP, has been described
[9]. The major design change indicated is an increase in the sensi-
ble heat exchanger effectiveness. The resulting standard design
point thermal COP is claimed to be increased to 0.95, with seasonal
averages of the thermal COP ranging from 1.2 to 1.5.

The evaluation of the IGT performance data, particularly the
projections made for the improved HCOP system, is difficult because
IGT is reticent to discuss particulars of the system design and
operation. The heart of the MEC systems is the dehumidifier manu-

factured by Munters, which is protected by a non-disclosure agree-
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ment, Although the development of the Solar-MEC II1 was suppeorted
in part by the U.S5. DOE, IGT is obliged to report only input condi-
tions and cooiing output of the machine. Any information that can
be used to determine details of the dehumidfier design and perfor-

mance or the system operating strategy is suppressed.
1.2.5 AiResearch Manufacturing Company

AiResearch Manufacturing Company is a division of Garrett Corp.,
which in turn is wholly owned by Signal, a large conglomerate.
AiResearch has historically produced envirommental control units for
aerospace applications. For example, an AiResearch product used
in the SkylLab space station was a desiccant bed that adsorbed €0,
and water from the cabin atmosphere and desorbed the vapors in the
vacuum of space. Garrett Corp. alsc manages Dunham-Bush, a company
which produces conventional HVAC equipment such as screw compressors.
With the decline of the manned space program reducing the demand
for vacuum desorbed dehumidifiers and other high technology environ-
mental control equipment, it was decided to explore the possibil-
ity of adapting AiResearch technology to conventional HVAC applica~
tions, which could then be produced and marketed by Dunham-Bush [62].

The open cycle desiccant cooling systems were readily identified
as being an adaptation of technology familiar to AiResearch. A
feasibility study [63] identified a number of candidate open cycle
desiccant cooling systems. A recirculation cycle (Fig. 1.4) was

selected for development [63,64]. Concentric radial flow drums were
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envisioned for the dehumidifier and heat exchanger. The dehumidi-
fier was specified as a packed bed of silica gel, and the wire
screen Wés selected for the regenerator matrix [64]. The system was
designed to have a 10.6 kW (3 ton) capacity with a thermal COP of
0.52 and an electric COP of ~10 at a regeneration temperature of
'93.3°C (200°F). A review of the program by DOE resulted in a
downsizing of the system to 5.3 kW (1.5 ton) cooiing capacity.

Using previously developed models of the dehumidifier, the
performance of the desiccant cooling system was predicted at a
varietj of operating conditions, and the results correlated to pro-
duce éimple maps of system operation [64,13]. These performance
maps were used in seasonal simulations of solar, solar/gas, and gas
fired desiccant cooling systems operating in_three U.S. locations.
The seasonal performance of a solar-fired lithium bromide/watez.
vapor absorption chiller was also determined for comparison. The
simulation results showed that the desiccant system required less
collector area to maintain comfort in the conditioned space than the
LiBr/H20 chiller. Tﬁe use of solar energy significantly reduced
the fossil fuel consumption of these systems. The results of an
economic analysis indicated that the solar desiccant system was
economically viable in each of the locations considered.

AiResearch built a prototype-of the 5.3 kW (1.5 tomn) design
capacity system, and tested it in the recirculation and ventilation
modes {65,66]. At standard design conditions, the recirculation mode

prototype had a capacity of 4.7 kW (1.3 tons) at a regeneration
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temperature of 93.3°C. The thermal COP of the machine was 0.60,
while the electric COP was estimated to be 6.3 [13,65]. The
ventilation mode was found to give inferior performance [66].

After reviewing the performance and cost of the prototype, in
April 1982, AiResearch recommended to DOE that the candidate desic-—
cant system not be further developed, since it was not likely to be
competitive with vdpor compressién cooling. However, as of May
1982, AiResearch was planning to submit a proposal to the Gas Re-
search Institute to continue work on a high performance desiccant

cooling system originally developed at Exxon [62].
1.2.6 UCLA

Topics relevant to open cycle desiccant'cooling have been
studied at the University of California - Los Angeles School of
Engineering and Applied Science under the sponsorship of Southern
California Edison Co. The faculty investigators for this project
are H. Buchberg, A, Mills, and D. Edwards. The system of interest
is the Dunkle cycle (Fig. 1.5) with a fixed bed regenerative de-
humidifier.

Lassner [67] built and tested a prototype regenerative evapora-
tive cooler similar to the system illustrated in Figure 1.2. A
model which accurately predicted the performance of the prototype
machine was developed. Nienberg [68] developed a numerical model
of the desiccant bed, and compared the model predictions to a small

packed bed of silica gel. Clark [12,69] used Niemberg's model to
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design a full scale dehumidifier. Experimental results from the
prototype dehumidifier could not be accurately predicted by the
numerical model. Pesaran [70] did extensive testing on a small
packed bed of silica gel, and concluded that the mass tramnsfer re-
sistance due to diffusion in the desiccant was significant. The in-
accuracies of the Nienmberg model were attributed to the fact that

only a gas-phase convection mass transfer resistance was considered.
1.2.7 Exxon

There is no public documentation of Exxon's desiccant cooling
project. This summary is based primarily on a conversation with
A.F. Venero [71], who headed the Exxon research group.

In the mid 1970's, Exxon Enterprises initiated several solar
thermal energy and photovoltaic development projects. An emphasis
was placed on the investigation of high efficiency soclar thermal
‘cooling cycles, including open cycle solid desiccant, vapor ab-
sorption, Rankine cycle vapor compression and chemical heat pump sys-
tems. The preliminary evaluation of these alternative cycles led
to the selection of a ventilation cycle desiccant cooling system for
prototype development.

In order to attain the simultaneous objectives of high thermal
efficiency with low electric power comsumption, a rotary parallel
passage heat exchanger and dehumidifier were selected for the cool-

ing system.
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A rotary semsible heat exchanger was purchased from Rotary Heat
Exchangers Pty. Ltd. of Melbournel(ﬁl.Z.l), but was found to have
unsatisfactorily high air seal leakage. An improved model was
fabricated by Exxon. Tests at the design flow rate show that the
effectiveness of the rotary exchanger is 0.93 - 0.95.

Parallel passage rotary dehumidifiers are not commercially
available. To build such a device, a process to deposit a desiccant
on a‘suitable substrate film was first developed. The result is
silica gel-plastic film ribbon presumably similar to the material
independently developed by Barlow at SERI (§1.2,3). This silica gel
ribbon was wound to form a 30-inch diameter dehumidifier.

In 1980, an executive corporate decision ended Exxon's in-
volvement in the solar industry. However, because the development
work on the ventilation cycle prototype was far advanced, and pre-
liminary results were very encouraging, the desiccant group was
authorized to seek temporary outside funding to complete and test
the system prototype.

The Gas Research Institute funded the testing of the Exxzon
prototype from April to December 1981. At standard design conditioms,
the machine was demonstrated to have a 3.5 kW (1 ton) capacity at a
82.2°C regeneration température with a thermal COP in the range of
1.0 to 1.1.

Exxon has applied for patents on aspects of the dehumidifier
design and fabrication prodess. Other than for this legal interest,

Exxzon's desiccant cooling project ended in December 1981. GRI has
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issued a request for proposals for other parties to continue develop-
ment of the Exxon technology. A number of firms, including AiResearch

[62], have submitted proposals for the $2 million project.
1.2.8 Cooled Dehumidifier Systems

The review to this point has primarily focused on projects to
develop open cycle air conditioners with an adiabatic dehumidifier.
A parallel effort has been made to develob systems with coocled
dehumidifiers. Interest in the cooled dehumidifier concept is
aroused by the observation that the moisture capacity of most
desiccants increases with decreasing temperature, so that an ex—
ternally cooled dehumidifier should be able to dry air to a lower
humidity ratio than a similarly sized adiabatic matrix.

The Illinois Institute of Iechnology has a history of interest
in both adiabatic [72] and cooled [73,11] adsorption processes. An
outgrowth of this interest has been a coocled dehumidifier desiccant
cooling system [74,7] proposed by Z. Lavan and D. Gidaspow. An air
cross—cooled dehumidifier containing silica gel-Teflon sheets has
been developed, tested, and modeled [75-80]. A prototype cooling
system has been installed in a model residence and tested [7,81].
Systems of this type have been modeled by Schultz [49].

The Center for Environment and Man has also developed and
tested a cooled dehumidifier desiccant system [6,82). The system,
designed by P. Lunde, relies on multiple adiabatic dehumidifiers

with interstage cooling of the process air stream. This develop-
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ment project was abandoned in 1979.

1.3 Thesis Objectives

At the time the author began this projeét, there was very
little information in the public domain on the seasonal performance
of desiccant air conditioners, and there had been no consideration
of the possibility of improving cooling system performance by opti-
mizing the performance of the rotary dehumidifier. The direction
of this investigation has largely reflected these deficiencies, and
has been influenced by the work being done by several of the groups
mentioned in §1.2.

Seasonal simulation of desiccant cooling systems requires a
simple dehumidifier mode15 The analogy method of Maclaine-cross and
Banké [10] is apparently suitable, and has been used [14,46,52] in
cooling system simulations. Banks has subsequently suggested a non-
linear analogy method [34]. The numerical accuracy of neither solu~
tion has been adequately investigated. Maclaine-cross presents only
limited comparisons of the analogy solution and finite difference
solutions for a dehumidifier with a lithium chloride impregnated
matrix [18]. The nonlinear method was not fully formulated nor
tested at the initiation of this project. The analogy methods of
Maclaine-cross and Banks [10] and Banks [34] are used to estimate the
performance of a silica gel dehumidifier, and the solutions are com-

pared to that of a finite difference model. Sources of error in the
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analogy methods are discussed and quantified. The accuracy and
efficiency of the analogy solutions are also evaluated in the con-
text of a seasonal gsimulation of cooling system operation.

Since there has been no general investigation of the effects of
desiccant properties on the performance of the rotary dehumidifier
reported in the literature, a parametric study of the sensitivity
of dehumidifier performance to six matrix properties is presented.
The influence of the property dependent variations in dehumidifier
performance on the design point performance of a ventilation cycle
desiccant air conditioner is discussed. The effect of these matrix
properties on the accuracy of the Maclaine-cross and Banks analogy
solution [10] is also considered.

An improvement in adiabatic dehumidifier design in which a por—
tion of the dehumidifier process-outlet stream is purged and re-
circulated to the regenerating stream is analyzed. An equilibrium
analysis is used to qualitatively describe the operation of the
purged dehumidifier. The finite difference solution is employed to
verify the qualitative trends suggested by the equilibrium analysis
and to quantify the effect of the recirculated purge on dehumidifier
performance. The results are also discussed in terms of the effect
ont design point performance of the ventilation and recirculation
cycle cooling systems.

Previous simulation studies have either comsidered a particular
climate {14,46], or system [13,52], or have used excessively simple

load and system models [48]. Early studies [14,46,52] have been
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dated by improvements in system technology [9]. A comprehensive
simulation study of the ventilation and recirculation cycles
(Figures 1.3 and 1.4) is documented in this work. Using present
technology as a baseline, three levels of system performance are
postulated and studied. The performance of gas-fired, solar/gas,
and solar-fired desiccant systems is determined and compared to that

of a commercially available vapor compression air conditioner.
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CHAPTER 2

THE ROTARY HEAT AND MASS EXCHANGER

2.1 Preliminaries: Svystem Description and Coordinate Definitions

Figure 2.1 schematically illustrates an air to air heat and
mass regenerator comprised of a rotating porous matrix through which
two physically separated air streams pass in counterflow. The
porous matrix can have several configurations [56]. For example,

a matrix with parallel air flow passages can be made by spirally
winding a thin sheet or ribbon of a material on a spoked hub. Al-
ternatively, the matrix may be formed by packing a perforated con-
tainer with a granular material. The two air streams can pass
through the matrix in either parallel flow of counterflow paths.
In general, the regenerator may be asymmetric (different flow
areas for each air stream) and unbalanced (unequal air mass flow
rates in each air stream), and the air streams entering the matrix
may Have radial or circumferential distributions in temperature,
humidity or velocity.

A rotary heat and mass regenerator can be designed as a sensi-
ble heat exchanger, a regenerative dehumidifier, or as an enthalpy
(sensible and latent heat) exchanger. The physical properties of
the porous matrix largely determine the performance characteristics
of the regenerator. Sensible heat exchangers, which are designed

to minimize mass transfer, require a non—-sorbing matrix with large
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thermal capacity. Regenerative dehumidifiers, in which maximum
moisture transfer is important, utilize a sorbent matrix with large
moisture but small thermal capacity. Enthalpy exchangers, in which
both heat and mass transfer are desired, employ a sorbent matrix
with large thermal and moisture capacity.

To facilitate formulation of models of these rotary compon-

ents and discussion of the ensuing analysis, the nomenclature and

43

coordinate system for the rotary system are defined and illustrated

in Figure 2.2. A wheel period and face are indicated by the sub-
scripts § and £ (j,£ = 1,2), and additional subscripts m and £ can
be used to differentiafe between matrix and air states. For
example, tfl,l and t £1,2 are the air tempgratures at the period 1
inlet and cutlet. The axial coordinate, x, is defined as positive
in the direction of flow, so that in a counterflow system the axial
coordinate reverses direction at the beginning of each period. The
matrix thickness is L. The circumferential or azimuthal coordin-
ate, ¢, originates at the beginning of the first period and in-
creases in the direction of wheel rotation. The total arc of
period j is Qj. Since the wheel rotation speed, 2, is constant,
the time required for an element to rotate through an arc of ¢ is

8 = ¢/. The duration of period j is ej = ijﬂ, and the time of a
complete wheel rotatiom is T = Gl + 62. Because of the direct
relationship between angle, ¢, and time, 0, either variable can

be used to indicate rotary position.
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A convenient representation of the coordinates for the rotary
system is given in Figure 2.3. Normalized coordinates for axial

' = %/L, and circumferential position or rotational

position, x
time, 8' = ¢/27m = §/T are introduced. Contour plots of the steady
state distribution of air or métrix states can be drawn using this
coordinate system. An example of a contour plot of a hypothetical
regenerator distribution is shown in Figure 2.4. As indicated, a
horizontal slice through the diagram (x' = constant) gives the
variation of state at a fixed axial position in the matrix with cir-
cumferential position or rotational time, while a vertical slice

(6' = constant) reconstructs the axial distribution of a fixed

rotational position.

2.2 Constraints and Assumptions

In this study, the following system flow geometry and inlet
conditions are considered:

l. The air temperature, humidity ratio, and velocity are uni-

form at the inlet of each period.

2. The counterflow geometry is used.
In addition, several assumptions are made which focus the regenera-
tor models on the dominant flow and transfer pfocesses:

3. The air velocity and pressure in each period are constant.

4. There is no mixing or carry-over of the fluid streams.

5. There is no radial wvariation of air or matrix state..
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6. The thermal and moisture capacities of the air entrained
in the ma;rix are negligible compared to the matrix
capacities.

7. The axial or circumferential diffusion of heat or moisture
is negligible in both the matrix and the ai; streams.

8. The convection-diffusion transfer processes between the
matrix énd the air stream can be described by composite’
or lumped transfer coefficients.

9. If both heat and mass transfer occur, there is negligible
transfer flux coupling through thermal diffusion or Dufor
effects.

The sensible heat regenerator and the heat/mass regemerator

models are derived using assumptions 3.-9., and solutions are pre-
gented for the flow syétem described by 1.-2. Only the steady state

performance of the rotary components is considered in this work.

2.3 The Sensible Heat Regenerator

2.3.1 Model Formulation

For a rotary system in which only heat transfer occurs and the
assumptions in §2.2 apply, the energy comnservation and transfer rate
equations written with respect to a coordinate system moving with the

matrix are [10,18,47]:



conservation

Btm atf
MO 3 Ty -0

(2.1)
transfer rate

where U0 is the ratio of matrix to air thermal capacity, v is the
air velocity and Jt is the heat transfer coefficient ~ surface area
product divided by the air mass - specific heat product (air
thermal capacity). Since the coordinate system is fixed with
respect to the matrix, the rotary nature of the physical system is
reflected bf imposing periodic boundary conditions on Egs. (2.1).
The counterflow geometry is represented by a flow reversal at
8= 91 and 8 = T,

By introducing the normalized variables x', §', and t' =

(t - tey l)/(tf2 1~ te l), Egqs. (2.1) may be written as:

at! at!

£
! —— — =
8 jCj YE + % 0
3= 1,2 (2.2)
ot!
f k— —
ox' At,j (t'm t'f)

A formal statement of the inlet conditions for Egs. (2.2) is

49
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1 | B 1 1 _
the (x' =0, Q < g < el) =0
(2.2.3)
t'f (x' =0, e'l <f' <1) =1
The flow veversal condition requires that
1im tl (X',e') = 1lim tl (l-X',G')
m o (2.2.b)
TLnt (o 1 t
8 +81( ) G +61(+)

A tramslation of the statement is just that at the matrix tempera-
ture at position x' at the end of period 1 becomes the matrix
temperature at position l-x' at the beginning of period 2.

The periodic steady state condition is satisfied when
t 1 1y = 47 1 1
t m(x , B") t m(x , 8' + 1) (2.2.c)

which requires the temperature of any point in the matrix to be

the gsame after a complete wheel rotation.
2.3.2 Solutions for the Rotary Heat Exchanger

The solution of Eqs. (2.2) is often presented in terms of a
heat exchanger effectiveness, £, defined as the ratio of actual
heat transfer tc the thermodynamic maximum. The rotary heat ex-
changer effectiveness is frequently expressed as a function of four
dimensionless groups, NTUO, C*, C§ and hA*,[83,84]. The relation-

ghip between these groups and the parameters in Egs. (2.2) is shown
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in Table 2,1, It may also be convenient to interpret the heat ex-
changer solution in terms of an air temperature change efficiency

for each period defined by:

t, - £,
[ PY S
AR TR R B

j=1,2 (2.3)

If period i has the minimum fluid capacitance rate ((ﬁcf)j_f
(ﬁcf)B_j), then the temperature efficiency, e,y is equal to the
effectiveness, £, and nt,3*j = C*nt,j'

Lambertson provided the first numerical solution of Egs. (2.2)
for the counterflow rotary heat exchanger with capacitance ratios,
Oj’ that are independent of temperature [83]. Maclaine-cross, using
a numerical method similar to Lambertson's, extended the NTU0 and
C§ range of the solution [10,18]. The rotary heat exchanger
effecriveness is presented in tabular [83,84,18] and graphical
[84,10,18) form. Two approximate relations have been derived from

the numerical solution. At low rotational speeds (Ci‘ﬁ 0.4y,

Maclaine-cross [10,18] shows that

m
e
(]

(2.4)

H %

At higher rotational speeds, the solution has been fit by [84]:

(2.5)



Table 2.1 Dimensionless groups for the rotary heat exchanger

j = 1,2 period

C = uK.g
J J ]
J. .L
A =t
t,] v,
]
k={1 Cl>C2
2 C2 > Cl
% =
C'.f: Ck
c
c*_=-ﬂ
Cx
A
ha% = 52K ok
t,3~k
A
NTU = oK

o 1 + hA*
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where €.f is the effectiveness of a counterflow heat exchanger with
the same NTU0 and C* as the rotary exchanger.,

The Lambertson model was based on the assumptions listed in
§2.2, and the solution was determined for constant matrix and air
properties. Many of the constraints on the Lambertson solution
have been relaxad by other investigators [10,18,47,85-98].

The effect of the interstitial air thermal capacity on re-
generator performance has been studied [86-90]. Banks has shown
that the increase in sensible heat regenerator efficiency due to
fluid carrvover is less than or equal to Kk = L/(vjej) [89]). For
many regenerators, this effect is small.

Maclaine-cross and Banks [10,18] have analyzed a counterflow
rotary heat exchanger in which the thermal capacitance ratio, o,
is a linear function of temperature. The effect of the linear
variation of ¢ with temperature was shown to be adequately repre-
sented if Oj is replaced in the four dimensionless heat exchanger

parameters by E}, where

2,1
o, =ft o; dt/(ey ;- € 1), j=1,2 (2.6)
1,1
The error resulting from this representation is greatest for C?
near unity.
Several studies have considered the effect of axial heat con-

duction in the regenerator matrix {90-92]. Jefferson [90] and
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Mondt [92] discuss simple modifications to NTUo that correct the
Lambertson solution for the effect of axial conductiomn.

Hausen [93] has studied the problem of heat conduction into
the matrix normal to the direction of fluid flow, and provides a
correction to At,j to account for the diffusion resistance. This
analysis is the basis for the work by Banks [35] and van Leersum
[37] on the combined diffusion-convection transfer coefficients for
a rotary heat and mass exchanger,

Brandemuehl has considered the transient and nonuniform inlet
state operation of the rotary heat exchanger [47,94]. The results
of equilibrium (infinite NTUO), numerical, and experimental analyses
are discussed.

All of the preceeding studies neglected the possibility of mass
transfer in the rotary heat exchanger. Holmberg [95] and van
Leersum [96-98] have modeled a rotary regenerator in which water
vapor condensation occurs.

Despite the sophisticated analysis of the rotary heat exchanger
available in [85-98], only the simplest solutions are used in this
study. This level of modeling is consistent with the models used
for the dehumidifier and other components in the open cooling cycle.
Depending on the accuracy required, either the numeriecal solution
of Egs. (2.2) developed by Maclaine-cross [18] or the simple ex—

pressions given by Eqs. (2.4) and (2.5) is used.



2.4 The Heat and Mass Regenerator

2.4,1 Model Formulation

A simple schematic of the model of combined heat and mass
transfer employed in this study is shown in the detail of Figure
2.1. As was the case in the sensible heat regenerator model, temp~-
erature and moistﬁre distributions in the matrix and air normal to
the direction of air flow are neglected. The equations of mass and
energy conservation and trausfer rate equations for period j of

the heat and mass regenerator have been written as [18,30,99,100}:

water vapor conservation

oW W

u:13_9-'-V'rj meo

energy conservation

9 ai

s 38 T Yy a5z

j=1,2 (2.7)

water vapor transfer rate

ow _
Viax = Yw,g O T Ve

energy transfer rate

91 _ _ .
vj il Jw,j (Le0 Ce (tm tf) +d (wm wf))

As in Egs. (2.1), these expressions have been written with

respect to a coordinate system rotating with the matrix. The

35
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dependent variables are moist air humidity ratio and enthalpy (w,i),
and matrix water content and enthalpy (W,I). The air enthalpy, i,
fhe matrix water conteant, W, and enthalpy, I, are related by egqua-.
tions of state of the form i = i(t,w}, W= W(t,w), and T = I(t,W).
The energy conservation and transfer rate equations for the
sensible heat regenerator (Eqs. (2.1)) were nondimensionalized
(Egs. (2.2)) using a simple normalization of the dependent var-
iables, tm and te. A comparable normalization of the dependent
variables in the governing equations for the heat and mass regen—
erator is not apparent. Introducing x' and 8' as the independent

variables, Eqs. (2.7) become:

oW ow

1 — =

8 j(wc)j a6 T o 0
: 3L 9i
j=1,2 {2.8)

BW ) -
reulll WL
i

ox' A'w,j(Leo £ (tm -t iwv(wm - Wf))

The inlet, flow reversal, and periodic steady state conditions for

Egs. (2.8) are (see §2.3):

w(x' =0, 0<8'<8) = ¥y g wix' =0, 9] <8' <1) = ¥y 1
(2.8.a)
i(x' =0, 0 < 9' < ei) = il,l i(x" = 0, ei <p' < 1) = 12,1
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lim W(x', 8') =lim W(l-x', ")
0163 (=) 8"+8 (+) (2.8.b)
lim I(x', 8") =1lim I(1-x', 8")
9781 (-) 61+6) (+)
W(x', 8') = W(x', 8' + 1)
(2.8.¢)

I(x', 8") I(x', 6" + 1)

Before discussing solutions of Eqs. (2.8), a flag should-be
waved regarding the applicability of this model to real heat and
mass regenerators. In a regenerator in which convective transfer
rates govern the transfer process, the conditions specified in
§2.2 can either be satisfied by careful regenerator design or can he
shown to have second order effect on regenerator performance, How-
ever, experience with single-blow fixed beds [12,69,70] and a
packed bed rotary dehumidifier {38] indicates that the resistance
to mass transfer associated with diffusion of water vapor in the
absorbent can be significant. While Hausen {93] has shown that the
effect of heat diffusion into the ﬁatrix can be accounted for in a
combined diffusion~-convection transfer coefficient, it is mot at all
certain that analogous corrections to the convective mass transfer
coefficient proposed by Banks [35] and studied by van Leersum [37]
adequately account for the effect of the solid phase mass transfer

resistance. The model formulated by Eqs. (2.8) can only be circum-
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spectly applied to a regenerator in which the resistance to water
vapor transfer diffusion in the absorbent is known to be appreciable
unless effective transfer coefficients for the system have been

empirically obtained.
2.4.2 Solutions for the Heat and Mass Regenerator

Equations (2.8) are nonlinear partial differential equations
that are coupled through the equations of state relating the
dependent variables and the interdependence of the rates of heét and
mass transfer. They are not susceptible to exact analytic solu-
tion, though, approximate amalytical solutions have been proposed
[10,79]. Furthermore, the literature is not replete with numerical
studies of the heat and mass regenerator, in part becauseof the diffi-
culty of formulating a computationally efficient numerical solution
of Egqs. (2.8).

An approximate analytical solution for the rotary heat and masé
regenerator [10] is extensively discussed in Chapter 3. This solu-
tion shows that in periodic steady state operation the rotary heat
and mass regenerator is characterized by changes in two combined
potentials, The potential changes propagate as wave fronts through
the matrix, with one change occurring much more rapidly than the

o
other.

Pla-Barby et al. [101l] has solved Egs. (2.8) for both the
parallel flow and counterflow geometries. The numerical method

used is not extensively discussed. Apparently, a finite difference
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scheme is numerically cycled until the periodic steady state condi-
tions are reached. The model is used parametrically to study the
effect of Aw,j and qu on the performance of a balanced mass flow,
symmetric silica gel dehumidifier.

Barker and Kettleborough [102] have used the model developed by
Pla—-Barby [101] to study the operation of single~blow silica gel
beds and balanced, symmetric, parallel flow silica gel dehumidi-
fiers. From the numerical results presented, it is not clear that
the numerical method adequately tracks the first rapid change front
that propagates through the matrix. The steady state operation of
the rotary system is determined by numerically cycling the bed.

The transient response of the fixed bed and the parallel flow re-
generator for a particular set of operating parameters was deter-
mined using the finite difference method, and curve fit [103].

Holmberg [100] presents a detailed discussion of a numerical
method for solving Egs. (2.8). A staggering mesh of air and matrix
nodes was used, and the grid spacing in the 8' coordinate direction
was chosen to accommodate the rapid change fronts during the initial
portion of each period. An implicit Crank Nicholson formulation
was used for the finite difference equations, and a Gauss—Seidel
method is used in the iterative method. The performance of a
counterflow silica gel rotary regenerator is determined for a range
of rotational speeds covering dehumidifier and enthalpy regenerator
operation. The steady state matrix temperature and moisture dis-

tributions are illustrated using the coordinate system shown in
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Fig. 2.3.

Mathriprakasam [80] has developed a finite difference model of
a heat and mass regenerator in which cross cooling of the adsorp-
tion processes is accommodated and a linear, rather than uniform
(§2.4.1), moisture distribution in the desiccant normal to the direc-
tion of air flow is postulated. An explicit finite difference scheme
for the governing equations is numerically cycled to cbtain the
steady state solution.

Barlow [53] has solved Eqs. (2.8) in a novel, though heuristic
manner. Conventional finite difference techniques are eschewed.
The bed is discretized in the axial direction, as in a conventional
numerical model. Each axial node is treated as a counterflow sys-
tem in which the air and matrix "stream'" exchange mass and heat.
The effectiveness solution for a counterflow heat exchanger [84] is
used to sequentially perform an isothermal mass transfer calculation
followed by a simple heat transfer calculation. Experimental data
for the response of a fixed silica gel bed to a step change in air
inlet state reported by several investigators can be accurately
reproduced using Barlow's model if the overall Lewis number, Leo,
is empirically determined for each experimental data set [53].
The model can be used to simulate regenerator operation by numer-—
ically cycling the system of equations until periodic steady state
is obtained. Barlow has investigated regenerative dehumidifier
performance, and utilized the dehumidifier data to analyse the

design point performance of open cycle cooling systems [53].
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The numerical model of the heat and mass regenerator used in
this study was developed by Maclaine-cross [18]. It has sub-
sequently been adapted and used by van Leersum [96] and Brandemuehl
[47]. Because the finite difference solution was extensively used

in this investigation, its major features will be briefly reviewed.

2.4.3 The Maclaine~cross Finite Difference Model of the Heat and

Mass Regenerator

Because the equations of state for alr and matrix enthalpy are
usually known as functions of temperature and moisture content, it
is convenient to replace enthalpies with temperatures as the de-
pendent variables in Eqs. (2.8). In addition, the nondimensional

axial position and rotational time variables may be changed to:

J ., X
£, = x'A = _Wald
| W, ] v,
J
' i=1,2 (2.9)
A, J .
g, = : G- " T :
j K}, .
J h H 3 u3

Then, Egs. (2.8) may be rewritten in the form:

oW ow
a;+ag'°
”‘atm oL W 3 f 3 wv 9§ (2.10)

ow
¥+ (Wf—Wm) =

|
o

E£§.+ Le, (tg-t) =0
3g
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where it is understood that the period index has been suppressed
for convenience.

Maqlaine—cross developed a second order finite difference
representation of Eqs. (2.10) that is conceptually similar to rhe
difference formula used by Liambertson [83] in the study of the
rotary heat exchanger. The matrix is discretized in space and time,
and each grid element is treated as a cross flow exchanger in which
the air flow and the matrix "stream" exchange heat and mass.

A schematic diagram of a representative matrix element is given
in Figure 2.5. Zhe partial space and time derivatives in Eqs. (2.10)
are expanded using Taylor's theorem, while the algebraic differences
are approximated by difference of averages of the element "inlet"

and "outlet" states. For example:

ot t -t
£ _ _f j+l,k £ i,k 2
3% AE + 0((AE))
- (2.110)
_ (tf 41,k L j,k) (ty Joktl " j,k)
m 2 2

+0((a0)% + 2
Expressions like Egs. (2.11) are substituted into Egs. {2.10)

and the resulting difference equations are manipulated and simpli-

fied into the form:
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(2.12)

Equations (2.12) are used in a procedure analogous to a second

order Runge-Kutrta method.

The initial values of the dependent

variables are used to estimate the property partial detrivatives,

then the values of the dependent variables at the grid center are

calculated by solving Eqs. (2.12), and taking the center values to

be the mean of the "inlet'" and "outlet" conditioms. The property
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partial derivatives are revaluated at the grid center conditioms,
and then Egs. (2.12) are used to calculate, with second order
accuracy, the new air and matrix states.

To implement Egs. (2.12), the increments AZ and AZ must be
chosen to be sufficiently small to insure the numerical stability
of the solution. Also, an iterative scheme to force rapid conver-
gence of Eqs. (2.12) to the periodic steady state condition must
be determined.

Maclaine-cross determined criteria for selecting AZ and Ag
largely by numerical experimentation and by analogy to the numeri-
cal solution for the sensible heat regenerator [10,18]. The incre-

ment in £, the axial coordinate, is:

Agj Awsj/Nm

(2.13)

=
]

integer (0.85 Vmax(Aw l; A, 2) + 1.6)

In each pericd, two values of the rotational position increment, AZ,
are determined, corresponding to the two change fronts that propo-
gate through the matrix. As will be discussed in the following
chapter, two capacitance ratios, Yi’ can be deterﬁined for each
period of the heat/mass regenerator that are analogous to the ther-
mal capacitance ratio, 0, for the sensible heat regenerators. The
ratio Yl is associated with the rapid change front, and is much

less than Yo For the first part of each period,
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at? R I
3 M, £1,3
g
Nm
Nfl,j = max(l, integer( ¢, + 0.5)) (2.14)
2]
C —-—

, o= KL Y, .
13 i )JYl’J

Only ZNm of these small time steps are required to follow the rapid
change through the matrix [18]. Subsequently, a large AZ can be

used:

J .8,

(2) w
AT = Wal 1
5 " / Nf2,j
J
Nm
Nfz,j = max(1, 1nteger(m- + 0.5)) (2.15)

Y.

25N minimum value of Yo in period j

There will be Nf2,j((Nf1,j

that the sum of the Ag(l) increments in a period is

- ZNm)/Nfl,j) of these time steps, so

N.. .
N Acgl)+ £2. 3 (n_. -2 )Az;§2>
m . f1,] m  j
fi,]
I, jej ™ Ny s L
ST e S (2.16)
h| 1,3 1,3
J 8 A

= W] . W,j
- K) .
My (K )J
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which, from Eq. (2.9), is cj(ej).

(1)

Given a (AE,Ar *’) grid, the periodic steady state solution of

(™)

Eqs. (2.12) is sought. Given a vector of matrix states, X', the

periodic steady state has been obtained if after a complete numeri-

(1)

cal cycle through time, the resultant vector x is identically

©F

- 'The numerical cycle can be

(™)

thought of as a matrix operation on X H

equal to the input vector X

At steady state:
x(s) = é_E(S) +b (2.18)

One technique of determining the steady state solution is to suc-

1 2
cessively substitute vectors_g(o),_g( ),_5( )

.. in Eq. (2.17)
until Eq. (2.18) is satisfied. Maclaine-cross suggested a
numerical method that can increase the rate of convergence of the
iterative search for the steady state solution.

Maclaine~cross shows that:

) (2.19)

The matrix A is calculated by a simple alogrithm. An input vector

(N)

X is cycled through the finite difference calculations to pro-
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duce a resultant vector‘§(N+l). A single element (e.g., element i)

() )

of x is perturbed by a small amount §, producing x

()

perturbed vector x (Gi) is operated on by the finite difference

(ﬁi). The

calculations for a complete cycle to produce a perturbed resultant
N+1) ., N+1 N+1
D) 5 5. D) (5 y - s

vector x The vector-%(g ) is the ith

column of A. Equation (2.19) is a special case of the Newton-
Rhapson method [18].
For a linear system, such as for the sensible heat regenerator

with constant fluid and matrix properties, the matrix A is independ-

(w0

ent of x °. In the linear case, the steady state solution can be

(0) (L

obtained directly with x and x , 1.e., an initial guess at the

matrix and the resultant distribution after a single cycle, provided

(M)

A is known. For a nonlinear system, A depends on x . Maclaine-

() (8)

cross assumed that for x close to x' ', the system of equations

would be nearly linear, and appliéation of Eq. (2.19) would result
(8)

in an improved estimate of x 7.
Despite its elegance, the matrix solution technique is not

necessarily more computationally efficient than succéssive substitu-

()

tion. There are 2Nm elements of x for the heat and mass regen-

erator (tm',k and wj,k for Nm axial nodes), so 4 is 2Nm X 2Nm, and

2Nm + 1 numerical cycles are required to compute A. The computa-

(M)

tional effort required to make the iterative step from x to

(N+1) . . " N .
X using the matrix method is greater thamn that required in a
corresponding update using successive substitution by a factor of

at least 2Nm + 1. In application then, the matrix method is applied
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sparingly. Maclaine-cross found that using at most 4Nm successive
substitutions preceeding each application of the matrix method re-
sulted in satisfactory balance betweep the computational require-
ments and the rates of convergence for the two methods. 1In fact,
the author's experience is that for systems with well behaved
matrix properties, convergence is hbtained simply by successive
stubstitution in substantially less tham 4Nm iterations, so that
the matrix method is not applied.

Convergence was checked using two criteria. An overall moisture

balance on the air stream is

= 5 (w,
X ( i

J - Wj’z)/(um)j ' (2.20)

e, 1

The error: parameter e ig forced to be less than 2 x 10*6. The

exact nij efficiencies of the regenerator outlet states (see Chap-
ter 3) are also determined, and the maximum relative change in
these quantities in a single iteration is required to be less than
1 x 10_5. This implies that the outlet states of the regeneratdr
are changing only slightly in a single iteration. When these criteria
are satisfied, it is the author’s experience that the system energy
balance analogous to Eq., (2.20) closes with an error on the order
of 0.01%.

The accuracy of the finite difference solution for the regenera-
tor outlet states depends on the discretization error introduced by

the finite size of the (AE,A7) grid. Maclaine-cross showed that
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the discretization error in application of Eqs. (2.12) can be sub-
stantially reduced by taking advantage of the known second order
accuracy of the difference equations. The solution is determined
for three giid sizes, and the results are quadratically extra-
polated to zero grid size. In particular, let the three grid sizes
be denoted by Hi and the associated finite difference_solutions

be ¥;. If the relationship between the largest grid size, Hl’ and
the smaller size is HllH2 = 2 and Hl/H3 = 3, then the extrapolated

solution Yo 1is

27y, - 16y, +y,

¥, = — (2.21)

Most applications of the finite differemce solution in this
study used three (AEL,Ar) grid sizes and extrapolated the results
to zero grid size using Eq. (2.21). In certain situations, pri-
marily when the finite difference solution was jmplemented in an
open cooling cycle simulation, a two (Af,Ar) grid size extrapola-
tion was used in order to reduce computational cost. For this

linear extrapolation, H, =-% Hl’ and

Yo = Y1
Yo = Vgt 5 (2.22)

In every case, the largest grid mesh was determined using Egs.

(2.14) - (2.16).
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CHAPTER 3

ANALOGY SOLUTIONS FOR THE ROTARY HEAT AND MASS REGENERATOR

An analysis of combined heat and mass transfer by amalogy to
heat transfer alone has been developed by Banks, Clese and Maclaine-
cross [28-31,17,10,18,32-34]. Maclaine~cross and Banks [10,18]
showed that the governing equations for the rotary heat and mass
regenerator can be transformed into two sets of equations of the
same form as the governing equations for the rotary sensible heat
regenerator. The correspondence allows the performance of a re-
generative dehumidifier or enthalpy exchanger to be determined by
analogy to the performance of a sensible heat regenerator. The
method formulated by Maclaine-cross and Banks [10,18] accommodates
nonlinear desiccant sorption properties, but nonetheless intro—
duces a local linearization in the solution. Banks [34] has pro-
posed a nonlinear analogy solution. These two forms of the analogy
solution for the heat and mass regenerator are numerically evaluated
in this chapter. The outlet states predicted by the analogy metheds
" for an Leo = 1 silica gel dehumidifier are compared to those obtained
using the finite difference solution described in §2.4.3.

In order to place proper perspective on the comparison of the
two anmalogy solutiomns, a review of the approximate theory will be
given. Once the context has been established, numerical results

will be discussed in detail.
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3.1 The Combined Potentials and Capacitance Ratios

The transformation of the conservation and rate equations for
the heat and mass regenerator (Egs. (2.7)) into the same form as
the conservation and rate equations for the sensible regenerator
{(Egs. (2.1)) requires the definition of new dependent variables,
Fl and F2, and analogous capacitance ratios, Yl and Yz. This section
will priﬁarily serve to rigorously define these quantities, While
some comments on the thermodynamic constraints -on the Fi and Y; can "
be made, a better understanding of the physical significance of
these combined varisbles will come in the next section, where the
‘rqle they play in the transformed equations is more apparent.

Let X be the matrix of the partial derivatives of the regenera-

tor matrix enthalpy and water content with respect to the most air

enthalpy and humidity ratio, as shown in Eq. (3.1).

(3.1)

[
Il

The combined capacitance ratios, Y;» are the eigenvalues of X

(Yl'i YZ) as defined by Eq. (3.2).

det [~y L1l=0 (3.2)
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The partial derivatives of the combined potentials, Fi’ with respect

to air enthalpy and humidity ratio are defined by the left eigen~

vectors of §,.§i, as shown in Egs. (3.3).

- [ ) z) |
—i oi ’ oW .
W 1

i=1,2 (3.3

SR
ol ow
W i
E' = (3.4)
") 22)
| o1 Bw i
W 1
vy O
G = 0 ¥

then Eq. (3.3) may also be written as

iz
4
il
liep]
Il"-lzl'

(3.5)
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Since the eigenvectors_ﬁi may be chosen to be linearly inde-
pendent, the combined potentials, Fi’ are independent. In principle,
the air and regemerator matrik properties, and consequently the Yi»
can all be expressed as single valued functions of Fl and Fy. Since
the partial derivatives BFi/Bi)ﬁz and aFilaw)i appear in Eqs. (3.3)

and (3.5), it would seem possible to assign datums for F. and F2 at

1
a reference point, and by integration obtain Fl or F2 at any air
state. However, closer examination of the definitions of the Y; and
Fi reveals certain limitatioms.

The matrix definition of the Yi given by Eq. (3.2) can be ex-

panded to yield a quadratic expression for Yi’

ey _ V() oo\ _ar) o)
(ai)w Yi)(aw)i Yi) E)w)i ai>w 0 (3-6)

where Y1 is chosen to be less than or equal to 108 Equation (3.3)

can be expanded for i = 1 to show the relationship between_ii and Yy

as given in Egs. (3.7).

3F SF 5F
1} a1 STy oW - 1
aT) ﬁ) T o ) _i) S Y13 ) (3.7.a)
w W 1 W W
ey ) 37
) ow). Tw )W) T L /. - (3.7.5)
W 1 1 i 1
aF-l
Solving Eq. (3.7.b) for-ﬂzw' s
w

oF 3F
1y %% W 31
51 ) = ) (Yl_ 3 ))l aw> (3.7.0)
W 1 3 1
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If Eq. (3.7.¢c) is back substituted into Eq. (3.7.a) to elimin-
ate BFl/Bi)W, then it is evident that the partial derivative
aFl/Bw)i drops out of each term, and the result is the definition
of Y1 given by Eq. (3.6). Equations (3.7) can be repeated with
i =2 to a similar end. Thus, while 1y and Yy have unique wvalues
which are explicitly related to the regenerator matrix and air
properties, the derivatives BFi/Bi)W and aFilaw). do not. Rather,

9i W /.

uniquely determined by either Egs. (3.3) or (3.5). This suffices

oF . aF |
from Eq. (3.7.c¢) it is evident that only the ratio-7£> l) are
W 1

to determine paths of comstant Fi potential in the (i,w) plane,
but precludes determing values of Fl and F2 with respect to some
datum.

Because moist air enthalpy, i, and the regenerator matrix
enthalpy, I, and water content, W, afe most frequently known as
explicit functions of air temperature and humidity ratio, it is
convenient to recast some of the definitions given above in terms

of these variables.

The ratios o are defined by

BFi )
. ow
- ot ) _ t
Q, = - =— = (3.8.&)
i ow F:. BFi
at
w

so that oy is the negative inverse of the slope of a line of con-
stant Fi on a (t,w) psychrometric chart. Equations (3.6) and

(3.7.c) can be manipulated [18] to show that
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i=1,2 (3.8.b)

cam e gy fms a]
ot 3t Now ow ow oW w ow

The di and the Y; are related by

M _ W

Yi T w T ht % i=1,2 j=3-1i (3.9)

By integrating Eqs. (3.8) for oy 5 paths of constant Fi in the
(t,w) plane can be determined. Lines of comstant F. and F2 for a

1

moist air-silica gel system (see §4.1 the nominal silica gel pro-

perties) are shown on a psychrometric chart in Figure 3.1, superim— :

posed on lines of constant adiabatic saturation temperature and
relative humidity. The Fl lines resemble lines of constant moist
air adiabatic saturation temperatufe (and enthalpy), and F2 lines
resemble relative humiditj {and matrix water content) lines. How-
ever, as was previously mentioned, the Fi potentials do not have
values which may be explicitly related to the equilibrium pro-
perties of the moist air-adsorbent system.

The s for the moist air-silica gel system are shown in Figure
3.2, superimposed on lines of constant Fl and F2' The values of Y1

vary from 0.20 to 0.75 for the (t,w) range shown, while Y, varies

from 5.0 to 50.0. At any point, Yo is between 10 and 100 times
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greater than Yl' For this particular desiccgnt, the Yl.lines are
similar to Fl lines, and the Yo lines are roughly parallel to FZ
lines.

Banks [28] has thoroughly considered the thermodynamic con-
straints on the ratios ®; and the eigenvalues Yie For many desic-

cants, the heat of sorption, is’ is greater than the heat of

vaporization of water, iv (Chapter 4). In this case, oy and Oy
are bounded by
- _ 3t
O‘a"aw) D
a
(3.10)
1
o, = aW>r<mz<0

where the subscript a refers to constant adiabatic saturation
temperature, and r refers to constant relative humidity. Plotted
on a (t,w) psychrometric chart, the Fl lines are less steep than
lines of adiabatic saturation temperature and the F2 lines are
steeper than relative humidity lines. The moist air silica gel
system has is_z iv’ and from Figure 3.1 can be seen to satisfy
Egqs. (3.10). In the limit of negligible matrix adsorption, the Fl
lines become lines of constant humidity ratio, w, and the F2 lines
are lines of constant temperature, t. As the slope of the sorption
isotherm (Bwlar)t) increases, the Fy and F, lines tend toward

adiabatic saturation temperature and relative humidity lines re-

spectively [28]. At any (t,w), Eq. (3.11) holds.
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A0y = 00 (3.11)

For desiccants with iS z_iv, the Y; are bounded by

0<'Yl<o’

(3.12)
g <y <
2

where 0 is the ratio of matrix to air thermal capacitance
oL 9i . . . .
3¢ /-EE . introduced in §2.3. As shown in Fig. 3.3, the
W W
Yq for the moist air silica gel system satisfy Eqs. (3.12). The
lower bounds in Egs. (3.12) correspond to negligible matrix sorp-

tion, while the Yy tend to the upper bounds as (SW/ar)t becomes

large [28]. For any desiccant, the Y are related by Eq. (3.13).

- M
YiYy =0 oy )t (3.13)

3.2 Transformation of the voverning Equations

Using the new quantities Fi and v, defined in §3.1, Maclaine~
cross and Banks [10,18] have shown that the conservation and rate
equations for the regemerative heat and mass exchanger (Egs. 2.7)

can be written as
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aFlm aFif
My Yim 56 T Yy Tox 0
i=1,2  §=1,2 (3.14)
oF
if
Vs Tox - 01,5 Fim T Fig)

which represents two sets of equations in the new variables F1 and
Fz.
The transformation of Eqs. (2.7) to Egs. (3.14) requires that

the following two assumptions be made:

oF, oF . oF . oF .
im __if . __im = if (3.15.2)
o1 BT aw [ Taw /| Bt
W w i i

Le = = 1.0  (3.15.b)

Before discussing the advantages of modeling the heat énd mass re-
generator by Eqs. (3.14), the implications of these assumptions
should be considered.

The copstraint given by Egqs. (3.15.a) is satisfied exactly if
the matrix and air states are everywhere in equilibrium (tm = tg,
w = wg) or if BFi/Bi)W and BFi/BW)i are constants. The equili-
brium condition requires that the transfer coeffic%ents J, and Jt
be infinite. Alternatively, constant partial derivatives implies
that the Fi are linear combinations of moist air enthalpy and

humidity ratio, and lines of comstant Fi are straight and parallel

in the (i,w) piane. The silica gel Fi shown in Figure 3.1 do not
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satisfy this condition, and from Eq. (3.11) it may be deduced that
ﬁo real material can have constant aFi/Bi)W and BFi/BW)i. Since
for any real system, the transfer coefficients are finite and the
'Fi are not linear in enthalpy and humidity ratio, Eqs. (3.14) are
inherently an approximate representation of the conservation and
transfer rate equations (Egqs. (2.7)) for.the rotary heat and mass
regenerator. It may be postulated that the error associated with
this approximation should decrease as J £ and Jw increase, and can
also be small if in the (i,w) region considered the F, are nearly
linear in i and w. Nonetheless, no a priori estimate of the
effect of this approximation has been made, and the accuracy of
Egs. (3.14) for a particular system can only be determined by
numerical experimentation.

The assumption that Le = 1 (Eq. (3.15.b)) is closely satisfied
in air conditioning regenerators in which convection dominates
the transfer processes. However, there can be considerable resis-
tance to water vapor diffusion in the adsorbent even though the
thermal diffusivity of the desicecant is large.(§2.4.1). In this
case, Le0 may be considered greater than unity. If Le0 # 1.0, an

additional term containing (F ) appears in the

(3-i)m ~ F(3-i)f
transfer rate expression in Egs. (3.14), coupling the Fi trans-
fer rates [17,18,34]. While additional manipulation can produce
a form of Eqs. (3.14) for Leo # 1.0 [18,34], Banks has found these

approaches to be unsatisfactory [33,104]. However, in the few

cases in this study where Le0 > 1.0 is considered, the modified
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method proposed by Maclaine-cross [18] is used.

Despite the foregoing caveats, Egqs. (3.14) are intriguing. By
comparison of Eqs. (3.14) for the heat and mass regenerator and Egs.
{2.1) for the sensible heat regenerator, F1 and F, are shown to be
combined heat and mass transfer potentials that are analogous to
temperature, t, in heat transfer. The Yi play a role in the per-
formance of a heat and mass regenerator analogous to that of o,
the thermal capacitance ratio, in the sensible heat exchanger. The
analogous transfe? coefficients, Ji 32 are transforms of the com—

3

bined mass transfer coefficients, J

.« For the Le = 1 case con~'
w,] o

gidered here, Ji,j = Jw,j [10,18].

The remarkable correspondence between Egqs. (3.14) for the de-
humidifier and Eqs. (2.1) for the sensible regenerator is incom-
plete, because Eqs..(3.14) are usually nonlinear and coupled through
the Yim' In order for Egs. (3.14) to be uncoupled, y; ¢an depend
only on its respective Fi' If this condition is satisfied, then
on a psychrometric‘chart such as shown in Figure 3.2 the Y lines
would be parallel to the respective Fi lines. However, for the
silica gel system (Figure 3.2) and most other desiccants (Chapter
5), each Y5 is at best only approximately a function of its Fi'
The practical utility of the Fi equations for the dehumidifier
arises because the analogy to the sensible regenerator is applied
regardless of whether Eqs. (3.14) are coupled or not. Treating
the Fi equations as though they wereruncoupled allows the de-

humidifier to be modeled as the superposition of two independent
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exchangers, each of which can be analyzed by analogy to a sensible
regenerator. The accuracy of this deliberate apprdximation can
only be determined by numerical experiment.

There are two potential agpplications or functions for the
analogy solution. 1In the first instance, the analogy to a semnsible
regenerator can be employed to readily gain understanding of the
operation of the rotary heat/mass regenmerator, It can also be used
as a rapid numerical ﬁethod to predict regenerator outlet states
for arbitrary sets of matrix properties and inlet conditions when
the computational expense of a conventional finite difference
solution (82.4.2) is not warranted. Both applications of the

analogy are used in this work.

3.3 Insight by Analogy: Equilibrium Exchange Systems

A special case of Eqs. (3.14) arises when Jw and Jt i tend

%

to infinity. In this limit, equilibrium transfer processes occur.

At every point in the matrix, te = €, Ve =W, and hence,

i
Fim = Fif' Then, Egs. (3.14) may be written as
BFi aFi .
8! ¢ +—L =9 i,3=1,2 (3.16)

j i,j 98" ax'

where the dimensionless variables 8' and x' have been introduced

and C, . = ( D
1,] UKYl |
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Equations (3.16) are first order kinematic wave equations which
describe the equilibrium changes in air and matrix states in terms
of the Fi potentials [18,96). Similar wave equations with t'

(82.3) as the independent variable describe the equilibrium heat
transfer in the rotary sensible heat exchanger [10,18,47,94,96].
Contours of the Fi waves can be drawn on the coordinate system
shown in Figure 2.3 to produce wave diagrams. The superposition
of F. and F2 wave diagrams can be used to solve Egs. (3.16).

1

The F, wave fronts propogate with velocities V., ., = 1/(g'.C, .).
i 1,1 3 3,1

If the Y, are constant, there is a uwnique velocity associated with
each Fi wave, and Fi changes propogate as sharp discontinuities
through the matrix. The propogation of a uniform step change in
Fi potential at a peried inlet is represented on a wave diagram
by a single straight line through the origin with slope Vi' This
ig illustrated in Figure 3.4.a. If the Y; @re not constant (as
is the case for most sorbents) then the velocities of the Fi waves
vary with the state of the matrix. Since the wave velocities are not
constant, the wave fronts can change shape as they pass through'the'
matrix [47,96]. For example, if Y; at the initial stage of the
matrix is less than y; at the state of the air input as a step
change to the matrix, then the Fi wave front will broaden as it
passes through the matrix. If Yq depends only on its respective
Fi’ then the broadening wave is represented on a wave diagram by a
diverging fan of straight limnes of constant Fi through the period

origin. This.behavior is shown in Figure 3.4.b. If Y depends on



