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nounced decrease in COPt with increasing regeneration temperatures
than do the balanced flow systems.

The unbalanced flow Level I recirculation cycleperforms at
least as well as the Level I ventilation cycle in all three loca-
tions. However, as the performance level improves, the gas fired
ventilation cycle consistently performs better than the recircula-
tion cycle. The COPt for the Level III ventilation cycle are about
25% greater than those for the Level III recirculation cycle in all
of the locations considered.

Despite the improvement in system performance obtained through
unbalanced flow operation, Figures 7.16.a and 7.16.b through Figures
7.18.a and 7.18.b show that the gas fired desiccant cooling systems
still generally consume more.primary resource energy than does a
vapor compression macﬁine with an average COPe,vc of 2.5. Only the
Level III ventilation system with a regeneration temperature of 65°C
or 85°C in Fort Worth and Washington uses less resource energy than
the vapor compression air conditioner. However, in all locations
except Miami, the operating costs of the Level I desiccant systems
become competitive with the conventional air conditioner at Se/Sf
cost ratios of 7.0, and the improved systems are cost competitive at
lower cost ratios. It is interesting to note that it is the COPt
rather than the COP, of the gas fired Level II and Level III systems
that must be increased in order to significantly improve the resource
energy conservation and cost competitiveness of the desiccant systems

compared to the conventional vapor compression air conditioner.
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The performance of unbalanced flow solar assisted desiccant
cooling systems is compared with that of gas fired systems in Fig-
ures 7.19-7.21 for an 85°C auxiliary regeneration temperature. The
data shows a marked improvement in COP, of the unbalanced flow solar
assisted systems, so that even the Level I systems consume less
primary energy than does the conventional air conditioner everywhere
except Miami. Despite the fact that the COPt of the ventilation
cycle is generally greater than that of the recirculation cycle, the
solar assisted recirculation cycle has higher COPa than does the
ventilation cycle in Fort Worth and Washingtom. This occurs because
the amount of solar energy collected in the recirculation cycle is
insensitive both to level of system performance and flow unbalance,
while in the ventilation system, the amount of solar energy collected
decreases as the level of component performance increases. On the
average, the Level III recirculation cycle collects and utilizes
about 407 more solar energy than the Level III ventilation cycle,
and the 'free' energy input more than compensates for the lower
recirculation cycle COPt.

The performance of exclusively solar fired unbalanced flow
desiccant cooling systems is also given in Tables 7.16-7.18. 1In
Fort Worth and Washington, the unbalanced flow solar fired systems
maintain room comfort for significantly larger fractions of the
time than their balanced flow counterparts. The unbalanced flow
solar fired recirculation cycle maintains a higher level of comfort

with the 40 m2 collector array than does the ventilation cycle. The
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Level III recirculation cycle.is able to maintain the room state in
the comfort zone for about 88% of the time in Washington and about
70% of the time in Fort Wofth, though the comfort fraction in Miami
is only about 10%. The collector array would have to be increased
to at least 50 m2 to approach a 907 comfort fraction with the solar
fired recirculation cycle in Washington and Fort Worth, although
the minimum required area in Miami is at least 60 m2. The solar
fired ventilation cycles would require about 207% more collector
area than the recirculation cycles to maintain the same level of
room comfort. The Level III solar fired recirculation cycle has 'V
COPe s of about 9 in Fort Worth and Washington, and about 5 in

»

Miami. The corresponding values of COPe,s for the Level III venti-
lation cycle are 13 in Fort Wortﬁ and Washington, and 9 in Miami.
The Level II and Level I system values of CO?fPe’s are respectively
about 1/2 and 1/3 of the solar fired Level III system values. In
Miami, the state of the art recirculation cycle system fired with a
40 m2 collector array has a lower COPe,s than the conventional vapor
compression air conditiomer.

The desiccant cooling systems all have a regenerative evapora-
tive cooling mode. However, the simulation results indicate that
this mode of operation is seldom if ever used in the gas fired or
solar assisted systems, although it is occasionally employed in
solar fired systems. The comfort region used in this study was

too stringent for the regenerative evaporative cooler to play an

important role in system operation, and only when the room state
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drifted significantly outside of the comfort zone, as often occurred
in solar fired desiccant system operation, could the regenerative
evaporative cooler usefully operate.

To this point, the simulation results have been analyzed in
terms of break—even primary energy consumption and operating cost.

A slightly different perspective is gained if the annual operating
costs of the systems are compared. For the purposes of this dis-
cussion, it is assumed that the July performance of the desiccant
systems is representative of the average seasonal performance. A
limited number of seasonal simulations of the desiccant systems
indicate that this is a reasonable approximation.

Along with the simulation results for the vapor compression air
conditioner in Table 7.13 are the July and seasonal operating costs,
based on electricity at $0.10/(kW-hr). The seasonal cost of operat-
ing the nominal vapor compression machine is greatest in Miami, at
$532, followed closely by Forth Worth, with a $496 bill, and trailed
by Washington, where the seasonal cost of air conditioning is only
$274.

The seasonal operating costs of the Level III desiccant cooling
system are given in Table 7.19, based on electrical energy at
$0.10/(kW-hr) and thermal energy (gas) at $4.00/gJ ($4.00/1000 ft3),
which gives an energy cost ratio of 7. The gas fired and solar fired
Level III ventilation cycles have lower operating costs than the
corresponding Level III recirculation cycles, and the differences

between the solar assisted desiccant system operating costs are very
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Table 7.19 Seasonal operating cost of Level III desiccant
systems, based on July performance, $0.10/kW~hr
.electricity, $4.00/gJ gas
system mode/taux Miami Fort Worth Washington
vent gas 85 319 271 151
recirce gas 85 378 318 171
vent s/g 85 229 151 99
recire s/g 85 256 149 _ 86
vent solar 156 9é‘ 62
recirc solar 272 143 86

vos
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small. In all three locations, the operating cost of the gas fired
ventilation cycle is 60% of that for the conventional air condi-
tioner. When assisted by a 40 m2 collector array, the desiccant
systems in Miami cost about 40% as much to operate as the vapor com-
pression air conditioner, while in Fort Worth and Washington the
cost of operating the solar assisted systems is only 30% of the
operating cost of the conventional air conditiomer.

To justify the cost of the 40 mz of collector by operational
cost savings, the operating cost of the solar assisted desiccant
system must be compared to that of the gas fired desiccant system,
since the air conditioning apparatus is the same in each case. Thus,
total annual savings of about $100 in Miami and Fort Worth, and $50
in Washington, can be used to offset the additional cost of the 40
m2 collector array. If it is assumed that the energy contribution
of the solar system scales directly with collector area, this repre-
sents an annual net savings of $l.25/m2 to $2.50/m2 of collector.
The differential savings rate for the solar fired systems ranges
from $2.00/m2 to $4.00/m2. Since the air based solar heating sys-
tem costs on the order of $200/m2 to install, these savings repre-
sent an annual return on investment of at most 2%. These results
scale directly with electrical and thermal energy costs if the ratio
of these costs is constant. Higher cost ratios, indicating a rela-
tive decrease in the cost of thermal energy, will improve the econ-
omic evaluation of the gas fired desiccant systems in comparison to

conventional vapor compression air conditioners, but will decrease
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the utility of the solar heating system, which uses electricity to
offset the consumption of natural gas. Conversely, lower cost
ratios improve the economics of the solar heating system, but make
it more difficult for the desiccant systems to be cost competitive
with the vapor compression air conditioner. Thus, even though the
solér~heating system can significantly reduce the primary energy
consumption of the desiccant cooling system, the incremental cost
savings do not seem to favor solar operatiomn.

The comparisons just made indicate that the very high perfor-
mance desiccant cooling systems cost about 60% as much to operate
as a state of the art vapor compression air conditioner. However,
considerable development effort separates the state of the art Level
I desiccant system prototypes currently available and the Level III
systems. It is conceivable that a similar development effort de-
voted to the vapor compression air conditioner could result in a
considerable improvement of the COPe,vc' The cbst data in Tables
7.13 and 7.19 indicate that for an energy cost ratio of 7, a vapor
compression air conditibner with COPe,vc of 4.2 would break even in

operating costs with the gas fired Level III ventilation cycle air

conditioner.

7.5 Additional Considerations

The simulation results in §7.4 indicate that the average thermal

COP of the gas fired Level III ventilation cycle is in the neighbor-
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hood of 0.90, and the electric COP is about 18.0. 1In order to sig-
nificantly improve the performance.of this system relative to the
vapor compression air conditioner, the COPE, rather than the COPe
must be increased. The discussion in §4.5 suggests that there is
little hope in dramatically improving the ventilation cycle COPt

by altering the matrix propertiés. The desiccant system analysis
was based on dehumidifiers with AW = 20 and a heat exchanger with
an effectiveness of 0.95, which is very nearly equivalent to the
Level III desiccant systems modeled in the TRNSYS simulation study.
As shown in Figure 7.22, little improvement in system specific
cooling capacity or COPt is obtained by increasing the dehumidifier
AW above 20 for the nominal silical gel. However, as illustrated
in Figure 7.23, increasing the A, of the dehumidifier with a large
thermal capacitance matrix does improve the design point performance
of the balanced flow ventilation cycle. As a result, the large
thermal capacitance dehumidifier with A, = 60 results in a COPt nearly
20% above that obtained with the nominal silica gel dehumidifier
with A, = 60. However, as shown in Figure 7.23, the large thermal
capacitance matrix with high A, has a specific cooling capacity
about 10% less than that obtained with the high AW nominal silica
gel dehumidifier. Thus, by increasing the thermal capacitance of
the matrix, a decrease in the specific cooling capacity (and hence,
an increase in the physical size of the machine or a decrease in the
COPe) can be traded for an increase in the COPt of the cycle. How-

ever, as mentioned in §4.5, the variation in the COPt and specific
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cooling capacity of the large thermal capacitance dehumidifier
system with UK suggests a strong dependance on operating conditions.
The optimization of the system design for seasonal, as opposed to
design point, performance is particularly important in this in-
stance. However, assuming that the same ratio between design point
COP. and seasonal average COP. can be attained with the large ther-
mal capacitance dehumidifier as results for the nominal silica gel
dehumidifier, then it should be possible to realize a seasonal aver-
age COP. on the order of 1.1 with these advanced systems.

The desiccant cooling systems and the vapor compression air
conditioner modeled in §7.4 were somewhat oversized for the selected
cooling load, as evidenced by the relatively low cycle times during
July. This has no effect on the performance predictions, since
quasi-steady state models are employed for the air conditionefs.
Furthermore, in a practical residential application, oversizing
a central vapor compression air conditionmer will probably not have
a serious effect on either the room comfort or the performance of the
air conditioner, since the start up transients in system performance
disappear in minutes [121]. In contrast, on-off cycling of the
desiccant cooler may adversely affect system performance, because
of the slow transient response of the rotary dehumidifier. A cold
start up response of a ventilation cycle is illustrated in Figure
7.24, based on a transient dehumidifier model developed by Brande~
muehl [47]. In this worst case example, the silica gel dehumidifier

is assumed to initially be uniformly in equilibrium with room state



385

1.0 T |

4 e ==ee COP
—=me CQpaACity

o

CAPACITY
CAPACITYq

Ihr ‘ 2hr
/, TIME

CoP
COPg

3hr

Figure 7.24 Cold start up transient of a ventilation cycle




390

air, and responds to a sudden activation of the desiccant cooler.

As shown on Figure 7.24, about 3 hours are required for the system
to approach steady state operating conditions. Most transients
experienced in practice would be less severe, since during the
cooling season it is unlikely that the dehumidifier will ever
equilibrate with room state air. Experience with the AiResearch pro-
totypes indicates that the start up transients in system performance
persist fof on the order of 1/2 hour [66]. However, this response
time is still sufficiently long to suggest that rather than on-off
control, modulation of cooling capacity by using a multi-speed
blower might be considered in the design of a practical desiccant

cooling machine.

7.6 Conclusions

Three levels of ventilation and recirculation cycle design have
been evaluated by TRNSYS simulation of July operating in Miami,
Fort Worth, and Washington D.C. The residence modeled has a 5.7 kW
(1.6 ton) Miami design cooling load. Both balanced and unbalanced
flow operation of gas fired, solar assisted, and solar fired desic-
cant cooling systems were studied. Simulations of a commercially
available vapor compression air conditioner provided reference
levels of energy consumption and room comfort.

The simulation results show that umbalanced flow operation can

significantly improve the thermal COP of the recirculation cycle.
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The Level I, or state of the art, umbalanced flow ventilation and
recirculation cycles have nearly equivalent performance characteris-
tics. However, the Level I systems use considerably more primary
energy than the conventional air conditiomer, and only break even in
operating costs if the ratio of the cost of electricity to the cost
of thermal energy is at least 7. Level III systems, with a high
performance heat exchanger and dehumdifier, are required in order
for the gas fired desiccant cooling cycles to use less primary
energy and have significantly lower operating césts than the con-
ventional vapor compression air conditioner. The Level III ventila-
tion cycle performs better than the corresponding recirculation
cycle. TFor an energy cost ratio of 7, the operating cost of the
Level II1I ventilation cycle is about 60% of that of the nominal vapor
compression machine.

An air based solar heating system with 40 m2 of flat plate col-
lector is able to supply at least 50% of the thermal energy required
by the Level III desiccant systems to meet the modest residential
cooling load modeled in this study, significantly reducing the pri-
mary energy consumption and operating costs of the cooling systems.
The solar assisted Level III recirculation generally uses less
auxiliary thermal energy than the ventilation cycle, although the
operating costs of the two systems are very nearly equal. The
solar heating system alone can not provide enough energy for the
desiccant cooling systems to maintain room comfort. The minimum

required collector area for the solar fired Level III recirculation
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cycle to maintain room comfort is at least 60 mz. Analysis of the
operating-costs of the desiccant systems showed that if electricity
costs $0.10/(kW-hr) and thermal energy costs $4.00/gJ, then addition
of the solar heating system to the desiccant cooling system results
in an annual return on investment of about 2%. This figure scales
directly with increasing enmergy costs if the emergy cost ratio is
constant. Increasing the cost of electricity relative to the cost
of thermal energy has an adverse effect on the economics of the solar
heating system.

The simulation results showed that the thermavaOP of the high
performance desiccant systems must be improved to improve their
cost competitiveness with conventional vapor compression air condi-
tioners. The design point COPt of the high performance ventilation
cycle can be increased by about 20% by use of a very high AW dehumid~
ifier with a large thermal capacitance matrix, although this increase
in COPt comes at the expense of system cooling capacity. This could
result in seasonal average COP,. on the order of 1.1.

This study suggests that if development of the desiccant cool-
ing system is to be continued, effort should be devoted to the
seasonal optimization of a high COP, ventilation cycle with a high

performance, large thermal capacitance dehumidifier.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

This study has focused on four topics: the numerical accuracy
of the analogy solution for the rotary dehumidifier, the effect of
matrix properties on the performance of a rotary dehumidifier,
the recirculated purge of the rotary dehumidifier, and simulations
of the seasonal performance of the ventilation cycle and the re-
circulation cycle desiccant air conditioning systems.

Two forms of the analogy solution were evaluated. The inter-
section point method, which relies on linearization of the Fi po-
tential lines, and the nonlinear analogy, which utilizes approxi-
mate nonlinear Fi functions, were both used to predict the outlet
states of a counterflow, Le, = 1 dehumidifier composed of silica
gel. The accuracy of these approxomate solutions was determined
by comparison with a finite difference solution, and the design
point results are summarized below.

1. The errors in the intersection point method solution are
generally about half the magnitude of the errors in the non-
linear analogy solution.

2. The accuracy of the analogy solutions is sensitive to the
dehumidifier rotational speed through the analogous parameter
C?,Z' In an intermediate range of rotational speeds, where
0.85 < C§’2 < 2.0, the gnalogy solutions are quite inaccurate.

However, this range of rotational speeds would not normally be
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considered for dehumidifier operation. For rotational speeds
resulting in near optimum dehumidifier operation, errors in
the predicted process stream outlet state of at most 1.0°C
and 0.5 g/kg and as small as 0.1°C and 0.1 g/kg are observed.
3. The accuracy of the analogy solutions is also affected by, in
order of declining importance, the dehumidifier inlet states,
the NTUo of the dehumidifier, and the air flow rate balance
in the dehumidifier.
4, The accuracy of the nonlinear analogy solution is sensitive
to both the accuracy and the nonlinearity of the approximate
Fi(t,w) curve fits. A significant portion of the errors in the
outlet states is due to small errors in the approximate func-
tions used to fit the Fi potential lines. However, even if
highly accurate Fi(t,w) curve fits were found, the errors in the
nonlinear analogy solution are expected to be at least as great
as those in the intersection point method. In addition, a
family of functions gives equally accurate curve fits of the
Fi potentials. The accuracy of the nonlinear analogy solution
is affected by the particular functions chosen to represent
the Fi’ and is adversely affected as the Fi(t,w) functions
become increasingly nonlinear.
The analogy and finite difference models of the silica gel de-
humidifier were incorporated into models of the ventilation and
recirculation cycle desiccant air conditiomers, and were used in

simulations of the 6 month Miami cooling season performance of



these systems. Comparison of the system COPt and COP, predicted

using the different dehumidifier solutions indicated the accuracy

of the analogy solutions as a desiccant cooling system simulation
tool.

5. There is at most 6% difference between the COP, and COP, pre-
dicted using the finite difference and the intersection point
method dehumidifier models. The nonlinear analogy method is
able to predict system performance within 157%.

6. The systém simulations based on the analogy solutions require
at most 1/70 as much computer time to complete as do those

using the finite difference model.
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The intersection point method was applied to dehumidifiers with

matrix properties other than those of the nominal silica gel. The

analysis resulted in several conclusions regarding the effect of
matrix properties on the accuracy of the analogy solutions.

7. The analogy solution is reasonably accurate for a LeO =1

dehumidifier composed entirely of a desiccant with a favorable

adsorption isotherm and a thermal capacitance equal to that of

silica gel (921 J/(kg-°C). The solution for the type 1 iso-
therm, characteristic of microporous silica gels, has the

least error.

8. The errors in the predicted outlet states increase as either the

overall Lewis number, Leo, or the thermal capacitance, cm, of

the dehumidifier increases. For Leo = 4.0 or e, = 3350

J/(kg-°C), the minimum errors in the predicted outlet state
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temperature and humidity ratio are on the order of 53°C and 1.5
g/kg.

9. The analogy solution fails for materials with a type 3 or type
5 adsorption isotherm, which are characterized by heats of ad-
sorption less than the heat of water vaporization.

10. When used in a simulation of the long term operation of a
ventilation cycle desiccant air conditioner, the intersection
point method overpredicts the seasonal COPt of a system wi;h a
type 1 isotherm desiccant dehumidifier by 2%. The correspond-
ing error for a system with a large thermal capacitance de-
humidifier is 25%.

In summary, the intersection point method is an accurate approx-
imate solution for a Leo = 1, high NTU0 dehumidifier with a low
thermal capacitance matrix composed of material with a favorable
adsorption isotherm, and is suited for simulation of the long term
operation of desiccant cooling cycles,.

The effect of matrix properties on the performance of the
rotary dehumidifier was studied using the finite difference model,
and the collateral effects on the design point performance of a
ventilation cycle desiccant air conditioner determined. For the
purposes of the parametric study, a material with a linear adsorp~
tion isotherm was taken to be the nominal desiccant. The observed

performance variations can be briefly summarized.
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The nominal linear isotherm dehumidifier performance can be
improved by using a desiccant with the type 1 isotherm charac-
teristic of microporous silica gels or by increasing the maximum
water content of the linear isotherm material.
The nominal dehumidifier performance is degraded if materials
with a type 3 or type 5 isotherm, a large heat of adsorption,
a hysterisis loop in the adsorption isotherm or Leo > 1.0 are
utilized, or if nonadsorbing materials that increase the matrix
thermal capacitance are used in the matrix structure. An iso-
therm with a large hysterisis loop can produce an effect on
the dehumidifier outlet states equivalent to Leo between 9 and
13.
Most modifications of the nominal linear isotherm dehumidifier
properties result in offsetting changes in the design point
COPt and specific cooling capacity of a ventilation cycle desic-
cant air conditioner. TFor example, the type 1 isotherm dehumid-
ifier results in a higher specific cooling capacity but lower
COP, than the nominal linear isotherm dehumidifier, while the
large thermal capacitance dehumidifier has a higher COPt but
lower specific cooling capacity than the nominal case. Increas-
ing Leo or using a material with a hysterisis isotherm degrades
both the specific cooling capacity and the COPt of the desiccant

cooling cycle.
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In summary, the use of microporous adsorbents, such as silica
gel, results in high performance dehumidifiers. It does not appear
as though radical improvements in either dehumidifier or desiccant
cooling system performance will be attained by optimization of
desiccant properties.

The average humidity ratio of the dehumidified process air
stream can be decreased if a portion of the air stream is purged
as it leaves the rotary dehumidifier. The performance of a counter-
flow dehumidifier in which flow is purged and recirculated to pro-
duce a nonuniform inlet condition in the regenerating period was
studied using both an equilibrium model based on the analogy theory
and a finite difference model of the dehumidifier. Two purge
geometries were considered and a Leo = 1 silica gel dehumidifier
with either a low or a high thermal capacitance matrix was analyzed.
The effect of purged dehumidifier operation on the design point
performance of a ventilation cycle.and a recirculation cycle
desiccant air conditioner was investigated. This‘study led to the
following conclusions.

1. The equilibrium analysis of the purged dehumidifier using
the analogy theory provides excellent qualitative under-
standing of the effect of purging on dehumidifier per-
formance.

2. The dehumidifier performance is affected by the magnitude
of the purge angle, but is only slightly influenced by

the geometry of the flow recirculation. Recirculation of
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flow purged from the initial portion of the process period
to the final portion of the regenerating period results in
slightly lower process stream outlet humidity ratios than
can be obtained if the purged flow is recirculated to the
initial portion of the regenerating period.

While the humidity ratio of the process air stream is in
fact lowered by purged dehumidifier operation, the
dehumidification per unit total air flow through period

1 of the dehumidifier decreases as the purge angle in-
creases unless the humidity ratio of the regenerating

air stream is considerably greater than that of the
process air stream entering the dehumidifier.

A dehumidifier with a large thermal capacitance matrix
benefits more from purged operation than does a dehumid-
ifier with a low thermal capacitance, but still results in
poorer dehumidification than is obtained with a low thermal
capacitance matrix. The maximum increase in .dehumidifica-
tion per unit total period flow rate was 87 for the large
thermal capacitance dehumidifier and 4% for the low ther-
mal capacitance matrix.

The enhanced dehumidification of the purged dehumidified
can be matched by the unpurged dehumidifier if the NTUo

is increased by a factor of four or if the regeneration

temperature is increased by about 4°C,
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6. The recirculation cycle desiccant air conditioner benefits
more from use of the purged dehumidifier than does the
ventilation cycle, and purging the large thermal capacitance
dehumidifier results in greater system performance im~
provements than does purging a low thermal capacitance de-
humidifier. The recirculation cycle system with a high
thermal capacitance purged dehumidifier has a higher CoP,
than the recirculation cycle system with a low thermal
capacitance purged dehumidifier, and has comparable speci-~'
fic cooling capacity. The ventilation cycle system with a
large thermal capacitance purged dehumidifier has a
slightly higler COPt but a significantly lower specific
cooling capacity than the ventilation cycle with a low
thermal capacitance purged dehumidifier. The COPt of the
ventilation cycle with a purged dehumidifier is greater
than that of the corresponding recirculation cycle.

In summary, the performance of the silica gel dehumidifier and
of desiccant cooling machines is enhanced by recirculated purge op-
eration of the dehumidifier. The significance of the performance
improvements depends on the constraints on the design of the de-
humidifier or the cooling system.

The seasonal performance of the ventilation cycle and the re-~
circulation cycle desiccant air conditioners was determined by
TRNSYS simulation of system operation in three representative U.S.

locations. Balanced and unbalanced flow operation of gas fired,



401

solar assisted and solar fired desiccant coolers with three perfor-
mance levels was studied. The nominal system parameters were chosen
to reflect current generation prototypes. Two levels of improved
systems were also simulated, the highest performance level being
representative of systems with low pressure drop, high NTUo compon-
ents. The silica gel dehumidifier was modeled using the intersection
point method, and was assumed to have LeO = 1 and a low thermal
capacitance matrix. The residence modeled had a 5.7 kW (1.6 ton) de-
sign cooling load. An air based solar heating system with a 40 m2
array of flat plate collectors was incorporated with the desiccant
cooling systems to study solar assisted and solar fired operation.

A commercially available vapor compression air conditioner was also
simulated to provide reference levels for energy consumption and
room comfort. The energy consumption of the desiccant cycles was
compared to that of the electrically driven vapor compression
machine by discounting all thermal and electrical energy use to a
fossil fuel (primary emergy) basis. The desiccant air conditioners
were compared to the nominal vapor coﬁpression air conditioner on the
basis of the primary energy use and operating costs of the systems.
The conclusions of this study are summarized below.

1. The performance of the desiccant air conditioners is
improved if part of the regenerating air stream is bypassed
around the furnace and the regenerating period of the de-
humidifier, unbalancing the dehumidifier flows. The

seasonal COPt of the recirculation ¢y¢leis increased by
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up to 50% by unbalanced flow operation, while the COP. of
the ventilation cycle is increased by up to 10%.

The Level I (state of the art) recirculation cycle with
unbalanced flow performs as well as the Level I ventila-
tion cycle. However, the COPt of the Level III (high
performance) ventilation cycle is generally about 25%
greater than that of the Level III recirculation cycle.

The gas fired Level I systems use considerably more primary
energy than does the conventional air conditiomer, though
the systems will have equal operating costs if the ratio

of the cost of electricity to the cost of thermal energy

is about seven. The gas fired Level III systems consume

at least as much primary energy as the comventional air
conditioners, but the oﬁerating cost of the Level III
ventilation cycle is about 607 of that of the conventional
air conditionmer at an energy cost ratio of seven.

The solar assisted desiccant air conditioners use consid-
erably less primary energy than the conventional air condi-
tioner. fhe solar assisted Level III ventilation and re—
circulation cycles have approximately equal operating costs,
and the seasonal cost of operating these systems is between
30% and 40% of the seasonal cost of running the conventional
air conditionmer. However, the marginal improvement in
operating cost savings over that obtained with the high per-

formance gas fired ventilation cycle is insufficient to
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economically justify the addition of the collector array

at current energy costs. Assuming that the cost of
electricity is $0.10/(kW-hr) and the cost of thermal

energy (natural gas) is $4.00/gJ (an energy cost ratio of
seven), then the annual return on the investment required
to install the solar system is about 2%. This figure
scales directly with the cost of energy, provided the
energy cost rafio is constant. Increasing the cost of
thermal energy relative to the cost of electricity improves
the economics of the solar heating system and adversely
affects the economics of the gas fired systems.

The seasonal COPt of the high performance ventilation
cycle with a low thermal capacitance silica gel dehumidifier
is on the order of 0.90, and camnot be significantly im-
proved by increasing the NTU, of the dehumidifier. How-
ever, analysis of the design point performance of a
ventilation cycle with a high thermal capacitance de-
humidifier wiﬁh a very high NTUO indicdates that such a

system could attain a seasonal COPt on the order of 1.1.

In summary, high performance desiccant air conditioning systems

are required to offer significant cost or energy savings compared to
the conventional vapor compression air conditioner. Solar assisted
operation can considerably reduce the energy consumption of the
high performance desiccant air conditioners, but is difficult to

justify economically. A 207 improvement in the seasonal COP, of
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the high performance ventilation cycle might be obtained if an ex-

tremely high NTUO dehumidifier with a large thermal capacitance

matrix is employed.

The results of this project allow the author to make the fol-

lowing suggestions for future study:

1.

Both adsorption hysterisis and matrix diffusion resistance
have a profound effect on the performance of the rotary
dehumidifier. Hysterisis is exhibited by many common
desiccants, and experimental studies have indicated that
the diffusional resistance in current dehumidifiers is
large. The author is not aware of a heat and mass transfer
regenerator model sufficiently general to allow character-
ization of the effects of these phenomena. The develop-
ment and experimental verification of such a model would
represent a significant achievement.

Practical dehumidifier design is marked by a significant
resistance of diffusion of water into the matrix (LeO >
1.0) and by appreciable thermal capacitance of the support
structure. The present formulation of the anmalogy solution
can not accurately model the effects of these phenomena on
dehumidifier performance. Since future development of the
desiccant air conditioners may require consideration of
devices with a large matrix thermal capacitance, it would
be useful if the analogy solution could be extended to this

class of dehumidifier. Such a development would allow the
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long term operation of the resulting desiccant system

to be simulatéd, and the design of the system to be
seasonally optimized.

Further development of desiccant air conditioners should
be directed towards the design and evaluation of high COPt
and COPe cycles. A means to this end is the utilization of
a very high NTU0 dehumidifier with a substantial thermal
capacitance. However, it must be recognized at the onset
that this endeavor involves trading off physical compactness
of the unit of its COP, %or increases in the cycle COP,.
Also, data presented in this thesis suggest that the
performance of a high thermal capacitance system that is
optimized for design point operation may suffer appreciably
at other operating conditions. The seasonal performance
of such a device should be considered in the design opti-
mization. Other factors that should be considered in the
design process are the combination of unbalanced system
flow and purged dehumidifier operation, and the transient

response of the unit.
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APPENDIX A

Fi and Yi Figures and Intersection Point Method

Results for Various Matrix Properties

The appendix contains Fi and Yi lines for most of the matrix
property sets discussed in Chapter 4. In each instance, the data
are superimposed on corresponding curves for thé nominal silica
gel. Also included in this appendix are tables of the finite
difference and intersection point method solutions for the pro-
cess stream outlet states of the dehumidifier. In these tables,
the inlet states and the process.stream intersection point
are given. The finite difference solution for the outlet temper-
ature and humidity ratio and the difference between the inter-
section point method and finite difference predictions (D =
analogy-finite difference) for the outlet states are usually given
for UK (uk) that span both dehumidifier and enthalpy regenerator
operation. In each instance, the regenerator is symmetric, with
balanced mass flows, and in all cases except for Leo =4, A =

W

20 (NTUW = 10).
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F1 AND F2 FOR TYPE 3 ISOTHERM
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F1 AND F2 FOR MACROPOROUS GEL ISOTHERM
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APPENDIX B

Computer Programs

The important computer programs used in this thesis are re-
corded on a magnetic tape archived at the UW-Solar Energy Lab.
The table of contents of the tape files is given below.
File # Program Contents
1 Intersection point and nbnlinear analogy solutions,
and the finite difference solution used in
Chapter 3.
2 Finite difference and intersection point method
routines used in Chapters 4 and 5.
3 Finite difference solution for the purged
dehumidifier used in Chapter 6.
4 TRNSYS models of the desiccant cooling system,
the temperature-relative humidity controller,
and the modified room and air collector models.
Listings of the programs in any of these files, or a copy of the
magnetic tape (9 track, 1600 bpi, ASCII or EBCDIC) can be obtained
at cost plus handling by contacting either Dr. John W. Mitchell or
the TRNSYS Coordinator at the address given below:
University of Wisconsin Solar Energy Laboratory
1500 Johnson Drive

Madison, Wisconsin 53706
USA
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