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ABSTRACT 

The dynamics of thermal regeneration via a rotating wheel 
coupled with evaporative cooling in a gas-fired, desiccant, 
dehumidification system are explored in relation to system 
efficiency and capacity. Implementation of these features reduces 
the sensible cooling load of the supply air, but also diminishes the 
dehumidification (latent) capacity of the system due to moisture 
transfer to the dehumidified air. The conflicting nature of these 
attributes necessitates examination of the system performqce 
parameters with respect to the rotational speed of the thermal 
recovery wheel and the effect of the evaporative cooling. 

The performance parameters considered in this study are 
dehumidifiation (latent) capacity, net capacity, COP for the latent 
capacity, and an overall COP based on the net capacity. By 
incorporating the net effect of the latent capacity and the sensible 
load, the net capacity and the related COP offer an appropriate 
means for a comprehensive examination of the system 
performance. 

The results of this study indicate that, for the inlet air conditions 
considered, the thermal regenerator in conjunction with 
evaporative cooling of regeneration air leads to enhancement of 
the net capacity and the energy efficiency of the system. The 
significance of this enhancement varies with the wheel speed and 
the inlet air conditions. 

NOMENCLATURE 

COP coefficient of performance 
q) average specific heat of moist air 

d.a. dry air 
h specific enthalpy per unit mass of dry air 
ti mass flowrate 

e capacity (latent or net) 

Lg. Time rate of thermal energy transfer to regeneration air 

T dry bulb temperature 
W humidity ratio 

Q2, added sensible cooling load 

Subscripts 

a dry air 
1 pertaining to latent capacity 

P process air 
Y regeneration air 
z refers to the end point of a constant-temperature 

dehumidification process (Figure 2) 

INTRODUCTION 

Desiccant technology has shown its utility as an effective and 
economic means for dehumidifying moist air. Among the various 
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types of desiccant systems currently available, gas-fired; rotary, 
adsorption systems have shown potential for effectively removing 
latent load from a building’s overall air conditioning requirement. 
In addition to its effectiveness, desiccant technology also has to 
demonstrate its economic competitiveness, in both initial and 
operating cost to be successful in mainstream HVAC 
applications. 

As shown in Figure 1, two air streams, process and 
regeneration, are involved in the desiccant dehumidification 
process. As the process air flows through the desiccant wheel, 
the moisture is removed from the air stream. The desiccant is 
restored to its dry state by exposure to the heated regeneration air 
stream as it rotates. Due to the heat transfer from the regeneration 
side via the rotating wheel and to the latent heat effect, the 
process air stream is heated during the dehumidification process 
which necessitates post cooling for comfort. To reduce the 
energy consumption associated with the post cooling, the process 
air exiting the desiccant wheel is partially cooled via a heat 
recovery wheel, which tutis in the opposite direction of the 
desiccant wheel. As the heat recovery wheel rotates, heat is 
transferred from the process stream to the incoming regeneration 
air. Consequently, the relatively cool incoming regeneration air 
is preheated which reduces the energy required to heat the 
regeneration air stream. The effectiveness of the wheel is 
dependent on its rotational speed. In many systems, a direct 
evaporative cooler is also incorporated on the regeneration side, 
upstream of the heat recovery wheel (Figure 1). When the 
evaporative cooling unit is activated, the incoming regeneration 
air is cooled to a temperature at or near the wet bulb temperature 
before entering the recovery wheel. This improves the cooling 
performance but diminishes the preheating effect of the wheel. 
The processes involved in the desiccant dehumidification system 
incorporating a thermal recovery wheel and evaporative cooling 
for the regeneration air are illustrated via the psychrom&c 
diagram in Figure 2. 

Heat pipes may also be used in desiccant systems in lieu of 
thermal recovery wheels. Unlike the rotary regenerators whose 
speed can be fine tuned, the heat pipes are passive and do not 
offer any controllability. However, thermal recovery wheels 
result in moisture migration from the regeneration to the process 
stream due to the air exchange facilitated by the porous wheel 
matrix. As shown in Figure 2, the humidity ratio of the process 
air increases and that of the regeneration air decreases (paths p2- 
p3 and r2-r3), both of which affect the overall performance of the 
system. This effect is further magnified when evaporative 
cooling is used to condition the incoming regeneration air. 

The performance of this system, from the standpoint of 
dehumdification capacity and energy efficiency, depends upon a 
number of factors including the type of desiccant material, 
regeneration temperature set point, process and regeneration air 
flow rates, and the rotational speeds and physical characteristic of 

the two wheels. Optimum operation of these systems necessitates 
exploring the complex.inter-relationships among these variables. 
Papers by Vineyard et al. (2000) and Jalalzadeh-Azar et al. (2000) 
presented parametric analyses relating performance of 
commercially available, rotary, gas-fired, desiccant systems to a 
number of operational variables. Van den Buick et al. (1986) 
analytically evaluated the optimum values of the desiccant wheel 
rotational speed and the regeneration mass flow rate in 
minimizing the thermal energy required for regeneration. The 
main focuses of these studies, however, did not involve the 
effects of the parameters associated with the thermal regeneration. 

This study is intended to characterize the impact of the recovery 
wheel on the overall system efficiency considering different inlet 
conditions. In doing so, other design/operating variables 
including the desiccant wheel speed, the air flow rates, and the 
regeneration temperature are kept constant at the design values 
recommended by the manufacturer. The potential benefits and the 
adverse effects of this evaporative cooler/heat recovery wheel 
combination on the overall desiccant system performance are also 
discussed. 

TEST FACILITY 

Experimental data were taken using a desiccant 
dehumidification system with the same features as shown in 
Figure 1. The facility is equipped with the necessary 
instrumentation to measure air dry bulb and dew point 
temperatures at the principal points (Figure 1) and process and 
regeneration air flow rates. Requirements for accuracy of test 
instrumentation are in accordance with ASHRAE Standard 139- 
1998 (ASHRAE 1998). A chilled mirror was used to measure 
dew point temperature on the basis of previous research showing 
improved accuracy for evaluation of the humidity ratio via dew 
point temperature as compared to relative humidity and dry bulb 
temperature measurements (Jalalzadeh-Azar et al. 1996). 

The inlet dry bulb temperature for the process air stream was 
maintained within +/- 0.3 “C of the set point by using a lo-KW 
heater along with the exhaust air from the regeneration outlet. 
For the regeneration air stream, a 30-KW heater was used to 
regulate the air temperature. Wet bulb temperatures on both air 
streams were maintained within +/- 0.3 “C by introducing steam 
from process lines. 

Wheel speeds for both the desiccant and thermal heat recovery 
wheel were determined by marking the perimeter of the rotors and 
counting the revolutions while measuring time with a stopwatch 
accurate to l/100 second. Adjustment of rotation speed for each 
wheel is facilitated by incorporating a motor with a variable 
frequency drive. 

2 Copyright 0 2000 by ASME 



,’ 

PERFORMANCE ANALYSIS 

a) regenerator effectiveness 

Since, for the system under consideration, the regeneration and 
process air mass capacity rates are equal [i.e., 

The sensible load can be approximated as 

(~Qmcess = (uizc,),,,,,], and the residence time of the rotary 

matrix in both streams is the same (the process and regeneration 
angles are equal, i.e., 180”), the regenerator is classified as 
balanced and symmetric (Suryanarayana, 1995). Therefore, the 
thermal effectiveness, E , can be defined as where ZP is the average constant-pressure specific heat of the 

& = k3 - h, Tr3 - Tr2 Tp* - Tp3 process air. 
(1) 

Although@ is typically positive which has a 

h P2 - 42 = Tp2 - Tr, ” Tp* - Tr2 diminishing effect on &,,,,, it can contribute to the net cooling 

where h and T , respectively, denote the specific enthalpy and dry 
bulb temperature of moist air. 

b) system efficiency 

The energy efficiency indices considered in this study are the 
coefficient of performance based on the equivalent latent cooling 
capacity associated with dehumidification, COP,, and that based 

on the net system capacity, COP, as defined below. 

capacity when the evaporative cooling on the regeneration side is 
activated and the incoming air is sufficiently dry. 

In equations (2) and (3), t&g. is the time rate of the thermal 

energy supply to the regeneration air stream which is required to 
regenerate the desiccant material. This quantity is approximated 
as 

&g. = tin $ CT,.4 - Trj > (7) 

Q, COP, = - 
greg. 

(2) 
where Tr3 and Tr4 represent the mean temperatures at the inlet and 

exit of the heating coil. 

QUALIFICATION OF EXPERIMENTAL DATA 

&‘,,I COP = - 
&eg. 

(3) 

The equivalent latent cooling capacity, & is determined as 

C?, = % [ hp~(Tp,>~,J - h;(TpgQ ] (4) 

where h,, is the specific enthalpy of the moist air at the process- 

inlet, andhi is the enthalpy evaluated at the conditions 

corresponding to the temperature of the process inlet and the 
humidity ratio of the process exit (Figure 2). (More details can be 

found in ASHRAE 1997.) The net cooling capacity, &,, , in 

equation (3) takes into account the sensible load stemming from 
the deviation of the process exit temperature from that of the inlet 
as follows. 

The uncertainties of the measurements at the inlet and exit test 
planes primarily stem from the instrumental uncertainties. The 
inlet properties of the process and regeneration air streams are 
uniform. The spatial nonuniformity of the properties at the 
process exit is virtually eliminated due to the presence of mixing 
baffles and duct fittings upstream of the instrumented plane. 
However, the dry bulb and dew point temperature measurements 
made downstream of the desiccant wheel on the process side 
(state p2 in Figure 2) and those made downstream of the recovery 
wheel on the regeneration side are highly subject to spatial 
nonuniformity. (Spatial nonuniformities of the fluid properties 
for a similar system have been evaluated by Jalalzadeh-Azar, et 
al, 1998). The main source of such nonuniformities can be 
attributed to the cyclic operation of the desiccant and regeneration 
matrices. Since insertion of mixing baffles in the corresponding 
spaces would interfere with the normal system operation and 
performance, an analytical approach is used to determine the fluid 
nronerties at these locations. 
. A 

For each set of inlet conditions and the operational status of 
evaporative cooling unit (,‘on” or “off’), an experimental run is 
conducted with the thermal recovery wheel deactivated (0 rpm). 
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The properties of the process air exiting the desiccant wheel (state 
p2) when the wheel is activated, are set to be equal to those of the 
process air exiting the system (state p3) when the recovery wheel 
is not turning for the corresponding inlet conditions and 
evaporative cooling status. The justification for this assum$tion 
is presented later in this paper. Any uncertainty stemming from 
this assumption is considerably less than that associated with the 
spatial nonuniformities encountered by direct measurements of 
these properties. In fact, in some cases, violation of mass balance 
is observed with the water vapor constituent of the process air 
when the actual measurements at the aforementioned locations are 
incorporated into calculations. 

Similarly, the temperature data for the regeneration air leaving 
the heat recovery wheel (state r3) are also subject to a great deal 
of uncertainty and are disregarded as well. Consideration of these 
measurements in the energy transfer calculations leads to 
violation of the first law of thermodynamics. These data are 
replaced with those resulting from application of an energy 
balance for the recovery wheel based on the more accurately 
measured process exit and regeneration inlet temperatures and on 
the temperature determined for the process air entering the 
recovery wheel as discussed before. 

RESULTS AND DISCUSSIONS 

Figures 3 to 7 present the results obtained for different 
scenarios stemming from consideration of 1) different inlet 
conditions, 2) “on” vs. “off’ operation of the evaporative cooling 
unit on the regeneration side, and 3) various rotational speeds for 
the thermal regenerator, 0, 5, and 10 rpm. The regeneration 
temperature set point and the rotational speed of the desiccant 

I wheel are maintained, respectively, at 88°C and 80 rph in all 
experimental runs. The conditions at the regeneration inlet are the 
same as those at the process inlet for any given experimental run. 

Figure 3 presents the effectiveness of the thermal recovery 
wheel for various process and regeneration air inlet conditions 
considering two speeds for the heat recovery wheel. This figure 
suggests that the impact of increasing the speed of the wheel from 
5 rpm to 10 rpm is greater on the effectiveness than the change in 
the inlet air temperature from 27°C to 35°C. The effectiveness of 
the heat recovery wheel decreases with the increasing inlet 
humidity ratio. However, this variation is well within the 
prescribed uncertainty range of about *5% for the effectiveness, 
and no correlation between this parameter and the inlet humidity 
ratio can be inferred solely based on these results. The average 
thermal effectiveness is about 0.78 for a 5 rpm wheel speed and 
about 0.84 for the one at 10 rpm. 

Figures 4a and 4b show the impact of operating the evaporative 
cooling unit on the humidity ratio of the exiting process air when 
the recovery wheel is not rotating. Increasing the humidity level 
of the regeneration air due to activation of the evaporative cooling 

diminishes the rate of moisture release from the desiccant wheel. 
This, in turn, results in a decreased dehumidification capacity on 
the process side, translating into an increase in the process exit 
humidity ratio. However, the change in the humidity ratio of the 
process exit is relatively small compared to the amount of the 
moisture added to the regeneration air. Moisture addition to the 
incoming regeneration air by evaporative cooling increases with 
decreasing inlet humidity ratio and with increasing inlet air 
temperature. Also shown in these figures is the moisture removal 
capacity for the case without the evaporative cooling. These 
results are indicative of increasing dehumidification capacity with 
the humidity ratio at the inlet. Slight increase in the capacity is 
also observed when the inlet temperature decreases from 35°C to 
27°C. 

An important implication of the discussion surrounding Figures 
4a and 4b is that, for the inlet conditions considered here, the 
properties of the process air downstream of the desiccant wheel 
are rather insensitive to moisture change in the regeneration air 
caused by the rotating thermal recovery wheel. As the thermal 
recovery wheel rotates into the regeneration air stream, air is 
exchanged between the regeneration and process streams, leading 
to a decrease in the humidity level of the regeneration air 
upstream of the heater and to a corresponding increase in the 
moisture content of the exiting process air. The highest possible 
change in the regeneration air humidity ratio is the difference 
between the average humidity ratio of the two streams and that of 
the regeneration inlet [i.e, wrz -(wPz+w,)/2] which is less than 5 

g/kg d.a. for the conditions considered here (see Figures 4a and 
4b). The actual change in the humidity level of the regeneration 
air entering the heater is significantly less than this maximum 
value and, hence, much less significant than that induced by the 
evaporative cooling. Therefore, the process humidity ratio 
upstream of the thermal recovery wheel is expected to be rather 
insensitive to the effect of the wheel rotation. In light of this and 
since the regeneration temperature set point is fixed, the 
temperature at this location also should virtually remain 
unaffected by the wheel rotation. (This is the justification for 
assuming that, regardless of the recovery wheel speed, 5 or 10 
rpm, the properties of the process air downstream of the desiccant 
wheel are the same as those of the exiting process air when the 
recovery wheel is deactivated.) 

Figures 5a and 5b provide the normalized latent capacity of the 
system as a function of inlet air humidity ratio and temperature, 
wheel rotation rate, and “on” or “off’ status of the evaporative 
cooling component. The normalized values are obtained by 
dividing the latent capacity (equation 4) by the reference value 
corresponding to the inlet conditions of 35°C and 11 gkg d.a. for 
the case without the evaporative cooling and no rotation of the 
heat recovery wheel. These figures indicate that 1) the latent 
capacity diminishes with the increasing recovery wheel speed, 2) 
activation of the evaporative cooling unit has an adverse effect on 
the latent capacity especially at the higher inlet dry bulb 
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temperature. In light of the earlier finding that the recovery wheel 
does not significantly affect the properties of the process air 
exiting the desiccant wheel, moisture migration from the 
regeneration air stream to the process air stream is the primary 
cause of the decrease in the latent capacity as the thermal 
recovery wheel speed increases (Figures 5a and 5b). The 
variation in the latent capacity at a given wheel speed is the 
resultant of two opposing forces, the increasing moisture transfer 
via the recovery wheel and the decreasing humidity ratio of the 
exiting process air with the increasing inlet air humidity ratio 
(Figures 4a and 4b). As seen in Figure 5a, for the case with a 
wheel speed of 10 ‘pm without the evaporative cooling, the latent 
capacity increases as the inlet air humidity ratio increases from 
about 11 g/kg d.a. to about 14 g/kg d.a. but starts decreasing when 
the inlet air humidity ratio increases to about 17.5 gikg d.a. A 
plausible explanation for the diminished latent capacity at this 
inlet humidity ratio is the dominance of the moisture migration 
over the improved dehumidification capacity. 

. 

Despite the adverse effect on the latent capacity, the evaporative 
cooling can significantly reduce the sensible load (equation 6) 
inherited from desiccant dehumidification and, hence, can 
improve the net capacity (equation 5) of the system. Figures 6a 
and 6b are indicative of this potential benefit. (The reference 
value used for normalization in these figures corresponds to the 
same inlet conditions used for Figures 5 but with a heat recovery 
wheel speed of 10 rpm and with the evaporative cooling 
activated.) Virtually, for all the inlet conditions considered in this 
study, the scenario corresponding to a wheel speed of 10 rpm with 
active evaporative cooling offers the highest net capacity. The 
importance of the rotating recovery wheel is realized by observing 
the negative values obtained for net capacity when the wheel is 
shut off. As the humidity level increases at the regeneration inlet, 
the effectiveness of the evaporative cooling diminishes, 
particularly at lower inlet temperatures as shown in Figure 6b. 

Comparison of Figures 6a and 6b also indicates that, at the 
higher inlet temperature, a higher net capacity is realized when the 
evaporative cooling is activated. However, it is important to 
realize that the net capacity is an overall capacity adjusted for the 
sensible load needed to cool the process exit air to the 
temperature of the inlet air and not to a supply temperature 
required for maintaining indoor comfort level. In reality, the 
overall equivalent cooling (the sum of dehumidification load and 
sensible cooling) required to condition the inlet process air to 
meet the applicable comfort criteria may be less for the case with 
the lower inlet temperature. 

Figure 7a reveals that, at an inlet air temperature of 35°C the 
overall COP of the system based on the net capacity improves 
with the thermal recovery wheel speed and with the operation of 
evaporative cooling for the regeneration air. At the inlet 
temperature of 27°C the improvement on theCOP due to the 
evaporative cooling is not only considerably less pronounced but 

also can be negatively impacted as seen in Figure 7b for the 10 
rpm rotation rate with the-inlet humidity ratio of 17.5 g/kg d.a. 

The uncertainties in the experimental results are dominated by 
the systematic uncertainties associated with the instrumentation 
and the spatial variations of the .properties. The random 
uncertainties are also incorporated in the prescribed uncertainties 
of the results. Table 1 lists the results and their uncertainties for 
the experimental run of the reference point used in Figure 6a. 
(Uncertainty analyses pertaining to desiccant dehumidification are 
provided by Jalalzadeh-Azar et al., 1996, and Slayzak and Ryan, 
1998.) 

CONCLUSIONS 

This study examined the impact of the rotary thermal 
regenerator and evaporative cooling of the regeneration air on the 
performance of a gas-fired desiccant system. While the speed of 
the desiccant wheel, the regeneration temperature, and the air 
flow rates remained fixed, a number of experimental runs were 
made for different scenarios. Variation of the thermal recovery 
wheel speed and consideration of “on” or “off’ status for the 
evaporative cooler constituted these scenarios. For each case, 
experimental data were taken when the system was at steady state 
for a given set of inlet conditions. 

This study reveals that moisture transfer from the regeneration 
air stream to the process side caused by the rotation of the thermal 
recovery wheel is significant and increases with the wheel speed. 
Activation of the evaporative cooler at the regeneration inlet leads 
to even higher amount of moisture migration when coupled with 
the rotating regeneration wheel. Significant reduction in the 
system latent capacity is observed due to the moisture transfer. 
This effect is maguitied with the increasing dry bulb temperature 
and decreasing humidity level at the inlet. Unlike the latent 
capacity, the net capacity of the system, which accounts for the 
sensible load induced by the desiccant dehumidification, 
demonstrates a tremendously favorable response to an increase in 
the wheel speed. (This notion is in line with the improvement 
seen with the regenerator effectiveness as the wheel speed 
increases.) Similar observation is made regarding the operation of 
evaporative cooling although its advantage appears to diminish as 
the inlet temperature decreases. Evaluation of the overall COP 
(based on the net capacity) also points at the superiority of 
scenarios involving a higher wheel rotation speed coupled with 
evaporative cooling. 
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Table 1. Experimental data for reference point in Figure 6a. 

I I I 
Results and uncertainties I Description Symbol 

Dry bulb temperature at process inlet T,, 35.1 * 0.5 “C I 

Dry bulb temperature at process exit I T,,3 I 30.8i 0.7 "C 

Humidity ratio at process inlet Ill.Ogikgd.a. *3% 

Humidity ratio at process exit I wP3 1 6.9 g/kg d.a. -f 5 % I 

Moisture removal capacity per unit 
mass of dry air 

Aw 4.1 g/kg d.a. f 6 % 

Effectiveness of regeneration wheel & 0.84h 5 % 
I I 

Process and regeneration air mass flow 

I 
?il 

rate 
4250 m3fh f 2 % 

Latent capacity I 15.1 kW*6% 

Net capacity I CL I 21.3 kW i 6% 

Regeneration heat input I Lg. I 42.9 kW f 5 % 

COP for latent capacity I COP, 10.35*7% I 

COP based on net capacity 1 COP 1 o-50+ 7% 
I 
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