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Abstract 
In this study, effect of desiccant wheel, heat exchanger and cooling coil will be 
evaluated on decreasing the wet bulb temperature of entering air to cooling tower 
and decreasing the outlet cold water temperature. For this purpose, change effect of 
desiccant wheel parameters will be investigated on wet bulb temperature of outlet 
air from heat exchanger. After that, optimum parameters and minimum wet bulb 
temperature will be selected. Then, outlet cold water temperature will be achieved 
for various cooling coil surface temperature with definition of by pass factor and 
also by using optimum desiccant wheel parameters and entrance air wet bulb 
temperature to tower related to cooling coil surface temperature. To calculate wet 
bulb temperature, a mathematical model will be used that shows physical properties 
of air. After that a nomograph will be used to predict effect of decrease of entrance 
air wet bulb temperature on reducing the outlet water temperature and it will be 
done for several cities in Iran. At the end, an equation will be used to calculate 
required water to air mass flow rate for each outlet cold water temperature. With 
considering of known circulating water mass flow rate, required air for tower would 
be calculated and suitable desiccant wheel can be selected.  

Key words: Desiccant Wheel, Wet Cooling Tower, Wet Bulb Temperature, Cooling 
Coil, Heat Exchanger 

 
 
 

1. Introduction 

      In most industrial processes, large quantities of heat produce which must be 
permanently removed in order to maintain standard operating. Wet cooling towers are 
widely used to dissipate this heat. The advantage of wet cooling towers from other heat 
exchanger is that water in wet cooling towers will be cooled until wet bulb temperature of 
ambient air that is smaller than dry bulb temperature so water will be cooled more. On the 
other hand, if outlet water temperature from cooling tower decreases 0.55 °C (1 °F), energy 
consumption of other equipments that use from this water will reduce 3% and if this 
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temperature decrease to 1.67 °C (3 °F), required energy of mentioned equipments will 
reduce 10%. So it seems important to investigate on increasing the towers efficiency and 
decreasing the outlet water temperature. Cooling towers are used in various processes such 
as power generation units, chemical and petrochemical plants, refrigeration and air 
conditioning systems too, so optimization of wet cooling towers are important. On the other 
hand, desiccant wheels have been noticed crescive. This system can change psychrometric 
condition of own outlet air with moisture absorption. Since desiccant wheels allow the use 
of Low-temperature heat (Low-temperature industrial waste heat or solar energy) to 
regeneration, they attached increased attention. Kang and Maclain-Cross [1] showed that 
the dehumidifier is the key component of a desiccant cooling system and the cooling COP 
(coefficient of performance) can be significantly improved by improving the performance 
of this component. Maclain-Cross and Banks [2] developed an analogy method for 
predicting the coupled heat and mass transfer process in desiccant wheel. Consecutively, 
Banks [3] analyzed the coupled heat and mass transfer processes in a porous medium using 
a nonlinear analogy method and predicted the performance of a silica gel air dryer. Zheng 
and Worek [4] discussed the effect of rotary speed on the performance of the desiccant 
wheel by numerical simulation using an implicit finite differential method. 
      H. M. Hening et al. [5] evaluated the use of solar energy for regeneration of desiccant 
wheel and showed that energy consumption will reduce till 50% for cooling cycles. F. 
Esfandiari Nia et al. [6] solved coupled mass and energy equations and offered simple 
equations for outlet temperature and humidity of air from desiccant wheel. They also 
showed that the best temperature for regeneration of desiccant wheel is between 60-90 °C. 
Vazirifard and M. H. Saidi [7] studied on importance of desorption and harm of disusing of 
it in Iran. H. Pasdarshahri et al.[8] studied on performance of desiccant cooling system and 
investigated on temperature, ambient humidity and regeneration temperature effects on 
COP, water consumption and outlet temperature of this system and showed that desiccant 
cooling systems can provide comfortable region in many cities of Iran. 
      Also Kachhwaha et al. [9] experimentally and theoretically studied a vertical 
evaporative cooler. The measured data were compared with the predicted results. Fisenko et 
al. [10] developed a mathematical model for predicting the performance of a cooling tower. 
The calculated results were validated by the measured data. J. R. Khan et al. [11] 
represented mathematical models for mass and heat transfer processes in cooling towers. P. 
Naphon [12] studied on cooling towers and showed that inlet water temperature has 
negligible effect on outlet water temperature. Guang-Yu Jin and Wen-Jian Cai [13] also 
represented a relation for outlet water temperature of cooling towers that contains ambient 
wet bulb temperature, inlet water temperature and a group of coefficients that these 
coefficients calculate from experimental data. Many researchers have studied on desiccant 
wheel and cooling towers but there is no study on effect of desiccant wheel upon wet 
cooling towers performance. The objective of this paper is to investigate desiccant wheel 
effect on decreasing the outlet water temperature of cooling tower. In this study a desiccant 
wheel, heat exchanger and a cooling coil will be used to reduce wet bulb temperature of 
entrance air to tower. After that various parameters of desiccant wheel will change to 
calculate outlet wet bulb temperature from heat exchanger by using optimum parameters of 
desiccant wheel. Outlet wet bulb temperature from cooling coil will be calculated for 
various surface temperature of that and this procedure will be done for various cities of Iran. 
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Nomenclature 
BPF 
Cp,a 
Cw 
dt   
DH 
f,g 
G   
H 
hf,g 
L           
N    
P 
Pv 
Pvs   
Pw   
R 
Ra 
T1 
T0,T2 
T3 
Tcwo 
 
Tcww 

Tdb 
Treg 
Ts 
Tw      
Tw,i 
Tw,o 
Twb 
u 
w0,w2 
wi 

 
Greek Letters 

ε  
η  
υ  
φ  
 

coil by pass factor 
specific heat of dry air, kJ/kg K   
specific heat of water, kJ/kg K 
thickness of the desiccant coating, mm                                            
hydraulic diameter of a channel, mm 
desiccant wheel parameters functions 
air mass flow rate, kg/s   
altitude, m                                  
latent heat of evaporation of water vapor, kJ/kg                                     
water mass flow rate, kg/s   
wheel speed, RPH                             
ambient pressure, Pa                                              
partial pressure of water vapor, Pa    
saturation pressure of water vapor at Tdb, Pa                       
saturation pressure of water vapor at Twb, Pa                       
wheel radius, m                                            
gas constant of air, J/kg K   
ambient temperature, °C  
outlet air temperature from desiccant wheel, °C 
outlet air temperature from heat exchanger, °C                   
outlet water temperature from cooling tower with considering desiccant 
wheel, heat exchanger and cooling coil, °C  
outlet water temperature from cooling tower without considering 
desiccant wheel, heat exchanger and cooling coil, °C  
ambient air temperature, °C                                    
regeneration temperature, °C 
coil surface temperature, °C                                   
mean temperature of water in cooling tower, °C[=(Tw,i+Tw,o)/2]          
 inlet water temperature to tower, °C  
basin temperature, °C 
wet bulb temperature, °C 
air velocity, m/s   
outlet humidity ratio from desiccant wheel, kg/kg 

ambient humidity ratio, kg/kg 

 

desiccant wheel efficiency 
heat exchanger efficiency 
specific volume, m3/kg 
relative humidity 

 

 

2. Problem description 

      In this study a desiccant wheel, heat exchanger and a cooling coil, will be used. Inlet wet 
bulb temperature for cooling tower will be calculated for various cooling coil surface 
temperature by selecting the desiccant wheel parameters in optimum quantities. The 
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dehumidifier is a rotating cylindrical wheel of length L and radius R with small channels 
which walls are adhered with an adsorbent such as silica gel. Desiccant wheels are divided 
into two equal sections: the adsorbing section and the regeneration section (desorption of 
water vapor). The schematic of present system is illustrated in Fig.1. The aim of this system 
is to decrease ambient wet bulb temperature from point 1 to point 4. This air will enter to 
tower to optimize tower performance and outlet water temperature will be compared with 
regard to time that the present system omitted. Fig.2 shows heat exchanger and coil effect on 
decreasing wet bulb temperature. 

Pump

7 6 5

1

4321
Cooling Coil

 To Heat
Exchanger

From Heat
Exchanger

Basin

Wet Cooling
     Tower

Packing

Desiccant Wheel
Rotary Heat 
 ExchangerHeater

 
 
 

Fig.1 Schematic of air stream through  
desiccant wheel, heat exchanger and coil 

 

 
Fig.2 Schematic of air passing through desiccant wheel, heat exchanger and cooling  

coil on psychrometric chart (Twb4<Twb3<Twb1) 
 

      In Fig.1 when desiccant wheel absorbs moisture, it must regenerate. For this purpose, 
existing system must have a heater to heat air. This air enters to wheel and regenerate that. 
 

3. Governing equations 

      The most important section of present study is to calculate outlet air conditions 
from desiccant wheel. In this section, outlet temperature and humidity of outlet air 
from desiccant wheel will be calculated with using a mathematical model. This 
model is achieved by solving heat and mass transfer equations as follows [6]: 
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w0=w2=wi-ε wi 
                    (1)

)( )( )( )( )( )( )( ufdfDfTfNfwfTf tHregidb=ε  (2)

)()()()()(g)(g)(20 ugdgDgTgNwTgTT tHregidb==  (3)

In Eq.(2) and Eq.(3), f and g are function of desiccant wheel parameters that 
functions f are as follows: 

 , 8353.0 0031.0 0001.0)( 2 +−−= dbdbdb TTTf  

 , 283.1 23.41 77.592)( 2 +−= iii wwwf  

 , 4474.0 0042.0 0001.0)( 2 ++−= NNNf  

 , 4924.0 0355.0 0001.0)( 2 −+−= regregreg TTTf

,0922.06139.0 0933.0D 0572.0)( 2 3 −++−= HHHH DDDf  

 , 34.1 93.6 67.21)( 2 ++−= ttt dddf  

(4)8376.0 0611.0)( +−= uuf  
Also functions g are given by: 

, 7993.0 0275.0 0001.0)( 2 ++−= dbdbdb TTTg

, 79.3 76.26 48.594)( 2 ++= iii wwwg  

, 4201.0 0112.0 0002.0)( 2 ++−= NNNg  

, 6757.0 1255.0 0004.0)( 2 ++−= regregreg TTTg

, 0912.0 603.0 026.0D 039.0)( 2 3 +++−= HHHH DDDg  

, 75.1 92.7 79.18)( 2 ++−= ttt dddg  

(5)7973.0 060.0)( +−= uug  
      With using Eq. (4) and Eq. (5), outlet temperature and humidity from desiccant 
wheel, (point 2) will be calculated. After that heat exchanger's effect on outlet air 
from desiccant wheel, must be calculated (point 3). For this purpose a heat 
exchanger will use with efficiency equal 90% that related equation of it, is as 
follows: 

                                               (6) 
12

32

ΤΤ
ΤΤη

−
−

=  

      The best situation (η=100%) is when T3 would be equal to T1 that temperature 
of point 3 decrease until temperature of point 1. But in fact, T3 is equals to a 
temperature between T1 and T2 according to above expression.  
      In above equation, T2 will calculate from Eq. (3) and T1 is ambient temperature. 
By calculating the outlet temperature from heat exchanger, outlet temperature from 
cooling coil must be calculated (point 4). For this purpose a cooling coil with by 
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pass factor equal 0.1 will be used that related equation for cooling coil by pass 
factor defines as follows: 

(7)
s

s

TT
TT

BPF
−
−

=
3

4  

BPF describes as follows: 
For an ideal cooling coil, its BPF equals to zero because the temperature of outlet air 
decrease until Ts. In worst situation, all the air escapes from coil and its temperature 
remains in T3. In this situation, BPF is equal to 1. 
      Ts in above equation is cooling coil surface temperature. In the Fig.2, w4=w3=w2 
and by calculating the point 4's temperature from Eq.(7) and humidity of point 4 
from Eq.(1), wet bulb temperature of point 4 can be calculated from a model that has 
been presented by M. A. AL-Nimr [14]. In this study, the mentioned model will be 
used and by means of trial and error, psychrometric conditions of air will be 
investigated that this model is given by: 

(8)
v

dba

PP
TR

v
−
+

=
)15.273(  

(9)
v

v

PP
P

w
−

=  622.0  

(10)
)15.273( 3.11532

)( )(
+−
−−

−=
wb

wbdbw
wv T

TTPP
PP  

(11)
vs

v

P
PPw

 622.0
)( −

=φ  

(12))3.2501 86.1( ++= dbdb TwTh  

(13)







+

−=







15.273

1
15.293

1 6789
2337

 
db

vs

T
P

Ln 





 +

−
15.293

15.273  031.5 dbTLn  

(14)










+
−=








15.273

1
15.293

1 6789
2337

 
dp

v

T
P

Ln 






 +
−

15.293
15.273

  031.5 dpT
Ln

(15)







+

−=







15.273
1

15.293
1 6789

2337
 

wb

w

T
PLn 






 +

−
15.293

15.273  031.5 wbTLn

Because Tdb and w in point 4 are known, by solving the Eq. (8-15) simultaneously, 
Twb and all physical quantities of point 4 can be achieved. 

 
4. Investigation of various parameters of desiccant wheel on reducing the 
ambient wet bulb temperature and selection of optimum quantities of them 
      In this section the air with Tdb = 32 °C and wi=18.4 kg/kg will be used that is 
for Rasht climate design conditions in summer. The parameters of desiccant wheel 
are: N = 15 RPH, dt = 0.2 mm, DH = 2.33 mm, Treg = 90 °C, u=2 m/s and the wheel 
has 20cm width that E.Esfandiarinia and M.H. saidi [6] used in their article. In 
Figs.3-7, the change effects of various parameters of wheel on outlet wet bulb 
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temperature from heat exchanger are illustrated. These results have been achieved 
by MATLAB software. 
      Fig.3 shows that Twb will reduce by increasing the regeneration temperature. 
Desiccant wheel can be regenerated more by increasing the regeneration 
temperature. So the wheel can absorb much humidity and Twb will decrease. 

20

20.4

20.8

21.2

21.6

22

65 70 75 80 85 90

 
Fig.3: Effect of Treg on outlet Twb from heat exchanger 

      In about N = 14 RPH, outlet wet bulb temperature from heat exchanger is 
minimum that can see in Fig.4. In slower speeds than optimum wheel speed, the 
humidity of desiccant material is high and it can not absorb more humidity. In 
higher speeds than optimum wheel speed, means that at the end of adsorption 
process, the desiccant wheel can still efficiently dehumidify the air stream. 

20.16

20.18

20.2

20.22

0 5 10 15 20 25

 
Fig.4: Wheel speed effect on outlet Twb  

from heat exchanger 
 

      With taking into consideration the Fig.5, an observation is made that by 
decreasing the thickness of the desiccant coating until about dt = 0.15 mm, the 
outlet wet bulb temperature from heat exchanger become minimum and in about 
u=0.5m/s, the outlet Twb from heat exchanger become the lowest that can be seen in 
Fig.6. 
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Fig.5: Effect of dt on outlet Twb from heat exchanger 
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Fig.6: Effect of u on outlet Twb from heat exchanger 

 
      At the end, by taking into account the Fig.7, it can be seen that in about, DH = 
2.51 mm the outlet Twb from heat exchanger become minimum. It can be deduced 
that Twb will increase by increasing or decreasing DH or dt from optimum quantities. 
Also Twb will decrease by reducing the air velocity because the air will lose its 
moisture more. 
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Fig.7: Effect of DH on outlet Twb from heat exchanger 
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Entrance Twb to tower reduces from 25.73 °C to about 18.64 °C in Rasht by taking 
into consideration all the parameters of desiccant wheel in optimum quantity. 
Optimum parameters of desiccant wheel, outlet dry bulb and wet bulb temperature 
from heat exchanger by selecting desiccant wheel parameters in optimum quantities 
are shown in Table (1). 

 

5. Effect of cooling coil usage on decreasing the entrance Twb to tower 
      In this section, effect of cooling coil usage will be investigated on outlet air 
temperature of heat exchanger and reducing the wet bulb temperature of that. As it is 
shown in Fig.2, cooling coil does not have any effect on humidity of outlet air of heat 
exchanger but its dry bulb temperature will reduce and its wet bulb temperature will 
decrease too. Because of this temperature reduction, tower performance will improve 
and the temperature of outlet water from that will decrease. After that, reduction of 
wet bulb temperature of outlet air from cooling coil will calculate for several cities of 
Iran for each surface temperature of cooling coil surface temperature.  
      Wet bulb temperature will be calculated with Eqs. (8-15). Outlet Twb from cooling 
coil for various surface temperatures is shown in Fig.8. It can be seen that Twb will 
reduce by decreasing Ts. 
      In Fig.8, surface temperature (Ts) is selected based on Ts < T3. Also for calculating 
T4 from Eq.(7), T3 is outlet air temperature from heat exchanger when all of the 
desiccant wheel parameters select in optimum quantity. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

BandarabbasRashtRamsar Ardebil MaragheKhoramshahrGarmsarKhashGhom 

10 -7 -20 1314 1476 10 825 139493 H(m) 
40 31.929.44 29.7 34.4 43 39 38.640 Tdb(°C) 

0.026 0.0180.017 0.014 0.0140.013 0.0120.010.009 wi(kg/kg) 
9 14 14 14 7.5 5 5 17 5 Nopt.(RPH) 

90 90 90 90 90 90 90 90 90 (Treg)opt. (°C) 
2.51 2.512.51 2.5 2.51 2.51 2.51 2.512.5 (DH)opt.(mm) 

0.14 0.150.15 0.15 0.14 0.13 0.14 0.140.13(dt)opt.(mm) 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 uopt.(m/s)  
N.A 29 28.3 25.3 26.1 29 27.2225.126.3Tcww (°C)  
26.6 18.617.1 14.04 16.8 22.34 18.4316.7319.33(Twb3)opt. (°C)  

44.23 36.1333.05 32.84 37.1545.5 41.6 41.6242.33T3(°C)  
 

Table 1: Optimum parameters of desiccant wheel and outlet air 
temperature from heat exchanger with selection of desiccant wheel 

parameters in optimum quantity in several cities of Iran 
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Fig.8: Effect of cooling coil surface on its outlet wet bulb  

Temperature (Twb4) for several cities in Iran 

 

 

6. Effect of reduction of Twb on outlet water temperature of cooling tower 
      In this section, effect of reduction of Twb will be investigated on decreasing the 
tower outlet water temperature. For this purpose, a nomograph will be used that has 
been offered by Perry [15]. A cooling tower with inlet water temperature equal to 
35 °C (95 F), outlet water temperature equal to 29.44 °C (85 F) and ambient wet 
bulb temperature equal to 26.66 °C (80 F) has been considered to foresight outlet 
water temperature. 
      In above mentioned conditions, tower range is equal to inlet water temperature 
minus outlet water temperature that is 5.56 °C (10 F). In Fig.9, point Twb = 26.6 °C 
(80 F) connect to cold water temperature equal to 29.44 °C (85 F) that this line 
named original line. Now there can be sketched lines from each point from Twb axis 
and parallel to original line. The points that these lines cut the cold water 
temperature axis is the cold water temperatures that tower will produce under 
consideration Twb and initial tower range (5.56 °C). Naphon [12] showed that inlet 
water temperature has negligible effect on outlet water temperature. So even inlet 
water temperature would be equal to 35 °C (95 F), the outlet water temperature will 
be the quantities related to consideration Twb. 
      With consideration the existing system in Fig.1, outlet water temperature from 
tower for various cooling coil surface temperature is illustrated in Fig.10. It can be 
seen that outlet cold water temperature will reduce by decreasing the cooling coil 
surface temperature. 

 

7. Optimum ratio of mass flowrate of water to dry air 

      One of the most important discusses in cooling towers design is calculating 
required optimum ratio of mass flow rate of water to dry air. With selecting this 
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parameter in right quantity, the tower efficiency will increase and the outlet cold 
water temperature will approach to wet bulb temperature so its temperature will 
reduce as much as possible. Söylemez [16] showed that for forced draft counter 
flow cooling towers, the optimum ratio of mass flow rate of water to dry air can be 
evaluated from the following equation: 

2

15.273
9.52066.18

32

15.273
9.52066.18

,

.
10 )15.273(

 2069.5622.0












−×+

×××
+=








+
−

−

+
−

w

w

T
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T
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w
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ePTC

Peh
C
C

G
L

                      (16)   

                    
 

 
Fig.9: Nomograph of cooling tower characteristics [15] 
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Fig.10: Quantities of outlet water temperature 

 from tower for various cooling coil surface for selected cities in Iran 
 

      For a typical cooling tower problem, it is assumed that Cw=4.184 kJ/kgK, Cp,a=1.0035 
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kJ/kgK and hfg=2500 kJ/kg. Tw is mean temperature of inlet and outlet water in °C. P is 
ambient pressure that can be determined by Eq. (17) that is given by [17]: 

(17)2599.55 )105577.21( 101325 HP −×−=

      The values of (L/G)opt. are plotted in Fig. 11 for different Ts and cities. In Eq. (16), for 
calculating Tw, inlet water temperature to tower is equal to 35°C (95 F) and outlet cold 
water temperatures are the quantities that are shown in Fig. 10. 
      It can be deduced there exists a local optimum value for the best cooling tower 
performance point of the counter current type for different location and average operating 
water temperature values. It is seen from Fig. 11 that Ts and ambient conditions has an 
important effect on the optimum L/G value. One can deduced that the optimum L/G values 
decrease as the cooling coil temperature decreases. On the other hand, the effect of ambient 
conditions on (L/G)opt. is not clear because it depends on Twb and ambient pressure 
simultaneously.   
      The water mass flow rate must be increased for higher cooling coil temperature for the 
prescribed air flow rate. The correct selection of L/G will lead to better effectiveness of the 
cooling tower. 

0.9
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Fig.11: Optimum ratio of mass flow rate of water to dry air for 
various cooling coil surface temperature in selected cities in Iran 

 

8. Conclusion 
      In this study, desiccant wheel was evaluated and optimum parameters of 
desiccant wheel calculated by taking into account the outdoor design temperature in 
summer. After that Twb of outlet air of heat exchanger was calculated by using all of 
wheel's parameters in optimum quantities, for selected cities of Iran. It can be 
deduced that this temperature will decrease from 25.73°C to 18.64°C for Rasht. 
After heat exchanger, a cooling coil used and outlet wet bulb temperature from coil 
and entering to tower for each coil surface temperatures calculated. It can be seen 
that Twb of cooling tower will reduce by decreasing the cooling coil temperature. 
This temperature is approximately same for cities that their Twb is close to each 
other. The maximum selected surface temperature is in any way that Ts<T3. Outlet 
cold water temperature from tower for selected cities with regard to the time that 
considered system eliminate is calculated by computing the Twb of entrance air to 
tower for each Ts. It can be deduced that outlet water temperature will reduce 
compare to initial design quantity and this temperature is approximately same for 
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cities that their Twb is near to each other. Also in this study, optimum ratio of water 
to air mass flow rate calculated for counter cooling tower. It can be seen that 
(L/G)opt. will reduce by decreasing the cooling coil temperature. In this ratio, outlet 
water temperature will reduce as much as possible. 
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