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Hybrid cooling systems are used to increase the cooling effectiveness of direct evaporative
coolers. In this study, hybrid cooling system including cooling tower, cooling coil and
evaporative cooler have been discussed. The major aim of hybrid systems is to reduce the energy
consumption compared to the other cooling methods. So in this research, optimization of hybrid
system was investigated. In order to have an accurate performance prediction of hybrid cooling
system, numerical simulation was performed and the results were validated using experimental
measurements. Moreover, genetic algorithm is used to determine the optimal design parameters.
Minimizing the operation cost including water and electricity costs is considered as the objective
function. All design constraints and standards were considered in optimization process.
Investigated case study indicates that the optimal design can significantly reduce the operation
costs. Optimization results revealed that in optimal case, air mass flow of cooling tower is lower
than water mass flow. Also, the velocity of air through evaporative pad obtained the minimum
allowable value and cross section of the cooling tower obtained the highest possible value
according to the constraints. Finally, the importance of water and electricity in the optimum
system design was investigated due to lack of water in some areas.

Keywords:
Optimization
Hybrid cooling
Cooling tower
Direct evaporative cooler
Genetic algorithm

  

1 -   
 

   .30 

40 
 ]1[.



    

 -    . . .    

139415 4  349  

 . 
 .

 
 .

  
  .

  
 ]2[  

 .
2/1 - 1/1 

 
 . ]3[ 

  .
 

 100 %
 

 . ]4[ 
 .

 .]5[ 

 .]6[ 
 

  

 
 .

 .
  .

 
  .

  
  .

 
   

2 -   
2-1-   

   1 
 .1 -2

  .  

  
 1   

  
 2 

)  2(
2 -3  

 . 
  

2-2-   
  
  . 2 

 
  

  
V

awm

am  

)1 ( . ]7[.  

)1(  w w p w w w( )dq m c dT k a T T dV

 )1(wq wk 
  

)  2 (
  

)2(  s c a( )dq h a T T dV
) 2(sq 

chaT 
 .



    

 -   . . .     

  

350  139415 4  

) 3 (  

)3(  evap m a( )dm h a dV

) 3(evapmmh

a

 .
) 4 (  

)4(  L fg evap fg m a( )dq i dm i h a dV

) 4(Lqfgi

)  .5 (
 ]7[.  

)5(  
c

m pa

Le 1h
h c

) 6 (
  

)6(  w p w a m a( )m c dT m di h a i i dV

 mh

) 6 ( )7 (  

)7(  w p w a m a( )m c dT m di h a i i dV

) 7( ) 8 (   

)8(  

w,in

w,out

p w m

a w

Me
( )

T

T

c dT h aV
i i m

 1

2 3  .  )9 (

  ]8[.  

)9(  
3 52 41aw

i w,in
fr fr

Me ( ) ( ) ( ) (T )c cc cmmc L
A A

) 9(wmamfrA

fiLw,inT .1c5c

 ]8[  .
) 8 ( )9 (

   
 

 .
)10 (  

)10(  evap,tower a,tower out in( )m m

 ) 11 (9[.  

)11(  
a,tower tower

tower
a fan

(1 )m p
P

) 11(towerp ) 12 (
 ]9[.  

1. Film
2. Trickle
3. Splash

)12(  

2
a

tower fi fi 2
fr

( (1 ))
2

mp k L
A

 

 fik

) 13 (  ]10[.  

)13(  
3 5 62 a aw w

i 1 4
fr fr fr fr

( ) ( ) ( ) ( )d d dd m mm mk d d
A A A A

1d 6d 
]10[    

2-3-   
 

 . 
 . 

 .

 . 
  

 )   .14 (
  ]11[.  

)14(  
db,out wb c

db,in wb a p

exp( )
T T h A
T T m c

]11[ ) 15 (ch 
  

)15(  
0.12 0.8 1/3e

DEC

Nu 0.1( ) Re Prl
t

 ) 15(Vle
A

 V A

DECtRe,Nu

   
 

)16 (  

)16(  
a,out sw m

a,in sw a

exp( )h A
m

) 16(mh

) 5 (  
 

) 17 (  

)17(  evap,DEC a,DEC out in( )m m

 ) 18 (
 ]9[.  

)18(  
a,DEC DEC

DEC
a fan

(1 )m p
P

) 19 (
]12[.  

)19(  2
DEC DEC a,DECp t U

) 19(DECt a,DECU



    

 -    . . .    

139415 4  351  

  

3 -   
3-1-   

 .
 .

  .
) 20)  (21(

  
    

)20(  operationmin( )C   

)21(  operation w eC C C

 -
) 22)  (23 (  

)22(  w evap,tower evap,DEC( )C m m t  

)23(  e tower DEC( )C P P t  

 .
  
 .6 

  .  )fr,towerA(
 )fi,towerL ( )a,towerm  ( -

)w,towerm  ( )a,DECU  ( 
)DECt  (    

3-2-   

 .
 

 .
) 24 ( ]13[.  

)24(  a,DEC1 3U

) 25)   (27 ( 
 ]9[.  

)25(  
w,tower

a,tower

0.5 2.5
m
m

)26(  
w,tower

fr,tower

2.9 5.96
m
A

)27(  
a,tower

fr,tower

1.2 4.25
m
A

) 3 (
) 28(  

)28(  db,out DesignT T

3-3-   

 .
   

 .
 .
 .

 .
 .

 

  

4 -   
 ]14[ 

3 
  .

5/6 . %
 

 .

   
 

]15[   .
 1 

 5   

  
3   ]14[  



    

 -   . . .     

  

352  139415 4  

1    ]15[

am
)kg/s(  

wm
)kg/s(  

db,inT
)o C(  

wb,inT
)o C(  

w,inT
)o C(  

  

w,outT
)o C(  

  

w,outT
)o C(  

29/235/323/1804/1575/4806/2921/30
50/472/621/1881/1411/4584/2807/28
77/612/10  45/1871/1468/4066/2722/26
11/968/629/1987/1455/3382/2012/20
62/511/1009/1967/1492/2927/2465/23
99/844/1272/1908/1522/2650/2178/20

5 -   

9/37 8/21     

 2   ]8,10[

cd  
1  019/1  90/3  
2  432/0-  78/0  
3  782/0  11/2 -  
4  92/2 -  32/15  
5  0  21/0
6  

  
08/0

3  ]12[  
le( )mm( (  

  5/2  65/179

4   
  

 )m(  20/0  33/0  
 )m/s(  1  1  

 )kg/s(  50/2  95/2  
) kg/s(  50/2  22/1

) m(  00/1  12/2
) 2m(  7/0  02/1

5   
    

 )lit/h(  
  5/243  4/160  

  4/126  7/162  
  9/369  1/323  

 )kwh(  
  15/1  13/0

  39/0  63/0
  54/1  76/0  

) Rials/h(  
  1109  969  
  775  380  

  1884  1349

 
  

10 21 

 

5-1-   
 

 2   .c ) 9( d 
) 13 (  

 
 3   

 ]16[ 8/0 ]9[75/0 
 . 
3000  ]17[ 500 18[ 

   

5-2-   
  

   ( ) 
 4 

  .10 
21    

 .
 
 .

  . 3 
 

 .
  

 . 
  

 . 

  
 4  

 .
 

 .
24

  

 
 .

  
5 

 .
 .

7/12 %9/50 %4/28 %



    

 -    . . .    

139415 4  353  

  

5-3-   

 .  

6   

  
  

3Rials/m30003Rials/m 6000  
 )m(  33/0  41/0  

 )m/s(  1  1  
 )kg/s(  95/2  38/2  

) kg/s(  22/1  96/0
) m(  12/2  90/1

) 2m(  02/1  82/0

 7   

  
  

Rials/kwh500Rials/kwh 1000  
 )m(  33/0  28/0  

 )m/s(  1  1  
 )kg/s(  95/2  85/3  

) kg/s(  22/1  55/1
) m(  12/2  64/1

) 2m(  02/1  33/1
  

  
 6   .

 
  .

 .

3/3 %5/14 %  

5-4-   

  
 7  .

 

 . 
  .

1/3 %
3/10 %  

6 -     

  .

  
  . 
    

 
  .

 
  

 .
   

 

  .
 

 
   

 5/2  .

 
   

 .

 -
 .  

 .

  

7 - 
a) 2 3m / m(  

frA  ) 2m (  
C) Rial(  

pc) J/kg.K(  

ch) 2W / m .k(  

mh) 3kg / m .s(  
i) J/kg(  
k2W / m .K(  

el) mm(  

fiL) m(  
Le  
m) kg/s(  
Nu  

P) W(  
Pr  

q) W(  



    

 -   . . .     

  

354  139415 4  

Re  
t) s(  

T  ) C(  
U) m/s(  

V) 3m(  

) kg/kg(
) kgm-3(

) kgm-1s-1(
  

a    
db    

DEC    
e  

evap  
L  

Operation  
s  

tower  
v  

vs  
w  

wb  

8 -   
[1] Z.Duan, C. Zhan, X. Zhang, M. Mustafa, X. Zhao, B. Alimohammadisagvand,

A.Hasan,Indirect evaporative cooling: Past, present and future potentials,
Renewable and Sustainable Energy Reviews, Vol. 16, No. 9, pp. 6823-6850,
2012.

[2] D. Jain, Development and testing of two-stage evaporative cooler,
Building and Environment, Vol. 42, No. 7, pp. 2549-2554, 2007.

[3] G. Heidarinejad, M. Farmahini Farahani, S. Delfani, Investigation of
hybrid system of nocturnal radiative cooling and direct evaporative
cooling, Building and Environment, Vol. 45, No. 6, pp. 1521-1528, 2010.

[4] M. Maerefat, A. Haghighi, Natural cooling of stand-alone houses using
solar chimney and evaporative cooling cavity, Renewable Energy, Vol. 35,
No. 9, pp. 2040-2052, 2010.

[5] F. Ascione, L. Bellia, F. Minichiello, Earth-to-air heat exchangers for Italian
climates, Renewable Energy, Vol. 36, No. 8, pp. 2177-2188, 2011.

[6] P. Finocchiaro, M. Beccali, B. Nocke, Advanced solar assisted desiccant
and evaporative cooling system equipped with wet heat exchangers,
Solar Energy, Vol. 86, No. 1, pp. 608-618, 2012.

[7] ASHRAE Handbook, HVAC Systems and Equipment Chapter 39, Cooling
Towers, 2008.

[8] J. Kloppers, D. Kröger, Refinement of the transfer characteristic
correlation of wet-cooling tower fills, Heat transfer engineering, Vol. 26,
No. 4, pp. 035-041, 2005.

[9] M. Serna-González, J. M. Ponce-Ortega, A. Jiménez-Gutiérrez, MINLP
optimization of mechanical draft counter flow wet-cooling towers,
Chemical Engineering Research and Design, Vol. 88, No. 5, pp. 614-625,
2010.

[10] J. C. Kloppers, D. G. Kröger, Loss coefficient correlation for wet-cooling
tower fills, Applied Thermal Engineering, Vol. 23, No. 17, pp. 2201-2211,
2003.

[11] J. Dowdy, N. Karabash, Experimental determination of heat and mass
transfer coefficients in rigid impregnated cellulose evaporative media,
ASHRAE Transactions, Vol. 93, No. 2, pp. 382-95, 1987.

[12] X. Hao, C. Zhu, Y. Lin, H. Wang, G. Zhang, Y. Chen, Optimizing the pad
thickness of evaporative air-cooled chiller for maximum energy saving,
Energy and Buildings, Vol. 61, pp. 146-152, 2013.

[13] ASHRAE Handbook, HVAC Systems and Equipment Chapter 40,
Evaporative Air-cooling Equipment, 2008.

[14] J. R. Camargo, C. D. Ebinuma, J. L. Silveira, Experimental performance of
direct evaporative cooler operating during summer in Brazilian city,
International Journal of Refrigeration, Vol. 28, No. 7, pp. 1124-1132,
2005.

[15] P. Grobbelaar, H. Reuter, T. Bertrand, Performance characteristics of
trickle fill in cross-and counter-flow configuration in wet-cooling
tower, Applied Thermal Engineering, Vol. 50, No. 1, pp. 475-484, 2013.

[16] M. F. Farahani, G. Heidarinejad, S. Delfani, two-stage system of
nocturnal radiative and indirect evaporative cooling for conditions in
Tehran, Energy and Buildings, Vol. 42, No. 11, pp. 2131-2138, 2010.

[17] http://www.tpww.ir. Visited on November 2014.
[18] http://www.tavanir.org.ir. Visited on November 2014.

 
  


