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 ABSTRACT
An economical and environmental requirements of hybrid cooling tower in 

steam power plant are  represented by decreasing of outlet water temperature, 
reducing of water and energy consumption, and working without mist formation. 
The present work is devoted to study and determine the best contact method of dry 
and wet tower to build hybrid cooling tower.A three suggested models  differs in 
contacting method of air and water are studied. Analysis of these models are 
dependent on the basic principles of thermodynamics ,mass and heat transfer with 
considering of initial and boundary conditions. The best model must be giving 
accepted values in economical and environmental requirements. A Computer 
program by Matlab is used for solving the governing equations and determining the 
suitable  mathematical model. The results are indicated that the third model (air in 
series and water in parallel) is the best in contacting method which satisfied the 
economic and environment requirements .The results are recorded and represented 
by graphs. 

  Keywords:  Cooling Towers, Steam Power Plants, Energy. 

  في المحطة البخاریة برج التبرید المزدوجل الریاضیة نمذجةال
  الخلاصة

ف  ي تمث  ل تللمحط  ة البخاری  ة  المتطلب  ات الاقتص  ادیة والبیئی  ة لب  رج التبری  د الم  زدوج إن
 حال ةوت وفیر  والطاق ة اس تھلاك المی اهم ن  تقلی لتخفیض درجة حرارة المیاه الخارجة من ھ وال

 ی دتح دة وبدراسیختص ھدا البحث  .جنبا لمضاره السلبیة كون الضباب تللمحطة بدون تعمل 
لبن  اء ب  رج تبری  د م  زدوج للمحط  ة  ل  ربط الج  زء الج  اف م  ع الج  زء الرط  ب الأفض  لالطریق  ة 
تیاري الم اء والھ واء لفي الربط الاحتمالات  مختلفةثلاثة نماذج  وتصمیم تم اقتراح .البخاریة 
بنی ت أس س تق ویم . الأفض ل اقتص ادیا وبیئی ا وذجلاختیار النم دراستھا والمقارنة بینھا لغرض 
التي أجریت علیھا الدراسة على القواعد الأساسیة والثرمودینامیكیة لانتقال المقترحة  النماذج 

لح ل   Matlabاستخدام برن امج  تم . الحرارة والمادة آخذین بعین الاعتبار الظروف المناخیة
تم تحدید  .البرج المزدوج اتاضي الفیزیائي لحسابتم تحدید النموذج الریالمعادلات الحاكمة و

 .وفق الشروط الحدیة لكل نموذج  التصمیم الأمثل في طریقة ربط الجزء الجاف والرطب معا
 )ربط الھواء على التوالي والماء على التوازي ( النموذج الثالث أعطت نتائج ھده الدراسة بان

درجة حرارة خارجة من وأعطى اقل في المیاه  أقل فقدحیث أنتج وبیئیا اقتصادیا ھو الأفضل 
اقة  في استھلاك أعطى اقلوكذلك  البرج ر الط وحالة عمل للمحط ة ب دون تك ون الض باب الغی 

  .لنتائج سجلت وتم تمثیلھا بیانیاا.مرغوب فیھ
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                 List of symbols   

                  

Units Description Symbol 
)( 2m  surface area of heat exchange  A  
)( 2m surface area of heat transfer αA 
)( 2m surface area of mass transfer σA 

)./( KkgkJ heat capacity of  dry air  paC 
)./( KkgkJ

 heat capacity of vapor PVC 
)./( KkgkJ

 heat capacity of water  wC  
)/( kgkJ

  
specific enthalpy  h 

)/( kgkJ
 

difference enthalpy evaporation vh∆ 
)./( 2 KmW total heat coefficient  K 

 -  Vapor number  VK 
 - ratio of air mass flow rate of dry 

tower amamaL W
.

/&=  

 - ratio of water mass flow rate of wet 
tower wmwmL WW && /= 

 - ratio of air to water oL 
)/( skg total mass flow rate of air  am& 

)/( skg total mass flow rate of water  wm& 

)/( skg  
mass flow rate of water 

evaporation  wvm& 
 - Coefficient –n ( partial load) n 

oC  temperature of wet air mt 
)( aP pressure P 
)( 3m volume V 

)( 3m 
volume of heat transfer  by  

convection αV 

)( 3m 
volume of mass transfer  by  

evaporation  σV 
)/( kgg  air humidity aX 
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Greek  symbol   

      
 Abbreviations               

  

  
 

INTRODUCTION  
he theory of cooling water coming from condensation process, i.e. 
incoming or outgoing from the condenser is based on exposing to air or 
more accurately exposing the surface of water to the air only. This 
process would cool the air, however, slowly, and this is similar to the 

cooling of water available on the pool and swamps surfaces. There is a faster 
way made by spraying water in the air. Both ways include exposing the water 

 -   Cooling tower efficiency +Φ 
 -  Condenser efficiency   cη  
)./( 2 KmW  

heat transfer coefficient by 
convection α  

)/( sm  rate of mass transfer σ  
)/( sm  coefficient of mass transfer oσ 

(%) humidity ratio   ϕ 

Definition Symbol  
Dry cooling tower DCT 

 Hybrid cooling tower  HCT  

  Wet cooling tower  WCT  
inlet water temperature to dry tower 1wDt  

inlet air temperature to dry tower  1Dat
  

mass of air to dry tower  1Dam& 

 mass of air to  wet tower  1Wam& 

air  humidity at entrance of dry tower   1DaX
  

air humidity coefficient at entrance of wet 
tower  1WaX  

outlet water temperature to dry tower 2wDt 
outlet air temperature to dry tower  2Dat 

outlet water temperature to wet tower 2wWt 

T
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surface to air[1].Cooling towers are used with condensers cooled by water to 
decrease the temperature of the water used as a medium of condensation when 
it acquires the thermal power lost from the condenser. Pump the hot water 
outgoing from the condenser to enter to the cooling tower from the upside, 
then distributed equally in drops form, and it contacts the air incoming to the 
tower as shown in the figure (1). Cooling process is performed inside the 
tower as a result of evaporating a portion of water while contacting the air heat 
transfer by load process, carrying the steam ejected to outside the tower, and 
thus leads to high air humidity. In addition to that, a portion of the sensed heat 
transfers from air to air, and therefore, the temperature of the air outgoing 
from the tower increases. The efficiency of the cooling tower depends 
significantly on the humid temperature of the air incoming to the tower, and 
whenever the temperature of the wet air while coming inside is low, the 
efficiency of the tower will be  increased. [2,3]. The average of the heat  
transfer in the tower depends on the degree of the wet temperature of the 
incoming air. Reasons of using the cooling towers: in huge cooling and 
condensation units, such as the power stations and central air conditioning, 
where it is necessary to have huge amounts of water to cool the cooling liquid. 
If the temperature of the water coming inside the condenser is relatively high, 
then we need huge amount of water whether the cooling unit is medium or 
large. The efficiency of the cooling tower depends on the following: the wet 
temperature of the air while coming inside the tower, the area of the water 
surface exposed to air, period of exposure and the speed of air flow in the 
tower and the direction of the air flow compared to the falling water (parallel , 
contrast or crossing) [4] .The wet type is more common in large cooling 
towers, such as in electrical power generation. It is a direct contact heat 
exchanger, in which hot water from the condenser and cooling air come into 
direct contact. The water flows in either open circuit or closed circuit. In open 
circuit, cooling water is pumped into a system of pipes, nozzles, and sprayers 
within the tower. Air from the atmosphere enters the tower from the bottom of 
the tower and flows upward through the falling water [5]. The water is 
collected at the bottom of the tower and then re circulated to remove more heat 
from the condenser. The temperature of the cold water entering the condenser 
will determine the steam condensate temperature and, hence, the backpressure, 
which impacts the efficiency of the whole power generation system [6]. 

The mist is considered as a basic factor in the wet cooling tower as a result 
of evaporating low rate of water while cooling, and this leads to form mist. 
This has the following negative impacts: complaints and protests from the 
local residence. It creates corrosion and ice in the adjacent areas. Problems 
appear in the adjacent areas from traffic roads (roads and railways) in case of 
huge cooling towers [7].  Figure (3) illustrates the thermal representation of 
the psychometric drawing of the hybrid tower as shown in the  figure (2).  

The external air  enters to the wet portion represented at point 1. Air comes 
out from the wet portion at point 2 upon cooling water. We notice mist 
formation (outside saturation curve) . Hot air leaves the dry portion of the 
thermal exchanger at point 3 after cooling water at fixed humidity level, and 
then mixes with air outgoing from the wet portion. Mixed air currents leave 
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from the dry and wet parts represented at the point 4 outside the tower. We 
notice that the mixing line (1-4) (resulted from mixing the surrounding air with 
the ejection air) if not crossed  with the saturation curve (humidity = 100%) 
then there will not be condensed outgoing water, and therefore, not mist will 
appear [9,10]. 

Mathematical model of the hybrid cooling tower (HCT) 
This model consists of three elements:- 
Mathematical model for wet cooling tower operation (WCT) 
Mathematical model for dry cooling tower operation (DCT). 
Determination of xa2, ta2, tw2 when coming out from the tower, i.e. two 
temperatures when water and air currents are outgoing with the humidity 
content of the air upon leaving (xa2). 

In order to facilitate the calculations of the hybrid cooling tower, take into 
consideration the following : the tower is considered as adiabatic system with 
the surrounding atmosphere, in case of steady state  of the tower  related , 
distribute regularly air and water amounts to the tower profile surface .  
Mathematical model of wet cooling tower (WCT) 
The mathematical model of the wet cooling tower operation shall be studied 
according to Merkal relations [3]. The wet tower effectiveness might be 
expressed as : -  

 
In order to determine the evaporation number Kv, we may start from the 

thermodynamic basic of heat and mass transfer and to equalize water and air 
state . Figure (4) explains the cycle of air and water in cooling  tower for steam 
power plant.   

From equations of  water equilibrium and energy balance[3] :- 
 

wdmadX.am =  ….(2) 

 
wmdwhwdhwhwdhwmadham

.
...

..
. ++=

  
 ….(3) 

σσ dAaXgXwmd )(
.

−=
 

….(4) 

ααα dAaXgXdQ )( −=
 ….(5) 

dHdQadham += α
&

 
  ….(6) 

wmd.vghdΗ &=
   ….(7) 

  

  
)11/()21( mtwtwtwtc −−=η

          … (1) 
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wmdwhwmdvghdQ && −+= α

 

       ….(8) 

wmdwhvghdQ &)( −+= α  
       ….(9) 
 

σσαα dAwhvghaXgXdAatgtwdhwm )).(()(. −−+−=&
 

 
 
    ….(10) 

∫=
Wm
dA

vK
&

.σ

 
     ….(11) 

    AAA == σα
 

 
   ….(12)          

  
))(()( whvghaXgXatgt

wdh

wm
dA

−−+−
=

σα&
 

    ….(13) 

 ∫
−+−

=
)()(.

.

whvghatgtpaC
paC

wdtwC
vK

σ
α

                                               

pac
Z

σ
α

=

                                                                                      
                                                                                                 
                                                                                               )      

wgagwgagag

pa
ag

w
v hXXhXXhh

c
hh

dhK
′−+′′−−−−+−

= ∫ )()))(((
1.

)1
.

()(
σ

α
                  

                                                                                             

                  
   ….(14) 
 
 
 
   …(15) 
   …(16) 

∫ ∫
−

==
ahgh

wdh

wm
dA

vK
&

.σ                                                                 ….(17) 

 
      

Mathematical model  of dry cooling tower (DCT) 
The model of the dry cooling tower operation shall be studied according to 
nature of flow heat exchange. The dry tower effectiveness  might be expressed 
as per the following relations [13,14]:  
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The dry and wet tower contacting depends on type of hybrid cooling tower and 
on the calculation of   the main parameters and according to basic of physics, 
mathematical relations and boundary conditions[15,16,17]                 .              

                                                                                                                          
                        

  Dry part calculation 
   

  a- saturation state                    
 

      
  
  

  11

21
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      (21) 
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b- without saturation   )( 22 aDsaD tXX ≤                                                                    
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Wet part calculation 
     

       

(26) 
  

 
Suggested models                
There are several methods  for contacting of air and water flow . In this work 
we shall test  three models to find the best  that give the economical and  
environmental  requirements. Figure (5) explains the schematic diagram of 
hybrid cooling tower contact with thermal station 

 
Boundary conditions of suggested models  
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     Model 1 
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Model 2 

Model 3  

     skgmw /83=&    , 
oCt w 501 = ,      

Working conditions   
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 Computer  program 
     The governing equations are solved by Mat lab language which is used the 
psychometric diagram with applied the boundary and working conditions. 
Figure (9) shows the flow chart of a computer program steps of solution:  

                                                                                                          
      RESULTS AND DISCUSSION  
     Figure (10) explain the outlet temperature tw2 as function of Xa2 . It shows  
a comparison of tw2 for models 1, 2 and 3, the model 3 is the best model 
because it  gives  a lower  water outlet temperature tw2 than others models 
Tables (1) and (2) show the comparison of thermal parameters  between  
model 1 and model 3.Model 1 gives outlet water temperature tw2=36.5 at Xa2 
=19.292 while  for model 3 at Xa2= 19.292 gives  tw2= 35.55 . Table (3) 
shows the results of model 3 which are ,outlet water temperature, evaporation 
losses and  evaporation rate at different air humidity. From the above 
comparison, we take model 3 is the best, because tw2 is a lower, so that model 
3 has to studied in deep since it is shown to be the best in achieving of  an 
economical and  environmental requirements                                           .  
Figure (11) shows the working state for model 3 parameter load  n = ( 0.4 - 
0.8) . There is no effect  of n  on the outlet water temperature when Lw = 1, 
but there is an effect at small value of  Lw                                                    
     Figure (12) represents the effect of partial load state for wet tower on 
cooling water temperature  and evaporation rate for model 1. Also there is no 
effect at La=1. The comparison at the same conditions  between curves of 
models 1and 3, show that  model 3 give best working  conditions  than model 1 
according to cooling water temperature as shown in figures (11and12)            
Figure (13)  represents the evaporation losses for model 1and 2 .Model 1 give 
evaporation    losses lower than model 3 when water temperatures are equal 
and tw2 increase slowly at decreases  La  Figures (14 and 15) represent a 
comparison of evaporation losses rate for  model 3 with different temperatures  
ta1=25 C and ta1=30C ,it is notice that, the evaporation losses rate not exceeds 
1.67% which equal to evaporation losses rate for model 1 The effects of partial 
load parameter for wet tower on outlet water temperature are given through the 
index (n) by following relation [12] :- 

                                                        
                                                                              

             (27) 
Table (4) shows  the effect of  Kv on  outlet water temperature for wet tower 
to comparison with dry tower so that, It can be seen that  tw2 decreased at  Kv  
increasing ( Kv = 0.36  leads to  tw2 =45 C while when Kv =2.0 , tw2 = 25 C).                                                          
Figure(16) explain the comparison  results of model 3 and 1 with increasing  
of Kv, while  leads  to   tw2 always lower for model 3 than model 1. Model 3 
is better since tw2 more  decreasing with increasing of kv than for model 1. 
This produce high effectives for model 3 than model 1 .                                                          

7.0,20 11 == ϕoCta ) 11 , ϕat  
 
 
 

nG
oo

G
VV llKK )/(=
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        Table (1) results of model 1 of thermal parameters 

)(

2

a
kg

w
g
aX

 )

2

( oC

at
  

)

2

( oC

wt
 )/(

2

skg
XaW  

)(
2

oC
taW  

)

2

( oC

aDt
  

)(
2
oC

wDt
  

aL  

19.292 39.42  36.5  39.2  35.90  43  44.5  0.30  
25.535 38.21  31.30  34.43  33.53  47.40  46.20  0.60  
27.511  36.20  30.17  33.46  33.19  48.71  47.23  0.70  
28.355  34.62  29.33  32.662  32.56  49.63  48.22  0.80  
29.249  33.53  28.56  32.734  32.45  49.94  48.52  0.90  
30.196  32.49  27.72  32.290  32.66  50.00  49.32  0.95  
31.345  31.82  27.95  32.029  32.12  50.00  49.55  0.95  

 
 
 

Table (2) results of model 3 of thermal parameters ( 11 , ϕat ) 

7.0,20 11 == ϕoCta  

   
 
 
 
 
 
 
 

)/( skg
wvm&

  

)(

2

a
kg

w
g
aX

 )

2

( oC

at  
)

2

( oC

wt 
)

2

( oC

wWt
  

)

2

( oC

aDt
  

)(
2
oC

wDt
  

wL  

4.018  19.292 39.03  35.55 18.55  24.33  42.14  0.30  

6.655  25.596  38.52  30.07  23.18  27.86  39.62  0.60  

7.567  27.376  37.84  28.55  24.43  29.86  37.77  0.70  

8.453  28.360  36.55  28.25  25.39  30.76  35.78  0.80  

8.615  29.729  35.53  27.77  26.33  30.89  34.54  0.90  

9.058  30.471  34.10  27.47  26.55  31.29  33.16  0.95  

9.252  31.166  32.23  27.21  27.33  31.68  32.56  0.95  
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Table (3) results of model 3 outlet water temperature, evaporation losses 
and evaporation rate. 

    4.0,20 11 == ϕoCta 
 

  
0.1,20 11 == ϕoCta  

 
 

)(

2

a
kg

w
g

aX

  

)(

2

oC

at
  

)(

2

oC

wt
  

)/(

2

skg

XaW

 

)(

2

oC

taW

  

)

2

( oC

aDt
 

)(

2

oC

wDt
 

aL    
 
  
  

26.516 38.13 33.22 38.150 34.88 45.66 44.91 050. 

28.683 37.16 32.01 37.484 34.20 46.98 45.91 0.60 

30.352 35.81 31.07 36.424 33.85 48.38 46.55 0.70 

32.231 34.34 30.30 35.669 33.58 49.66 47.76 0.80 

32.569 33.43 29.91 35.338 33.44 49.94 48.23 0.90 

33.109 32.88 29.55 35.134 33.37 50.00 48.99 0.95 

34.152 33.34 29.24 34.656 33.18 50.00 49.55 0.95 

)(

2

a
kg

w
g
aX

 )(

2
oC

at 
)

2

( oC

wt )/(
2

skg
XaW 

)(
2
oC

taW 
)

2

( oC

aDt
 

)(

2
oC

wDt
 

aL 

20.493 38.64 31.35 33.116 33.40 45.74 45.57 050. 

22.498 37.63 29.69 32.017 32.33 47.43 46.16 0.60 

24.412 36.20 28.62 31.029 32.17 49.55 46.90 0.70 
26.392 34.63 27.77 30.194 31.66 49.77 47.99 0.80 
26.790 33.32 26.95 29.894 31.20 49.95 48.55 0.90 

27.654 32.25 26.69 29.630 31.04 50.00 48.99 0.95 

28.217 31.16 26.13 29.493 30.81 51.00 49.44 0.95 
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 )/( skg
Vwm&

 
)(

2

oC
wt WL 

0.86 2.590 43.00 0.70 

0.93 2.80 42.80 0.80 

0.97 2.90 42.60 0.85 

1.00 3.27 41.90 1.00 

%
W

W

m
m

V

&

&

 )/( skg
Vwm&

 
)(

2
oC

wt WL 

1.40 5.700 37.00 0.70 
2.00 6.700 36.10 0.80 
2.21 6.272  35.50 0.85 
2.42 7.260 34.10 1.00 

%
W

W

m
m

V

&

&

  )/( skg
Vwm&

  
)(

2

oC
wt  WL  

0.85 2.550 36.00  0.30  
0.89  2.640  35.80  0.40  
0.91 2.730  35.70  0.50  
0.95  2.950  35.40  0.60  
1.00  3.020  35.10  0.70  
1.06  3.189  34.80  0.80  
1.11  3.330  34.40  0.85  
1.15  3.470  34.20  0.90  

1.2  3.600 33.90 0.95 
1.26  3.750 33.60 1.00 
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Table (4) calculated wet part parameters to comparison.  
              

            
 
 
 
 
 
  

CONCLUSIONS      
     Results of this study indicated that, the contacting method of air in series 
and water in parallel for hybrid cooling tower give outlet water temperature 
lower than others of contacting methods, this leads to choose model 3 is the 
best model, since it satisfied the ecumenical and environmental requirements. 
Also the contact of air in series and water in parallel for hybrid cooling tower 
decreased the energy consumption ( low of co2 gases) and working conditions 
without mist formation. So that we can know there is mist or not by 
determination of this is a very important requirement in steam power plant.      
There is no effect of the partial load coefficient (n) on the outlet water 
temperature when  Lw = 1, but there is an effect at small value of Lw . Finally, 
there is no effect of ( n) in state of working wet cooling tower.                         

                                                                              .                                     
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Figure (1) Condenser and cooling tower contact in steam power plant 

(Didacta- Italia). 
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Figure (2) Hybrid cooling tower.   

Figure (3) Thermal cycle of hybrid cooling tower on the 
psychometric diagram.  

 
Figure (4) The schematic diagram of the cooling tower subsystem for the 

steam power plant. 
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Figure (5) Schematic diagram of  hybrid cooling tower contact with 

 thermal  station.  

Figure (7) Model 2 for hybrid cooling tower (air and water in series). 

Figure (6) Model 1 for hybrid cooling tower (air in parallel and water in series). 
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Figure (8) Model 3 for hybrid cooling tower 

 (air in series and water in parallel). 

Read data  

( load  the psychometric file to the ram)  

Determination of the governing equation 
required 

Generate an arbitrary transformer 
distributed regularly and represents the 

changeable to imitate 

For each value of the arbitrary transfer, 
solve the previous equation and save the 

result 

Drawing of the required   
curve 

Figure (9)  Shows the flow chart of Solution steps.  
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Figure (11 )  working state at partial load  for 
model 1. 

Model  1     (air and water in 
series)  

Model  2    (air parallel, water 
series) 

Model 
2 

Model 
Model 

Figure (10) Comparison of outlet water 
temperature for models 1, 2 and 3. 
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Figure (13 )  Comparison of evaporation losses for model 1and 3. 

 
Figure (12)  working state at partial load  for model 3. 
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Figure (15) outlet water temperature with evaporation rate 

at oCta 301 =  for model 3. 

 

Figure (14 )  Outlet water temperature with evaporation rate 

at      
oCta 251 =   for model 3. 
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Figure (16)  Effect of wet part on  cooling water temperature  
for models 1 and 3. 
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