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Abstract 
 
The performance of a forced draft wet cooling tower was investigated experimentally and the calculation was performed by applying 
second law of thermodynamics (exergy analysis). The mathematical model was developed by using engineering equation solver (EES) 
software. The results show that the chemical exergy of air increases from the bottom to the top of the cooling tower, the thermal exergy 

of air decreases from bottom to the top of the cooling, the exergy of water decreases from top to the bottom of the cooling tower. The 
exergy destruction decreases from bottom to the top of the cooling tower, and the exergy efficiency decreases from top to the bottom of 
the cooling. The exergy destruction tends to increase as the inlet wet bulb temperature increases while the exergy efficiency decreases. 
As water-air flow rate ratio increases the exergy destruction increases while the exergy efficiency decreases. The results show that there 
is an inverse proportional be-tween exergy destruction and exergy efficiency. 
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1. Introduction 

Cooling towers are commonly used in large thermal systems, such 
as industrial power generation units, refrigeration and air condi-
tioning plants, chemical and petrochemical industries to dissipate 
process heat. The heat absorbed from such systems is dissipated to 
the atmosphere using the cooling tower. The heat is dissipated by 

convection between drops of water and external air and also by 
evaporation of small water droplets so that heat and mass transfer 
occurs in cooling tower [1]. Exergy analysis is a valuable thermo-
dynamic strategy for evaluating and improving the efficiency of 
the systems so the exergy efficiency and exergy destruction, it can 
be used to optimize the economic performance of the systems [2]. 
T. Muangnoi [3] used the exergy analysis to indicate exergy and 
exergy destruction through the cooling tower. The model of the 

analysis was compared with experimental data. The results show 
that water exergy increases continuously from bottom to top of the 
cooling tower. Also it is noted that the exergy of the air increases 
continuously from bottom to top of the cooling tower. The results 
show that the highest exergy destruction is located at the bottom 
of the cooling tower, and finally the amount of exergy absorbed by 
air is smaller than that supplied by water. A. Ataei [4] introduced a 
mathematical model to predict the performance of a counter flow 
wet cooling tower using exergy analysis. The amount of exergy 

supplied by water is larger than that absorbed by air. The exergy 
corresponded to convective transfer decreases from bottom to the 
top of the cooling tower while the amount of that corresponding to 
evaporative heat transfer increases from the bottom to the top. The 
results showed that the exergy of air via convection has been was 
an increase from the bottom to the top of the cooling tower where 
the exergy of air via evaporation was decreasing from the bottom 
to the top of the cooling tower. On the other hand, the water exer-

gy decreases from the top to the bottom of the tower. 

N. Bozorgan [5] presented a mathematical model to analyze the 
exergy of a counter flow wet cooling tower . The obtained results 
showed that the water makes more exergy than air. The results 
also showed that the water exergy decreases from the top to the 
bottom of the cooling tower, while the exergy of air increases 

from the bottom to the top of cooling tower. 
Khan et al [6] investigated the heat and mass transfer mechanism 
and performance characteristics of counter flow cooling towers 
using a detailed theoretical model. In this model, an approximate 
equation was used to calculate wet air enthalpy. This equation was 
obtained from the thermodynamic properties of saturated air-water 
vapor mixture. To obtain proper results calculating accurately the 
properties of wet air appears to be essential. 

Khalifa [7] proposed a mathematical model based on Merkel theo-
ry with some simplifications to analyses the exergy of a counter 
flow Induced draught cooling tower. The result showed that exer-
gy of water decreases from the top to the bottom of the cooling 
tower, the thermal exergy of air decreases from the bottom to the 
top of the cooling tower while the chemical exergy of the air in-
creases from the bottom to the top of the cooling tower. Also, the 
results showed that the exergy destruction increases from the bot-

tom to the top of the cooling tower. 
 Q. S. Mahdi 2016 [8] in this study the performance analysis on 
the cooling tower depended upon the second law of thermodynam-
ics, a prototype of the cooling tower was manufactured with ca-
pacity of 9 kW, the result shows that the exergy destruction was 
depended on the inlet wet bulb temperature as the wet bulb tem-
perature increase due to increase in the exergy destruction and this 
effect on the exergy efficiency, as the wet bulb temperature in-
crease due to decrease in the exergy efficiency, and it is shown 

that the exergy destruction was directly proportional to water flow 
rate, air flow rate, and inlet cooling water temperature whereas.  
This research applies exergy analysis to investigate the perfor-
mance of a forced draft wet cooling tower in Iraqi climate. The 
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research investigates the impact of inlet air wet bulb temperature 
(WBT) and the ratio of water mass flow rate to air mass flow rate 
(L/G) ratio on the performance of such towers.  

2. Mathematical model 

Figure 1 shows the schematic diagram of the cooling tower. The 

water flows downward and the air flows upward. The following 
assumptions are considered when the cooling tower is modeled:  

1) The cooling tower is divided into 100 CV for thermal and 
mass analysis 

2) Steady and local uniform (uniform at each cross-sectional 
area) flow 

3) The Heat transfer from the tower wall to the surrounding is 
neglected  

4) The Heat transfer from pump and fan to the water and air is 
neglected  

5) The changes in potential and kinetic energies are neglected  
6) The cross-sectional area of the tower is constant 
7) The specific heats of water and dry air specific heats are 

constant. 
8) One dimensional temperature variation, i.e. temperature 

change in vertical direction.  

 

 
Fig. 1: Control Volume of the Model. 

 

The mass balance of control volume is [3-5]: 
 
dL = G ∗ dω                                                                                 (1) 

 
And the energy balance of the control volume is: 
 
G ∗ dha = L ∗ Cw ∗ Tw + dL ∗ Cw ∗ Tw                                       (2) 

 
Substituting eq (1) into eq (2) 
 

G ∗ dha = L ∗ Cw ∗ Tw + G ∗ dω ∗ Cw ∗ Tw                                (3) 
 

The change of air enthalpy in the control volume is  
 

dha =
L

G
∗ Cw ∗ Tw + dω ∗ Cw ∗ Tw                                             (4) 

 
The total amount of heat transfer between air and water can be 
written as a function of latent heat and sensible heat as [7-9]: 
 
dqt = dql + dqs                                                                          (5) 

 
The latent heat can be calculated from [7]: 

dql = hdiff ∗ hg ∗ dA ∗ (ωs − ω)                                                (6) 

 

And the sensible heat can be calculated as [7] 
 
dqs = hc ∗ dA ∗ (Tw − Ta)                                                          (7) 

 
By substituting and simplifying equations the total heat dqt can be 

written as 
 

dqt =
hc∗dA

Cpm
∗ (has − ha)                                                             (8) 

 
Also, the total heat transfer can be written as 

 
dqt = L ∗ Cw ∗ dTw                                                                      (9) 

 
Substituting eq (9) in eq (8), the following equation can be written  
 
hcA

Cpm
=

L∗Cw∗dTw

(has−ha)m
                                                                           (10) 

 

Where (has − ha)m is the arithmetic-mean enthalpy difference in 

the control volume. In order to calculate the dry bulb temperature 
of the air inside the cooling tower, the inlet conditions of the en-
tering air must be known. The balance of the rate of sensible heat 
transfer at any section of the cooling tower permits calculation of 
the air outlet [9] 
The sensible heat balance can be written as  
 

G ∗ Cpm ∗ dTa = hc ∗ dA (
Ta,n−Ta,n+1

2
−

Tw,n−Tw,n+1

2
)                 (11) 

 
Solve for Ta,n+1 

 

Ta,n+1 =
Ta,n−

hc∗dA

2∗G∗Cpm
∗(Ta,n−Tw,n−Tw,n+1)

1+
hc∗dA

2∗G∗Cpm

                                      (12) 

 

Where 
ℎ𝑐∗𝑑𝐴

2∗𝐺∗𝐶𝑝𝑚
 is equal to the 

ℎ𝑐∗𝑑𝐴

𝐶𝑝𝑚
 from eq (10) divided by 2*G  

The cooling tower was divided into 100 control volume; the gov-
erning equations of the cooling tower device were design in EES. 
The total exergy of the humid air can be divided into thermal ex-

ergy and chemical exergy. For steady-state psychometric process 
without the effect of kinetic and potential energy, and neglecting 
the change of pressure through the cooling tower, the thermal 
exergy of the air can be represented as [7-10] 
 

𝐸𝑥𝑡ℎ,𝐶𝑉 = 𝐺 ∗ [
𝑐𝑝𝑎 ∗ (𝑇𝑎,𝑛 − 𝑇𝑜) − 𝑇𝑜 ∗ 𝑐𝑝𝑎 ∗ 𝑙𝑛 (

𝑇𝑎,𝑛

𝑇𝑜
) +

𝜔𝑎,𝑛 ∗ (𝑐𝑝𝑣 ∗ (𝑇𝑎,𝑛 − 𝑇𝑜) − 𝑇𝑜 ∗ 𝑐𝑝𝑣 ∗ 𝑙𝑛 (
𝑇𝑎,𝑛

𝑇𝑜
))

]        (13) 

 
And the chemical exergy of the air can be represented as [9-6] 
 

𝐸𝑥𝑐ℎ,𝐶𝑉 = 𝐺 ∗ [
𝑅𝑎 ∗ 𝑇𝑜 ∗ 𝑙𝑛 (

1+1.608∗𝜔𝑎,𝑜

1+1.608∗𝜔𝑎,𝑛
) +

𝜔𝑎,𝑛 ∗ 𝑅𝑣 ∗ 𝑇𝑜 ∗ 𝑙𝑛 (
𝜔𝑎,𝑛∗(1+1.608∗𝜔𝑎,𝑜)

𝜔𝑎,𝑜∗(1+1.608∗𝜔𝑎,𝑛)
)

]         (14) 

 
By neglecting of the mechanical exergy of water, the total exergy 
of water could be expressed as [4] 
 

𝐸𝑥𝑤,𝐶𝑉 = 𝐺 ∗ 𝜔𝑎,𝑛 ∗ [𝑐𝑝𝑣 ∗ (𝑇𝑎,𝑛 − 𝑇𝑜) − 𝑇𝑜 ∗ 𝑐𝑝𝑣 ∗

𝑙𝑛 (
𝑇𝑤,𝑛

𝑇𝑜
) + 𝑅𝑣 ∗ 𝑇𝑜 ∗ 𝑙𝑛 (𝑅𝐻𝑜)]                                                  (15) 

 
The total exergy destruction represents the differences between the 
exergy inlet and the exergy outlet which includes thermal and 

chemical exergy of air and exergy of water [11] 
 
𝐸𝑥𝑑𝑒𝑠𝑡.𝐶𝑉 = ∑ 𝐸𝑥𝑖𝑛,𝐶𝑉 − ∑ 𝐸𝑥𝑜𝑢𝑡,𝐶𝑉                                          (16) 

 
The exergy efficiency is the ratio between the exergy out and the 
exergy in of the cooling tower represent the actual performance of 
the cooling tower [7], [10], [11]  
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𝜂𝑒𝑥 =
𝐸𝑥𝑜𝑢𝑡

𝐸𝑥𝑖𝑛
                                                                                 (17) 

 
The constant values of air and water vapour are used [5]: 
 
𝑐𝑝𝑎 = 1.004 𝑘𝐽/(𝑘𝑔. 𝐾), 𝑐𝑝𝑣 = 1.872 𝑘𝐽/(𝑘𝑔. 𝐾), 𝑐𝑝𝑤 =
4.19 𝑘𝐽/(𝑘𝑔. 𝐾), 𝑅𝑎 = 1.004.287 𝑘𝐽/(𝑘𝑔. 𝐾), 𝑅𝑣 =
0.461 𝑘𝐽/(𝑘𝑔. 𝐾). 

3. Description of the cooling tower 

The cooling tower used in this investigation is shown in Figure 2. 
The dimensions of the test rig are 0.2 m in length, 0.2 m in width 
and 0.8 m in height. The cooling tower is filled with 12 cartons 
packing fills; the height of each one is 5cm. The water flow is 
induced by using a centrifugal water pump. The flow meter is 
calibrated with a reference flowmeter. The spray nozzles are dis-
tributed equally in order to ensure uniform spreading of water on 
the packing fills. The spray nozzle is a piece of pipe with 4 holes 

of diameter 2 mm. The flow of air is induced by using a blower 
and a damper is used to control the flow rate of the air through the 
rig. The flow rate of air is measured by using a manometer on the 
sides of an orifice. The orifice is manufactured according to the 
British standards. The manometer is calibrated with reference 
digital manometer. The orifice is fixed after a certain distance 
from the blower. A flow-meter fixed on the discharge pipe of the 
pump is used to measure the flow rate of the water. Six thermo-

couples of type K are used to measure the temperatures. Four 
thermocouples are used to measure the air dry bulb and wet bulb 
temperature at the inlet and outlet, while two thermocouples are 
used to measure the temperature of the water at the inlet and outlet. 
The Calibration of thermocouples are shown in figure 3. The rela-
tion between the reference temperature and that of thermocouples 
is linear which indicates there is no or a very small error in ther-
mocouples reading. The exhaust air from the cooling tower has a 
high humidity so that a flexible duct connected to the tower dis-

charge e exhaust air to the surrounding. 
 

 
Fig. 2: The Test Rig. 

 

 
Fig. 3: Thermocouples Calibration. 

4. Result and discussion 

In the present work, the exergy analysis is employed to investigate 
effect of inlet air wet bulb temperature (WBT) and the ratio of 
water mass flow rate to air mass flow rate (L/G) on the perfor-
mance of a forced draft wet cooling tower. 
Figures 4, 5 and 6 present the effect of inlet air wet bulb tempera-
ture (WBT) and the ratio of water mass flow rate to air mass flow 
rate (L/G) on the chemical exergy of air. The results show that the 

chemical exergy of air increases upward from the bottom to the 
top of the cooling Tower. This is because the chemical exergy of 
air is strongly affected by air moisture and the moisture increases 
upward. Also it can be seen that the chemical exergy of air in-
creases with the increase of inlet air wet bulb temperature (WBT) 
and the ratio of water mass flow rate to air mass flow rate. This 
can be attributed to the increase in thermal exchange causes by 
evaporation. 

 

 
Fig. 4: Chemical Exergy of Air for (WBT=18

O
C). 

 

 
Fig. 5: Chemical Exergy of Air for (WBT=20

O
C). 
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Fig. 6: Chemical Exergy of Air for (WBT=22

O
C). 

 
The influence of thermal exergy of air by inlet air wet bulb tem-

pera-ture (WBT) and the ratio of water mass flow rate to air mass 
flow rate is shown in figures [7-8] and [9]. The thermal exergy of 
air tends to decrease upward from the bottom to the top of the 
cooling Tower. It can be noticed that the thermal exergy of air is 
directly propor-tional with inlet air wet bulb temperature (WBT) 
and the ratio of water mass flow rate to air mass flow rate (L/G). 
This because any increase in (WBT) of inlet air causes an increase 
in enthalpy poten-tial between the saturated steam and the sur-

roundings. Also the increase in (L/G) leads to higher heat transfer. 
 

 
Fig. 7: Thermal Exergy of Air for (WBT=18

O
C). 

 

 
Fig. 8: Thermal Exergy of Air for (WBT=20

O
C). 

 

 
Fig. 9: Thermal Exergy of Air for (WBT=22

O
C). 

 
Figures 10-11 and 12 present the effect of (WBT) of inlet air and 

ratio of water mass flow rate to air mass flow rate (L/G) on the 
exergy of water. It is clear that the exergy of water decreases 
downward from top to the bottom of the cooling tower. This is 
because the temperature of flowing flow water is higher at the top 
of the cooling tower than at the bottom. Also the exergy of water 
increases as (WBT) on inlet air and the ratio of water mass flow 
rate to air mass flow rate (L/G) increase. 
 

 
Fig. 10: Exergy of Water for (WBT=18

O
C). 

 

 
Fig. 11: Exergy of Water for (WBT=20

O
C). 
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Fig. 12: Exergy of Water for (WBT=22

O
C). 

 
Figures [13-14] and [15] present the effect of (WBT) of inlet air 
and the ratio of water mass flow rate to air mass flow rate (L/G) 
on the exergy destruction. It is obvious that the exergy destruction 
de-creases downward from the top to the bottom of cooling tower.  
The exergy destruction increases with the increase of (WBT) of 
inlet air and the ratio of water mass flow rate to air mass flow rate 

(L/G). This is because the higher (WBT) of inlet air leads to high-
er dead temperature and evaporation losses, While the higher (L/G) 
ratio leads to higher entropy generation caused by evaporation. 
Figures 16, 17 and 18 present the effect of (WBT) of inlet air and 
(L/G) ratio on the exergy energy. The results show that the exergy 
energy decreases upward from the bottom to the top of the cooling 
tower because the exergy destruction increases downward from 
the top to the bottom of the cooling tower. Also the exergy effi-
ciency decreases as (WBT) of inlet air increases 

 

 
Fig. 13: Exergy Destruction for (WBT=18

O
C). 

 

 
Fig. 14: Exergy Destruction for (WBT=20

O
C). 

 

 
Fig. 15: Exergy Destruction for (WBT=22

O
C). 

 

 
Fig. 16: Exergy Efficiency for (WBT=18

O
C). 

 

 
Fig. 17: Exergy Efficiency for (WBT=20

O
C). 

 

 
Fig. 18: Exergy Efficiency for (WBT=22

O
C). 
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5. Conclusions 

The exergy analysis model of cooling tower was developed by 
using engineering equation solver (EES) program, which is vali-
dated with the experimental data that reported from cooling tower 
device. It is can be explained by the study that: 

1- The chemical exergy of air increases from bottom to the top of 
the cooling   tower.  

2- The thermal exergy of air decreases from the bottom to the top 
of the cooling. 

3- The exergy of water decreases from top to the bottom of the 
cooling tower. 

4- The exergy destruction decreases from bottom to the top of the 
cooling tower. 

5- The exergy efficiency decreased from top to the bottom of the 
cooling. 

6- The exergy destruction increases as the inlet wet bulb tem-
perature (WBT) of air and water-air flow rate ratio (L/G) in-
crease 

7- The exergy efficiency decreases as the inlet wet bulb tempera-
ture (WBT) of air and water-air flow rate ratio (L/G) increase 
 

Nomenclature 
A                 Area (m2) 
cpa             Specific heat of air (kJ/kg.k) 
cpv             Specific heat of vapor (kJ/kg.k) 
cpw            Specific heat of water (kJ/kg.k) 
Exa,th        Thermal exergy of air  (kW) 
Exa,ch        Chemical exergy of air  (kW) 
Exdest.       Total exergy destruction (kW) 

Exw            Exergy of water  (kW) 
G                  Air flow rate (kg/s) 
ha               Enthalpy of the air (kJ/kg) 
h a,s           Saturated enthalpy of air (kJ/kg) 
hdif            Mass transfer coefficient (kg/m2s) 
h f,w          Saturated liquid enthalpy of water (kJ/kg) 
L                 Water flow rate (kg/s) 
qt              Total heat transfer (kW) 
ql               Latent heat transfer (kW) 

qs             Sensible heat transfer (kW) 
Ra            Air gas constant (kJ/kg.K) 
Rv            Vapor gas constant (kJ/kg.K) 
Ta            Air temperature (oC)  
To            Dead state temperature (oC) 
Tw           Water temperature (oC) 

Greek letters  
ηex         Exergy efficiency (%)  

∅o          Relative humidity of the air at dead state Temperature (-) 

Ω             Moisture content (kgw/kga) 

Subscripts  
a              Air 
sat           Saturated of air 
dest         Destruction 
CV          Control volume  
N             Number of section   
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