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Abstract
The present study involves experimental analysis of the modified Closed Wet Cooling Tower (CWCT) based on
first and second law of thermodynamics, to gain a deeper knowledge in this important field of engineering in Iraq. For
this purpose, a prototype of CWCT optimized by added packing under a heat exchanger was designed, manufactured
and tested for cooling capacity of 9 kW. Experiments are conducted to explore the effects of various operational and
conformational parameters on the towers thermal performance. In the test section, spray water temperature and both dry
bulb temperature and relative humidity of air measured at intermediate points of the heat exchanger and packing.
Exergy of water and air were calculated by applying the exergy destruction method on the cooling tower. Experimental
results showed a significant performance improvement when using packing on the CWCT. It can be observed that the
thermal efficiency for the CWCT with packing under a heat exchanger and CWCT with packing above the heat
exchanger are approximately 40% and 25% higher than that of the CWCT without packing respectively. As another part
of the experiment results, it is indicated that the exergy destruction is directly proportional to air flow rate, cooling
water flow rate, inlet cooling water flow rate and inlet Air Wet Bulb Temperature (AWBT) whereas, it is inversely
proportional with spray water flow rate. In comparison with the cooling capacity of the tower, it was found that the
exergy destruction approximately less than 20%. Exergy efficiency behavior is inversely proportional with the behavior
of the exergy destruction. Empirical correlations are obtained to predict water film heat transfer coefficient and air water mass transfer coefficient considering the influences of operational parameters.
Keywords: Closed Wet Cooling Tower (CWCT), exergy, packing, thermal performance.

1. Introduction
There are two types of wet cooling towers:
open and closed cooling towers. In the open
cooling tower, the water is in direct contact with
the air at surface of the packing. In conventional
CWCTs recirculated water is sprayed over a
horizontal tube bundle, while air is drawn over the
bundle and the cooling water is circulated in tubes
and never contacts the outside air. The advantage
of CWCT is the limited of pollution dangers with
airborne dusts as well corrosion. It has a wide
range of applications in the fields of electrical
power, chemical industry and building air
conditioning. With more and more closed cooling

tower applications, the study also received
increasing attention [1].
Much attention has been paid to issues on
CWCTs relating to experimental studies and
developed correlations of heat and mass transfer
coefficients as a function of operating conditions.
Armando & Facao [2], designed a new CWCT in
order to examined effects of the operating
parameters on the saturation efficiency for a
CWCT modified for use with chilled ceilings in
buildings. Qureshi & Zubair [3], presented
theoretically a thermodynamic analysis of counter
flow wet cooling towers and evaporative heat
exchangers using both the first and second law of
thermodynamics. By applying an exergy balance
on each of the systems, the variation of second-
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law efficiency as well as exergy destruction as a
function of various input parameters such as inlet
AWBT & inlet water temperature has been
identified. Shim et al. [4&5], investigated
experimentally the thermal performance of two
heat exchangers in closed-wet cooling tower
having a rated capacity of 2 TR. Both heat
exchangers have multi path that is consumed as
the entrance of cooling water and are consisting of
bare-type copper tubes of 15.88 mm and 19.05
mm. Heyns & Kroger [6], investigated the thermal
performance characteristics of an evaporative
cooler, which consist of 15 tube rows with 38.1
mm outer diameter galvanized steel tubes
arranged in a triangular pattern of 76.2 mm.
Zheng et al [7], investigated thermal performance
of an oval tube CWCT based on heat and mass
transfer under different operating conditions.
Ramkumar and Ragupathy [8], have been
investigated thermal performance of open type
mechanical draft counter flow cooling tower with
expanded wire mesh packing. Exergy analysis has
been applied to study the cooling tower potential
of performance using the psychometric gun
technique.
In the relevant literature, no results have been
reported so far involving the performance of
CWCT with packing. The aim of this research is
to evaluate thermal performance of modified
CWCT with added packing based on first and
second law of thermodynamics in Iraq.

protection from rusting and corrosion, each sheet
of 1.5 mm thickness, connected together by
screws and nuts as a rectangular box of external
dimensions 420 mm in width, 760 mm in depth
and 280 mm in height, mounted rigidly on a frame
which is welded construction with a channel
section at the base welded together from the
rectangle.
As exists in every forced cooling, the test
section consists of three zones: spray, fill (cooling
zone) and rain zone. Spray zone is at a height of
180 mm suitable to ensure water distribution
uniformly to all points in the fill section. Fill zone
at 1000 mm height and characterized as consisting
of three places for sliding removable drawer
rectangular boxes at the same dimensions,
manufacturing for packing and heat exchangers to
ensure change the locations and types of heat
exchangers and height of packing to study the
influence of all these additions on the
performance of the tower. The rectangular drawer
made of galvanized steel with dimensions of 420
mm in width, 760 mm in depth and 280 mm in
height. Six holes along the side of each (drawer)
box were done to measure the water temperature,
air dry bulb temperature and air relative humidity.
The rain zone at a height of 450 mm in the case of
three boxes and it will be variable when lifting
one or two packing’s and increases as decreases
the packing height. Air from the atmosphere,
enters the single stage centrifugal blower at a rate
which is controlled by the butterfly valve. The fan
discharges into the PVC pipe and the entrance
duct before entering the packed column. As the air
flows through the packing and heat exchanger, its
moisture content increases and the water in the
heat exchanger are cooled. Hot water is pumped
from the load tank through the control valve and a
water flow meter to the heat exchanger placed
inside the test section of tower. Plain tube heat
exchanger was designed and manufactured for the
present work. The tubes were fixed horizontally in
test section inside supported frame of rectangular
drawer.

2. Experimental Apparatus and Procedure
2.1. Description of Test Rig
A new counter flow CWCT was designed and
constructed in which different operating
parameters could be varied and tested in the
laboratories of Environmental Engineering
Department of Al-Mustansiriyah University,
College of Engineering. The general arrangement
of the equipment is shown in Figure (1). In
general, the apparatus consists essentially of
cooling column and three major systems; spray
water, cooling water and air blowing. The tower
fabricated from galvanized steel sheet to provide
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Excuse duct

Cooling column

Butterfly valve
Air blower

Water filter

Temperature recorders

Fig.1. Photographic picture for experimental apparatus (lateral view).

Cooling water moves through the tubes while
the spray water and air move over the tubes in
perpendicular direction. The tubes are arrayed in
staggered arrangement with (equilateral) tube
pitch of 3Do (pitch over diameter of 3).The
specification of heat exchangers shows in Table
(1).

L3
XT /2

Do

L2

Table 1,
Physical dimension of heat exchanger.
Heat exchanger
configuration
Length (L1)
Height (L2)
Width (L3)
Number of tubes for coil
Vertical tube spacing (XL)
Horizontal tube spacing (XT)
Tube per row
Outside tube diameter
Tube thickness
Total heat transfer area
Minimum free flow area

Di

Value

Unit

690
166
381
30
24
80
5
15.88
0.81
1032691.77
209148

mm
mm
mm
mm
mm
mm
mm
mm2
mm2

XL
X L /2

XT
Flow

Fig. 2. Tubular single pass exchanger with
staggered tubes arrangement [9].

In the present study, 18 sheets with area of
(760 ⨯ 280 mm2) film type fills consist of vertical
corrugated sheets arranged vertically forming an
angle relative to one another of 45 ̊ viewed in the
main direction of flow of the air. The sheets are
joined to make rectangle units were fixed in test
section inside supported frame of rectangular
drawer. For better cooling performance,
corrugated film packing were tested in different
location arrangement with heat exchanger at a
height of 280 mm and 560 mm.
The water distribution system in the cooling
tower should distribute the water uniformly over
the tube bundle and packing inside the tower, to
be the most coefficient method of uniform water
distribution in counter flow wet-cooling tower a

The basic geometry for an idealized single pass
cross flow tubular (bar type) exchanger with
staggered tube arrangement is shown in Figure
(2).
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pressurized spray system used with different types
of spray nozzles. The spray water passes through
the spray nozzles and constantly distributed at the
upper part of the test section, controlled by means
of flow control valve globe type located
downstream of the spray water pump. The water
distribution system, for the purpose of this study,
consists of a spray head (25.4 mm pipe) and six
nozzles. The nozzles mounted on branching pipes,
of 125 mm each, from the main pipe and the same
diameter as the main. The length of the whole
arrangement of pipes is 800 mm. The spray head
is designed to gives two sets of nozzles; each set
consists of three nozzles and pointed to a direction
opposite to the other set. This would give a net
distance of 130 mm between the centres of each
two adjacent nozzles. Figure (3) shows the spray
nozzles arrangement.

2.2. Test Procedure
In order to evaluate the thermal performance of
cooling tower, a series of experiments was carried
out at different operational and conformational
parameters. Operational parameters demonstrate:
air flow rate of (0.12-0.3) kg/s, spray water flow
rate of (20,25,30,35,40,45) l/min, cooling water
flow rate of (10,15,20,25,30,35,40,45,50) l/min,
inlet
cooling
water
temperature
of
(35,40,45,50,55) ̊ C and inlet AWBT of (7-24) ̊ C.
Conformational parameters indicate: height of
packing used (560) mm, location of packing
(under heat exchanger and above heat exchanger).
Thermocouples type K inserted before and
after the cooler coil to measured cooling water
temperature. To measure the spray water
temperatures at intermediate locations inside test
section, especially channels
have been
manufacturing to insert thermocouples through
holes. These holes are closed by rubber stoppers
through which thermocouples are inserted to
measure the temperature profile. The variations of
air dry bulb temperature and relative humidity
along the test section as well as the inlet and
outlet of the tower were measured by humidity
meter, which combined temperature/humidity
sensor. The humidity meter model TH-305 has a
(main faction) temperature and relative humidity
measurement range from 0 to 60 ̊ C and 20 to 95%
respectively. The sensor probe handle is placed
directly in the air stream and connected to display.

Fig. 3. Spray nozzles arrangement.

Air out
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Fig. 4. Locations of thermocouples and humidity meter in the test rig.

48

Qasim Saleh Mahdi

Al-Khwarizmi Engineering Journal, Vol. 12, No. 2, P.P. 45- 59(2016)
𝑑𝑞𝑐 = 𝑚𝑐𝑤 𝐶p,𝑐𝑤 𝑑𝑇𝑐𝑤
= −𝑈𝑜 𝑇𝑐𝑤 − 𝑇𝑠𝑤 𝑑𝐴
. . . (8)
Integrated Eq.(8) from the inlet to outlet of
cooling water, with constant spray water T sw,
gives.
𝑈𝑜 𝐴𝑐
𝑇𝑐𝑤 ,𝑖𝑛 − 𝑇𝑠𝑤 ,𝑚
= 𝑙𝑛
. . . (9)
𝐶𝑝 ,𝑐𝑤 𝑚𝑐𝑤
𝑇𝑐𝑤 ,𝑜𝑢𝑡 − 𝑇𝑠𝑤 ,𝑚
where, Uo is the overall heat transfer coefficient
between cooling water inside the tubes, tube wall
and spray water on the outside .It is calculated by
the following formula [4]:
𝑅𝑜 1 𝑅𝑜 𝑅𝑜 1 −1
𝑈𝑜 =
+ 𝑙𝑛 +
. . . (10)
𝑅𝑖 𝛼𝑐 𝑘𝑡 𝑅𝑖 𝛼𝑠
After the overall heat transfer coefficient was
calculated from Eq.(9), it used to calculate, αs,
tube to water film heat transfer coefficient (W/m2
C).
1
𝑅𝑜 1
𝑅𝑜
𝑅𝑜 −1
𝛼𝑠 =
−
−
ln
. . . (11)
𝑈𝑜
R 𝑖 𝛼𝑐 k tube 𝑅𝑖
Where, αc is the convection heat transfer
coefficient of cooling water inside the tubes, it
was calculated by the “Dittuse-Boelter” relation
[13]:
𝑘𝑐𝑤
𝛼𝑐 = 0.023
𝑅𝑒 0.8 𝑃𝑟 0.3
. . . (12)
𝐷𝑖
Where, Reynolds number and Prandtl number
were taken for the cooling water inside the tubes.

2.3. Performance Parameters
2.3.1. Energy Analysis
In viewpoint of energy analysis, the parameters
used to determine the performance of cooling
tower are:
1- Cooling range: is the temperature difference
between the water inlet and exit states. Range can
be measured by the temperature difference
between the inlet and outlet from cooling tower:
𝐶𝑅 = 𝑇𝑐𝑤 ,𝑖𝑛 − 𝑇𝑐𝑤 ,𝑜𝑢𝑡
… (1)
2- Thermal efficiency: The most important
parameter of cooling tower performance is the
thermal efficiency, which can be defined as the
ratio of actual released of heat to the maximum
theoretical heat from cooling tower. The thermal
efficiency for the closed circuit cooling towers
was defined as [2&10]:
𝑇𝑐𝑤 ,𝑖𝑛 − 𝑇𝑐𝑤 ,𝑜𝑢𝑡
𝜂=
. . . (2)
𝑇𝑐𝑤 ,𝑖𝑛 − 𝑇𝑎𝑤𝑏 ,𝑖𝑛
3- Cooling capacity: is the heat rejected or heat
dissipation, given product of mass flow rate of
water, specific heat and temperature difference.
𝑞 = 𝑚𝑐𝑤 𝐶𝑝,𝑐𝑤 𝐶𝑅
. . . (3)
4-Mass transfer coefficient: The mass transfer
coefficient obtained using enthalpy balance for an
elementary transfer surface [2].
𝑚𝑎 𝑑𝑎 = 𝛼𝑚 𝑖 − 𝑎 𝑑𝐴
. . . (4)
Which is known as the Merkel equation and
integrated for the whole heat exchanger in tower
gives:
𝛼𝑚 𝐴
𝑖 − 𝑎,𝑖𝑛
= 𝑙𝑛
. . . (5)
𝑚𝑎
𝑖 − 𝑎,𝑜𝑢𝑡
where, αm is the mass transfer coefficient for
water vapor between spray water film an air , A is
the surface area of the heat exchanger and hi is the
specific enthalpy of the saturated air at the mean
spray water temperature .
The average of spray water temperatures was
taken as the interface temperature according to [7]
while the inlet and outlet air enthalpies were
calculated from Psychometric chart according to
the measured data. Outlet air enthalpy could be
also calculated considering that all the heat goes
from water to air [11]
𝑚𝑎 𝑎,𝑜𝑢𝑡 − 𝑎,𝑖𝑛 = 𝑚𝑐𝑤 𝐶𝑝,𝑐𝑤 (𝑇𝑐𝑤 ,𝑖𝑛 −
𝑇𝑐𝑤 ,𝑜𝑢𝑡 )
. . . (6)
Then the outlet air enthalpy calculates as:
𝑎,𝑜𝑢𝑡 = 𝑎,𝑖𝑛 +

𝑚 𝑐𝑤 𝐶𝑝 ,𝑐𝑤 (𝑇𝑐𝑤 ,𝑖𝑛 −𝑇𝑐𝑤 ,𝑜𝑢𝑡 )
𝑚𝑎

2.3.2. Exergy Analysis
In this study, the exergy analysis of the CWCT
based on the Exergy Destruction Method (EDM)
was carried out in the simplified system shown in
Figure (5), where the dray air enters the test
section from the bottom at the input conditions
and crosses the test section at the output
conditions while spray water opposed the air
direction. On the other hand, cooling water enters
the test section inside the heat exchanger
perpendicular to the direction of both air and
spray water and come out the opposite of entering
heat exchanger. For steady state conditions
(operating cooling tower), neglecting the effect of
kinetic and potential energy, an exergy balance is
formulated for all components of the CWCT were
presented in Figure (5).

. . . (7)

5-Heat transfer coefficient: Heat transfer from
cooling water inside tubes to spray water and air
through a water film .the rate of heat transfer from
cooling water dqc is given by [12]:
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EX˙a,out

plus the exergy destruction within the same
boundary equals the difference between the total
exergy transfers in and out across the boundary.
Exergy destruction represents by the difference
between exergy change of water and exergy
change of air.

EX˙sw,in

EX˙cw,in

EX˙w,makeu

°
𝐸𝑋𝑖𝑛
−

EX˙cw,out

Cooling Tower

. . . (16)

The exergy destruction can be determined by:
𝐸𝑋𝑑°
°
°
°
°
= 𝐸𝑋𝑎,𝑖𝑛
+ 𝐸𝑋𝑠𝑤
,𝑖𝑛 + 𝐸𝑋𝑐𝑤 ,𝑖𝑛 + 𝐸𝑋𝑤,𝑚𝑎𝑘𝑒𝑢𝑝
°
− 𝐸𝑋𝑎,𝑜𝑢𝑡
°
°
+ 𝐸𝑋𝑠𝑤
. . . (17)
,𝑜𝑢𝑡 + 𝐸𝑋𝑐𝑤 ,𝑜𝑢𝑡

p

EX˙a,in

°
𝐸𝑋𝑜𝑢𝑡
− 𝐸𝑋𝑑° = 0

EX˙sw,out

4. Exergy Efficiency
Fig. 5. Exergy balance of the cooling tower.

The exergy efficiency (second low efficiency),
which is measured of irreversibility losses in a
given process is define as [15]:
𝐸𝑋𝑑°
𝜂𝐸𝑥 = 1 −
… 18
°
𝐸𝑋𝑖𝑛

1-Exrgy of water
Exergy of water can be obtained by Bejan [14]:
°
𝐸𝑋𝑤° = 𝑚𝑤
𝑓𝑤 − 𝑓𝑜 + 𝑇𝑜 𝑆𝑓𝑤 − 𝑆𝑔𝑜
− 𝑅𝑣 𝑇𝑜 𝑙𝑛∅𝑜
. . . (13)
Neglected the mechanical exergy of water
comparing with chemical exergy, so the exergy of
water for ideal gas law, Eq . (13) Becomes:
𝑇
°
𝐸𝑋𝑤° = 𝑚𝑤
𝐶𝑃𝑤 𝑇 − 𝑇𝑜 − 𝑇𝑜 𝐶𝑃𝑤 𝑙𝑛
𝑇𝑜
− 𝑅𝑣 𝑇𝑜 𝑙𝑛∅𝑜

3. Results and Discussions
3.1. Influence of Air and Spray Water Flow
Rates
The effect of air flow rate on the cooling
capacity for different values of the spray water
rate is illustrated in Figure (6). For each value of
spray flow rate, as the air flow rate increases; the
cooling water range is increases, cooling capacity
increased. This can be explained by as the air flow
rate increases, rate of evaporated water increases
too causing an increasing in the water cooling
range. On the other hand, a proportional relation
has been shown between the cooling capacity and
the spray water flow rate, for the different values
of air flow rates. The most important reason for
increasing cooling capacity with spray water flow
rate is increasing a contact surface for the mass
and heat transfer between water and air.
The effect of air flow rate on thermal
efficiency for different spray water flow rates
illustrated in Figure (7). The cooling tower
thermal efficiency increases with the increase of
air flow rate and spray water flow rate due to the
increase in cooling range and the decrease in
tower approach as its calculation from Eq. (3).
This behaviour was observed by Yoo et. al.
(2010), [16].

. . . (14)

2- Exergy of humid air
The total exergy in the psychometric process –
such as in the cooling tower operating
mechanism, without the effect of kinetic and
potential energy, on the bases of dray air and
water vapour as an ideal gas when neglecting the
change of pressure through the cooling tower in
the steady state –can thus be generally represented
presented in Bejan[14]:
𝐸𝑋𝑎° = 𝑚𝑎°

𝐶𝑃𝑎 + 𝜔𝐶𝑃𝑣
+ 𝑅𝑎 𝑇𝑜

𝑇 − 𝑇𝑜 − 𝑇𝑜 𝑙𝑛

𝑇
𝑇𝑜

1

1 + 1.608𝜔𝑜
1 + 1.608𝜔
𝜔
+ 1.608𝜔𝑙𝑛
. . . (15)
𝜔𝑜
+ 1.608𝜔 𝑙𝑛

3. Exergy Destruction
An exergy balance states that the total exergy
increases or decreases within the system boundary
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m̊ a=0.228 kg/s
m̊ a=0.195 kg/s
m̊ a=0.133 kg/s

4.5
4
3.5
3

Qcw=10 l/min
Tcwi= 46 ̊ C
Tawb= 19.5 ̊ C

2.5
2

m̊ a=0.228 kg/s
m̊ a=0.195 kg/s
m̊ a=0.133 kg/s

0.5
0.45
0.4

0.35
0.3
0.25
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20

25

30

35

40

45

50

20
25
30
35
40
45
Flow rate of spray water [ l/min ]

Flow rate of spray water [ l/min ]

Fig. 8. Variation of exergy destruction with spray
water flow rate for different air flow rates.

Fig. 6. Variation of cooling capacity with spray
water flow rate for different air flow rates.

The effect of air flow rate on exergy efficiency
for different spray water flow rates illustrated in
Figure (9). It is clear that the exergy efficiency
inversely proportional to the air flow rate. In other
words, exergy efficiency in proportional relation
with spry water flow rate.

26
m̊ a=0.228 kg/s
m̊ a=0.195 kg/s
m̊ a=0.133 kg/s

24
22
20

18

99.8
16

Qcw=10 l/min
Tcwi= 46 ̊ C
Tawb= 19.5 ̊ C

14

Exergy efficiency [ % ]

Thermal efficiency [ % ]

Qcw=10
l/min

0.55

Exergy destruction [kW]

Cooling capacity [ kW ]

5

12
15

20

25

30

35

40

45

50

Flow rate of spray water [ l/min ]
Fig. 7. Variation of thermal efficiency with spray
water flow rate for different air flow rates.

m̊ a=0.228 kg/s
m̊ a=0.195 kg/s
m̊ a=0.133 kg/s

99.7
99.6
99.5

Qcw=10
l/min
Tcwi= 46 ̊ C

99.4
99.3
99.2
99.1
99

The effect of air flow rate on exergy
destruction for different spray water flow rates
illustrated in Figure (8). Exergy destruction
represents by the differences between exergy
changes of water and exergy changes of air. For a
fixed spray water flow rate, it is observed that the
overall cooling tower exergy destruction increases
with the increase of the air flow rate due to
increase in rate of evaporation losses that causes
an increasing in exergy of makeup water. On the
other hand, exergy destruction decreases as spray
water flow rate increases.

20
25
30
35
40
Flow rate of spray water [ l/min ]

45

Fig. 9. Variation of exergy efficiency with spray
water flow rate for different air flow rates.

Figure (10) shows total exergy change
distribution of water and air with the spray water
flow rate. Both exergies increases slightly with
the increase of spray water flow rate. As indicated
in Figure (10), the increasing of spray water flow
rate generates an enthalpy increase lead to an
increase in exergy of water. The total exergy of air
is sum of convection air exergy and evaporation
air exergy. Also, it is indicated that the difference
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between total exergy change of water and air
increases with increasing in spray water flow rate.

rate. At low cooling water flow rate, the
opportunity to be the largest in completion of heat
exchange caused an increasing in temperature
difference of cooling water and thermal
efficiency.

1.2

30

0.8

Thermal efficiency[ % ]

Exergy change [kW]

1

0.6
0.4

m̊ a=0.22 kg/s
Qcw=10 l/min
Tcwi= 46 ̊ C

0.2

ΔEX ̊water
ΔEX ̊air

0
15

20

25

30

35

40

45

50

Flow rate of spray water [ l/min ]

20
15
10

0
0

5

10 15 20 25 30 35 40 45 50 55

Flow rate of cooling water [ l/min ]
Fig. 12. Variation of thermal efficiency with cooling
water flow rate for different spray water flow rates.

3.2. Influence of Cooling Water Flow Rate
The cooling capacity of tower versus cooling
water flow rate with different spray water flow
rates is shown in Figure (11). It can be noticed
that the cooling capacity is proportional with
cooling and spray water flow rates. For each spray
water flow rates, cooling capacity increases
significantly to increase in cooling water flow rate
according to Eq. (3).

The effect of cooling water flow rate on exergy
destruction for different spray water flow rates
illustrated in Figure (13). As discussed in previous
figure, when spray water flow rate increases
exergy destruction decreases, whereas in this
figure, it is state that the exergy destruction
increases while cooling water flow rate increases
due to increase in total water exergy. The exergy
of cooling water depends mainly on the cooling
water flow rate, so any increase in cooling water
flow rate causes an increase in total exergy of
water.
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Fig. 10. Variation of total exergy change of water
and air with spray water flow rate.
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Fig. 11. Variation of cooling capacity with cooling
water flow rate for different spray water flow rates.
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Fig. 13. Variation of exergy destruction with
cooling water flow rate for different spray water
flow rates.

The effect of cooling water flow rate on
thermal efficiency for different spray water flow
rates illustrated in Figure (12). Thermal efficiency
is inversely proportional to the cooling water flow
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The effect of cooling water flow rate on exergy
efficiency for different spray water flow rates
illustrated in Figure (14). From this figure, it can
be seen that the exergy efficiency decreases when
cooling water flow rate increased and spray water
flow rate decreased.

Exergy efficiency [ % ]

99.6

Qsw=40 l/min
Qsw=30 l/min

99.55

3.3. Influence of Inlet Cooling Water
Temperature
Cooling capacity with respect to variable inlet
cooling water temperature and spray water flow
rate has been shown in Figure (16). It is shown
that if the spray water flow rate remains constant,
cooling capacity increases rapidly with the
increase of inlet cooling water temperature due to
increase in rate of heat and mass transfer. This
behaviour is determined by different experiments
of authors Shim et. al. (2008), [4] and Yoo et. al.
(2010), [16].
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Fig. 14. Variation of exergy efficiency with cooling
water flow rate for different spray water flow rates.

The relationship between the total exergy
change of water and air with cooling water flow
rate is illustrated in Figure (15). It could be clearly
seen that the total exergy change of water and air
are proportional to the cooling water flow rate. As
expected, the total exergy change of water
increases with the increases in cooling water flow
rate as a result of increasing in exergy of cooling
water. Also, it could be seen that the difference
between total exergy change of water and air
increases with increasing in cooling water flow
rate.
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Figure (17) indicate the effect of variable inlet
cooling water temperature upon the tower thermal
efficiency for different values of spray water flow
rates. The thermal efficiency increases almost
exponentially as the inlet cooling water
temperature increases for all values of spray water
flow rates. The thermal efficiency is high at
higher inlet cooling water temperature and spray
water flow rate. Small increment at low water
temperature will gradually increases with an
increase in water temperature.
Figure (18) depicts the effect of inlet cooling
water temperature upon the overall exergy
destruction for different values of spray water
flow rates. As mentioned in Figure (8), for fixed
inlet cooling water temperature, exergy
destruction in inversely proportional to the spry
water flow rate. On the other hand, from Figure
(18), it was observed that by increasing inlet
cooling water temperature, the exergy destruction
increased due to increasing difference between
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Fig. 16. Variation of cooling capacity with inlet
cooling water temperature for different spray water
flow rates.
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Fig. 15. Variation of total exergy change of water
and air with cooling water flow.
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inlet water temperature and environmental air
temperature which lead to increase thermal exergy
of water. Also, increasing inlet water temperature
causes an increase in the difference between the
inlet and outlet cooling water temperature and
thermal exergy of outlet cooling water increase
too.
30
26

Qsw=45 l/min
Qsw=35 l/min
Qsw=25 l/min

99.8

24

Exergy efficiency [ % ]

Thermal efficiency [ % ]

28

illustrated in Figure (20). It is indicated from this
figure that the total exergy change of water and air
increases exponentially with the increase of inlet
cooling water temperature. As inlet cooling water
temperature increases, inlet exergy of cooling,
spray and makeup water increases lead to increase
total exergy change of water. Also, it is shown
that the difference between total exergy change of
water and air increases with increasing in inlet
cooling water temperature.
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Fig. 17. Variation of thermal efficiency with inlet
cooling water temperature fort different spray
water flow rates.
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Fig. 19. Variation of exergy efficiency with inlet
cooling water temperature for different spray.
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Fig. 18. Variation of exergy destruction with inlet
cooling water temperature for different spray water
flow rates.

Fig. 20.Variation of total exergy change of water
and air with inlet cooling water temperature.

3.4. Influence of Inlet AWBT

The effect of cooling water flow rate on exergy
efficiency for different spray water flow rates
illustrated in Figure (19). The exergy efficiency
decreases when cooling water flow rate increased
and spray water flow rate decreased.
The variation of total exergy change of water
and air with inlet cooling water temperature is

The change in cooling capacity versus inlet
AWBT for different inlet cooling water
temperature presented in Figure (21). It is clear
that the cooling capacity in inversely proportional
with the inlet AWBT for both inlet cooling water
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temperatures. It is believed because any increase
in inlet AWBT reflected to decreases the enthalpy
potential between saturated vapour mixture (film
surrounding the water droplet) and surrounding
air. The effect of inlet AWBT on tower thermal
efficiency for different inlet cooling water
temperatures is investigated in Figure (22). It can
be seen for both inlet cooling water temperatures
that the thermal efficiency decreased as inlet
AWBT increased which is brought about by the
temperature fall at outlet of the heat exchanger.
This behaviour was observed by Sarker (2007),
[17]. Also, it can be apparent that higher tower
thermal efficiency achieved at higher inlet cooling
water temperature.
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Exergy destriction [kW]

Cooling capacity [ kW ]

The effect of inlet AWBT on overall exergy
destruction for different inlet cooling water
temperatures is investigated in Figure (23). From
this figure, it can be seen for both inlets cooling
water temperatures that the exergy destruction
depends strongly on the inlet AWBT. The
increases in exergy destruction with the inlet
AWBT correspond to an increasing in both rate of
evaporation losses and dead temperature by
increasing of AWBT.
The effect of inlet AWBT on tower exergy
efficiency for different inlet cooling water
temperatures is investigated in Figure (24). For
each value of inlet cooling water temperature, as
the inlet AWBT increased, the exergy efficiency
is increased. Higher exergy efficiency achieved at
lower AWBT and lower inlet cooling water
temperature.
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Fig. 21. Variation of cooling capacity with inlet
AWBT for different inlet water temperatures.
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Fig. 23. Variation of exergy destruction with inlet
AWBT for different inlet water temperatures.
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Fig. 24. Variation of exergy efficiency with inlet
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Effect of inlet AWBT on total exergy change
of water and air is shown in Figure (25). The total
exergy change of water is proportional to the inlet
AWBT due to increase in exergy of makeup water
caused by increases in evaporation losses,
whereas, the total exergy of air increases with
increase inlet AWBT before (19 ̊ C) then
decreases with increase AWBT due to decreases
in exergy of air via convection . Also, it is shown
that the difference between total exergy change of
water and air increases with increasing in inlet air
wet bulb temperature.
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Fig. 26. Variation of cooling capacity with cooling
water flow rate for different locations of packing.
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Fig. 27. Variation of thermal efficiency with cooling
water flow rate for different locations of packing.

3.5. Influence of Added Packing
Figure (26) shows the cooling capacity
comparing for different positions of packing. The
result indicated that the cooling capacity for
CWCT with packing lower under heat exchanger
and CWCT with packing above heat exchanger
approximately (28%) & (16%) higher than that
CWCT respectively. In Figure (27), the thermal
efficiency enhancement for different positions of
packing is illustrated. It can be observed that the
thermal efficiency for CWCT with packing lower
under heat exchanger and CWCT with packing
above heat exchanger approximately (52%) &
(25%) higher than that CWCT respectively.

3.6. Empirical Correlations
According to the results of the experiments of
this work, for different operational parameters,
correlations for heat and mass transfer coefficients
were developed for cooling tower operates
without packing. These correlations are:
a-Mass transfer coefficient
𝛼𝑚 = 0.000001 𝐺𝑎 0.5038 𝐺𝑠𝑤 0.7456 𝑇𝑐𝑤 2.4478
… (19)
b-Heat transfer coefficient
𝛼𝑠 = 0.1349 𝐺𝑠𝑤 0.3758 𝐺𝑐𝑤 0.2051 𝑇𝑐𝑤 1.7749
… (20)
The average roots square mean error between
correlations and experimental data for mass and
heat transfer was (0.9666), (0.9424) respectively.
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4. Conclusions
Thermal performance of CWCT with packing
under heat exchanger was studied experimentally
in view of energy and exergy analysis. The results
can be summarized as follows:
1. Exergy destruction is directly proportional
with air flow rate, cooling water flow rate,
inlet cooling water flow rate and inlet AWBT
whereas, it is inversely proportional with spray
water flow rate. The behavior of exergy
efficiency is completely opposite to the exergy
destruction behavior.
2. Exergy change of water is greater than the
exergy of air as a result of absorbing energy by
water more than that by air because as the
heating capacity of water is more and twice as
much as that of the air. Also, exergy of air due
to an evaporation more dominated function in
the air exergy due to a convection.
3. 3-Cooling capacity increases when the air flow
rate , spray water flow rate , cooling water
flow rate and inlet cooling water temperature
whereas, it decreases with an increase in
AWBT. A comparison of the cooling capacity
of the tower, it was found that the exergy
destruction approximately less than 20%.
4. 4-The CWCT with packing has a better
performance than without packing. Comparing
CWCT with packing for both locations under
and above heat exchanger, it has been
observed that the best performance for the
CWCT with packing under heat exchanger.
Thermal efficiency for CWCT with packing
under heat exchanger and CWCT with packing
above heat exchanger approximately 40% and
25% higher than that CWCT without packing
respectively

T
Uo

Greek Symbols
αm
αs
αc
η
ηEX
𝜌
Φ
ω

mass transfer coefficient for water vapour,
between spray water film and air, kg/m2 s
heat transfer coefficient between tube external
surface and spray water film, W/m2 oC
heat transfer coefficient for water inside the
tubes, W/m2 oC
thermal efficiency, %
exergy efficiency, %
density, kg/m3
relative humidity, %
humidity ratio, kg/kgdry air

Subscripts
a
cw
in
o
out
sw
t

air
cooling water
inlet
dead state
outlet
spray water
tube
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الخالصة
رزضّٓ ٘رٖ اٌدزاسخ رحٍٍالً عٍٍّبً يثسج رجسٌد زطت ِغٍك ِطٛز عٍى فك لبٔ ًٔٛاٌدٌٕبٍِه اٌحسازٌخ األٚي ٚاٌثبًٔ ِٓ أخً شٌبدح اٌّعسفخ فً ٘را اٌح ْمً
إٌٙدسً اٌّ ُٙفً اٌعساق ٌٙ .را اٌغسض صُّ ٚصٕع ٚاخزجس أّٛذج ِط ّٛز ٌجسج رجسٌد ِغٍك زطت ثإضبفخ حشٛاد ٌسعخ رجسٌد ( 9وٍٍٚ ٛاط ) .أخسٌذ
اٌزدبزة ٌزٛضٍح رأثٍساد اٌّعبِالد اٌزشغٍٍٍخ ٚاٌزصٍّّخ عٍى األداء اٌحسازي ٌٍجسج .فً ِمطع االخرجبز ٚدزخخ حسازح َ اء اٌسش ٚوً ِٓ دزخخ ايحسازح
اٌدبفخ ٚاٌسطٛثخ إٌسجٍخ ٌٍٛٙاء اٌزً رُ لٍبسٙب فً ٔمبط ِزٛسطخ ٌٍّجبدي اٌحسازي ٚاٌحشٛح  .اٌطبلخ اٌّزبحخ ٌٍّبء ٚاٌٛٙاء رُ حسبثٙب ثزطجٍك طسٌمخ رحطٍُ
اٌطبلخ اٌّزبحخ عٍى ثسج اٌزجسٌد .إْ إٌزبئح اٌزدسٌجٍخ ٚضحذ رحسٍٕبً ٍِّٛسبً ٌألداء اٌحسازي عٕد إضبفخ اٌحشٛح إٌى اٌجسج اٌّغٍك ٚ .رُ ِالحظ ح األداء
األفضً عٕد إضبفخ اٌحشٛح اسفً اٌّجبدي اٌحسازي عٍى اٌسغُ ِٓ وجس ضٍبع اٌطبلخ اٌّزبحخ ٌٙرٖ اٌحبٌخٚ .خد أْ اٌىفبءح اٌحسازٌخ عٕد إضبفخ اٌحشٛح اسفً
ٚاعٍى اٌّجبدي اٌحسازي ثأفضٍخ رصً إٌى ٔسجخ ِٓ %25ٚ %4مبزٔخ ِع ثسج اٌزجسٌد اٌّغٍك ثد ْٚإضبفخ اٌحشٛح عٍى اٌزٛاًٌ ٌٛ .حظ ورٌه أْ اٌطبلخ
اٌّزبحخ اٌّحطّخ رزٕبست رٕبسجبً ِجبشساً ِع ردفك اٌٛٙاء ردفك ِبء اٌزجسٌد,دزخخ حسازح ايدخٛي ٌّبء اٌزجسٌد ٚدزخخ حسازح اٌٛٙاء اٌسطجخ اٌداخٍخ ٌٍٛٙاء ثٍّٕب
رزٕبست رٕبسجب عىسٍبً ِع ِعدي ردفك ِبء اٌسش  .سٍٛن وفبء اٌطبلخ اٌّزبحخ ِعبوس ٌسٍٛن ضٍبع اٌطبلخ اٌّزبحخ .ثبيِمبزٔخ ِع سعخ اٌزجسٌد ٌٍجسج ٚٚخد أْ
اٌطبلخ اٌّزبحخ اٌّحطّخ رشىً ٔسجخ الً ِٓ ٓ .%2رُ اسرٕزبج عدد ِٓ اٌعاللبد اٌزدسٌجٍخ ٌٍزجٛء ثّعبًٍِ أزمبي اٌحسازح ٚاٌىزٍخ ثدالٌخ ايِزغٍساد اٌزشغٍٍٍخ.
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