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Abstract In some cities such as Ahvaz-Iran, the solar
radiation is very high and the annual-mean-daily of the
global solar radiation is about 17.33 MJ m? d~!. Solar radi-
ation as an external heat source seems to affect the thermal
performance of the cooling towers. Usually, in modeling
cooling tower, the effects of solar radiation are ignored.
To investigate the effect of sunshade on the performance
and modeling of the cooling tower, the experiments were
conducted in two different states, cooling towers with and
without sunshade. In this study, the Merkel’s approach and
finite difference technique are used to predict the thermal
behavior of cross flow wet cooling tower without sunshade
and the results are compared with the data obtained from
the cooling towers with and without sunshade. Results
showed that the sunshade is very efficient and it reduced
the outlet water temperature, the approach and the water
exergy of the cooling tower up to 1.2 °C, 15 and 1.1 %,
respectively and increased the range and the efficiency of
the cooling tower up to 29 and 37 %, respectively. Also,
the sunshade decreased the error between the experimental
data of the cooling tower with sunshade and the modeling
results of the cooling tower without sunshade 1.85 % in
average.
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List of symbols

a Surface area of water droplets per unit volume of

tower (m2 m’3)

Specific heat

O ke~ °CY)

FC  Fill characteristic = hy,A,V/my,

FR  Flow ratio, water to air = i, /i,

Mass transfer coefficient (Kg m~2h~")

h Enthalpy (kJ kg™")

Enthalpy of saturated liquid water evaluated at T,

(kJ/kg)

L Length of the tower (m)

m Mass flow rate per square meter of the tower
(Kgm~2h7?)

P Pressure (kPa)

R Gas constant (kJ/kg K)

S Entropy (kJ/kg K)

S¢ Entropy of water (kJ/kg K)

T Temperature (°C)

\% Volume of the selected tower (m>)

x,y  Coordinates shown in Fig. 4

X Water exergy (kW)

v

of water at constant pressure

Greek symbol
0 Relative humidity

Subscripts

a Air

db  Dry bulb

i Inlet

0 Outlet

0 Restricted dead state
S Refers to standard air
v Water vapor

W Water
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wb  Wet bulb
ws  With sunshade
wos  Without sunshade

1 Introduction

Cooling towers are the heat and mass transfer devices being
in the widespread use. Due to their important role, the dif-
ferent kinds of the cooling towers have been introduced to
address the various demands of industries. Different math-
ematical models have been developed to predict the ther-
mal behavior of the wet cooling towers. The first practical
model to describe the heat and mass transfer mechanisms in
wet cooling towers was proposed by Merkel [1]. The criti-
cal differences between Merkel, Poppe and e-NTU models
were investigated by Kloppers and Kroger [2]. They con-
cluded that when the outlet water temperature is the only
important parameter to the tower designer, the less accu-
rate Merkel and e-NTU approaches can be used but when
the heat transfer rates are concerned; they give lower values
than that predicted by Poppe approach. Hayashi and Hirai
[3] approximated the enthalpy of saturated air by a first
order equation with respect to the water temperature and
applied the cross flow heat exchanger calculations to obtain
the overall enthalpy transfer coefficient by using a chart.
Inazumi and Kageyama [4] proposed a graphical method
for calculation of the enthalpy driving force in a cross flow
cooling tower.

Khan and Zubair [5, 6] investigated the effect of Lewis
number and heat transfer resistance in the air—water inter-
face and developed a detailed model for counter flow wet
cooling towers. Halasz [7, 8] developed a general math-
ematical model to describe the thermal characteristics of
all types of evaporative cooling devices. The main feature
of this model is its non-dimensionality which efficiently
reduces the required parameters to analyze an evaporative
device. He then applied his model to predict the thermal
behavior of wet cooling towers and compared the model
results with an accurate model. Kairouni et al. [9] presented
a mathematical model for the numerical prediction of the
performance of crossflow cooling towers. The mathemati-
cal model is based on the heat and mass transfer equations.
The leading parameters are the Lewis number, the number
of transfer units, the percentage of water evaporation, the
water losses and the tower efficiency. The model has been
used to predict the performance of cooling towers in terms
of the meteorological conditions prevailing in the South of
Tunisia. Prasad [10] developed a numerical model for cross
flow wet cooling towers and applied the model to estimate
the departure of available fill characteristics of the packing
of a multi-cell cross flow cooling tower from their values at
design state.
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Hajidavalloo et al. [11] used the Merkel’s model for
predicting the thermal behavior of an existing cross flow
tower under variable wet bulb temperature and the results
are compared with experimental data in various operating
conditions. Finally, the effect of placing an impact separa-
tor in front of air louvers on the thermal performance of the
tower is investigated.

An interesting method to control the wet bulb tempera-
ture is the designing and utilization a desiccant wheel. Des-
iccant materials attract the moisture based on differences in
vapor pressure. Due to their enormous affinity for absorb-
ing the water and considerable ability to hold the water,
the desiccant has been widely applied to the marine cargo,
pharmaceutical, electronics, plastics, food and storage
industries. Banooni and Chitsazan [12] used the Merkel’s
model for investigating the effect of the desiccant wheel
on the thermal performance of cross flow cooling towers
in variable wet bulb temperature. They concluded that by
using the optimum parameters of desiccant wheel, the inlet
air wet bulb temperature into the cooling tower and the out-
let water temperature would decrease significantly.

Solar radiation always affects the thermal performance
of the industrial equipment, especially in countries with
very high temperature and strong solar radiation in sum-
mers. Rahimikhoob [13] tested an artificial neural net-
work for estimating the global solar radiation as a func-
tion of air temperature data in a semi-arid environment.
The data used in the network training were obtained from
a historical series (1994-2001) of daily climatic data col-
lected in weather station of Ahvaz located in Khuzestan
plain in the southwest of Iran. Kramer et al. [14] showed
the aerial photographs of the shadowing effect of a plume
from a natural draft cooling tower. Ryznar’s [15] meas-
urements of solar radiation were made on 7 March 1977.
The sky was cloudless, but a cooling tower plume occa-
sionally came between the sun and the pyranometer that
was used. These measurements of solar radiation resulted
in values that were greater than those expected with a
cloudless sky. It is likely that reflections from the plume,
whose average position was slightly north of an imaginary
sun-pyranometer line, were responsible. Hajidavalloo and
Mohamadianfard [16] investigated the effect of sunshade
on the transformer by using the experimental and analyti-
cal methods. Transformer oil temperature was measured
in two different modes, with and without sun shield. It
was found that a sun shield has an important effect on the
oil temperature reduction in summer which could be as
high as 7 °C depending on the load ratio. Li and Zhang
[17] used the energy consumption unit building area of
the same building as an index for measuring the effect of
sun shade. Combined with the climatic characteristics of
Chongqing, the effect of Low-E glass and the sun shade
performance of horizontal sunshade board on building
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energy consumption were analyzed. And the optimal con-
figuration dimensions of Low-E glass and the horizontal
sunshade board for Chongqging were recommended on
the basis of different requirements for building energy
saving in winter and in summer. Gupta and Ralegaonkar
[18] proposed the design development of a new static sun-
shade depending on solar angles, whose efficiency has
been experimentally verified using a small-scale mod-
eling technique. Three experimental models of insulating
material were prepared with varying the aspect ratio of
windows and static sunshades. Sunlit area, which in turn
controls the temperature inside the models, has been made
the criteria for deciding the effectiveness of the proposed
sunshade over existing horizontal sunshade. The proposed
technique can be applied at any geographic location over
the world for which sunshade can be designed as per the
climatic requirements of the place. Raheem et al. [19] pre-
sented the findings of a comparative study for evaluating
the effects of different solar shading devices on the solar
transmittance properties of windows with different ori-
entations in the city of Miami, Florida. The simulation
results were compared to determine a performance metric
for the primary and the total solar transmittance of each
window-shade system. After selecting the most efficient
solar devices, a thermal analysis was performed to esti-
mate the reduction in cooling loads generated by improv-
ing the internal operative environment. Mackay and Donn
[20] identified the features of best practice in shade design
for protecting children from UVR exposure in 10 schools
throughout New Zealand. The varied New Zealand climate
means the different sunshade solutions are appropriate for
the different locations. Translucent materials can create
much needed warm shade for coastal areas. Solid or green
shade can shield the heat of the sun in hotter inland areas.
Where the rainfall is frequent, the impermeable materi-
als create the useful wet-weather play space. Soma et al.
[21] clarified the reduction effect of the indoor heat load
and the improvement of the indoor thermal environment
by thermal shielding over the folded-plate roof through a
year. A heat transfer model which can predict the heat flux
through the roof with sheets and ceiling is proposed. This
model is formulated using the heat balance of conduc-
tion, convection and indirect radiation on the folded-plate
roof. It is clarified that using the sunshade sheets leads to
decrease the cooling load for air-conditioning at daytime
in summer. Meanwhile, it is found that the sunshade sheets
can decrease the heat loss from the roof in winter.

Since the cooling towers should be installed in the free
space, they are strongly influenced by the sunshine in hot
climate. Researchers for simplicity have ignored the effect
of the solar radiation in modeling cooling tower. It seems
that neglecting the effect of the solar radiation in modeling
cooling towers affects the model’s error, especially in hot

climate. In spite of the vast application of the cooling tow-
ers in industries, there is no significant research to address
the effect of the solar radiation on the thermal behavior of
cooling tower.

In this paper, the experimental and analytical methods
are used to estimate the effect of solar radiation on the
cooling tower performance of Ahvaz Urban Railway, Iran.
For this purpose, the experiments are conducted on the two
cooling towers with the same weather conditions and struc-
ture, one cooling tower with sunshade and another without
sunshade. The outlet water temperature from the cooling
towers is measured to determine the effect of the solar radi-
ation. Then, the modeling results of the cooling tower with-
out sunshade are compared with the experimental results
of the cooling towers, with and without sunshade. Know-
ing the role of the solar radiation on the performance of the
cooling tower will help us to decide if a sunshade should be
used around the cooling tower or not.

2 Materials and methods
2.1 Study area and data

Measured daily weather data for a 10-year period from
1994 to 2003 were obtained from the Ahvaz weather sta-
tion (Latitude 31°200'N, longitude 48°40'E, elevation
22.5 m) located in the Khuzestan plain in the southwest
of Iran (Fig. 1). The climate in the study area is semi-arid
with an average annual rainfall of 220 mm, approximately
80 % of which occurs during November through April. The
minimum and maximum air temperature range from 23.4
to 48.2 and 6.48 to 30.2 °C in summer and winter months,
respectively. The average annual temperature is around
26.4 °C, the annual average sunshine is about 3209 h and
the daily mean relative humidity ranges from 17 to 85 %

Fig. 1 The location of the Ahvaz Station in Khuzestan
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Fig. 2 Schematic diagram of the selected tower

Air inlet
e

Table 1 Design parameters of the selected tower

Mass flow rate of water (kg/h) 155,880
Mass flow rate of air per fan (kg/h) 183,960
Inlet water temperature (°C) 32
Outlet water temperature (°C) 27

Wet bulb temperature of inlet air (°C) 24

Fill characteristic 1/55

with an annual average of 41.5 %. The Global solar radia-
tion was found to vary between a minimum of 0.01 to a
maximum of 36.43 MJ m? d~! and the annual-mean-daily
is about 17.33 MI m*d ™" [13].

2.2 Cooling tower specifications

Figure 2 shows a schematic diagram of the cooling tower
of Ahvaz Urban Railway that is used to cool the different
parts of the tunneling machine. It is a cross flow cooling
tower with one cell (two cell halves). The fills are splash
type with the rectangular cross section and made from
Unplasticised Poly Vinyl Chloride. The design param-
eters of the tower are listed in Table 1. These parameters
have been extracted from the catalog of the cooling tower
manufacturer. Fill performance characteristic, called here
as fill characteristic (FC), is a single composite nondi-
mensional parameter involving the dimensions of the cell
half, the configuration of the packing and the water flow
rate through it. The FC value represents the overall poten-
tial of the existing packing to cool the water and is a sole
function of the mass flow ratio of water to air, called FR
[10]. In Fig. 3, the effect of FR on the water temperature
along the tower has been shown. The figure shows that
the water temperature is increased when FR is increased.
This can be explained from this fact that an increase in
FR means more water should be cooled for a given tower
volume. Therefore, one would expect that the surface
area required both for convection and evaporation will be
reduced, resulting in the higher outlet water temperature
[12].
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Fig. 3 Inlet air wet bulb temperature against the outlet water temper-
ature at different FR ratios [12]

2.3 Measuring devices

Thermocouples were used to measure the dry bulb tempera-
ture of the environment; inlet and outlet water temperatures
of the cooling tower with shade and without shade. The
relative humidity of environment is recorded with a digital
hygrometer. A mathematical model [23] is used to obtain
the ambient wet bulb temperature by measuring the ambient
dry bulb temperature and the relative humidity. The speci-
fications of the measuring devices are listed in Table 2. We
considered the inlet dry bulb temperature and the inlet wet
bulb temperature into the cooling towers with sunshade and
without sunshade the same as those of the ambient dry bulb
temperature and the ambient wet bulb temperature.

2.4 Mathematical modeling

Merkel’s model is used to investigate the behavior of the
cooling tower. The basic assumptions of this model are:

1. The heat transfer resistance of the liquid film is negli-
gible.

2. The mass flow rate of water per unit cross-sectional
area of the tower is constant (neglecting the mass of
evaporated water).

3. The specific heat of moist air at constant pressure is the
same as that of dry air.

4. Lewis number for moist air is unity.

According to the Merkel’s theory, all the heat and mass
transfer occurring at each point of the cooling tower can be
treated as a single transfer process with enthalpy difference
as the driving force. Unlike the analysis of counterflow
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Table 2 Specihﬁcations of the Devices Type Accuracy Operating range Fluid
measuring devices
Thermometers T-type thermocouples 1°C —200 to 350 °C Air and liquid
Hygrometer Capacitive probe +2 % RH 0to 100 % RH Air

water

. dy
ar

= >

Fig. 4 A differential element of a cross flow cooling tower

tower which is one dimensional, the crossflow tower must
be treated as a two dimensional system, because there is the
variation of temperature and humidity both in vertical and
horizontal directions. Considering a differential element
of a cross flow cooling tower (Fig. 4), the energy balance
equation inside the tower is [11]:

—ti1y CpydTydx = thgdhydy = hpaydxdy(hgy —hy) (1)

where, dxdy is the volume of the element, with its width
assumed unity.Rearranging Eq. (1), results in the following
set of PDEs for the variations of water temperature and air
enthalpy throughout the tower:

. 0Ty
—1y, Cpw W = Kmay (hsw — ha) 2)
. (0h
ma <8Xa) = Kmay (hs,w - ha) 3
The boundary conditions are:
Tw(x,0) = Tyi “4)
ha(0,y) = hy (®)]

The relation between the water temperature and the
enthalpy of saturated air is [24]:

hgw = 4.7926 4 2.568T,, — 0.029834T2, + 0.001657T2,
(6)

The governing equations (Egs. 2 and 3) in conjunction
with Eq. (6) are coupled and non-linear, which should be
solved, simultaneously. Finite difference technique is used
to solve the set of governing equations to find air and water
properties in each point of the tower [10].

Fig. 5 A three-dimensional view of sunshade design (all dimensions
are in mm)

Fig. 6 A view of a cooling tower without sunshade

2.5 Sunshade design system

There are several restrictions in the design and installation
of the sunshade. These restrictions are as follows:

1. The sunshade should not be an obstacle in front of air
louvers.

2. A suitable place should be embedded for the outlet hot

and humid air from the cooling tower.

The sunshine direction should be considered.

4. The sunshade should be made from the material that is
the lightweight and resistant to the sun and rain.

e
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Fig.7 A view of a cooling tower with sunshade

In Fig. 5, a three-dimensional view of the sunshade
design is provided. As it is shown in the upper part of the
sunshade, a hole with the diameter of the diffuser is created
that will let the warm and moist air exists from the tower.
On the other hand, in order to remove the direct solar radia-
tion, the length and width of the sunshade is considered one
meter greater than each side of the cooling tower. The sun-
shade is made from the sandwich panels and foam in the
sandwich panels is made from polyurethane with the spe-
cific weight equivalent to 25-60 kg/m?.

Since the sun shines almost vertically at around noon,
the hottest hours are at this time [22]. On the other hand,
when the surface is perpendicular to the sunshine, the sur-
face will receive the maximum solar radiation [25]. There-
fore, the roof of the cooling tower absorbs more the solar

radiation than the other surfaces and the roof of the cool-
ing tower should be protected against the solar radiation
[21]. That’s why; we installed the sunshade on the roof
of the cooling tower horizontally, and we measured the
required data approximately at 14:00 h. Due to the depend-
ence of the solar radiation to the air temperature, humidity
and dust, the tests have been carried out on the sunny and
smooth days. Figure 6 shows a view of the cooling tower
without sunshade and Fig. 7 shows a view of the cooling
tower with sunshade.

Inlet Hot Water Temperature

)
50
=
=
=4
Outlet Cold Water Temperature
=
9
<
o
=
o
=
<«
Ambient Wet Bulb Temperature

Fig. 8 Range and approach of the cooling tower

Table 3 Comparison of the

Dat Ty, (°C T, (°C T,; (°C T, (°C E %
model predictions of outlet ae a O w (°©) wi () wo (O tror (%)
water temperature with Model Experiment
experimental data at the various
operating conditions 23/06/2011 424 23.6 32.8 27.6 28.4 2.82

24/06/2011 35.0 21.6 355 30.58 31.7 3.53

27/07/2011 352 20.6 37.1 31.1 314 0.96

25/06/2011 36.2 26.8 3717 33.23 352 5.6

24/08/2011 404 26.0 36.4 321 334 1.68

01/07/2011 43.6 23.4 35.7 30.91 32.3 4.3

14/07/2011 32.0 19.8 334 26.6 27.2 221

13/07/2011 46.2 27.0 38.1 33.6 36.0 6.67

10/08/2011 415 24.2 34.0 279 28.6 2.45
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2.6 Assessment of cooling tower
2.6.1 Range

The range is the temperature difference between the hot
water entering the cooling tower and the cold water leaving
the cooling tower. A high cooling tower range means that
the tower has been able to reduce the water temperature
effectively, and thus performance is well.

Range = Tw,in - Tw,out

(7
2.6.2 Approach

The approach is the temperature difference between the
cold water leaving the cooling tower and the ambient wet
bulb. The best approach value for a cooling tower is zero
and the cooling tower efficiency will be maximum in this
situation. Figure 8 provides a visual representation of the
relationship between the range and approach.

8) 391 + — Numerical Approach = Ty, out — Twb.in (8)
; 374 4 -~ Experimental
=2 . 2.6.3 Efficiency
= 33 ]
2
qé: 334 It is the ratio between the range and the ideal range, i.e. the
PRE temperature difference between the hot water entering the
Iz 20 | cooling tower and the ambient wet bulb, or in other words,
B itis:
@ i i . ‘ ’ ‘ Efficiency = Range/(Range + Approach) )
32 33 34 35 36 37 38 39
Inlet water temperature (°C)
Fig. 9 The comparison between experimental and modeling results ) 3
of the cooling tower < 33
g
2 32
I
Q
Table 4 The experimental results for the cooling towers with and g 31
without sunshade 2 30
Q
Date Tdb (OC) wa (OC) Twi (OC) Two, ws (OC) Two,wuw (OC) § 29
k53
23/06/2012 40 22.8 34.4 29.8 30.3 g 28
30/06/2012 44 22.3 358 30.8 314 © 7 L W W W W = =
23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
04/07/2012 46 24.7 36.7 325 333 mNoshade | 303 314 333 315 30 324 315
07/07/2012 42 21.7 34.9 30.8 315 withshade| 29.8 | 30.8 | 325 | 308 | 295 | 315 | 303
11/07/2012 38 21.2 335 29.5 30.0
16/07/2012 48 224 362 315 324 Fig. 10 Comparison between the outlet water temperature of the
20/07/2012 50 23.0 35.7 30.3 31.5 cooling towers with and without sunshade
Table 5 The calculation results .\ Ty (°C) Tyous CC) Tyomos (°C) Range (°C) with  Range (°C) with- Enhancement of
of the rangc for th? cooling sunshade out sunshade range (%)
towers with and without
sunshade 23/06/2012 344  29.8 30.3 46 4.1 122
30/06/2012 35.8 30.8 31.4 5 4.4 13.6
04/07/2012 36.7 325 333 4.2 34 23.5
07/07/2012 34.9 30.8 31.5 4.1 34 20.5
11/07/2012 33.5 29.5 30.0 4 3.5 12.5
16/07/2012 36.2 31.5 32.4 4.7 3.7 27.0
20/07/2012 35.7 30.3 31.5 5.4 4.2 28.5
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Range (°C)
|

23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
W NO shade 4.1 4.4 3.4 3.4 3.5 3.7 4.2
With shade| 4.6 5 4.2 4.1 4 4.7 5.4

Fig. 11 Comparison between the range value of the cooling towers
with and without sunshade

2.6.4 Exergy

Water exergy defined as the available energy carried by sup-
plying water decreases continuously from top to bottom. It
can be explained from the fact that the water temperature
decreases from top to bottom as a result of supplying its
exergy to air. Water exergy shows that the supplying rate is
nearly constant until approaching the bottom. Equation (10)
explains the water exergy X,, in environment when the water
is considered as an incompressible fluid where the first two
terms are known as thermal exergy and the last is chemical
exergy. Thermal exergy is the exergy associated with differ-
ence in temperatures, and chemical exergy is the one that
associated with ambient humidity, 6,. Because the chemical
exergy at ambient is constant, the water temperature can be
used as an indicator of the water exergy [26].

Xw =ty [(hw —hro) — To(sgw — s£0) — Ry To In 6o
(10)

3 Results and discussion
3.1 Validity of mathematical model

It may be mentioned that the air mass flow rate is kept con-
stant at the simulation condition [27]. Since the volume

12

10
~ 8
O
o
<
= 6
)
<
o
a 4
o
<
2
23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
M No shade 7.5 9.1 8.6 9.8 8.8 10 8.5
With shade 7 8.5 7.8 9.1 83 9.1 7.3

Fig. 12 Comparison between the approach value of the cooling tow-
ers with and without sunshade

flow rate of water and air from the selected cooling towers
are constant, therefore, we considered the mass flow ratio
of water to air (FR) constant and equal to its value at design
condition. Since the FC value is a sole function of FR [10],
considering the FR as a constant parameter, the FC value as
a sole function of FR will be constant. Considering the FC
and FR at design condition, the performance of the cooling
tower can be predicted at the different conditions using the
mathematical model.

Table 3 presents the model predictions and experimental
data from the cooling tower without sunshade at eight vari-
ous operating conditions. The relative error of the model
predictions when compared with experimental results is
<7 %. We calculated the relative error of the model predic-
tions with Eq. (11).

‘TWO(OC)\MOdel — Two (OC)lExperiment |

Error(%) =
Two (°C) |Experiment

Y

Figure 9 shows the model predictions and the experi-
mental data for the water outlet temperatures. Having con-
firmed the accuracy of the model and the cooling tower
characteristics, we can use this model to study the effect of
other parameters on the performance of the existing cool-
ing tower.

Table 6 The calculations

Sk tae P00 T (O T (O M (O a0 Ko f

cooling towers with and without

sunshade 23/06/2012 22.8 29.8 30.3 7.0 75 6.7
30/06/2012 22.3 30.8 314 8.5 9.1 6.6
04/07/2012 24.7 325 333 7.8 8.6 93
07/07/2012 21.7 30.8 315 9.1 9.8 7.14
11/07/2012 21.2 29.5 30.0 8.3 8.8 5.7
16/07/2012 22.4 315 324 9.1 10.0 9.0
20/07/2012 23.0 30.3 315 73 8.5 14.1
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Table 7 The calculation results of the efficiency for the cooling towers with and without sunshade

Range with shade  Range without Approach with Approach without  Efficiency with Efficiency without Enhancement of
°C) shade (°C) shade (°C) shade (°C) shade shade efficiency (%)
4.6 4.1 7.0 7.5 39.7 36.9 7.6

5 4.4 8.5 9.1 37.0 32.6 13.5

4.2 3.4 7.8 8.6 35.0 28.3 237

4.1 34 9.1 9.8 31.1 25.8 20.54

4 35 8.3 8.8 32.5 28.6 13.6

4.7 3.7 9.1 10.0 34.1 27.0 26.3

5.4 42 7.3 8.5 455 33.1 37.1

Table 8 The calculation results of the water exergy for the cooling towers with and without sunshade

Date T4, (°C) Ty, (°C) T,; °C) Tyomws CC) Tyomos CC) Exergy (kW) with Exergy (kW) Variation of
sunshade without sunshade exergy (%)
23/06/2012 40 22.8 344 29.8 30.3 4076.9 4121.4 1.1
30/06/2012 44 22.3 35.8 30.8 31.4 4093.8 4104.8 0.27
04/07/2012 46 24.7 36.7 32.5 333 4088.1 4129.5 1.0
07/07/2012 42 21.7 34.9 30.8 31.5 4093.8 4122.1 0.7
11/07/2012 38 21.2 33.5 29.5 30.0 4080.1 4120.2 0.97
16/07/2012 48 224 36.2 31.5 324 4122.1 4120.0 0.05
20/07/2012 50 23.0 35.7 30.3 31.5 4121.4 4122.1 0.02
3.2 Effect of sunshade on the cooling tower Z:
performance
40
/\; 35
The outlet water temperature of the cooling towers with i 30
and without sunshade is measured and its results are given % 25
in Table 4. According to Fig. 10, the outlet water tempera- g 20
ture of the cooling tower with sunshade is less than that m 1
. . . 10
of the cooling tower without sunshade and the difference s
in outlet water temperature between these two situations |
is up to 1.2 °C. Moreover, the range value for the cooling 23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
. . M No shade 36.9 32.6 28.3 25.8 28.6 27 33.1
towers with and without sunshade and the enhancement :
With shade | 39.7 37 35 311 | 325 | 341 | 454

of range are given in Table 5. It can be seen clearly from
Fig. 11 that the range value for the cooling tower with
sunshade is greater than that of the cooling tower without
sunshade. This enhancement in the range of the cooling
tower could be as high as 29 %. Therefore, the sunshade
prevents the cooling tower from the extra heat absorption
of the sun and improves the heat and mass transfer pro-
cess between the hot water droplets and the ambient air
considerably.

The approach value for the cooling towers with and
without sunshade and the reduction of approach are given
in Table 6. We can observe from Fig. 12 that the approach
value for the cooling tower with sunshade is lower than that
of the cooling tower without sunshade at the same wet bulb
temperature. Indeed, the outlet water temperature of the
cooling tower with sunshade is approaching to the ambient
wet bulb temperature more than that of the cooling tower
without sunshade. This approaching may reach up to 15 %.

Fig. 13 Comparison between the efficiency of the cooling towers
with and without sunshade
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23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
ENoshade | 4121.4 | 4104.8 | 4129.5 | 4122.1 | 4120.2 | 4120 | 4122.1

with shade | 4076.9 | 4093.8 | 4088.1 | 4093.8 | 4080.1  4122.1  4121.4

Fig. 14 Comparison between the water exergy of the cooling towers
with and without sunshade
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Table 9 The numerical and experimental results for the cooling towers with and without sunshade

Date Tyows CC) Tyomos CC) Tyo.model (CC) Error (%) with sunshade Error (%) without sunshade
23/06/2012 29.8 30.3 29.4 1.27 2.9
30/06/2012 30.8 314 30.6 0.54 24
04/07/2012 325 333 31.9 1.64 4.0
07/07/2012 30.8 315 29.9 2.70 4.9
11/07/2012 29.5 30.0 29.0 1.56 32
16/07/2012 315 324 30.6 2.61 5.3
20/07/2012 30.3 315 30.8 1.75 22

Thus, the effect of solar radiation on the performance of
cooling towers is more considerable in hot climate.

The efficiency for the cooling tower with and without
sunshade and the enhancement of efficiency are given in
Table 7. According to Eq. (9), the reduction of approach
and the enhancement of range will increase the efficiency
of the cooling tower. As expected, it can be observed from
Fig. 13 that the efficiency for the cooling tower with sun-
shade is greater than that of the cooling tower without sun-
shade. This enhancement in the efficiency of the cooling
tower could be as high as 37 %.

Since the water temperature can be used as an indica-
tor of the water exergy, we used Eq. (10) to calculate the
water exergy of both cooling towers with sunshade and
without sunshade at the outlet water temperature. The
ambient conditions used for the exergy analysis are at
T, =25 °C, Py =1 atm, and 6, = 50 %RH [26]. The cal-
culation results of the water exergy for the cooling towers
with and without sunshade are given in Table 8. Figure 14

Error (%)

23/06 | 30/06 | 04/07 | 07/07 | 11/07 | 16/07 | 20/07
B No shade 2.9 2.4 4 4.9 3.2 53 2.2
With shade | 1.27 0.54 1.64 2.7 1.56 2.61 1.75

Fig. 15 Comparison of the error between the modeling and experi-
mental results of the cooling towers with and without sunshade

Table 10 Economic assessment of the sunshade utilization on the
cooling tower

Initial cost Repair and maintenance cost Payback period

Low Low Long-term

@ Springer

shows the comparison between the water exergy of cooling
towers with sunshade and without sunshade. Since the sun-
shade decreased the outlet water temperature of the cooling
tower, we observe that the cooling tower with the sunshade
has the water exergy less than that of the cooling tower
without sunshade and the water exergy of the cooling tower
with sunshade could be decreased up to 1.1 %.

3.3 Effect of the solar radiation on the process
of modeling

Table 9 shows the modeling results of the cooling tower
without sunshade which has been ignored the impact of
solar radiation in modeling cooling tower and the experi-
mental results for two cooling towers; one of them is
exposed to the solar radiation and the other shaded by the
installed sunshade. As shown in Fig. 15, the error between
the modeling and experimental results for the cooling tower
with sunshade is less than that of the cooling tower with-
out sunshade and the installation of sunshade decreases
the error rate 1.85 % in average and its reason is the ignor-
ing of the solar radiation effect in modeling cooling tower.
Thus, it is very important to enter the impact of solar radia-
tion in modeling cooling tower in order to predict the effect
of solar radiation on the performance of cooling tower and
increase the accuracy of Merkel’s model or the other mod-
els which have been ignored the solar radiation effect in
modeling cooling tower.

3.4 Economical aspects of the sunshade system

We observed that the sunshade system can improve the
thermal performance of cooling tower in hot climate con-
siderably. To evaluate the economic concerns about the
sunshade utilization on the cooling tower, some important
criteria such as initial cost, repair and maintenance cost and
payback period should take into account. Table 10 dem-
onstrates a simple comparison in three important criteria.
The cost of installing the sunshade on the cooling tower is
very low because it has very simple construction and does
not need any expensive equipment. It is estimated that the
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Fig. 16 The combination of desiccant wheel and cooling tower with sunshade in hot and humid climate

cost of sunshade would be around 3 % of the cooling tower
cost. Therefore, it seems that using the sunshade around the
cooling tower in region with high solar radiation can be a
cost-effective method.

3.5 Cooling tower performance in different
environmental conditions

Since the heat is transferred from the process water to
the ambient air, the environmental conditions strongly
influence the heat and mass transfer process. One of the
most important parameters that should be considered in
the design and operating of wet cooling towers in mixed
weather conditions, like Ahvaz climate, is the effect of wet
bulb temperature on the cooling tower performance. Ahvaz
city has a hot and humid climate with variable wet bulb
temperature due to its closeness to the Persian Gulf in the
Middle East. When the weather gets humid, the wet bulb
temperature enhances and the performance of cooling tow-
ers deteriorates considerably. The desiccant wheel utiliza-
tion can improve the cooling duties by controlling the inlet
wet bulb temperature [12]. The combination of the desic-
cant wheel to reduce the inlet air wet bulb temperature into
the cooling tower and the sunshade system to prevent the
cooling tower from the extra heat absorption of the sun can
be a beneficial method in hot and humid climate (Fig. 16).
Cooling towers operating in sub-freezing temperatures
are prone to ice formations at the exposed louvers and
lower regions of the fill. Under extreme conditions, such
as very cold temperatures or cold temperatures combined
with a strong wind, the build-up of ice can become so
large that the structural damage may occur. Procedures
to remove ice formations typically require the cool-
ing tower to cease operation, thus disrupting the supply
of cooled water [28]. Since the air intake louver of the
cooling tower with sunshade is in the shade, therefore

the inlet dry bulb temperature into the cooling tower with
sunshade is less than that of the cooling tower without
sunshade. For this reason, the sunshade will speed up
ice formations in the winter season and this is a negative
effect of the sunshade system on the cooling tower per-
formance in this season.

4 Conclusion

In this study, the Merkel’s approach and finite difference
technique are used to predict the thermal performance
of the cooling tower exposed to the solar radiation in hot
climate. A sunshade was proposed to prevent the cooling
tower from the extra heat absorption of the sun. Experimen-
tal tests were performed at two different modes to meas-
ure the effect of sun radiation. The modeling results from
the cooling tower without sunshade are compared with
the experimental data of cooling towers with and without
sunshade.

e The influence of the sunshade on the performance of
the cooling tower is significant and it affects the outlet
water temperature of the cooling tower.

e The range and efficiency for the cooling tower with sun-
shade are greater than that of the cooling tower without
sunshade.

e The approach and exergy for the cooling tower with
sunshade are less than that of the cooling tower without
sunshade.

e The model’s error for the cooling tower with sunshade
is less than that of the cooling tower without sunshade.

e The combination of the desiccant wheel and the sun-
shade system to reduce the impact of solar radiation and
the inlet air wet bulb temperature into the cooling tower
can be a beneficial method in hot and humid climate.
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Sunshade system will speed up ice formations in the
winter season and this is a negative effect of the sun-
shade system on the thermal behavior of cooling tower
in this season.

These results are extracted by ignoring the effect of the

solar radiation on the input boundary conditions. Thus, in
order to increase the accuracy of results, it is necessary to
measure the effect of solar radiation on the input boundary
conditions.
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