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Abstract
Due to the lower energy consumption in the evaporative cooling, it is the subject of numerous studies. Evaporative 
cooling considers a green cooling system which does not require any chemical reaction and does not depend on the 
hazardous material. The present study mainly focused on parametric analysis of an indirect evaporative cooling system 
using the computational fluid dynamics method. The numerical simulation of an indirect evaporative cooling system 
was carried out using ANSYS Fluent 18.2. The effects of the water inlet velocity, air inlet velocity, coil diameters  (dc) 
and the number of the heat exchanger copper coils were numerically investigated. The flow was considered as three-
dimensional, turbulent, and incompressible. The results indicated that the increment of the coil diameter and water 
inlet velocity had a positive effect on the performance of the indirect evaporative cooling system. The maximum water 
outlet temperature was obtained at 285.05 K for the water inlet velocity of 0.5 m/s. Moreover, the saturation efficiency is 
decreased by increasing air inlet velocity. On the other hand, saturation efficiency was increased at all air inlet velocities 
by increasing the coil diameter.
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1 Introduction

The evaporative cooling system needs less input energy 
than mechanical vapor compression systems [1]. It has 
been taking place over the air-cooling system because 
the cooling process depends on the evaporation of 
water which is not harmful to the environment as well 
as requires less energy. The mechanical cooling system 
requires a higher cost for installation and higher energy 
where HVAC converts 100% outside air into the cool air. 
Evaporative cooling units can be used in a residential 
area, business buildings, and data center cooling. Evapo-
rative cooling unit has two distinguished systems; Direct 
Evaporative Cooling unit (DEC) and indirect evaporative 
cooling system (IEC) [1–3]. An indirect evaporative cooler 
(IEC) is an energy-efficient cooling device which has been 

widely used to cool the air or other fluids [4–7]. Indirect 
evaporative cooling systems are air to air heat exchangers 
where the primary air is cooled by the secondary air. The 
secondary air is either cooled by Direct Evaporative Cool-
ing before entering the air to air heat exchanger or it is 
cooled in the air to the air heat exchanger by wetting the 
secondary air stream side [8, 9]. The indirect evaporative 
cooling unit is not efficient as Direct Evaporative Cooling 
so, in summer-time evaporative cooler has been placed 
in series for higher efficiency. Indirect evaporative cool-
ing overcomes the disadvantages of a Direct Evaporative 
cooling unit of adding humidity in the air. Currently, many 
researchers are working on indirect evaporative cooling 
systems [10–13], dealing with new thermodynamic cycles, 
heat exchanger materials and geometries, humidification 
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systems and with the evaluation of energy savings com-
pared to conventional devices.

Boxem et  al. [14] introduced a model for an indi-
rect evaporative cooler: a compact counter flow heat 
exchanger with louver fins on both sides. They demon-
strated that their calculations overestimated the cooler 
performance by 20% for inlet air temperatures below 
24 °C and by 10% for higher inlet temperatures. Shariaty-
Niassar and Gilani [15] studied the effects of air stream 
direction in the channels of the indirect evaporative 
cooler (IEC). They found that a higher performance was 
achieved by using the indirect evaporative cooler with 
counter-current configuration. You et al. [16] presented a 
method of indirect evaporative cooling heat exchanger 
using the CFD method. They investigated the influence 
such as inlet air temperature, relative humidity, mass flow 
rate, and exchanger channel height. They concluded that 
lower inlet temperature and relative humidity could obtain 
lower outlet temperature and moisture content. Wan et al. 
[17] developed a new approach to investigate the cou-
pled heat and mass transfer characteristics in an indirect 
evaporative cooling with counter-flow configurations. 
In their study, the effects of different parameters on the 
average Nusselt and Sherwood numbers were examined 
in detail. Pakari and Ghani [8] numerically and experi-
mentally investigated the performance of a counterflow 
dew point evaporative cooling system. They found that 
the predicted outlet temperature of the cooling system 
by 1D and 3D models were in good agreement with the 
experimental results. De Antonellis et al. [18] examined 
an indirect evaporative cooler, based on a cross-flow heat 
exchanger. In their study, a new indirect evaporative cool-
ing system model was developed, including the effects of 
secondary air humidification and surface wettability factor, 
as a function of working conditions. Wan et al. [19] used a 
CFD model to consider counter flow dew point evapora-
tive coolers. The model indicated a maximum discrepancy 
of 6% against experimental data. The two-dimensions 
analyzed in the model were the length and width of the 
cooling system’s channels. Li et al. [20] presented a com-
parative study of a counter-cross flow plate heat recovery 
exchanger, which operates as an indirect evaporative air 
cooler. Their results indicated that the outlet air tempera-
ture of the exchanger set vertically was lower than that of 
exchanger set horizontally.

Despite the above-mentioned researches, any numeri-
cal study has not been yet done to analyze the copper coil 
diameter variation. The present study is mainly focused 
on investigating the effect of coil diameter on the perfor-
mance of an indirect evaporative cooling (IEC) system as 
well as obtaining favorable water and air inlet velocities 
simultaneously. On the other hand, cooling coil efficiency 
not only depends on water and air temperature but also 

depends on coil diameter, number of coils, water inlet 
velocity, and air inlet velocity. For this purpose, three dif-
ferent coil diameters  (dc) of 0.0127, 0.01905 and 0.0254 m 
were used. In addition, wide ranges of air inlet velocities 
between 0.1  m/s to 0.6  m/s and water inlet velocities 
between 0.1 m/s to 0.5 m/s were considered at each dif-
ferent coil diameters to achieve the favorable parameters. 
The outcome of this work could be helpful to find out the 
best configuration of an indirect evaporative cooling sys-
tem through parametric study in CFD simulation for real-
life implementation.

2  Model description

In the present study, 8-row chilled water cooling coils 
with a length of 0.5 m and a diameter of 0.0127 m were 
used which the distance between the coils was 0.05 m. 
The entire coils were placed in a rectangular cube of 2 m 
in length, 0.75 in width and 1 m in height for applying the 
boundary conditions. The geometry of an indirect evapo-
rative cooling system is shown in Fig. 1 [21] and Fig. 2 illus-
trates the side view of its geometry.

3  Governing equations

In the present study, the flow was considered as three-
dimensional, turbulent, and incompressible. The CFD code 
ANSYS Fluent solves continuity, momentum and energy 
equations along with species transport. Equations (1) and 
(2) represent the continuity and momentum equations 
used in this case, respectively [22]. Here acceleration due 
to droplet particle and viscous forces are considered [22].

Fig. 1  The geometry of an Indirect Evaporative Cooling (IEC) sys-
tem [21]
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where � = density of the fluid phase, ν⃗ = velocity in vector 
form, SDPM = discrete phase model source,  Sother = addi-
tional mass source

where P = static pressure, τ = stress tensor, g = gravitational 
acceleration, FDPM = DPM force acceleration.

Water vapor in the air is modeled using species trans-
port in ANSYS Fluent 18.2. Species transport equation 
uses convection–diffusion phenomena to transport water 
vapor in the air which is presented in Eq. (3).

where Yi = local mass fraction of each species, Ji = diffusive 
flux, Si = creation of species by DPM.

Heat transfer is governed by the energy equation which 
is presented in Eq. (4) [22].

where E = enthalpy, Keff = effective thermal conductivity, 
Ji = diffusive flux due to species.

Using the above governing equations for the flow simu-
lation with enabling species transport equation and k − ε 
turbulence model has been carried out. The equations in 
the k − ε turbulence model are as follows:

Turbulent kinetic energy (k) [23]:

(1)
𝜕ρ
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+ ∇ ⋅

(
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The rate of turbulence energy dissipation ( ε ) [22]:

4  Grid generation and numerical method

In the present study, tetrahedral meshes have been used 
for the inlet and outlet regions of the computational area. 
Moreover, fine meshes were applied for the areas which 
are more sensitive in order to have high accuracy in com-
putations. Figures 3 and 4 demonstrate the entire and the 
side view of the grid, respectively. For the inlet side, the 
boundary condition was set to inlet velocity and for the 
outlet side, the boundary condition was set to outlet pres-
sure. Furthermore, the no-slip boundary condition was set 
for the coils. The water with a density of 998.2 kg/m3 and a 
viscosity of 0.001003 kg/m s and also the air with a density 
of 1.225 kg/m3 and a viscosity of 1.7894 × 10−5 kg/m s were 
considered as the working fluids. The water inlet tempera-
ture was 275 K and the hot air inlet temperature was 300 K 
with a relative humidity of 34.9%. For the inlet section of 
the coils, the boundary condition was set to inlet veloc-
ity and for the outlet section of the coils, the boundary 
condition was set to outlet pressure (Fig. 5). The Reynolds 
number was considered from 6300 to 12,640 for different 
coil diameters at a water inlet velocity of 0.5 m/s so the 
flow was assumed to be turbulent.
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Fig. 2  The side view of the geometry of an Indirect Evaporative 
Cooling (IEC) system [21]

Fig. 3  The entire view of the grid
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The numerical analysis was carried out using ANSYS 
Fluent 18.2 based on the CFD codes which are used to 
describe the complex behaviors of the heat and mass 
transfer [24–26] and also are implemented in various 
problems [27–29]. The upwind second-order method 
was applied for the discretization of continuity, momen-
tum, and energy equations. In addition, The SIMPLE 
algorithm was used for pressure–velocity coupling and 
pressure interpolation was second-order [30]. The con-
vergence criteria were considered to be less than  10−6 
for all equations. Due to the high Reynolds number flow 
inside the coils, the fluid governing equations consist 
of Reynolds-Averaged Navier–Stokes (RANS) equations. 
Modeling of the turbulence behavior inside the coil 

was performed using a standard k − ε turbulence model 
according to the recommendations of previous studies 
for similar flows [31–33].

5  Grid independence study and validation

A grid independence study was conducted to verify the 
adequacy of the final grid with cell numbers of 125,000, 
287,000, 525,000 and 794,000 to calculate the water out-
let temperature. Finally, there was a negligible difference 
between the results of the finest grid and the grid with 
525,000 cells. Thus, in order to select a favorable grid 
size to save computation time and gain better accu-
racy, the grid with 525,000 cells was used to obtain the 
results. Figure 6 indicates the detail of grid independ-
ence. Moreover, in order to validate the computational 
results, the values of water outlet temperature and air 
outlet temperature compared with the experimental 
results of Zhou et al. [21] at a Reynolds number of 6320 
(Table 1). As it can be seen, the results obtained from the 
numerical simulation had a good agreement with the 
available experimental data [21].

Fig. 4  The side view of the grid

Fig. 5  Boundary conditions
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Fig. 6  The detail of grid independence

Table 1  Comparison of temperature variations of the CFD results 
with the experimental results [21]

Validation Air outlet tem-
perature (K)

Water outlet 
temperature 
(K)

Present study 292 284.9
Experimental results [21] 289.55 287.85
Error% 0.85% 1%
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6  Results and discussion

6.1  The effect of coil diameter on the water outlet 
temperature

Figure 7 shows the changes in the water outlet tempera-
ture in terms of the changes in the water inlet velocity 
between 0.1 and 0.5 m/s for three different coil diam-
eters. For this purpose, three different coil diameters of 
0.0127, 0.01905 and 0.0254 m were used. The coil diam-
eter of 0.0127 was selected as the base diameter which 
was consistent with the coil diameter of available experi-
mental data [21] and the other diameters were 0.01905 
(1.5  dc) and 0.0254 (2  dc).

It is obvious that the water outlet temperature had 
increased with the increment of water inlet velocity 
for all the coil diameters. The water inlet temperature 
was 275 K and the hot air temperature was 300 K. After 
passing through 8 rows of copper coils, the water tem-
perature gradually increased by colliding the hot airflow 
with the coils, and the hot water was exited at the out-
let side of the coil. Also, the entered hot air due to the 
collision with the coils lost its heat and the cool air was 
exited from the outlet side. It is clear that the increment 
of coil diameter affects the performance of the indirect 
evaporative cooling (IEC) system so that the water outlet 
temperature had increased by increasing coil diameters. 
This positive effect is more evident in low water inlet 
velocity especially at a water inlet velocity of 0.1 m/s. 
On the other hand, the outlet water temperature had 
increased by increasing the water inlet velocity. The max-
imum water outlet temperature was obtained 285.05 K 
at a water inlet velocity of 0.5 m/s for a coil diameter of 

0.0254 m, which increased about 3.65% compared to the 
water inlet temperature of 275 K.

6.2  The effect of coil diameter on the air outlet 
temperature

Figure 8 demonstrates the changes in the air outlet tempera-
ture in terms of the changes in the air inlet velocity between 
0.1 and 0.6 m/s for three different coil diameters. As it can 
be seen, the air outlet temperature had increased with the 
increment of air inlet velocity for all coil diameters. In con-
trary to the effect of water inlet velocity, lower values of air 
inlet velocity had more effect on the performance of the 
indirect evaporative cooling system. Moreover, a larger coil 
diameter had more effect on decreasing the air outlet tem-
perature so the best value was obtained at the inlet air veloc-
ity of 0.1 m/s and a coil diameter of 0.0254 m. At the inlet air 
velocity of 0.1 m/s, the maximum reduction of the air outlet 
temperature was obtained about 5.3%, 5.1% and 4.5% at 
coil diameters of 0.0254, 0.01905 and 0.0127 m, respectively.

6.3  Saturation efficiency

Figure 9 depicts the saturation efficiency in terms of the 
changes in the air inlet velocity between 0.1 and 0.6 m/s for 
three different coil diameters. Saturation efficiency equation 
is obtained as follows:

where εe = saturation efficiency, %,  t1 = dry-bulb tempera-
ture of entering air, K,  t2 = dry-bulb temperature of exiting 
air, K, t′ = wet bulb temperature of entering the air, K.

(7)εe =
t1 − t2

t1 − t�
100%
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A user-defined function (UDF) for computing the satu-
ration efficiency was developed and added to FLUENT to 
be incorporated into the conservation equations. First, the 
values of density, pressure, temperature, and mass fraction 
were read by existing macros in FLUENT. Then, the spe-
cific gas constant of water vapor and dry air were defined 
as constants from which the gas constant for the mixture 
was calculated based on the components’ mass fractions. 
A fixed mass fraction of  H2O was calculated based on the 
air temperature and relative humidity, imposed at the inlet 
for the species transport equation. The dry and wet bulb 
temperatures of entering air were given as flow conditions. 
The dry-bulb temperature of exiting air was calculated 
after solving governing equations for the flow simulation 
with enabling species transport equation.

It is obvious that the saturation efficiency was 
decreased with the increment of air inlet velocity. On the 
other hand, saturation efficiency was increased at all air 
inlet velocities by increasing coil diameter. The maximum 
saturation efficiency was obtained 87.83% at a coil diam-
eter of 0.0254 m and air inlet velocity of 0.1 m/s which 
was about 4% and 14% higher than coil diameters of 
0.01905 m and 0.0127 m, respectively.

6.4  The effect of coil diameter on pressure drop

The pressure drop for all three coil diameters was cal-
culated at an air inlet velocity of 0.5 m/s and water inlet 
velocity of 0.6 m/s which is presented in Table 2. As it can 
be seen, the pressure drop had decreased by increasing 
coil diameter so that the pressure drop was reduced about 
56% in a coil diameter of 0.0254 m compared to the coil 
diameter of 0.0127 m.

6.5  The changes in Nusselt number 
against Reynolds number

Figure  10 shows the changes in the Nusselt number 
against Reynolds number for three different coil diam-
eters. From this figure, the Nusselt number had increased 
considerably by increasing the Reynolds number for all 
coil diameters. Furthermore, increasing coil diameter had a 
significant effect on increasing Nusselt number. The maxi-
mum value of the Nusselt number was obtained for a coil 
diameter of 0.0254 m.

6.6  The effect of the number of coils

Figures 11 and 12 illustrate the effect of the number of 
coils on changes of water and air outlet temperatures for 
a coil diameter of 0.0127 m. For this purpose, three differ-
ent rows of copper coils (4, 6 and 8 rows) were considered. 
It is concluded that the number of coils has a significant 
effect on the performance of an indirect evaporative cool-
ing (IEC) system. As the number of coils increased, the 
collision of hot airflow with the coils had increased. This 
caused to enhance the heat transfer rate and consequently 
reduce the air outlet temperature. On the other hand, a 
higher number of coils led to increase in the water outlet 
temperature. The maximum water outlet temperature was 
obtained 284.9 K for 8 rows of copper coils at a water inlet 
velocity of 0.5 m/s which increased about 1% and 0.42% 
compared to 4 rows and 6 rows copper coils, respectively. 
Furthermore, the maximum reduction of the air outlet 
temperature was obtained about 2.7%, 2.2% and 1.8% for 
8 rows, 6 rows and 4 rows of copper coils at an air inlet 
velocity of 0.6 m/s, respectively.

6.7  The temperature and velocity distributions

The temperature distribution (K) of the indirect evapora-
tive cooling (IEC) system was investigated for three dif-
ferent coil diameters at an air inlet velocity of 0.6 m/s 
and water inlet velocity of 0.5 m/s which is illustrated 
in Figs. 13, 14, 15. As mentioned before, the passing hot 
airflow by colliding with the coils was exited from the 
outlet side with a reduction in temperature. Moreover, 
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Table 2  Comparison of pressure drop (Pa) between three different 
coil diameters

Case Pressure drop (Pa) Coil diameter (m)

1 14.62 0.0127
2 9.77 0.01905
3 6.43 0.0254
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the water in the coils was heated and exited from the 
outlet side of the coils. Figures 16, 17, 18 demonstrate 
the velocity distribution (m/s) of the indirect evapora-
tive cooling system which is considered for three differ-
ent coil diameters at an air inlet velocity of 0.6 m/s and 
water inlet velocity of 0.5 m/s. The velocity increases as 
it passes through the coil arrangement which increases 
convective heat transfer. Also, the velocity field indicates 
turbulence flow in the region before passing the coil 
arrangement which is the consequence of this fact that 
the pre-existing air is not evenly distributed between 
coils.

7  Conclusions

In the present study, a parametric analysis of an indirect 
evaporative cooling (IEC) system was carried out using 
the CFD method. The effects of the water inlet veloc-
ity, air inlet velocity, and coil diameters and the number 
of the heat exchanger copper coils were numerically 
analyzed. For this purpose, three different coil diam-
eters of 0.0127, 0.01905 and 0.0254 m were used. The 
flow was considered as three-dimensional, turbulent, 
and incompressible. The SIMPLE algorithm was used for 
pressure–velocity coupling and also the k − ε turbulence 
model was adapted to simulate the turbulence flow. For 
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validation, the computational results compared with 
the available experimental results of Zhou et al. [21] and 
good agreement was achieved. Based on the results, it 
was concluded that a larger value of coil diameter and 
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higher water inlet velocity improved the performance of 
the indirect evaporative cooling (IEC) system. The maxi-
mum saturation efficiency was obtained 87.83% at a coil 
diameter of 0.0254 m and air inlet velocity of 0.1 m/s 
which was about 4% and 14% higher than coil diam-
eters of 0.01905 m and 0.0127 m, respectively. The maxi-
mum water outlet temperature was obtained 285.05 K 
at the water inlet velocity of 0.5 m/s for a coil diameter 
of 0.0254 m, which increased up to 3.65%. On the other 
hand, lower values of air inlet velocity had more effect 
on the performance of the indirect evaporative cooling 
system. The maximum reduction of the air outlet tem-
perature was obtained about 5.3%, 5.1% and 4.5% at an 
air inlet velocity of 0.1 m/s and coil diameters of 0.0254, 
0.01905 and 0.0127 m, respectively.
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