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ABSTRACT

In hot and dry climates, evaporative cooling of the air by water spray can be applied in several 
requirements, such as evaporative condensers which the airflow is precooled by the water 
spray before it reaches the condenser. The interaction between water droplets and the air is 
a complicated two-phase flow that is affected by the several parameters. Here, an Eulerian-
Lagrangian 3D model was developed to investigate the influence of important parameters 
on spray cooling performance in a rectangular duct. The evaluated parameters include the 
number of nozzles, inlet air flow rate, and spray water flow rate. The results represented that 
growth in the number of nozzles causes a reduction in the spray cooling efficiency. Thi s 
is due to decrease of droplets retention time within the duct by increasing the number of 
nozzles at a constant total spray flow rate in the cases. The maximum and minimum spray 
cooling efficiency belong to the cases with one nozzle at water flow rate of 20 l/h and four 
nozzle at water flow rate of 5 l/h, respectively. The difference between spray cooling efficiency 
at 3 and 4 number of nozzles is less than 1.8%. Moreover, increasing the air flow rate from 0.5 
l/h to 2 l/h (by 300%) makes a decrease in the spray cooling efficiency up to 58.6%.
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INTRODUCTION

Spraying water to cool an air flow is a common phe-
nomenon which has different types of applications in 
industries such as spray drying, natural draft cooling 
tower, gas turbine fogging, air conditioning and firefight-
ing [1]. In a spray cooling process, the water small drop-
lets are injected into an air flow, this increases the contact 
surface area between water droplets and air, so higher rate 

of sensible heat transfer and evaporation will be occurred 
[2]. Therefore, by spraying water droplets into the air, tem-
perature declines and humidity increases, so this concept is 
appropriate for hot and dry climates.

The interaction between a continuous air flow and 
dispersed water droplets in a spray cooling process, is a 
complicated two phase flow which is affected by a lot of 
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parameters taken part in mass, momentum and energy 
exchange between two phases. Detailed data on the influ-
ence of spray cooling characterization is essential for 
designing an effective evaporative cooling system for 
several engineering applications. Dry bulb temperature, 
ambient absolute humidity, air flow velocity, tempera-
ture and velocity of droplets are the main operational 
parameters which influence on the spray cooling perfor-
mance. A number of papers with experimental [3-6] or 
numerical [7-10] analysis, focused on the investigation 
of operational parameters impress on the spray cooling 
performance.

Because of the complexity of two phase flow in evapora-
tive cooling and participation of a lot of attendant param-
eters in it, numerical studies are more prevalent than the 
experimental studies [11]. These numerical investigations 
were carried out for inlet air flow of cooling towers, hot 
plates, air-cooled condensers, heat exchangers and other 
thermal components [12–15].

According to different conditions of each application, it 
is necessary to study spray cooling process, for any usage 
separately with its specification. In order to investigate 
evaporative cooling in a specified condition, a number 
of studies use a wind tunnel and a spray system with dif-
ferent characteristics. Alhkhedir et al. [16] performed a 
parametric study on a spray cooling system for optimiza-
tion of nozzle design applied in natural draft dry cooling 
towers. The results indicated that initial droplet velocity is 
an important parameter which influences on spray cool-
ing performance. As droplets velocity increases, the spray 
cooling efficiency improves. Complete evaporation was 
achieved for an optimum initial droplet velocity, which 
for higher measurement of this parameter no enhance-
ment was observed in spray cooling. In another study, a 
numerical model was developed by Montazeri et al. [17] 
to study the effect of inlet air dry bulb temperature and 
ambient relative humidity on the spray cooling efficiency. 
They put a spray nozzle within a wind tunnel in co-current 
condition with the air flow. The results showed that for a 
certain value of inlet water droplet temperature, increas-
ing 8°C in inlet air dry bulb temperature, enhances the 
sensible cooling capacity of the system, more than 40%. 
Moreover, a lower amount of humidity in the inlet air flow, 
augments the evaporation rate and improves spray cool-
ing. CFD analysis of pre-cooling by a water spray system 
in horizontal nozzle arrangements was carried out by Xia 
et al. [18]. Main conclusion was that, the maximum fully 
evaporated water flow, witnesses a decrease with increas-
ing the air velocity and the growth of turbulence intensity 
could improve evaporative cooling capacity by enlarging 
spray coverage area.

 The influence of inlet water temperature on the cooling 
efficiency of a water mist fire suppression system has been 
analyzed by Omidvar et al. [19]. The spray system had one 
nozzle in co-current condition with the air stream. Results 

represented that when the initial temperature of the water 
spray before injection increases, the initial size distribution 
of the spray droplets decreases and the speed of droplets 
evaporation augments therefore cooling power of the pre-
heated water mist system improves.

Air-cooled condenser is another thermal component 
which its performance can be enhanced by spray pre-cool-
ing of its air flow in hot and dry weather. Heidarinejad et al. 
[20] investigated the effect of air spray cooling to enhance
the performance of an air-cooled chiller with integrating a
water mist system to its condenser. They applied one nozzle
in the water mist system with different nozzle orientation
angles from 0 to 90°. The main result of this study is that
for the higher ambient temperature, COP enhancement is
better and at orientation angle of 90° the best cooling was
observed. Xiao et al. [21] performed a numerical study on
performance improvement of an air-cooled condenser by
water spray cooling. The results showed that for high ambi-
ent dry bulb temperatures and low relative humidity, the
spray cooling capacity is more. A new type of evaporative
condenser with water spray cooling is used in a data cen-
ter air conditioning system by Han et al. [22]. Results rep-
resented that, the evaporative condenser can decrease the
energy consumption of the system, and increase the COP
of air conditioner

The literature review showed that in most numerical 
studies, the condition of air stream relative to spray direc-
tion was co-current, while according to the represented 
results by Heidarinejad et al. [20], the orientation angle of 
90° for spray nozzle is more efficient than the other configu-
ration. Therefore, the condition of present study is assumed 
cross flow which is more effective and poorly highlighted 
in the literature. Moreover, to the best of author’s knowl-
edge, it has not been found any study which investigate the 
effect of number of nozzles on pre-cooling of an air flow 
by a spray system, therefore in the present work the influ-
ence of number of nozzles is comprehensively analyzed 
on spray cooling efficiency and evaporation rate. Also the 
spray mass flow rate and inlet air flow rate, as two impor-
tant operational parameters are variable in this study which 
their effect in cross flow configuration and more than one 
nozzle condition have not been investigated yet. In order to 
perform the numerical analysis, a number of 32 cases were 
simulated with different number of nozzles, air and water 
mass flow rate. Two-phase Eulerian-Lagrangian model is 
utilized to simulate the heat transfer and fluid flow of water 
spray process inside the air flow. The applied two-phase 
model has been validated by the results of a previous reli-
able work.

NUMERICAL MODEL

There are two phases in the domain of the model; con-
tinuous phase and discrete phase which are the air flow and 
spray droplets, respectively.
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Continuous Phase
According to the Eulerian-Lagrangian model, the simu-

lation of air flow is described in Eulerian framework. The 
continuity equation with source term and the Reynolds-
Averaged Navier-Stokes (RANS) momentum and energy 
equations with the combination of standard k-ε model are 
used to simulate the air flow which is in contact with water 
droplets. These equations are as follow [23]:
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The airflow is treated as steady, turbulent and incom-
pressible. The source terms Smo, Se, Sm which indicate the 
mass, momentum, and energy effects of dispersed drop-
lets on the continuous air flow, are evaluated in Lagrangian 
framework. Actually, the process of one iteration of simu-
lation is that the continuous phase equations are solved 
without discrete phase source terms then discrete phase 
relations are computed and the source terms are evaluated 
then continuous phase equations with source terms will be 
solved, if the convergence conditions is satisfied the calcula-
tion will be stopped otherwise the iterations continue.

In the finite volume simulation, for each computational 
cell, the source term is calculated by volume averaging of 
the impact of droplets within the cell, on the airflow. These 
source terms are derived as follow:
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Discrete Phase Model
In the spray cooling process, the mass, momentum, and 

energy exchange of the water droplets which is injected to 
the airflow directly depends on the interaction between 
the two phases. Momentum exchange causes the droplet 
motion, mass transfer determines droplet size change and 
energy exchange influences on the droplets temperature. 

DROPLET EQUATIONS OF MOTION

The droplets equation of motion is computed in 
Lagrangian framework. The trajectory of some droplets 
which have the same properties, named parcels, is traced 
in the continuous air flow domain [24]. The particles equa-
tions of motion are derived by integration over second law 
of Newton in three dimensions. When the water droplets 
inject to an air flow, there are a lot of forces which exerts 
to them. These forces are such as drag, gravity, buoyancy, 
thermo-phoretic, Brownian, and Saffman’s lift forces [20]. 
When it is assumed that the droplets have spherical shape, 
the drag and gravitational forces are more important and 
the other forces can be neglected [25]. So, the droplets equa-
tion of motion in Lagrangian framework is represented as 
follow:
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The drag force vector for spherical shape droplets can be 
derived as Equation (11):
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with the assumption of spherical droplets, the drag coeffi-
cient, CD, is only a function of Reynolds number. There are 
different correlations for the drag force coefficient of spheri-
cal droplets in previous studies [26–28]. In this work, a cor-
relation which is developed by Morsi and Alxander [29] is 
chosen as follow:

C
C
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where Red is the relative Reynolds number between the air 
flow and the droplets which is given:
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The constants C1, C2, and C3 are represented in Table (1) 
for different ranges of Reynolds number:

DROPLET DIAMETER DISTRIBUTION

The Rosin-Rammler model is applied to depict the size 
distribution of the droplets in the numerical simulations. 
This model supposes an exponential relationship between 
the droplet diameter, D, and the mass fraction of droplets 
with diameters greater than D, which can be expressed as 
[17]:
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where YD is the mass fraction of droplets with diameters 
greater than D and D– is the mean droplets diameter and n is 
the spread parameter as an index of the distribution width. 
For the common experimental data, D– and n are 369 μm 
and 3.67, respectively. The Rosin-Rammler volume density 
distribution of the droplets can be derived as follows:
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The total number of droplet streams in the simulations 
is assumed to be 100. It means that the particles are released 
from 100 uniformly distributed points on the nozzle dis-
charge perimeter. The results of sensitivity analysis which is 
carried out before the main runs, show that approximately 
100 streams are needed to obtain CFD result which are 
independent of the number of droplet streams. In the other 
words, using a larger number of streams would increase the 
computational time without any considerable effect on the 
accuracy of CFD results. Using a lower number of streams, 
however, would lead to a high discrepancy between the 

CFD results. In this study, the smallest droplet diameter to 
be considered in the size distribution of the Rosin-Rammler 
model is 74 μm, corresponding to the minimum resolution 
of the droplet measurements. The largest droplet diameter 
is considered 518 μm, based on the largest droplet diameter 
in the samples [17].

DROPLET HEAT AND MASS TRANSFER

Whenever a water droplet confronts with an unsatu-
rated airflow, heat and mass transfer happens at its external 
surface simultaneously. There is latent heat transfer because 
of droplet evaporation and sensible heat transfer caused by 
convection and radiation, at the droplets and surrounding 
air interface. Convection and radiation heat transfer meth-
ods are negligible in comparison to the latent heat trans-
fer caused by evaporation [30]. The energy balance over a 
droplet in contact with an airflow can be expressed as:
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The left hand side of Equation (16) indicates the internal 
energy variation rate of the droplet and the right hand side 
includes airflow and the particle convection heat transfer rate 
and the droplet evaporation rate. The average Nusselt num-
ber are obtained as [31]:
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The term 
dm
dt

d  which represents the mass reduction 
rate of water droplet caused by evaporation is expressed as 
Equation (18). 
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where ρs,int and ρva are the saturated vapor – air layer density 
and vapor density, respectively. The mass transfer coeffi-
cient, hd, can be calculated by Equation (19) [31]:
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Spray cooling efficiency and area averaged air tempera-
ture and percentage of water evaporated are the output data 
of this study. The cooling efficiency of a spray system is 
determined as the ratio of the real air temperature drop to 
the maximum probable air temperature drop [32]. It can be 
obtained from Equation (20):
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Table 1. Morsi and Alexander drag coefficient constant [29]

Re range C1 C2 C3

Red < 0.1 24 0 0
0.1 < Red < 1 22.73 0.09 3.69
1 < Red < 10 29.17 –3.89 1.22
10 < Red < 100 46.50 –116.67 0.62
100 < Red < 1000 98.33 –2778 0.36
1000 < Red < 5000 148.62 –47500 0.36
5000 < Red < 10000 –490.546 578800 0.46
10000 < Red < 50000 –1662.50 5416700 0.52
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The area averaged temperature can be expressed as:

T
TdA
dAave =

∫
∫

(21)

According to DPM model of ANSYS Fluent which is 
applied in this study, the percentage of water evaporated is 
computed from division of the number of evaporated drop-
lets to the total number of droplets tracked. These informa-
tion is represented in console dialog box in ANSYS Fluent.

GEOMETRY, PHYSICAL SPECIFICATION AND 
GRID GENERATION

The computational domain is a channel with dimen-
sions 67.5 × 67.5 × 200 cm3 which is indicated in Figure 
1. The number of the nozzles is variable in the simulation

process and the state of four hollow cone nozzles is dis-
played in Figure 1. The other states are generated by remov-
ing the nozzles closer to the outlet of channel. The nozzles 
are located in the top side of the channel with distances 
of 0.2, 0.6, 1 and 1.4 m from the inlet. Water droplets are 
sprayed in cross flow condition. Two boundary conditions 
including VELOCITY_INLET and PRESSURE_OUTLET 
are considered for inlet and outlet ports, respectively. The 
other boundaries are considered as Wall. A structured 
hexahedral mesh is generated in ICEM CFD. The grid 
dependency test was carried out on three sizes of mesh 
and the results are shown in Table 2. Since the difference 
between the outlet areas averaged temperature of air flow in 
1,245,000 elements and 2,050,000 elements is insignificant 
by 0.01%, and this difference for area averaged water mass 
fraction at the outlet is zero, the mesh with 1,245,000 ele-
ments is chosen for further simulations.

The numerical analysis is performed by a commercial 
CFD code, ANSYS FLUENT 18.2. The Lagrangian-Eulerian 
approach with discrete phase model (DPM) is implemented 
to simulate the sprayed droplets and air flow interaction. 
In DPM model, the concept of particle stream or parcel 
is applied for droplet trajectory. Each particle stream is 
actually a number of droplets which has the same physi-
cal properties such as diameter, velocity, and temperature. 
According to the sensitivity analysis, the number of streams 
is considered 300 and simulation represented that, for num-
ber of streams more than 300, there is no significant differ-
ence between the obtained results. The continuous phase 
3-D incompressible, steady, and pressure based equations
with gravity source term is considered as general specifi-
cations of model. Turbulence Reynolds Averaged Navier-
Stokes equations with the k-ε model [33–40] is supposed
to solve the conversation of mass, momentum, and energy
equations of the model. The SIMPLE algorithm is used to
solve pressure and velocity coupling equations. The physi-
cal parameters of continuous and discrete phases are repre-
sented in Table 3.

Figure 1. Schematic of the channel geometry and the place-
ment of the nozzles at z=0.2, 0.6, 1, and 1.4 m.

Table 3. Air and spray flows characteristics

Airflow Physical Parameters Spray System Physical Parameters
Ta,in (K) ua,in(m/sec) RHin mwtot

 (l/h) vd α Dn N

308.15 0.5, 1, 1.5, 2 35% 5, 10, 15, 20 10 m/sec 30° 0.3 mm 1, 2, 3, and 4

Table 2. Results of grid dependency study

Grid Min size (m) Max face size (m) Max Tet size (m) elements number Ta,out (K) Outlet water mass fraction
1 10–4 10–2 0.02 746,953 306.24 1.35 × 10–3

2 9 × 10–5 9 × 10–3 0.015 1,245,442 306.03 1.36 × 10–3

3 8 × 10–5 8 × 10–3 0.01 2,051,780 306 1.36 × 10–3
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The inlet air flow with uniform air velocity, constant rel-
ative humidity, and constant dry bulb temperature is deter-
mined. The turbulence hydraulic diameter and intensity is 
considered 0.675 m and 10%, respectively.

BOUNDARY CONDITIONS

Uniform and constant velocity is assumed for airflow 
boundary condition at the inlet. Atmospheric pressure is 
set for the outlet. The escape boundary condition is con-
sidered for the droplets at the outlet. By using this condi-
tion, the upstream effect of the drift eliminator on airflow 
is ignorable and the particles leave the channel with their 
current physical properties. No slip condition and reflected 
boundary condition is assumed for the wall of the channel. 
When reflected boundary condition is supposed, it means 
that after droplets impingement to the wall, the normal 
momentum part will be imposed to zero and the tangential 
part retains its amount of before collision.

VALIDATION STUDY
Montazeri et al. [17] developed a 3D two-phase model 

for simulation of air flow in a channel with spray injection 
at the inlet of the channel in co-current pattern. The dimen-
sions of the channel were 0.585 m × 0.585 m × 1.9 m and its 
computational domain and grid generation is demonstrated 
in Figure 2.

In order to validate the utilized model in the present 
work, a comparison was performed between the results 
of this model with Montazeri et al. [17] simulation. In the 
reference case, inlet air velocity, air absolute humidity and 
water droplet temperature are 3 m/sec, 0.0052 kgvapor/kgdry-

air, and 308.3 K, respectively. Inlet air dry bulb temperature 
was assumed as 304.3 K and 312.3 K. Figure 3 represents the 
area averaged air dry bulb temperature in five cross section 
of the computational domain in the channel. It shows a very 
good agreement between the results. The minimum and 
maximum deviation of the temperatures are 0.6 and 4.7%, 
respectively.

UNCERTAINTY ANALYSIS

Numerical simulation of Montazeri et al. [17] by itself, 
was validated with an experimental work carried out by 
sureshkumar et al. [41]. The uncertainty in measurement 
of the experimental parameters was as follows. The uncer-
tainty in air velocity measurement was ±0.05m/s for air 
velocity up to 2 m/s and ±0.2 m/s for air velocity between 
2 and 4 m/s. The uncertainty of air dry bulb temperature 
was ±0.3°C in this study. The droplet diameter distribution 
was determined using an image-analyzing technique. The 
uncertainty of this technique for the mean droplet size was 
estimated to be ±22%.

RESULT AND DISCUSSION

In this section, the distribution of dry bulb air tempera-
ture, percentage of water droplets evaporation at the outlet, 
and the spray cooling efficiency have been obtained for dif-
ferent number of nozzles, various inlet air velocities, and 
different mass flow rates of sprayed water.

IMPACT OF THE NUMBER OF NOZZLES 

The number of the nozzles is a key parameter which can 
affect the spray cooling performance. The impact of number 
of the nozzles on evaporative cooling process is investigated 
by testing one to four nozzles in specified locations in the 
top wall of the duct. The air temperature contours in a lon-
gitudinal plane at the middle of the channel (Y=0) for 1 to 
4 number of the nozzles on a line with 0.2, 0.6, 1, and 1.4 m 
distance from the inlet, are illustrated in Figure 4. For each 
nozzle, the water flow rate and inlet air velocity are kept con-
stant by 5 l/h and 0.5 m/s, respectively. Accordingly, it can be 
concluded that when the number of the nozzles increases, 

Figure 2. Schematic Geometry (a) and grid generation (b) 
of the reference case of validation [17].

Figure 3. Comparison between present numerical results 
and Montazeri et al. [17] at Vair= 3 m/sec and Udroplet = 22 
m/sec.
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In the contours of Figure 4, as the spray mass flow rate 
was assumed 5 l/h for each nozzle, by increasing the num-
ber of nozzles, the total mass flow rate grows subsequently, 
while in order to investigate the effect of number of the 
nozzles independently, the total mass flow rate for the cases 
should be constant and it is distributed between the noz-
zles. In the simulation cases of Figure 5 and Figure 6, for 
example at total mass flow rate of 10 l/h, when there are two 
nozzles in the duct, each of them has 5 l/h flow rate and in 

Figure 4. Air temperature profile at the middle longitudinal plane (ua,in = 0.5 m/sec and ṁw = 5 l/h for each nozzle) for vari-
ous number of nozzles including (a) N=1, (b) N=2, (c) N = 3, and (d) N = 4.

Figure 5. Variation of (a) outlet air dry-bulb temperature and (b) percentage of water evaporated at different water mass 
flow rates and various numbers of the nozzles.

the amount of sprayed water droplets which is injected 
into the channel rises, therefore the sensible and latent heat 
transfer increase because of the water droplets injection, and 
a greater part of the duct is impressed by spray cooling. It 
is necessary to mention this point that according to Figure 
4, the differences between the cases N=3 and N=4 are not 
significant which means that growth in the number of spray 
nozzles more than three does not affect the cooling process 
expressively.
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Figure 6. Variation of the spray cooling efficiency at dif-
ferent water mass flow rates and various numbers of the 
nozzles.

Figure 7. Air temperature profile at outlet cross section plane for one nozzle at the z = 0.2 m and ua,in = 1 m/s for various 
mass flow rate of water including (a) ṁw = 5 l/h, (b) ṁw = 10 l/h, (c) ṁw = 15 l/h, and (d) ṁw = 20 l/h.

the case of four nozzles, each nozzle injects water spray in 
amount of 2.5 l/h. 

According to the Figure 5(a), at a constant total mass 
flow rate, when the number of the nozzles increases, the 
outlet air temperature rises. In other words, when just the 
number of spray nozzles changes and the other parameters 
including total spray flow rate, air velocity, droplet size, and 
inlet air humidity are kept constant, if the number of the 
nozzles increases on a line in the duct, the mass flow rate 
of water in each nozzle decreases. So for the nozzles which 
is closer to the outlet of the duct, the time of interaction 
between air flow and the water droplets declines which leads 
to lower heat transfer rate in both sensible and latent types 
and consequently, the outlet air temperature will be stayed 
high. Also, according to Figure 5(a), it can be concluded 
that by growth in the number of the nozzles from 1 to 4 
(by 300%), the slope of variation of outlet air temperature 
reduces, such a way that, the difference between the outlet 
dry bulb temperature at 3 and 4 number of nozzles is less 
than 0.05 K. Figure 5(b)shows that the percentage of the 
water evaporated reduces by increasing the number of the 
nozzles because when the spray droplets have less residence 
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time in the duct, they have less opportunity to evaporate in 
the interaction to hot air flow.

The variation of the spray cooling efficiency at different 
water mass flow rates and various numbers of the nozzles 
is depicted in Figure 6. Accordingly, it can be seen that 
growth in the number of the nozzles from 1 to 4 (by 300%) 
causes reduction in the slope of variation of spray cooling 
efficiency reduces, such a way that, the difference between 
spray cooling efficiency at 3 and 4 number of nozzles is less 
than 1.8%. In other words, at a constant water mass flow 
rate, when the number of the nozzles increases, the spray 
cooling efficiency declines.

For instance, at the case with N=1, by increasing the 
mass flow rate of water from 5 to 20 l/h (300% growth), the 
spray cooling efficiency rises from 17.2% to 37.2% (116.28 
growth). Moreover, at high mass flow rate of water in which 
the differences between the models are significant, by 
increasing the number of nozzles from one to two (100% 
growth), three (200% growth), and four (300% growth), 
the spray cooling efficiency decline by 9.68%, 17.2%, and 
18.28%, respectively. Obtained results show obviously that 
the difference between cases with N = 3 and N = 4 is very 
low. The maximum and minimum spray cooling efficiency 
belong to the cases with N = 1 at ṁWater = 20 l/h and N = 4 at 
ṁWater = 5 l/h, respectively.

The outlet cross section plane temperature contours, for 
one nozzle located at z = 0.2 m, are shown in Figure 7 for 
different mass flow rates of 5 l/h to 20 l/h. As the nozzle is 
located at x = 33.75 cm which is the center of cross section 
width, the geometry and the other condition is symmetric 
and this is obvious in contours. The center and bottom of 

the cross section is more influenced by spray cooling this is 
because of gravity and the nozzle location.

EFFECT OF THE INLET AIR MASS FLOW RATE

Inlet air velocity obviously plays an important role on 
evaporative cooling process. In the present section, the 
impact of inlet air mass flowrate on the evaporative cooling 
process is evaluated numerically. Four various inlet air mass 
flowrate are considered here including 0.5, 1, 1.5, and 2 l/h. 
The influence of inlet air velocity on the outlet air dry-bulb 
temperature and percent of water evaporated for various 
water mass flowrates are depicted in Figures 8(a) and 8(b), 
respectively.

Figure 8(a) illustrates that as the water mass flowrate 
rises, outlet air dry-bulb temperature decline which this 
trend is the same for all evaluated cases with various air 
mass flowrate. Moreover, it can be concluded that the dif-
ferences between the cases (with various air mass flow-
rate) expand at higher water mass flowrate. For instance, 
at lower water mass flowrate (ṁWater = 5 l/h), by increas-
ing the air mass flowrate from 0.5 to 2 l/h (growth by 
about 300%), the outlet air dry-bulb temperature rises by 
0.6%. Also, at higher water mass flowrate (ṁWater = 20 l/h), 
growth in the air mass flowrate by about 300% causes an 
augmentation in the outlet air dry-bulb temperature by 
about 1.4%. 

According to Figure 8(b), it can be realized that augmen-
tation in the water mass flowrate makes the percentage of 
evaporated water to be declined which the trend is identical 
for all cases with various air mass flowrate. Furthermore, 

Figure 8. Predicted (a) outlet air temperature and (b) percent of water evaporated for various air and water mass flow rates.
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in all evaluated water mass flowrate, as the air mass flow-
rate rises, the percentage of evaporated water decreases. For 
example, at lower water mass flowrate (ṁWater  = 5 l/h), by 
increasing the air mass flowrate from 0.5 to 2 l/h (growth by 
about 300%), the percentage of evaporated water declines 
by about 84%. Moreover, at higher water mass flowrate 
(ṁWater  = 20 l/h), growth in the air mass flowrate by about 
300% causes an increase in percentage of evaporated water 
by about 56.25%. 

Contours of air dry bulb temperature in four slices (X 
direction) of the channel for various inlet air mass flow 
from 0.5 l/h to 2 l/h is displayed in Figure 9. The slices have 
been selected at 0.3, 0.8, 1.3, and 1.8 m distance from the 
inlet of channel. It can be obviously realized that the out-
let air temperature is declined by decrease of air velocity, 
because when the inlet air velocity for example is 0.5 m/s, 
the residence time of air in the channel is at least 4 times 
more than the case with inlet air velocity of 2 m/s, there-
fore the droplets and airflow have more time to influence on 
each other so the momentum and energy exchange between 

Figure 9. Contours of air temperature in four slices (X direction) inside the duct for different inlet air flow from (a) 0.5 l/h 
to (d) 2 l/h at N = 4, ṁw = 5L

h
 for each nozzle.

Figure 10. Variation of spray cooling efficiency for various 
water mass flow rate and inlet air velocity.



J Ther Eng, Vol. 8, No. 1, pp. 90–102, January 2022100

water particles and air is more resulting droplet evaporation 
and sensible heat transfer will be enhanced.

The contours also represent that the coverage area 
which influenced by the spray cooling is concentrated 
at the bottom. This observation has two reasons: first the 
spray injection direction is from top to bottom so the water 
droplet concentration is more at the lower parts of the duct 
and the second is the gravitational force which is exerted 
to the bottom so air and droplets are attracted to bottom. 
The interaction between airflow and the droplets causes 
penetration of spray cooling to the top of the cross sections 
and the coverage area gradually promotes to the top as it is 
clear in the profiles.

The variation of the spray cooling efficiency at differ-
ent water mass flow rates and various air mass flow rates 
is illustrated in Figure 10. Consequently, it can be realized 
that growth in the air mass flow rate from 0.5 l/h to 2 l/h (by 
300%) makes decrease in the spray cooling efficiency in all 
investigated water mass flow rates. Also, it can be concluded 
that as the water mass flowrate rises, the spray cooling effi-
ciency rises in all evaluated air mass flow rates.

For example, at the case with air mass flow rate equal to 
0.5 l/h (ṁAir = 0.5 l/h), by increasing the mass flow rate of 
water from 5 to 20 l/h (300% growth), the spray cooling effi-
ciency increases from about 30% to 62% (106.67% growth). 
Furthermore, at high mass flow rate of water in which the 
differences between the models are major, by increasing the 
air mass flowrate from 0.5 l/h to 1 l/h (100% growth), 1.5 
l/h (200% growth), and 2 l/h (300% growth), the spray cool-
ing efficiency decline by about 32.26%, 48.39%, and 58.06%, 
respectively. The maximum and minimum spray cooling 
efficiency belong to the cases with ṁAir = 0.5 l/h at ṁWater = 
20 l/h and ṁAir = 2 l/h at ṁWater = 5 l/h, respectively.

CONCLUSION

In the present work, an Eulerian–Lagrangian 3D CFD 
model was developed to investigate the influence of impor-
tant parameters on spray cooling performance in a rectan-
gular duct. The evaluated parameters include the number of 
water nozzles, the inlet air mass flowrate, and the sprayed 
water mass flowrate. The major results of this investigation 
are as follows:

• Growth in the number of the nozzles causes reduc-
tion in the spray cooling efficiency.

• The maximum and minimum spray cooling efficiency 
belong to the cases with N = 1 at ṁWater = 20 l/h and N
= 4 at ṁWater = 5 l/h, respectively.

• Moreover, increasing the air mass flow rate from 0.5
l/h to 2 l/h (by 300%) makes decrease in the spray
cooling efficiency in all investigated water mass
flowrates.

• The highest and lowest spray cooling efficiency belong 
to the cases with ṁAir = 0.5 l/h at ṁWater = 20 l/h and
ṁAir = 2 l/h at ṁWater = 5 l/h, respectively.

NOMENCLATURE

CD Drag coefficient
Dd Droplet diameter, [μm]
g Gravitational acceleration, [m/s]
E Total energy, [J]
FD Drag force, [N]
hc Heat transfer coefficient, [W/(m2.K)]
hd Mass transfer coefficient, [m/s]
hfg Latent heat of water vaporization, [J/kg]
K Thermal conductivity, [W/(m.K)]
ṁW Water mass flow rate, [kg/s]
md Droplet mass, [kg]
Nu Nusselt number, [nd]
P Pressure, [Pa]
Red Droplet Reynolds number, [nd]
RH Relative humidity, [%]
Se Source term of energy, [W/m3]
Sm Source term of mass, [kg/(m3.s)]
Smo Source term of momentum, [kg/(m2.s2)]
T Temperature, [K]
ua Air velocity, [m/s]
vd droplet velocity, [m/s]
Vcell Computational cell volume, [m3]

Greek symbols
α Nozzle cone angle, [°]
ρ Density, [kg/m3]
δij Mean strain tensor, [1/s]
μ Dynamic viscosity of air, [kg/(m.s)]
Φ Viscous dissipation, [W/m3]
v Velocity, [m/sec]
ηsc Spray cooling efficiency

Subscripts 
a air
d Droplet
w water
v vapor
i, j, k Cartesian coordinate direction
wb Wet-bulb
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