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Air cooler heat exchangers are devices widely used in industrial applications to cool a
process fluid. Most plants are built in arid areas with high air temperature but limited water
resources. Therefore, in the hottest periods, a considerable air-cooler performance decrease
occurs. Evaporative cooling by water spray, to cool the inlet air, is increasingly used as an
efficient approach to enhance the air-cooler performance.
This paper presents the study of the effect of evaporative cooling provided by the use of a
water spray system. It has been developed through numerical simulation with
Computational Thermo-fluid Dynamics that can be an effective tool for the performance
evaluation of such system. CFD simulations easily allow parametric studies for the
evaluation of alternative design configurations, especially when the different configurations
are all embedded within the same computational domain and grid. In the vast majority of
these studies the Lagrangian-Eulerian (LE) approach has been used, with the continuous
phase (air in this study) represented in a Eulerian reference frame while the discrete phase
(water droplets in this study) in a Lagrangian reference frame.
This study, in particular, focuses on the effect of droplet size, nozzle arrangement and air
velocity on performance of air-cooler. This knowledge is crucial for designing efficient
spray cooling systems. Due to a number of reasons, which include water consumption
restriction and the regulation of plant, spray cooling systems are becoming the preferred
choice for many power plants because they can be applied in existing plants, and this is an
enormous economic saving. In this way, it is possible to enhance the performance in high
ambient air temperature without high costs.
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1. INTRODUCTION

Spray cooling performance is influenced by air velocity,
nozzle arrangement, cone angle, injection rate, droplet
velocity, injection direction and droplet size [7-8].
Montazeri, Blocken and Hensen presented a systematic
evaluation of the Lagrangiane-Eulerian approach for
evaporative cooling provided by the use of a water spray
system with a hollow-cone nozzle configuration. The
evaluation was based on grid-sensitivity analysis and validated
using wind-tunnel measurements [9]. Their study showed that
CFD simulation of evaporation by using the LagrangianeEulerian (3D steady RANS) approach, in spite of its
limitations, can accurately predict the evaporation process
with an acceptable accuracy. The local deviations from the
wind-tunnel measurements were within 10 % for dry bulb
temperature, 5 % for wet bulb temperature and 7 % for the
specific enthalpy. The average deviations for all three
variables were less than 3 % in absolute values.
Another experimental investigation on water spray for
cooling tower application was conducted by Abdullah et al.
[10]. The authors made use of open-circuit wind tunnel to
simulate NDDCT built at the University of Queensland (QU).
The phase dropper particle analyser was employed to
characterize water spray. The study showed that low air

This paper introduces a series of Thermo-fluid dynamics
simulations, realized by the software ANSYS [1].
Computational Fluid Dynamics can be a valuable tool for
estimating the potential and the performance of evaporative
cooling by water spray system.
In water spray cooling, water is sprayed into the inlet air in
order to reduce the inlet air temperature by evaporative cooling.
Cooler inlet air means better heat exchange for the air-cooler.
In this way increases the overall system efficiency and helps
the plant to recover some of the performance reduction caused
by hot ambient temperatures. Evaporative cooling
technologies are a smart way of air cooling in hot weather and
in temperate climates [2].
An efficacious water spray design has to avoid nonuniform cooling distribution and incomplete evaporation of
droplets. These issues can be avoided, and an optimum design
can be achieved, only if the spray cooling mechanisms under
these conditions is well understood. Spray cooling systems
performance have been a subject of research for many years
and many experimental studies and numerical models have
been carried out [3-6].
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velocity or small droplet size distribution are beneficial for
cooling performance. The reason is that both droplet size and
air velocity determine spray coverage that directly influences
the spray cooling efficiency. Then the authors made a
parametric analysis on the effect of different spray
characteristics parameters, like droplet size distribution,
injection velocities, spray cone angles and hollow-cone
droplet size distribution patterns [11]. Considering an
optimised nozzle and comparing this with a datum nozzle, it
results around 15 % improvement in the spray cooling
efficiency.
Sun et al. conducted a study to evaluate the influence of
injection direction on the spray cooler performance in a natural
draft dry cooler tower [12]. The optimal injection for a hollow
cone nozzle had been identified based on CFD study. This
study shows that injection direction has a great influence on
the evaporation process of the injected water droplets. For a
single nozzle with the water mass flow rate of 5 g/s, the largest
temperature drop is 1.27 °C, corresponding to the radiator
temperature of 38.73 °C. Moreover, the increment of injection
angle can enlarge the water-cooled area of radiators and the
optimum injection angle varies with the height of nozzle
location.
M. Sadafi and K. Hooman conducted a study with the aim
to improve the knowledge base associated with the use of
saline water in spray cooling applications [13]. Comparing
saline water with pure water, it is obtained that saline water
can improve cooling efficiency by 8 % close to the nozzles.
Moreover, full evaporation is achieved earlier compared to the
pure water case. This accelerated evaporation process gives
engineers the possibility to reduce the evaporation distance of
up to 30 % from the nozzle exit.

and the number of nozzles used to humidify, are showed in
Table 1.
Table 1. Psychrometric calculation
va
(m/s)
5.96

Ta,i
(°C)
39.0

Ψa,i
(%)
40.0

xa,o
(kgw/kga)

Qa
(m3/s)

0.0217

44.113

xa,i
(kgw/kga)
0.0176

Ta,o
(°C)
29.07

Ψa,o
(%)
85.0
n°nozzles

(kg/s)
52.94

6

where va is the inlet air velocity, Ta,i the inlet air temperature,
Ψa,i the inlet air humidity, xa,i the inlet air specific humidity,
Ta,o the outlet air temperature, Ψa,o the outlet air humidity, xa,o
the outlet air specific humidity, Qa the air volume flow rate
and
the air mass flow rate.
By mass end energy balance, it is possible to assume that
the inlet air follows an isenthalpic process and the output point
can be obtained from psychrometric chart. In fact, the final
humidity of air is fixed and it is possible to calculate his
enthalpy from initial condition of the air. Knowing final
humidity and enthalpy it is possible calculate, in an iterative
way, the final temperature and consequently the specific
humidity.
Another quantity that can be calculated, is the water mass
flow rate the since the specific initial and final air humidity are
known:
(1)
where
is the water mass flow rate. In this way, the water
consumption can be calculated.
Once it has chosen the nozzle from constructor’s catalogue,
it is possible to calculate the nozzle feed pressure as well.
Nozzles manufactures provide a product technical sheet (Table
2), which reports the volume flow rate and the corresponding
feed pressure. So, on the basis of the water mass flow rate, it
is possible to choose the nozzle to use and know the feed
pressure. In our case, model DA14.200 by Spraytech Systems
(India) Pvt. Ltd was chosen [16]. This nozzle allows to obtain,
with a pressure 𝑝1 =2 bar, a water volume flow rate equal to
𝑄1 =2 litters/min.

2. PRELIMINARY ANALYSIS
Computational Fluid Dynamics can be a valuable tool for
estimating the potential and the performance of evaporative
cooling by water spray system [14]. It is important for the
simulation to calculate, using psychrometric relationship [15],
the mean parameters of the evaporative cooling process, such
as outlet air temperature and humidity, water mass flow rate
used for air-cooling and nozzle feed pressure.
Initial parameters known are volume flow rate and initial
temperature conditions of the air, the desired final air humidity

Table 2. Full Cone Spray Nozzles data sheet (Spraytech)
MOOEL
NO.
60°
SPRAY
ANGLE
DA14.100
DA14.150
DA14.175
DA14.200
DA14.250
DA14.350
DA14.400
DA14.475
DA14.650
DA14.800
DA24.100
DA24.125
DA24.160
DA24.200
DA24.225
DA24.250
DA24.320
DA24.400
DA24.520

CONNECTION
END
YA
YB
1/8”
1/4”
BSPT
BSPT
YA
YA
YA
YA
YA
YA

YB
YB
YB
YB

YC
3/8”
BSPT

YD
1/2”
BSPT

XE
3/4”
BSPT

XF
1”
BSPT

YC
YC
YC
YC
YC
YD
YD
XE
XE
XE
XF
XF
XF

ORIFICE
SIZE
(MM)

1.1
1.4
1.5
1.6
1.8
2.1
2.3
2.5
2.9
3.25
3.6
4.1
4.6
5.1
5.5
5.8
6.5
7.3
8.3

FLOW CAPACITY IN LPM AT DIFFERENT PRESSURE VALUES
Flow
Capacity
in GPM
40°psl
0.31
0.54
0.54
0.61
0.77
1.07
1.23
1.46
1.99
2.45
3.07
3.83
4.90
6.13
6.90
7.66
9.87
12.26
15.94

MATERIAL CODE

Pressure [bar]
0.5
0.50
0.87
0.87
1.25
1.25
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1.0
0.71
1.06
1.24
1.41
1.77
2.47
2.83
3.36
4.60
5.66
7.07
8.84
11.31
14.14
15.91
17.68
22.63
28.28
36.77

2.0
1.00
1.50
1.75
2.00
2.50
3.50
4.00
4.75
6.50
8.00
10.00
12.50
16.00
20.00
22.50
25.00
32.00
40.00
52.00

3.0
1.22
1.84
2.14
2.45
3.06
4.29
4.90
5.82
7.96
9.80
12.25
15.31
19.60
24.49
27.56
30.62
39.19
48.99
63.69

5.0
1.58
2.37
2.77
3.16
3.95
5.53
6.32
7.51
10.28
12.65
15.81
19.76
25.30
31.62
35.58
39.53
50.60
63.25
82.22

7.0
1.87
2.81
3.27
3.74
4.68
6.55
7.48
8.89
12.16
14.97
18.71
23.39
29.93
37.42
42.09
46.77
59.87
74.83
97.28

10.0
2.24
3.35
3.91
4.47
5.59
7.83
8.94
10.62
14.53
17.89
22.36
27.95
35.78
44.72
50.31
55.90
71.55
89.44
116.28

M1/M2
M3
SS304/SS316
Brass
G/A IMENSION. MM

P1/P2
PVC/PP

H
YA

H1

D

HEX

18

6.5

10.2

11

10

13

14

10

16

17

13.2

21

22

15

32

27

17

39

36

YB
22
YC
25

YD
32
XE
42
XF
56

With the initial data of Table 1, the required volume flow
rate per nozzle is equal to 𝑄2 =2.17 litters/min which
corresponds a feed pressure of 𝑝2 =2.35 bar, calculated by the
relation below:

æQ ö
p2 = p1 × ç 2 ÷
è Q1 ø

2

( bar )

For computational reason, geometry will be slightly
different with respect the real one. Computational domain is a
truncated cone and its dimensions are shown in Figure 2.
Authors decided to extend the computational domain for the
simulations to 15 m, in order to avoid the influence of the
boundary condition on the solution, in the zone of interest.
Mesh, for the computational domain, was created with the
software GAMBIT of Fluent (Figure 3). The mesh created for
the computational domain is composed by 49.630 cells. It is
clear that calculation is quite computationally demanding. As
you can see, no nozzles and fans appear in the computational
domain, but these components were taken into account later.

(2)

where 𝑝1 =2.0 bar and 𝑄1 =2.0 litters/min are the quantities
indicated in the Table 2.
By controlling feed pressure in such a way, we can vary the
water mass flow rate and thus the humidification rate.
The results obtained are indicated in the Table 3.
Table 3. Output data for nozzles
𝒎̇𝒘 (kg/s)
0.217

𝒎̇𝒘 / nozzle
(kg/s)
0.0362

𝑸𝒘 / nozzle
(litters/min)
2.17

p
(bar)
2.35

3. THERMO-FLUID DYNAMICS ANALYSIS OF A
WATER SPRAY SYSTEM
Figure 2. Computational domain

In this section a comparison between different air inlet
velocities, nozzle arrangements, droplet size, and spray cone
angle is conducted, in order to evaluate the better
configuration, while other parameters are fixed in order to
avoid to affect the results.
In a preliminary analysis is important to evaluate Reynolds
number, that results equal to 1.25E6 and indicates a turbulent
flow. In our case, the fluid involved is the air that we can
consider incompressible because the Mach number is minor
than 0.3, hence, pressure-based solver was chosen and the k-ε
model was applied, in his realizable variant.
In order to simulate the system, it is essential to know a
series of input data, for instance the inlet air temperature and
mass fraction of water. Data of these simulations are taken
from a real case and are shown in Table 1.
Final air humidity is the desired humidity that we want to
achieve at the end of evaporative cooling process. A better
situation occurs if saturated air is obtained, but in real
applications this is impossible to be achieved. The causes are
mixing time insufficient, exchange area not uniform and thus
the air humidity doesn’t reach 100 %. If a further quantity of
water is injected, it doesn’t evaporate but remains in the form
of droplets. This could be a problem for fan blades corrosion
and for the increased consumption of water. Therefore,
manufacturers suggest 85 % as limit, on the basis of
experimental results. This work refers to the air cooler shown
in Figure 1, where the heat exchanger, fan, plenum and spray
nozzles are highlighted. The simulations focus on the fan,
spray nozzle and plenum section of the system.

Figure 3. Mesh for the computational domain
For the simulation, other data have to be set, and such data
are the results of the psychrometric calculation carried out
(Table 1) and reference geometry.
In order to simulate the motion produced by the fan, an
angular component for the inlet velocity was set, evaluated
from the fan technical sheet (Table 4).
Table 4. Fan technical sheet
Type of fan: AP
(Manual Regulation)
Nominal
3048
Diameter
mm
Number of
6
blades
212
Rotation speed
RPM
Absorbed power
at design
9.80 W
temperature
Design
39 °C
temperature
Admissible
83.5
Sound Power
(±2)
Level (LWA)
dB(A)

Figure 1. Reference geometry of the air cooler

160

Type of fan
draught
Static
pressure
Volumetric
flow rate
Fan blade
material

Forced
142.9 Pa
44.03 m3/s
Aluminium

Fan rotor
material

Aluminium or
Carbon Steel

Type of fan
inlet

Conical:
L/D=0.15

Figure 4. Full Cone Spray Nozzle (Spraytech)
Figure 5. Different types of nozzle arrangement

For data concerning spray nozzle system, the first step is to
choose number and type of nozzles. The calculation made
refers to the model chosen in Figure 4, that is a full cone nozzle
with an angle of 60°. In this work, different types of nozzle
arrangements have been taken into account.

In addition, simulations were conducted for different air
velocities, spray cone angles and droplet size, in order to
assess their influence on the evaporative process (Table 5).
Table 5. Values of the parameters used for the simulations

3.1 Boundary conditions

Air velocity
Spray cone angle
Droplet size

The boundary conditions used are those of the wall, speed
at inlet and outlet and pressure. The axial and angular velocity,
temperature (312 K) and water mass fraction of the incoming
air are set at the inlet.
At the outlet were set only air temperature (302.22 K) and
air specific humidity (0.0217 kgw/kga). The goal is to
investigate in which section the desired outlet conditions are
achieved.

2.0 m/s
30°
10 μm

5.96 m/s
45°
50 μm

10.0 m/s
60°
100 μm

4. SIMULATION RESULTS
4.1 Grid- sensitivity analysis
A grid-sensitivity analysis was performed based on two
additional grids: a coarser grid and a finer grid. Grids are called
M1, M2 and M3 and are composed by 24.948, 49.630 and
95.288 cells, respectively. Grids are shown in Figure 6.

3.2 Discrete phase model
In addition to solving transport equations for the continuous
phase, FLUENT allows to simulate a discrete second phase in
a Lagrangian frame of reference. This second phase consists
of spherical particles (which may be taken to represent
droplets or bubbles) dispersed in the continuous phase.
FLUENT computes the trajectories of these discrete phase
entities, as well as heat and mass transfer to/from them. The
coupling between the phases and its impact on both the
discrete phase trajectories and the continuous phase flow can
be included.
Authors decided to use Discrete Phase Model to simulate
the water injection on the continuous phase, that is the air. In
particular, droplet evaporation has to be evaluated. It can
include a discrete phase in the FLUENT model by defining the
initial position, velocity, size, and temperature of individual
particles. These initial conditions, along with the inputs
defining the physical properties of the discrete phase, are used
to initiate trajectory and heat/mass transfer calculations.
The trajectory and heat/mass transfer calculations are based
on the force balance on the particle and on the
convective/radiative heat and mass transfer from the particle,
using the local continuous phase conditions as the particle
moves through the flow.

Figure 6. Computational grids for grid-sensitivity analysis a)
M1: 24.948 cells b) M2: 49.630 cells; c) M3: 95.288 cells
The mesh independence was verified for the temperature
profiles for two planes shown in Figure 7, named "Plane_0.9"
and "Middle_Plane" respectively. Plane_0.9 is parallel to inlet
plane and distant 0.9 m.

3.3 List of cases
In this paper several cases have been studied, in order to
compare them and find the best conditions. In particular
different types of nozzle arrangement are simulated, as shown
in Figure 5.

Figure 7. Planes for grid-sensitivity analysis: a)
Middle_Plane; b) Plane_0.9
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Mesh independence values are reported in Table 6. The
results show a negligible dependence on the grid resolution.
Therefore, grid M1 is used for further analysis.

to evaporation. In fact, latent heat of vaporization is provided
by air that cools because of this process.

Table 6. Mesh independence values of temperature
PLANE
M1-M2
M2-M3

Middle_Plane
0.10 %
0.05 %

Plane_0.9
0.37 %
0.61 %

4.2 Evaluation of cooling efficiency
Spray cooling system is mainly designed to humidify the
inlet air, therefore, enhancing the performance of the aircooler. In spray cooling system applications, cooling
efficiency is generally considered as a good indicator in
evaluating the performance of evaporative cooling systems. It
represents how close the exiting air is cooled compared to the
maximum possible temperature reduction (wet bulb
temperature).
The cooling efficiency of a spray cooling system is defined
as the ratio of the actual air temperature drop to the maximum
possible temperature drop. Consequently, the global cooling
efficiency can be expressed as:

hc =

Tdb,i - Tdb,o
Tdb,i - Twb

Figure 8. Temperature distribution in whole domain for
nozzle arrangement 4

(3)

where Tdb,i, and Tdb,o are the dry-bulb temperatures of inlet and
outlet air respectively, and Twb the wet-bulb temperature of the
outlet air.
The global cooling efficiency defined as above and
evaluated based on average temperatures at the inlet and outlet
plane was used to investigate the performance of spray cooling
system. Like outlet plane has been considered not the outlet
plane of computational domain, but the “Plane_0.9”, that is the
plane of interest (Figure 7).
In the Figures 8 and 9 the distributions of the air temperature
and water mass fraction in whole domain are shown for the
nozzle arrangement 4.
The evaporation along the computational domain causes the
temperature of the droplets to reduce gradually and reach
minimum values at the outlet of the domain. In fact, in Figure
10 temperature and water mass fraction distributions in the
“Middle_Plane” can be clearly observed. An increase in water
mass fraction corresponds in a decrease in air temperature due

Figure 9. Water mass fraction distribution in whole domain
for nozzle arrangement 4

Figure 10. a) Temperature and b) water mass fraction distributions in the “Middle_Plane” for nozzle arrangement 4
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(1) Effect of nozzle arrangement on spray cooling efficiency
The different nozzle arrangements, shown in Figure 5 are
compared, at the velocity of 5.96 m/s. In Table 7 are shown
the cooling efficiency, the average air temperature and
humidity in the “Plane_0.9”.

mass flow is distributed between four nozzles rather than six.
It obviously influences the evaporating area negatively, thus it
needs more time to evaporate.
(2) Effect of air velocity on spray cooling efficiency
Air velocity has a large influence on spray cooling
efficiency and droplet transport. It affects droplet residence
time (time that the droplets spend before the full evaporation
or before reaching the outlet section, if not evaporated).
Furthermore, it affects the droplet dispersion which influences
the coverage area of the spray due to the momentum exchange.
Considering the nozzle arrangement 4, cooling efficiency,
average temperature and humidity in “Plane_0.9” are
calculated for the velocities: 2.0, 5.96, 10.0 m/s, as shown in
Table 8.

Table 7. Cooling efficiency, average air temperature and
humidity for the five different nozzle arrangements in
“Plane_0.9”
Nozzle
Arrangement
ηc
T (K)
Ψ

1

2

3

4

5

65%
304.2
74%

69%
303.7
78%

69%
303.6
78%

71%
303.4
80%

68%
303.8
77%

Table 8. Cooling efficiency, average temperature and
humidity for different air velocities in “Plane_0.9” for the
nozzle arrangement 4

As it can see, the better nozzle arrangement is the number 4
that allows a better distribution of the water flow and thus, a
more efficient evaporation. In Figure 11 temperature contours
of the different nozzle arrangements are shown. The nozzle
arrangement 4 has the more uniform distribution of
temperature, contrary to the nozzle arrangement 1. The vortex
trend is due to the rotation provided by the fan.

Air velocity
ηc
T (K)
Ψ

2.0 m/s
81%
302.3
84%

5.96 m/s
69%
303.7
78%

10.0 m/s
45%
306.5
63%

As expected, the spray cooling efficiency decreases as the
air velocity increases, due to the residence time influence.
Lower air velocity means longer droplet travelling time for the
droplets. Furthermore, lower air velocity means larger
coverage area because the time for droplets to lose momentum
and follow the air stream is longer, which results in a better
coverage area. Figure 13 confirms the results obtained: the
drop temperature increases for lower velocities.

Figure 11. Temperature contours for the five different nozzle
arrangements in “Plane_0.9”

Figure 13. Comparison of average temperature in
“Middle_Plane” for different air velocities
The spray cooling efficiency difference between 10.0 m/s
and 2.0 m/s is more than double with respect to the one
between 5.96 m/s and 10.0 m/s. The difference is due to the
residence time difference. The droplet travelling time for air
velocity of 10.0 m/s is more than double than that of 5.96 m/s
whereas the residence time ratio between 2.0 m/s and 3.0 m/s
is smaller. The average droplet residence time for 2.0, 5.96 and
10.0 m/s of air velocity are 0.57, 0.74 and 2.20 s, respectively,
assuming that droplets follow the air flow immediately. Note
that for velocity 2.0 m/s the air humidity is almost equal to
84%, equal to the goal humidity.
(3) Effect of spray cone angle on spray cooling efficiency
The influence of the spray cone angle is investigated by

Figure 12. Comparison of average temperatures in
“Middle_Plane” for the five different nozzle arrangements
In Figure 12, it is reported the distribution of temperature in
the “Middle_Plane”, considering average temperatures along
the axis. This graph validates the results obtained from cooling
efficiency calculation. In fact, the nozzle arrangement 4 has
the best performance, because of its quickly drop temperature,
in comparison to the others. On the contrary, the worst
performance is of the nozzle arrangement 1, where the water
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The spray cooling efficiency difference between 10 μm and
50 μm is almost double than the one between 50 μm and 100
μm and this is due to the residence time difference. The droplet
travelling time for droplet diameter of 10 μm is more than
double with respect to that of the 50 μm diameter droplet,
whereas the residence time ratio between 50 μm and 10 μm is
smaller. The average droplet residence time for 10 μm, 50 μm
and 100 μm of droplet diameter are 0.74, 2.66 and 3.07
seconds, respectively. This consideration confirms the smaller
difference between the curve of 50 μm and 100 μm compared
to those at 10 and 50 μm of droplet diameter, in Figure 15.

comparing the results for different half-cone angles, 30°, 45°
and 60°. Cooling efficiencies, average air temperatures and
humidity in “Plane_0.9” has been calculated for air velocity of
5.96 m/s and nozzle arrangement 4, and are reported in Table
9. The influence of spray cone angle is negligible, as
confirmed by the results shown in Figure 14.
Table 9. Cooling efficiency, average air temperature and
humidity for different spray angle in “Plane_0.9” for air
velocity of 5.96 m/s for nozzle arrangement 4
Spray angle
ηc
T (K)
Ψ

30°
69.40%
303.6
78%

45°
69.40%
303.6
78%

60°
69.30%
303.7
78%

Figure 15. Comparison of average temperature for different
droplet diameter in “Plane_0.9” for air velocity of 5.96 m/s
and for the nozzle arrangement 4
Figure 14. Comparison of average temperature for different
spray angle in “Plane_0.9” for air velocity of 5.96 m/s for
nozzle arrangement 4

5. CONCLUSIONS
This work introduces a study conducted by Thermo-Fluid
Dynamic simulation, in order to evaluate the performance of
evaporative cooling, provided by a water spray system.
Droplet evaporation and the resulting air cooling were studied,
as a function of some parameters, like air velocity, nozzle
arrangement, spray cone angle and droplet size. A cooling
efficiency factor was introduced to evaluate the entity of
cooling process.
The main achievements of this work are as follows:
(1) Considering the nozzle arrangement reported in
Figure 5, the best configuration is the number 4, because of its
impact on the spray coverage area. Cooling efficiency value
range is from 71 % to 65 % for the worst arrangement, the
number 1. For the other configurations, values are very closer,
69 % for arrangements 2 and 3 and 68 % for arrangement 5.
The final air temperature varies from 304.2 K for arrangement
1, to 303.4 K for arrangement 4. In the better case the
temperature drop is equal to 8.6 K.
(2) Changing air velocity from 2.0 m/s to 10.0 m/s,
cooling efficiency decreases from 81 % to 45 %. It means that
air velocity has a significant impact on cooling performance,
because of its impact on residence time. In fact, final
temperature increases from 302.3 K to 306.5 K that is a wide
range. Air humidity reaches 84 % for air velocity of 2.0 m/s,
the greater value obtained.
(3) The angle of the spray cone has varied from 30°to 60°
and the results indicate that this parameter has a negligible
impact on cooling efficiency. In fact, the cooling efficiency is
almost constant.

(4) Effect of droplet size on spray cooling efficiency
Another important factor affecting spray cooling efficiency
is droplet size. Small droplets provide more surface area per
unit volume than large droplets and evaporation only occurs at
the water/air interface. Evaporation rate per unit volume of
droplets in gaseous media is related to the square of the droplet
diameter and increases rapidly when droplet diameter is
decreased.
The comparison is made fixing the air velocity (5.96 m/s)
and for the nozzle arrangement 4. Table 10 shows the modified
spray cooling efficiency, average temperature and humidity in
“Plane_0.9” for different droplet diameter, 10, 50, 100 μm.
Table 10. Cooling efficiency, average air temperature and
humidity for different droplet diameter in “Plane_0.9” for air
velocity of 5.96 m/s and for the nozzle arrangement 4
Diameter
ηc
T (K)
Ψ

10 μm
69%
303.7
78%

50 μm
54%
305.6
67%

100 μm
46%
306.4
63%

It is clear from this table that at the same air velocity, at
smaller droplet diameter, more evaporation and consequently
higher cooling is achieved. This behaviour is due to the fact
that the total exposed water surface area between water and air
flow is larger for sprays with smaller droplets. Therefore, the
evaporation rate is higher. Figure 15 confirms the previous
results.
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(4) For the evaluation of impact of droplet size, last one
was changed in a range from 10 μm to 100 μm. Cooling
efficiency increases if droplet size decreases, for the influence
on residence time. Cooling efficiency varies from 69% to 46%
and final temperature from 303.7 K to 306.4 K. This impact is
significant on cooling performance.
(5) The results of this study confirm that such technology
enhances the performance of a plant, built in arid areas,
operating on existing devices, without high cost. In fact, we
arrive to a temperature drop of 9.7 °C, and such result improve
the heat transfer coefficient of the air-cooler, when ambient air
temperature is very high.
(6) The reported study shows that humidity in the better
case is equal to 84%, according to manufactures suggestions,
so we can say that the results are quite accurate. To validate
the results obtained, the authors intend to proceed with
experimental measures.
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NOMENCLATURE
Symbol
Water mass flow rate (kg/s)
Air mass flow rate (kg/s)
p1
p2
Qa
Q1
Q2
Qw
Ta,i
Ta,o
Tdb,i
Tdb,o
Twb
va
x
xa,i
xa,o

Initial pressure for nozzle (bar)
Final pressure for nozzle (bar)
Air volume flow rate (m3/s)
Initial volume flow rate for nozzle (m3/s)
Final volume flow rate for nozzle (m3/s)
Water volume flow rate (m3/s)
Inlet air temperature (°C)
Outlet air temperature (°C)
Dry-bulb temperature of inlet air (°C)
Dry-bulb temperature of outlet air (°C)
Wet-bulb temperature of the air (°C)
Inlet air velocity (m/s)
Specific humidity (kgw/kga)
Inlet air specific humidity (kgw/kga)
Outlet air specific humidity (kgw/kga)

Greek symbols
ηc
Ψa,i
Ψa,o
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Global cooling efficiency (%)
Inlet air humidity (%)
Outlet air humidity (%)

Index
a
i

o
db
w
wb

Air
Inlet
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Outlet
Dry-bulb
Water
Wet-bulb

