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Abstract: Spray cooling technology offers high levels of uniform heat removal with very low fluid
volumes and has found recent application in relatively small-scale use cases. Since it is a complex
process, research can enable spray cooling to be applied more widely and at larger scales, such
as in HVAC, as a means to operate more efficiently. Weather conditions are one of the main pa-
rameters that directly affect the effectiveness of spray cooling. This study investigates the spray
cooling performance for temperature and humidity conditions in six Australian cities. ANSYS Fluent
(2021 R1) software is applied for the numerical simulation. The numerical model is first validated
with the available literature before a numerical simulation is conducted to assess each city throughout
the year. These include Adelaide, Brisbane, Darwin, Melbourne, Perth, and Sydney. The spray cooling
pattern, temperature, and humidity distribution, as well as the evaporation effect on different regions
in Australia, is simulated and analysed based on the CFD technique. The results from this study
indicate that weather conditions influence spray cooling for all cities, especially in summer. Along
the wind tunnel, the temperature significantly drops at the spray cooling area, while the humidity
increases. Due to the effect of spray cooling inside the wind tunnel, the temperature at the outlet is
still lower than the inlet for all cases. However, the humidity at the outlet is higher than the inlet for
all cases.

Keywords: spray cooling; computational fluid dynamics; evaporation; humidity

1. Introduction

Heating, ventilation, and air conditioning (HVAC) systems play an essential role in
daily life, both for domestic and commercial applications. With the occurrence of global
average temperature rises, the demand for HVAC is forecast to expand over the coming
decades, when, in parallel, greenhouse gas emissions associated with global energy con-
sumption are required to fall. HVAC systems not only run longer under higher ambient
temperatures, they also require more power whilst operating. To reach a compromise,
technical advancement is desirable in HVAC systems to achieve energy consumption reduc-
tions and/or cooling enhancements. Many techniques have been proposed by researchers
to satisfy this requirement. Spray cooling is one of the most common techniques used in the
refrigeration industry to manage the thermal behaviour of high-power electronic devices,
especially for condensers, such as evaporative condensers and direct spray cooling [1,2].
Indirect adiabatic cooling has been used in HVAC systems, as it has high efficiency [3].
Costelloe and Finn [4] reported a highly efficient method to cool the air in hot weather.
Kim [5] also indicated that the heat exchange effect of air and water vapour is much higher
than with air alone. Air heat exchangers could be improved in terms of heat transfer by
utilizing evaporative spray cooling. Tissot et al. [6] demonstrated that a refrigerating unit
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could be more efficient by using water spray. An example is evaporating cooling towers
that have been used in large refrigeration systems due to their effectiveness. This approach
reduces the air temperature to ambient wet-bulb temperature through evaporation, and a
temperature drop of 8–12 °C was achieved through this application.

Another solution involves using a spray by controlling water injection at the air inlet.
This solution is widely used in food refrigeration, steel manufacturing, and in supermarket
cabinets [7–9]. By using very fine droplets under high pressure, the ambient air can absorb
these droplets and turn them into humidity, reducing the air temperature. It is also known
as an adiabatic effect. In a two-phase flow, the evaporation of water droplets is crucial for
various engineering problems, such as fire extinguishing, evaporative cooling, and spray
drying. Evaporative cooling by water spray systems has been applied to improve thermal
comfort in hot ambient conditions [10]. Evaporative cooling stands out as a highly efficient
method compared to other climate control techniques. Pearlmutter et al. [11] showed that
the spray cooling technique is cheaper and more environmentally friendly to improve the
temperature. Several researchers analysed the effect of spray cooling based on substances
such as water and liquid nitrogen [12–20]. They concluded that low moisture, droplet sizes,
and temperature positively affect the evaporative cooling of water [21]. In addition, nozzles
are used to atomise the water into droplets to enhance the cooling capacity.

Many researchers have focused on experiments on water spraying from the very
beginning. Zhang et al. [22] reviewed spray cooling in an electronic application, and Ho
Song et al. [23] theoretically analysed the air-cooled finned heat exchanger under spray
conditions. However, there was a need to understand the spray cooling configurations.
Tissot et al. [24] examined the cooling effect of different droplet sizes. They concluded
that the counter-flow direction gave a better cooling effect than the co-flow direction.
Additionally, the research also showed the higher evaporating effect of small droplets.
Several techniques could be applied for this purpose, such as wind tunnel measurements,
full-scale measurement, and computational fluid dynamics (CFD) analysis, to examine
the potential and efficiency of evaporative cooling in different conditions. Although wind
tunnel and full-scale measurements are commonly used due to the ability to control the
boundary conditions and better study their complexity, these techniques could only be
conducted in a limited space and the design. Therefore, CFD analysis has become a
powerful tool for engineering problems with lower costs and high efficiency. Montazeri
et al. [25] studied the evaporative cooling effects of a water spray system with a hollow
cone nozzle configuration. One of the advantages of CFD compared to traditional wind
tunnel experiments is examining different variables to evaluate the overall outcome. CFD
can simulate sensible heat and latent heat individually during the spray cooling process.
Xia et al. [26] conducted a wind tunnel test with a spray nozzle for a water spray system
in the dry cooling tower by using CFD analysis. The vertically arranged nozzle and the
horizontally arranged nozzle were compared, and the vertically arranged nozzle had better
cooling performance during the summer season.

Weather conditions are also one of the main parameters that significantly affect the
spray cooling performance. Kabeel et al. [27] evaluated an energy-efficient evaporative
air-cooled chiller. Yang et al. [28] investigated the spray cooling performance in an air-
cooled chiller based on Tianjin, China’s temperate monsoon climate conditions. The
authors reported that the coefficient of performance of the air-cooled chiller increases with
a higher temperature. The spray cooling system is more useful in a location with a higher
temperature, and lowers relative humidity. Kabeel et al. [27] and Yang et al. [28] agreed that
ambient temperature and relative humidity are two of the main parameters that directly
affect spray cooling performance. A higher ambient air temperature or lower relative
humidity will increase the performance of the spray system.

From the available literature, the spray cooling system is very useful for several ap-
plications. Spray cooling system performance has been investigated and improved based
on various factors under the use of CFD simulation. Weather conditions, particularly
temperature and humidity, have a significant impact on spray cooling systems. However,
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there is no specific case that focuses on the impact of weather conditions on spray cooling
performance under different periods and weather conditions from different regions. There-
fore, this study aimed to evaluate the impact of weather conditions throughout the year
on spray cooling performance by using the CFD simulation. Different Australian regions
are selected in consideration of the difference in geographies, which affects the weather
conditions. The CFD model of the spray cooling system in the wind tunnel is first validated
using the experimental results of Tissot et al. [24]. Then, the same simulation set-up is used
to evaluate the spray cooling performance in six Australian regions to study and optimize
the spray cooling set up for different cities and identify the highest-efficiency conditions.

2. Methodology
2.1. The Spray Cooling System

The spray cooling system has been an essential accessory in refrigeration systems.
Specifically, it reduces the air inlet temperature by evaporating water into the humid air to
precool the air to close to its wet-bulb temperature. As a result, the condensing temperature
decreases, reducing the compressor unit’s energy consumption. However, the optimized
set-up for evaporative cooling has yet to be clarified and needs an in-depth study. Figure 1
shows the spray cooling schematic for a standard evaporative cooling system. It can be
seen that the system requires a nozzle used to atomise the water into smaller droplets. The
droplet sizes would be as small as possible for a better evaporating effect, but this would
consume much pressure from the pump, ultimately consuming power. The nozzle is the
primary part of the spray cooling system. Whether the water droplets could have better
heat and mass transfer depends on the atomisation quality. For the below case, the authors
used a nozzle that could be adjusted voluntarily to meet different requirements. A standard
spray cooling system mainly includes the spray system, heat exchanger, and measurement
instruments. For the spray system, the main components should be spray nozzle, check
valve, air compressor, pressure control valve, pressure gauge, water pipes, and shut-off
valve. Commonly, tap water would be the primary source used for the spray system.
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Figure 2 demonstrates a wind tunnel experiment where the water drops from a hollow-
cone sheet. There are two thermocouples located upstream to measure the inlet and outlet
water temperature. A pressure gauge was also used to measure water pressure. Wind
tunnel experiments with an investigation of a hollow-cone nozzle spray performance were
firstly conducted by Sureshkumar et al. [21] and Montazeri et al. [25]. The authors used a
special technique to analyse the images for the droplet diameter distribution.
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The momentum balance is used only for drag and gravity effects as Equation (2). Other
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The energy balance is applied for convection and evaporation effects based on the
evaporation model from Abramzon and Sirignano [29] as follows:
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This study considers the tracking for a simple deposition of the droplet when contact-
ing the wall. The evaporation rate is expressed as follows:

.
mvapor = πdpNu∗

λm

Cpm
ln(1 + BT) (5)
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Nu∗ = 2 + Nu0−2
FT

by FT = (1 + BT)
0.7 ln(1+BT)

BT
and Nu0 = 1 +

(
1 + RepPrm

)1/3g
(

Rep
)

with g
(

Rep
)
= max

(
1, Re0.077

p

) (6)

where Nu∗ is the modified Nusselt number, which is used to model the convective exchange
around the droplet. By this, Nu∗ is used as a function of the basic Nusselt number for a
sphere in a given flow as Nu0 and a function FT of the so-called Spalding number for heat

transfer as BT . Rep is the particle Reynolds number, which is denoted Rep =
ρ f dp

∥∥∥∥→U f−
→
V p
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µ f

,

while
∥∥∥∥→U f −

→
V p

∥∥∥∥ is the relative velocity between fluid and dispersed phases. In terms of

BT , it can be obtained with the equivalent Spalding number for mass transfer BM in the
following relations:

(1 + BT) = (1 + BM)
Sh∗
Nu∗

1
Lem and BM =

Ysat −Yf

1−Ysat
(7)

where Lem is the Lewis number and Sh∗ is the modified Sherwood number, which can be
expressed as follows:

Lem =
λm

CpmρmD
(8)

FM = Sh0−2
Sh∗−2 with FM = (1 + BM)0.7 ln(1+BM)

BM
and Sh0 = 1 +

(
1 + RepPrm

)1/3g
(

Rep
)

with g
(

Rep
)
= max

(
1, Re0.077

p

)
and Sc = µm

Dρm

(9)

For the calculation of BT , an iterative process is applied in order to obtain the conver-
gence value due to the relationship between Nu∗ and BT from Equations (6)–(9). Based on
Tissot et al. [24], the new mass of the droplet can be calculated with the new diameter of
itself based on the cubic root of the droplet’s volume from Equation (4). A specific drag
coefficient is employed for drag modification due to evaporation phenomena [30].

CD =
24

Rep

(
1 +

Re2/3
p

6

)
(10)

Under air inlet velocity (1 m/s) and wind tunnel geometry (380 × 260 mm), the
Reynolds number for this condition is around 22,056. Therefore, the turbulent condition
is applied under the realizable k-ε turbulence model for the present study. This model is
selected as it provides more accuracy and less computational time [31,32]. The governing
equations of the heat transfer and turbulent flow for the fluid can be seen in the following
equations [31,32].

Continuity:
∂Ui
∂xi

= 0 (11)

Momentum:

ρUi
∂Ui
∂xi

= − ∂P
∂xj

+
∂

∂xi

[
µ

(
∂Ui
∂xj

+
∂Uj

∂xi

)
− ρu′iu

′
j

]
(12)

Energy:

ρCpUi
∂T
∂xi

=
∂

∂xi

[
λ

∂T
∂xj
− ρCpu′iT

′

]
(13)
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where Ui and T are the time-averaged velocity and temperature. The average Reynolds
stresses and turbulent heat fluxes are defined as ρu′iu

′
j and ρCpu′iT

′, respectively.
The kinetic energy equation is expressed as:

∂

∂t
(ρkt) +

∂

∂xj

(
ρktuj

)
=

∂

∂xj

[(
µ +

µt

σkt

)
∂kt

∂xj

]
+ Gkt + Gb − ρεt −YM + Skt (14)

The dissipation rate of the turbulent kinetic energy equation is defined as:

∂

∂t
(ρεt) +

∂

∂xj

(
ρεtuj

)
=

∂

∂xj

[(
µ +

µt

σεt

)
∂εt

∂xj

]
+ ρC1Sεt − ρC2

ε2
t

kt +
√

vεt
+ C1,εt

εt

kt
C3,εt Gb + Sεt (15)

where the constant coefficients can be defined as C1 = 1.47, C2 = 1.92, σkt = 1.0, and
σεt = 1.3. The turbulence kinetic energy productions induced by mean velocity gradients
and buoyancy are Gkt and Gb, respectively. YM is the contribution of the fluctuating
dilatation in the incompressible turbulence to the overall dissipation rate. The turbulent

viscosity is defined as µt = ρCµ
kt

2

εt
. The turbulent intensity is calculated based on the

average Reynolds number at inlets by I = 0.16
(

ReDh

)−0.125.

2.3. Boundary Conditions and Operating Parameters

In terms of the boundary conditions, the numerical inputs for the simulation are as
follows: the air is used as the primary phase, which is injected from the inlet of wind tunnel
at a temperature of 298 K and average velocity of 1 m/s. The relative humidity is set at 30%
of relative humidity. For the secondary phase, the water is used as the droplet with size
ranges from 25 µm to 50 µm (as a uniform method) for validation with the case study of
Tissot et al. [24]. The droplets would be injected with an angle of 72 degrees and in a cone
shape. The temperature of the injected droplets is set at 298 K, and the velocity is 10 m/s.
The spray pressure is fixed for all droplets. The same initial velocities for air inlet and
droplet from the study by Tissot et al. [24] are applied to simulate all cases in the present
study. At the outlet, the zero-gauge pressure condition is selected for all cases.

To analyse the spray cooling performance over Australian regions, the Rosin–Rammler
method is used with droplet size of 25 µm to 100 µm. However, the humidity and temper-
ature of the air are varied due to the different weather conditions in different regions in
Australia. For humidity, the species mass fractions are used as the humidity input data,
which are obtained from the humidity ratio (kgvapour/kgdry air) from the psychrometric
chart [33]. The input parameters to obtain the humidity ratio (x) are the dry-bulb temper-
ature and relative humidity. These two parameters can be taken from the measurement
in each Australia’s region, which can be seen under the numerical method and settings in
3.3 Australian ambient conditions section.

In terms of spray nozzle characteristics, ANSYS Fluent provides an option of a hollow
cone spray model to simulate the spray effect. In this study, the spray nozzle was set as a
cone spray with an injection angle of 72 degrees. Specifically, a pointed nozzle was specified
to inject droplets into the computational domain. The location of the nozzle was set at
X = 0.42 m, Y = 0, Z = 0. The total mass flow rate and temperature were set as boundary
conditions. A total of 110,400 particles were set to be an injection for the spray cooling for
model validation under the uniform method with 25 µm to 50 µm. Figure 3 shows the
wind tunnel with the spray nozzle and injected water for the co-flow direction. In this case,
the direction of the spray nozzle is set as the same direction of the airflow. Figure 4 shows
the wind tunnel with the spray nozzle and injected water for counter-flow direction. In
counter-flow, the spray nozzle is set in the opposite direction to the airflow at the inlet of
the wind tunnel.
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nozzle and injected water.

Using ANSYS Fluent, the coupled scheme is selected for the pressure–velocity cou-
pling. The second-order method is selected for pressure variables. The second-order
upwind scheme is applied for the momentum and other parameters. For the relaxation
factors, 0.5 is set for pressure and momentum, while 0.75 is set for energy and all velocity
components. For discrete phase sources, the relaxation factor is set as 0.9. The convergence
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criteria are set as 10−4 for all parameters except energy, which has a convergence criterion
of 10−6.

3. Numerical Method and Settings
3.1. Computational Geometry and Grid Independence Test

Figure 5 shows the wind tunnel geometry. In this study, the wind tunnel was modelled
based on the wind tunnel dimension from Tissot et al. [24] by Design Modeller, which is the
software function of ANSYS. The tunnel length would be 1700 mm, while the cross-section
is 380 × 260 mm. The ANSYS meshing module was employed to create a hexahedron mesh
with an element size of 10 mm. Figure 6 illustrates the mesh for the whole geometry and
two different planes. Inflation layers are used for the system, and 10 inflation layers are
applied. The minimum orthogonal mesh quality is 0.71.
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Figure 7 presents the grid refinement test. A grid refinement is performed until a
specific result remains unchanged to verify whether the given mesh is reasonable to proceed
with further analysis. In this case, the average outlet air velocity is examined by using seven
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different element quantities. In terms of the boundary conditions for the grid independence
test, the velocity of the air inlet was set as 1 m/s.
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From Figure 7, it can be seen that the average outlet velocity increases gradually from
1.096 m/s to 1.11 m/s. From the number elements of 167,960, the velocity remains constant
at 1.11 m/s. It is clear that from this number, the simulated results would be independent
of the element number.

3.2. Model Validation

In the context of simulation, the validation process is conducted to ensure the accuracy
of the final model. The users and decision-makers, who use the results obtained from the
simulation, can arrive at the correct decision and analysis for specific engineering problems.
Therefore, simulation validation is a crucial and fundamental step before proceeding with
further analysis.

In the co-flow configuration, the air will be blown in the same direction as the injected
droplets. The droplet sizes vary from 25 µm to 50 µm. The temperature contour at the
midplane in the Y-axis (Y = 1.9 m) was created in order to compare to Tissot et al.’s [24]
case. The model validation between the study from Tissot et al. [24] and the present study
is presented in Figure 8 as the temperature contour. In this case, a conic spray of the 50 µm
droplets was injected in a co-flow direction with the air. Additionally, the temperature
along the spray is also depicted on the right-hand side. It can be seen that the water droplets
travelled along with the airflow on the rectilinear path with a limited impact from turbulent
dispersion. Furthermore, the droplets are more inclined downward due to the gravity effect.
As predicted, the air temperature decreases by up to 10 ◦C due to the evaporating effect as
the air temperature comes close to its wet-bulb temperature. From the temperature contour,
there is an alignment between Tissot’s study and the present study. The temperature ranges
from 288 K to 298 K for both cases. On the outer layer of the spray, the temperature is at its
peak of 298 K as it has direct contact with the water vapour and the airflow. Additionally,
the temperature decreases when it comes to the centre of the spray. It should be noted
that the variation in temperature differences between these two studies might come from
the different values of the temperature range. Although the minimum and maximum
temperatures from these studies are the same, 288 K and 298 K, the temperature range from
Tissoit’s study increases by 2 numbers for each step, while the temperature range from the
present study increases by only 1 number for each step. Therefore, the mean temperature
comparison between these studies is performed for accuracy purposes.



Energies 2023, 16, 5317 10 of 20
Energies 2023, 16, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 8. Temperature comparison on ZX transverse between (a) Tissot et al. [24] and (b) the present 
study. 

In the sprayed airflow, one of the most important parameters is the droplet size. In 
Figure 9, the temperature distribution along the axial position x = 1.42 m is presented by 
examining 1 m away from the nozzle. It can be seen there is a heterogeneous temperature 
of the air, which is impacted in the centre of the spray. The other important observation is 
the effect of droplet size, where the different diameters of 50 µm to 25 µm are dispersed. 
It shows that the smaller droplet size has a stronger influence on the ambient air. How-
ever, the spray could only cool the air in a small restricted area, while other surfaces re-
main the same. For larger droplets, it is less efficient for cooling the air. In general, the 
CFD analysis and Tissot et al. [24] are similar, so the model is accurate to perform co-flow 
simulation. 
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In the sprayed airflow, one of the most important parameters is the droplet size. In
Figure 9, the temperature distribution along the axial position x = 1.42 m is presented by
examining 1 m away from the nozzle. It can be seen there is a heterogeneous temperature
of the air, which is impacted in the centre of the spray. The other important observation is
the effect of droplet size, where the different diameters of 50 µm to 25 µm are dispersed. It
shows that the smaller droplet size has a stronger influence on the ambient air. However,
the spray could only cool the air in a small restricted area, while other surfaces remain the
same. For larger droplets, it is less efficient for cooling the air. In general, the CFD analysis
and Tissot et al. [24] are similar, so the model is accurate to perform co-flow simulation.
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3.3. Australian Ambient Conditions

Spanning almost 7.7 million km2, there is a range of different climate zones affecting
Australia. According to Geoscience Australia [34], the temperature range in Australian
regions varies from an average high temperature of 40 ◦C in the central desert regions to
below freezing in the southeast of the country. The average annual rainfall is low over most
of the continent, but it receives intense seasonal fall in the tropics. The wettest regions are
Queensland and Tasmania. Based on the available data of the average mean temperature
and humidity from the Australian Bureau of Meteorology 2021 [35], the mean temperature
and relative humidity at 3 pm in six different major cities ae provided in Table 1. This
available data are then used as the input data from the CFD simulations.

Table 1. Australian temperatures and humidity at 3 pm for major cities [35].

Australian Temperature at 3 pm (◦C)
Location City Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

SA Adelaide 25.9 26.3 23.9 20.8 17.5 15.0 14.0 14.8 16.7 19.2 21.9 23.6
QLD Brisbane 28.8 28.2 27.1 25.0 22.8 20.5 20.2 21.4 23.6 25.1 26.4 27.8
NT Darwin 30.2 30.0 30.5 31.7 31.2 29.9 29.6 30.2 31.2 32.0 31.9 31.2
VIC Melbourne 24.3 24.8 22.5 19.0 15.6 12.6 12.0 13.2 15.2 17.6 20.2 22.4
WA Perth 29.9 30.2 28.1 24.2 20.6 17.8 16.8 17.3 18.8 21.1 24.2 27.1
NSW Sydney 24.8 24.8 23.9 21.7 19.0 16.6 16.1 17.2 19.0 20.7 22.1 23.9

Australian Humidity at 3 pm (%)
Location City Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

SA Adelaide 42 42 46 50 58 64 65 61 56 50 46 45
QLD Brisbane 55 58 56 54 53 51 45 43 45 50 53 54
NT Darwin 70 72 67 52 43 38 37 40 47 52 58 65
VIC Melbourne 44 44 47 52 60 67 65 59 56 52 49 45
WA Perth 37 37 39 46 53 60 60 56 54 49 44 41
NSW Sydney 60 63 61 59 58 57 52 49 51 54 56 58

From Table 1, it can be seen that the temperature changes in a similar way for all
the regions, where the highest temperature is in January and December, and the lowest
temperature is between June and August. Moreover, Darwin stands out as the hottest city
of the six regions. The humidity chart displays a different trend, whereby Perth, Adelaide,
and Melbourne reach their peak in June at around 60% relative humidity. In contrast, the
highest humidity in Darwin, Sydney, and Brisbane is in January and December.

4. Results and Discussion
4.1. The Effect of Spray Cooling

The simulation model is now utilized for six major cities in Australia: Adelaide, Bris-
bane, Darwin, Melbourne, Perth, Sydney. The ambient conditions for each city, including
the temperature and humidity from Table 1, are set as the boundary conditions in terms
of inlet temperature and inlet humidity. The simulations were separately conducted for
each month in each city. Figure 10 shows the comparison between the input and output
data from both temperature and humidity. Figure 10a,c presents the input data (based on
the average mean temperature and humidity from the Bureau of Meteorology [35]) as the
inlet temperature and inlet humidity. Figure 10b,d demonstrates the output data (located
at the outlet of the wind tunnel) as the average outlet temperature and outlet humidity in
different cities throughout the year.
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Figure 10. The effect of spray cooling on temperature and humidity: (a) temperature at the inlet,
(b) average temperature at the outlet, (c) relative humidity at the inlet, and (d) humidity at the outlet.

From Figure 10a,b, it is clear that the outlet temperature is much lower than the inlet
temperature in hot weather, such as in January and December. However, the temperature
barely changes in winter conditions for Melbourne, Adelaide, and Perth in June. Sydney
and Brisbane have a stable gap between outlet temperature and inlet temperature. Darwin
has a different pattern from the other cities, where the temperature drops slightly in January
and February and has a big difference from March to December. Melbourne, Adelaide,
Sydney, Perth, Brisbane, and Darwin have a temperature from low to high throughout
the year. Darwin is the most extreme city, which has an average temperature above 295 K
(22 ◦C) in a year.

For the humidity (Figure 10c,d), the maximum achieved humidity remains stable above
90% relative humidity (the difference between inlet and outlet humidity); additionally,
the relative humidity increases approximately 30% throughout the year for all the cities.
Moreover, Darwin significantly changes in June and July from just under 40% relative
humidity to just under 90%. This can be explained by the high temperature in Darwin
during this period. Furthermore, the humidity at the inlet and outlet has the same patterns
for each city. The maximum relative humidity is stable from May to September (Figure 10d),
maximum relative humidity is stable from May to September (Figure 10d), while there is
no stable level for inlet relative humidity (Figure 10c).

4.2. Psychometric Chart

The psychometric chart is a useful tool to examine the relationship between ambient
air temperature and moisture content. This chart gives the engineer the ability to look up
the relevant parameters from the given air conditions. Figure 11 shows the evaporating
effect on the psychometric chart for the six chosen cities in January. It is clear from the chart
that Perth has the highest impact due to the spray cooling effect, where the temperature
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drops from 30 ◦C to 23 ◦C. Darwin has the least effect from the spray cooling, where the
temperature only reduces by 4 ◦C. Adelaide is the second-most effective city wherein the
temperature can be reduced by up to 7 ◦C. Melbourne, Sydney, and Brisbane showed equal
improvement, with temperature reductions of 5 ◦C.
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4.3. Profiles

In this analysis, a central line along the wind tunnel is given in Figure 12. Figure 13
presents the temperature profile for all six cities based on four seasons in a year. Figure 13a,b
is the temperature profile for spring and summer, while Figure 13c,d is the temperature
profile for autumn and winter. The temperature profile illustrates how the temperature of
specific fluid changes by the specified coordinate.
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Figure 13. The temperature profiles for six cities along the wind tunnel in Australia’s seasons:
(a) spring, (b) summer, (c) autumn, and (d) winter.

In Figure 13, it can be seen that the temperature drops for all seasons and cities when
the air contacts water, which evaporates and reaches its minimum at x = 0.38 m. After that,
the temperature gradually increases due to the heat transfer between the air and the spray
region. At the spray injection area, summer (Figure 13b) shows significant temperature
drops for all cities, especially Perth, followed by Adelaide if compared to other seasons.
Darwin has the highest temperature, while Melbourne has the lowest temperature for
all seasons.

Figure 14 shows various profile parameters in January along the wind tunnel. Based
on Figure 14a,c, the humidity and mass fraction patterns are the same for all the cities.
Humidity and mass fraction increase dramatically when the water vapour is sprayed into
the blowing air. In addition, Darwin has the highest mass faction if compared to other
cities (Figure 14b). In terms of velocity and pressure profiles (Figure 14b,d), all cities have
the same pressure and velocity magnitudes in total. The highest pressure, 0.35 Pa, is
found at the contact area between the air and water vapours. In contrast, this contact area
significantly generates the lowest-velocity magnitude—0.47 m/s.
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Figure 14. The profiles for various parameters in January along the wind tunnel: (a) mass fraction
profile, (b) pressure profile, (c) relative humidity profile, and (d) velocity profile.

4.4. Contours
4.4.1. Temperature Contour

Figure 15 presents the temperature contours for all cities in January. Based on these
contours, the minimum temperature locates at the centre of the contact area between the air
and water vapour for all cities (injection area of spray nozzle). The maximum temperature
locates at the initial area for all cities. Moreover, close to the edge of the top and bottom
contours for all cities still have higher temperatures, which are very similar to the initial
area. However, if the temperature range is considered, Darwin (Figure 15c) has the highest
temperature, around 300 K to 303 K (27 °C to 30 °C), following by Perth (Figure 15e) and
Brisbane (Figure 15b). In comparison, other cities have a lower temperature, which is
between 292 K and 300 K (19 °C to 27 °C).

4.4.2. Mass Fraction Contour

Figure 16 presents the mass fraction contours for all cities in January. The maximum
mass fraction is found at the spray injection area for all cities. The minimum mass fraction
is found at the edges of the top and bottom areas for all cities. All cities have similar
patterns for mass faction, except Darwin (Figure 16c), with a larger area regarding higher
mass fraction magnitude. In terms of mass fraction ranges, Darwin has the highest mass
fraction, 0.20, while Adelaide (Figure 16a) and Melbourne (Figure 16d) have the lowest
mass fractions, around 0.008 to 0.015.
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4.4.3. Pressure Contour

Pressure drops play a significant role in the required fan power. Figure 17 shows the
pressure contours for all cities in January. All cities have similar pressure patterns. Due
to the similar pressure patterns, there is only one pressure contour that is presented in
this study. The maximum pressure of 0.387 Pa is found around the centre of the spray
injection point. The initial area has a higher pressure, while a lower pressure occurs around
the exit area. From this figure, it is evident that the pressure significantly drops from the
inlet throughout the outlet of the wind tunnel. Based on Australia’s seasons, the average
pressure at the inlet of the wind tunnel is 0.18 Pa. At the spray injection point, the average
pressure is 0.09 Pa. At the outlet of the wind tunnel, the average pressure is 0.0002 Pa.
These average pressures are for all seasons and all cities.
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Figure 17. The pressure contour in a central XZ plan for six major cities.

4.4.4. Relative Humidity Contour

The relative humidity contours in January were created and are presented in Figure 18.
The maximum relative humidity of 0.963 is found at the centre of the spray injection point
for all six cities. After that, it continually decreases throughout the exit. The minimum
relative humidity is found at the initial area and nearly the edge of the top and bottom
areas. If the relative humidity ranges are considered, Darwin (Figure 18c) has the highest
relative humidity, followed by Sydney (Figure 18f) and Brisbane (Figure 18b). The lowest
relative humidity, 0.375, is found in Perth (Figure 18e), followed by Adelaide (Figure 18a).
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4.4.5. Velocity Contour

Figure 19 presents the velocity contour for all six cities in January. The velocity patterns
and magnitude are the same for all six cities. Due to similar velocity patterns, there is only
one velocity contour that is presented in this study. The maximum and minimum velocities
are found around the spray injection area for all cases. Furthermore, areas close to the edge
of the top and bottom have higher velocity magnitudes if compared to other areas.
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5. Conclusions 
In this study the spray cooling pattern, temperature, and humidity distribution, as 

well as the evaporation effect, have been investigated for six different regions in Australia, 
simulated based on the CFD technique. In terms of model validation, the results show 
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temperature at the outlet being lower than the temperature at the inlet for all cities in 
hot weather, especially in summer, and particularly for Perth and Adelaide. In cold 
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- For humidity, spray cooling influences the relative humidity pattern, especially the 
area close to spray injection. The relative humidity generally increases by approxi-
mately 30% (absolute) throughout the year for all cities. However, because of its high 
winter temperature, the relative humidity significantly changes in Darwin in winter, 
from just under 40% to almost 90%. 

- The pressure and velocity demonstrate the same patterns for all cities. The pressure 
is higher at the spray injection area. The flow and pressure are independent of season 
and location, because of air’s thermophysical properties, which are identical, and 
having only a one-way coupling between the fluid and particles. In other words, 
there is no dependence on temperature and the particles have no influence on the 
fluid flow. 
For further studies, a spray with a combination of various droplet sizes will be con-

sidered to examine the real-life effect over different ambient conditions. The effect of drop-
let sizes will be further analysed in each Australian region, where there are different am-
bient conditions. Furthermore, the reactions between multiple nozzles will also be consid-
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5. Conclusions

In this study the spray cooling pattern, temperature, and humidity distribution, as
well as the evaporation effect, have been investigated for six different regions in Australia,
simulated based on the CFD technique. In terms of model validation, the results show
strong agreement with the previous study by Tissot et al. [24]. For the application of spray
cooling under different conditions in Australian regions, water droplet sizes ranging from
25 µm to 100 µm and the average ambient conditions were used as the input data for six
cities throughout the year. The key findings are as follows:

- It is clear that effective enhancement of cooling is achievable, as demonstrated by the
temperature at the outlet being lower than the temperature at the inlet for all cities
in hot weather, especially in summer, and particularly for Perth and Adelaide. In
cold weather, especially in winter, the temperature barely changes for all cities, but it
mainly affects three cities: Melbourne, Adelaide, and Perth.

- For humidity, spray cooling influences the relative humidity pattern, especially the
area close to spray injection. The relative humidity generally increases by approxi-
mately 30% (absolute) throughout the year for all cities. However, because of its high
winter temperature, the relative humidity significantly changes in Darwin in winter,
from just under 40% to almost 90%.

- The pressure and velocity demonstrate the same patterns for all cities. The pressure is
higher at the spray injection area. The flow and pressure are independent of season
and location, because of air’s thermophysical properties, which are identical, and
having only a one-way coupling between the fluid and particles. In other words, there
is no dependence on temperature and the particles have no influence on the fluid flow.

For further studies, a spray with a combination of various droplet sizes will be consid-
ered to examine the real-life effect over different ambient conditions. The effect of droplet
sizes will be further analysed in each Australian region, where there are different ambient
conditions. Furthermore, the reactions between multiple nozzles will also be considered to
compare the spray cooling system performance.
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Nomenclature

BM, BT Mass or thermal Spalding number (-) V Velocity (m s−1)
CD Drag coefficient (-) x Humidity ratio (kgvapour/kgdry air)
CP Heat capacity (J kg−1 K−1) Xp Particle position (m)

D Diffusion coefficient (m2 s−1)
→
Xp Particle position as vector (-)

dp Droplet diameter (m) Y Absolute humidity (gwater/kgair)
g Gravitational acceleration (m s−2) λ Thermal conductivity (W m−1 K−1)
Le Lewis number (-) µ Viscosity (kg m−1 s−1)
Lv Latent heat of vaporisation (J kg−1) ρ Density (kg m−3)
m Mass (kg)
.

m Vaporisation rate (kg s−1)
Nu Nusselt number (-) Subscripts
Pr Prandtl number (-) f Continuous phase property
Rep Particle Reynolds number (-) m Mixture property
Sc Schmidt number (-) p Particle or droplet property
Sh Sherwood number (-) r Relative property
t Time (s) sat Saturation
T Temperature (K) v Water vapor property
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