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Abstract: Two-phase evaporative spray cooling technology can significantly reduce power consumption in data centre cooling ap-
plications. However, the literature lacks an established methodology for assessing the overall performance of such evaporation
systems. The current study develops a Lagrangian-Eulerian computational fluid dynamics modelling approach to examine the
functionality of these two-phase evaporative spray cooling systems. To replicate a modular system, a hollow spray cone nozzle
with Rosin-Rammler droplet size distribution is simulated in a turbulent convective natural-air environment. The model was vali-
dated against the available experimental data from the literature. A new formulation for the coefficient of performance (COP) is
derived to assess the performance of the system. Parametric studies of geometric, flow and climate parameters, namely, domain
length, droplet size, water mass flow rate, temperature, and humidity were performed with a specific focus on the climatic condi-
tions in Dublin, Ireland. The findings indicate that at elevated temperatures and low humidity, evaporation results in a bulk tem-
perature reduction of up to 12°C. The efficiency of the evaporation system showed a systematic improvement with a reduction in
the droplet size and the mass flow rate. A close to 100 % evaporation rate was achieved in comparison to only a 1 % evaporation
rate when the spray Sauter mean diameter (SMD) is reduced to 8-15 um from 292 um. It was concluded that the utilization of a fine
droplet spray nozzle provides an effective solution for the reduction in water consumption (97 % in our case) for data centres, whilst
concomitantly augmenting the proportion of evaporation.

Keywords: evaporation cooling; computational fluid dynamics (cfd); water spray system; electronics cooling; sustainability; water-
energy nexus

1. Introduction

The exponential growth in internet usage and electronic technologies has resulted in a significant increase in data
use, as evidenced by the proliferation of new data centres [1]. The proportion of metered electricity consumed by data
centres in Ireland increased from 5% in 2015 to 18% in 2022 [2]. In Ireland, data centre electricity demand is projected
to double by 2030 [3]. Cooling systems appear to be a substantial contributor to energy wastage, which represents the
second most significant source of energy consumption in a data centre, accounting for 38% of total energy usage in a
classical data centre relying on a combination of natural (direct) cooling and mechanical chillers, as shown in Figure 1
[4]. Hence, the implementation of new cooling technologies is a crucial step in reducing the power consumption by data
centres.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Energy consumption proportions of equipment in a classical data centre (adapted from [4]).
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In general, cooling systems can be classified into two main categories: (1) single-phase, and (2) two-phase. Single-
phase cooling systems utilize either air cooling or liquid cooling, while two-phase cooling systems employ a cooling
fluid that undergoes phase change, such as evaporation [5].

Single-phase cooling is a widely implemented heat management method in data centres, particularly those using
conventional air-based or liquid cooling systems [6,7]. In this approach, the cooling medium is typically air, water, or
other any other fluids. The air-cooling system is characterized by a straightforward adaptable design and comparatively
lower initial costs and ease of installation [8]. This simplicity enables its extensive deployment in both small and large-
scale data centres. However, the low dissipation rates inherent to traditional air-cooled DC systems render them inca-
pable of efficiently managing heat. This deficiency gives rise to two principal shortcomings: high energy consumption
and lower cooling capacity [9]. Meanwhile, the capacity for air cooling represents a significant challenge for high-power
density equipment [10].

Two-phase cooling presents a more advanced and efficient method for managing heat in high-performance com-
puting environments [11]. The critical distinction is that the cooling fluid undergoes a phase change, which allows it to
absorb significantly more heat than single-phase systems. The evaporative type cooling system is distinct from other
forms of cooling systems, including both air and liquid cooling. Its operation is based on the principle that water absorbs
a substantial amount of heat when it evaporates. The heat energy required to raise 1°C of air temperature is a relatively
modest 1.005 kJ/kg and the specific latent heat of vaporization (LHV) for water is considerably higher at 2257 kJ/kg [12].
Therefore, it has the potential to reduce energy consumption compared to traditional cooling methods. Under a given
initial condition, the evaporation capacity of fluid is enhanced by increasing the overall surface area of the liquid-gas
interface. A water spray system can produce an abundance of exceedingly fine water droplets using the atomization
process. This results in an increased contact surface between the produced droplets and the ambient air, consequently
accelerating the evaporation rate.

The practice of drawing cold natural air directly into the data centre is referred to as direct air cooling. From an
industrial perspective, a direct air-cooling system is simple and has low energy consumption [9]. However, Shehabi [13]
asserts that direct air cooling is contingent upon the air conditioning system. Direct air systems expose sensitive IT
equipment to external contaminants like dust or humidity, which may increase maintenance costs and risks. Neverthe-
less, Shehabi et al. [14,Error! Reference source not found.] demonstrated that the concentration increase of particle
pollutants brought by air is acceptable and can be disregarded when air filters of high performance are also utilized.
The indirect cooling system employs heat exchangers to facilitate the transfer of heat between internal and external air
without the necessity of physical mixing. In comparison to a direct cooling system, an indirect air-cooling system is
more efficient [Error! Reference source not found.,16]. However, to maintain the pressure, drop and heat transfer of
the heat exchanger, the size is typically large, which is not suitable in certain cases.

Evaporation of spray droplets in turbulent two-phase flows has been the subject of extensive investigation in many
experimental [17-21] and numerical studies[22-28]. The experimental study performed by Sureshkumar et al. [17] uses
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four distinct nozzle diameters, spanning a range of 3 mm to 5.5 mm to investigate the evaporation of spray in the con-
vective turbulent air environment. The spray nozzle was positioned at the centre of the inlet domain. The water pressure
was set at 1, 2, and 3 bar, and the air velocity range was set at 1, 2, and 3 m/s. Both counter and parallel flow were
investigated. The results indicated that the bigger diameter nozzles operating at higher pressures typically provide
superior cooling compared to small nozzles operating at lower pressures. However, this configuration necessitates a
greater pumping power input. Meanwhile, lower inlet air velocity provides better cooling efficiency. The cooling effect
is slightly more pronounced at the bottom region, which is the same trend as Shao et al. [18], particularly at lower
velocities and pressures, with the magnitude of the difference diminishing as the air velocity and nozzle pressure in-
crease.

Sureshkumar et al. [27] developed a two-dimensional simulation and subsequently validated it against the results
of their experimental investigation [17], demonstrating the potential for utilizing a numerical model to examine the
evaporation process. Montazeri et al. [22,23] developed a three-dimensional numerical model based on the experiment
wind tunnel test [17]. In this study, different turbulent models were investigated and indicated that no specific turbulent
model demonstrated a definitive advantage over the others. Meanwhile, the half-cone angle and number of streams
exert an influence on the deviation of the numerical results. When the number of streams exceeds 300, the results become
independent. Furthermore, an increase in the half-cone angle can reduce the deviation to a range of 16 to 24°C.

Additionally, variations in air temperature and humidity impact the evaporation rates, as the capacity of air to
transport water varies under different temperature and humidity conditions. Montazeri et al. [23] demonstrate that the
inlet dry-bulb air temperature exerts a considerable influence on the cooling capacity of a water spray system. The
humidity ratio of the inlet air has been identified as a critical factor influencing the cooling process. The vapour mass
fraction (w) is defined to represent the humidity of the inlet air, and it has been observed that a reduction in humidity
significantly improves efficiency, with a notable increase from 21% for w = 0.013 to 37% for w = 0.0026.

Moreover, the droplet size distribution is a crucial factor. A reduction in the mean droplet size from 430 um to 310
um has been demonstrated to enhance cooling by over 110% [23]. However, the mean droplet size remains above 300
um which usually results in a very small mass percentage (~1% of the total mass flow rate) of water evaporation, as will
be shown in the result and discussion (section 3.3). In a study conducted by Alkhedhair et al. [24], the effects of three
distinct droplet sizes (20, 35, and 50 pum) were examined in a channel with a length of 10 m and a cross-sectional area of
1 x 1 m2 The findings indicate that the larger droplets were as efficacious as the smaller ones at high air speeds (3 m/s),
whereas at low speeds (1 m/s), the smaller droplets exhibited a 25% greater efficacy than the larger ones. Toisst et al.
[19] examined that in the condition T = 308 K and 20% humidity, with a droplet diameter of 10 micrometres, the evap-
oration rate can reach up to 18% in parallel flow at a measurement point 40 centimetres downstream. This demonstrates
that a small droplet size has the potential to reach a high evaporation rate, which in turn reduces the required size of
the evaporator.

In these studies, the evaluation of the system is primarily based on the temperature drop between inlet air and
outlet air. For example, Montazeri et al. [22,23] employ sensible cooling to evaluate the performance of the system which
is defined as Q; = MmC,AT. Additionally, the percentage of water evaporation from the system was evaluated by Toisst
et al. [19] and Alkhedhair et al. [24]. Compared to the aforementioned methods, the coefficient of performance (COP)
integrates the input energy and the useful output. The useful output is proportional to the amount of evaporated mass,
which is in turn correlated with the temperature drop, thus making the COP the optimal representation of the overall
efficiency of the evaporation system, as will be shown in sections 2.5 and 3.5.

The objective of this study is to investigate the impact of a diverse range of temperature and humidity conditions
on the direct air evaporation system under consideration. This will be achieved by conducting numerical simulations
across a wide range of geographical conditions. As indicated in the climate report for Dublin, Ireland [29], the prevailing
conditions throughout the year are characterized by high humidity and low temperatures. However, during the sum-
mer months, the temperature rises to approximately 20°C, accompanied by a relative humidity of 60-70%. This combi-
nation of factors enables the application of evaporation cooling. Considering these observations, an investigation was
conducted to ascertain the influence of different flow rates and the size of the domain based on the summer conditions
in Dublin. Subsequently, the evaporation system was optimized by reducing the droplet size and mass flow rate, and
the results were evaluated by comparing the coefficient of performance (COP).

2. Materials and Methods
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For the numerical simulation of the evaporation process, the commercial software ANSYS Fluent 2023 R1 is em-
ployed. The Eulerian-Lagrangian approach is employed to couple conservation equations between the water droplet
and air.

2.1. Computational Model

The computational domain for validating the numerical model was constructed following the specifications out-
lined in the wind tunnel experiments conducted by Sureshkumar et al. [17] shown in Figure 2. The domain size was
maintained constant, however after initial validations were conducted including the effect of gravity, one-quarter sym-
metry boundary conditions were employed to reduce the computational time. Gravity effects were found negligible
and ignored in the quarter symmetry domain implementation. Furthermore, the length of the domain was extended
from 1.9 m to 3.8 m to better assess the far-field evolution of the spray.

Pressure

no-slip wall outlet
b [~

Air flow J

| >
T . .585m
—
P
Spray nozzle ‘
//
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Figure 2. Computational domain for validation.

In the validation case, a mesh independence study was conducted. Six different meshes were studied with a cell
count range from 128,000 to 2,420,000, as presented in Table 1. The deviation in the results using these meshes is in-
creasingly small, compared to the finest mesh, with the deviation of the coarsest mesh being 0.55% in terms of mass
flow-averaged outlet temperature. The deviation decreased as the mesh refinement level increased. The deviation is
inconsequential as of Mesh number 4 (M4). Hence, M4 is used for any further simulations to achieve an optimal balance
between computational efficiency and accuracy. For M4, the grid generation process yielded a total of 1,083,750 hexa-
hedral cells. These cells were distributed with 150 elements on the longer sides and 85 elements on the shorter sides,
with appropriate bias factors to achieve the required local refinement around the injector and wall boundary layers. The
minimum and maximum cell volumes are 3.4x10-8 m? and 4.6x10-¢ m?, respectively. The meshing approach results in a
y+ value between 35 and 150 for the case with an inlet air velocity of 3 m/s. The mesh is also sufficiently fine near the
centre of the domain, which is important since the initial droplet behaviour greatly affects the accuracy of the subse-
quent simulation.

Table 1. Variation of mass flow-averaged outlet temperature T,,, and percentage deviation with the reduction in grid size.

Average outlet Relative
. Number of . Computa-
Grid factor temperature changein T,,, .. ;
elements o o tional time (h)
Tout (°C) (%)
M1 128,000 30.6448 - 6
M2 302,500 30.6973 0.55 12
M3 612,500 30.7579 0.38 20
M4 1,083,750 30.8077 0.18 26
M5 1,800,000 30.8128 0.019 35
Mé6 2,420,000 30.8137 0.003 43

2.2. Governing Equations
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The impact of the droplets introduced into the airflow can be elucidated during the evaporation process by incor-
porating mass, momentum, and energy source terms into the governing equations that simulate the continuous phase
(humid air). In this simulation, the humid airflow was modelled as an unsteady turbulent flow. The following set of the
Reynolds-time average Navier-Stokes conservation equations with the standard k- turbulent model were solved:

o ot g, ®)
o a(r;zjﬁﬂ __ f’(:Zﬁ + ai] ( %) :-:}) +0+S, ©)
a(ftk)ﬁ’f—?%% (u+g—;);’—)’:j)+Pk—ﬁ6 7

He = Cﬂ% ®

where Se, Smo and Sw are the energy, momentum and droplet mass source terms respectively. In the simulation, the
mass source term was calculated by the injection water vapour flow rate and evaporation rate. Smois calculated by the
force term, and S. is related to viscous dissipation. p is the mixture mean density, g, is the gravitational acceleration
vector, P is the mean pressure, u is the dynamic viscosity, u, is the turbulent viscosity, k is the turbulent kinetic en-
ergy, 6;; is Kronecker delta (1 if i=j, 0 otherwise), h is the mixture mean enthalpy, T is the mixture's mean tempera-
ture, 1 is the mixture's thermal conductivity, ¢, is the mixture specific heat, Pr; is the turbulent Prandtl number, ¢
is the dissipation rate, Yi, Yjare a mass fraction of species vector, D;n is the molecular diffusion coefficient of species, S;
is the source term for species transport, Sc; is the turbulent Schmidt number, P, is the production of turbulent kinetic
energy, € is the turbulence dissipation rate, g, = 1.0 is the turbulent Prandtl number for k, C, is the turbulent viscos-
ity coefficient with a value of 0.09, o, = 1.3 is the turbulent Prandtl number for €, ;. = 1.44 and C,. = 1.92 empirical
coefficients in the k-e¢ model.

2.3 Boundary Conditions

The continuous phase was assigned as humid air consisting of a mixture of water vapour and air. The mean velocity
was 3 m/s with the inlet boundary condition being a uniform profile as per the measurement data of Sureshkumar et al.
[17]. The standard k-e turbulent model was employed in this analysis as it is a stable model and does not necessitate
the use of near-wall treatments in this simulation. The inlet flow turbulence intensity, ‘I" is assumed to be equal to 10%.
The turbulent kinetic energy ‘k” was calculated by Equation (10) from U, and I, while the turbulence dissipation rate €,
was calculated by Equation (11).

k=Us-1)? (10)

k1.5

_ 075
e=Cy, .

(11)

where Cy is a constant value given by 0.09. In Equation (10), the turbulence length scale, [, is equal to 0.07 times the
hydraulic diameter of the test section (=0.585m). The water vapour mass fraction at the inlet boundary condition was
calculated as x(x+1), where  is the specific humidity of moist air (kgvapor/kgdry-air). The "reflected" discrete phase bound-
ary condition was used assuming that no droplets escape from the inlet. The "escape” discrete phase boundary condition
was applied at the outlet assuming no droplet entered back from the outlet to the computational domain. This also
made sure that the calculations for droplets were terminated at the outlet. The gauge pressure at the outlet plane is
maintained at zero static pressure. The walls were modelled as stationary, no-slip walls with zero roughness height and
adiabatic, assuming no heat exchange between droplets and walls. The “reflect” type boundary condition for the dis-
crete phase was employed at the walls. For these boundary conditions, the amount of momentum in both the normal
and tangential directions can be determined. In this simulation, assuming the normal component is zero and the tan-
gential component remains the same after impingement.
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2.3. Discrete Phase Model

In the process of spray cooling, water injected into the humid air rapidly disintegrates into droplets upon exiting
the nozzle, subsequently following their trajectories. The motion of each droplet through the humid air is affected by
the heat, mass and momentum transfer between the ambient air and the droplet. In the present simulations, the Lagran-
gian approach was utilized for the coupling of conservation equations between the water droplet and moving air. There-
fore, the trajectory for each discrete phase droplet in ANSYS Fluent was determined by integrating the force balance on
the droplets. The force balance was employed to equate the droplet inertia with the forces acting upon the droplets. The
water droplet was modelled as an unsteady particle. Consequently, the governing equation for the droplet was ex-
pressed as integrated motion equations equal to the drag term plus the gravity term [30]. The motion equation of each
droplet is expressed as:

my L =2 CypAgvt + G (12)

Where v, is the relative velocity between air and droplet, p is the fluid density, and C; is the drag coefficient. Aq
is the surface area of the droplet, m, is the droplet mass, and G is the gravity term. In the current simulation, a spherical
drag law was applied, assuming that the droplets are smooth spheres. In the spherical law equation, the drag coefficient,
represented by the variable Cy, is not a constant value across different Reynolds numbers. Consequently, the use of this
formula may result in significant errors. To address this issue, correlations for the drag coefficient of spherical droplets
and the correlation proposed by Morsi and Alexander [31] are employed, where K1, Kz, and Ks are the constant values
shown in

=K

K.
Ca=—+-5+K; (13)

Table 2. The drag coefficient for different Reynolds numbers [31].

K1 K2 Ks Re

24 0 0 Re<0.1

22.73 0.0903 3.69 0.1<Re<1
29.1667 -3.8889 1.222 1<Re<10

46.5 -116.67 0.6167 10<Re<100
98.33 -2778 0.3644 100<Re<1000
148.62 -4.57+104 0.357 1000<Re<5000
-490.546 57.87 0.46 5000<Re<10000
-1662.5 5.4167 0.5191 10000<Re<50000

The process of air cooling by water spray evaporation is that the evaporating droplets absorb the sensible heat in
the bulk flow through the latent heat of vaporization [23Error! Reference source not found.]. Upon contact between a
droplet and non-saturated air, a transfer of heat and mass will occur between the droplet and the surrounding air. The
transfer of heat occurs via both radiative and convective means, as well as through latent heat transfer due to mass
transfer. As stated by Palaszewski et al. [32Error! Reference source not found.], the radiation effect is deemed to be
insignificant under ambient conditions. The transfer of heat will occur when the temperature of the droplet is between
that of the air and the air dry-bubble temperature. Furthermore, the mass transfer will take place if there is a gradient
in vapour concentration between the vapour layer and the ambient air [24]. Therefore, the heat transfer between a single
droplet and air is expressed as:
My Cpa =& = hA(T, — Tg) — 4 LHV (14)

where muais the droplet mass, cpa is the droplet heat capacity, LHV is the latent heat of water vaporization, Ta is the
droplet temperature, T, is the air temperature, and h is the convective heat transfer coefficient obtained by the Nusselt
number Nu number correlation given below [33].

Nu = hi—d = 2.0 + 0.6Re/25c1/3 (15)

a

Where da is the droplet diameter, k. is the thermal conductivity of the fluid, Re is the relative Reynolds number, and
Sc is the Schmidt number. The mass flux transferred to the humid air during the droplet evaporation process is ex-
pressed as dmg/dt, which is calculated [1,33].

dmd _

Tat kcAapq In(1 + Bp) (16)
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where k. is mass transfer coefficient, and B is the Spalding mass number which is related to the water vapour
mass fraction at the surface and vapour mass fraction in the air:

(17)

Here, Y; is the vapour mass fraction at the surface and Y;,, is the vapour mass fraction in the air. k. is calculated
from the Sherwood number (Sh) correlation [Error! Reference source not found.]:

Sh =" = 2 + 0.6Re*5S5c1/3 (18)

im
where D;,, is the diffusion coefficient of water vapour in the air, Sc is the Schmidt number and d; is the droplet

diameter.

2.4. Droplet Distribution

To characterize the droplet distribution observed in general in the spray nozzles experiments, the Rosin-Rammler
model was employed. For spray experiments, the complete range of droplet sizes is divided into an adequate number
of discrete intervals (called bins). Each bin is represented by a mean diameter for which trajectory calculations are per-
formed. For the droplet bin sizes governed by Rosin-Rammler distribution, the mass fraction of droplet bin with a
diameter greater than D can be calculated using Equation (19) provided in:

v, =e® (19)
f(D) =2 &yrte™® (20)

The correlation between experimental droplet size and the Rosin-Rammler distribution is illustrated by Montazeri
et al. [22,23]. The average diameter is calculated by using D = D in Equation (19). The average diameter D for the
Sureshkumar et al. [16] experiments is equal to 369 um. The spread parameter (n) was obtained by Equation (20) and is
equal to 3.67 in the validation case. The Rosin-Rammler volume density distribution of the droplets is obtained using
Equation (20) [35-38]. The number of streams is estimated to be 300 based on the results of the sensitivity analysis [22],
meaning that 300 streams will be released simultaneously. The same sensitivity analysis [22] indicated that 20 droplets

should be injected into the domain per stream.

2.5. Spray Nozzle Characteristics

The water droplets were introduced into the domain in a horizontal direction via a nozzle with a 4 mm diameter
situated at the centre of the inlet. The hollow cone model is applied with a half-cone angle of 18 degrees. According to
the hollow model, the initial water velocity, designated as Us, is employed, where Uo is calculated as U, =
C,(2Ap/p,,)*'?, where Ap is the pressure difference between the supply pipe and nozzle, p,, is the water density and
the nozzle velocity coefficient C, =0.9 following previous research [17,27].

2.6. Coefficient of Performance

The Coefficient of Performance (COP) is a ratio of useful output to required input power. COP is a useful metric
for evaluating the efficiency of any thermal system. In the case of our evaporation system, COP is defined as:
Q
COP = ———— (21)

Ppump — SEP
where By, (W) is the pumping power defined product of volumetric flowrate (Vy) of liquid and pressure differ-
ence (AP) across the nozzle:
Pyump = Vr - AP (22)
Q (W) is the enthalpy change in the bulk flow, defined as the product of the evaporated water mass flowrate (1. €)
with the latent heat of vaporization (LHV).
Q =m-e-LHV (23)
The surface energy power SEP (W), or surface energy per unit of time, is the power required for generating the
spray and is calculated from Equation (24).
SEP = 6yVy [} 2P gp (24)
. min
Where V; is the volumetric mass flow rate, y is the droplet surface tension, and the frequency distribution f;(D)
is taken from Equation (20). A more detailed derivation and MATLAB code for the calculation of SEP are available in
Appendix A. More details on the calculation procedure of COP are available in Appendix B.


https://doi.org/10.20944/preprints202410.2166.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2024 d0i:10.20944/preprints202410.2166.v1

Fluids 2024, 9, x FOR PEER REVIEW 8 of 19

3. Results and Discussion
3.1. Validations
Sureshkumar et al. [17] have generated extensive experimental data on evaporative sprays which are used for our

model validation. In these wind tunnel experiments, the inlet air and water temperatures are 39.2°C and 35.2°C respec-
tively. The other input parameters for the spray nozzle are available in Table 3. The same conditions were employed in

our CFD model.
Table 3. List of main parameters for validation.
Air Water Nozzle
DBT .
C) va(M/s) w P(bar) m(kg/s) Tw(°®C) D(mm) ay (o)
39.2 3 0.0052 3 0.21 35.2 4 18

Figure 3(a) and 3(b) present a comparison between the simulations and wind tunnel experimental results at nine
measurement points. A comparison was conducted for the dry-bulb temperature (DBT) shown in Figure 3(a) and the
wet-bulb temperature (WBT) shown in Figure 3(b). The data demonstrate a high degree of correlation between the
current simulation results and the experimental outcomes, with eight points exhibiting a discrepancy of less than 5%
and one point falling within the 10% range in both DBT and WBT.

14 10 4
10
~ ; ~ . 5%
E_ I /EC; 77777777777777 ®eoe
0 0
i1 . '. ° A . v .
g & RS mrer e st s S
= - - s 5%
é ) - :) % g ‘2 -
109
14 10 44
L T T T T T T T
28 30 32 34 36 18 20 22 24
DBT exp ('C) WBT exp (C)
(a) (b)

Figure 3. Comparison of the simulations results against the available experimental data (Exp. [Error! Reference source not found.])
(a) for Dry Bulb Temperature (DBT), and (b) for Wet Bulb Temperature (WBT).

3.2. Impact of Different Geographical Conditions

The evaporation system performance is subject to variation depending on geographical conditions. Previous stud-
ies have indicated that temperature drops are more pronounced in hot, dry environments [23]. However, previous
studies have not examined the temperature and humidity range in sufficient detail [17,23,24]. This section illustrates the
temperature drop at the inlet in the temperature range of 10°C to 50°C and the relative humidity in the range of 10% to
90%. The droplet size distribution range used here is 74 um to 518 pm, with a mean diameter of 369 um.

Figure 4(a) and 4(b) show the inlet-to-outlet bulk temperature difference and outlet relative humidity for different
inlet temperature and humidity conditions. In the region of high temperature and low humidity, the temperature drop
is higher. At 50°C with 10% humidity, the temperature drop is approximately 12°C. Conversely, at 10°C with 90% hu-
midity, the temperature drop is less than 1°C.
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Figure 4. (a) Temperature difference between inlet and outlet, and (b) outlet relative humidity for different inlet temperature and
humidity conditions.

Accordingly, Figure 4(a) and 4(b) serve as a valuable point of reference for the analysis of evaporation systems in
diverse geographical contexts. However, it is important to note that regions experiencing extreme dryness and high
temperatures often face significant water scarcity challenges. It is also notable that this range does not represent the
majority of climatic conditions across the planet, as illustrated by the world temperature and humidity [39]. The green
region in Figure 4(a) represents the most common temperature and relative humidity worldwide. Consequently, in
most circumstances, this evaporation system can facilitate a 1.5 to 6°C reduction in temperature for a given average
droplet size of 369 um. Figure 4(b) illustrates that the outlet humidity is independent of the initial temperature which
shows the saturation limit for the evaporation system under these conditions. The change between the inlet and outlet
humidity levels decreases as the initial humidity level increases. This suggests that the evaporation rate decreases as the
relative humidity level rises. The range of the temperature drop can be enhanced by optimizing the spray characteristics,
such as reducing the droplet size and mass flow rate. To investigate the influence of the spray characteristics for a given
geographical location, the conditions in Dublin, Ireland were employed.

3.3 Impact of Mass Flow Rate

This section employs the summer average temperature and humidity in Dublin which is 19°C and 68% respectively.
As illustrated by the psychometric chart, the theoretical maximum temperature drop, which corresponds to a relative
humidity increase of 100% is approximately 3°C.

Figure 5 (a) depicts the temperature difference between the inlet and outlet (AT) for five distinct mass flow rates
which are 0.5m, 0.75m, m, 1.25m and 2m, where m is the original mass flow rate given in Table 1. Figure 5(b) illustrates
the evaporation rate and the percentage of evaporated mass.
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Figure 5. — Ty, e¢) with increasing water mass flow rates, (b) Variation of evaporated mass flow and its percentage with increasing
water mass flow rate.

The results demonstrate that if the water mass flow rate increases within this range, the temperature difference
between the inlet and outlet conditions also increases and vice-versa. As the mass flow rate increases from m to 2m, AT
increases by 50.8%. Additionally, temperature drop fluctuations are associated with the evaporation rate. An elevated
evaporation rate results in a greater reduction in temperature. Conversely, the percentage of evaporated mass is ob-
served to decrease in conjunction with an increase in mass flow, from 0.5m to 2m shown in Figure 5(b). This is accom-
panied by an 188% increase in evaporation rate and a 28% reduction in the percentage of evaporated mass. This obser-
vation is of critical importance for the optimization of the mass flow rate in an evaporation system. The optimal system
should allow a reduction in the overall water consumption rate with an increase in the evaporation percentage by
achieving a desired temperature drop. This can be achieved in two ways, (1) by increasing the length of the domain to
allow the system to reach its saturation limit, or (2) by reducing the average droplet size and water mass flow rate to
increase evaporation percentage. Both possibilities are explored below.

3.4. Impact of the Length of the Domain

The temperature and relative humidity variations across the domain are illustrated in Figure 6(a) and 6(b). In the
current situation, the length of the domain was doubled from its original value (1.9 m to 3.8 m) without changing any
other parameters except the mass flow rate. It demonstrates that at a domain length of L=1.9m, the temperature decline
is more pronounced and rapid when the mass flow rate is elevated. However, when the domain is extended to 3.8m,
the highest mass flow rate case gives rise to the highest relative humidity. When the relative humidity exceeds 95%, the
evaporation process is nearly halted for the highest mass flow rate. The other two points show continuous improvement
with an increase in the domain length since the saturation limit is still not reached. Therefore, for a specified temperature
reduction, an expansion of the domain can diminish the mass flow rate and subsequently decrease the water consump-
tion. The next section explores the droplet size and mass flow rate on evaporation system efficiency.
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Figure 6. (a) Temperature change along the domain length, L = 3.8m, (b) Relative humidity change along the domain length, L =3.8m.

3.4. Average Droplet Size and Mass Flow Rate

Figure 7 depicts the temperature contour plots for the two extreme cases of Sauter mean diameter and water mass
flowrate (Ds2=292um, m=0.21 kg/s and Ds2=8 um, m = 0.0001 kg/s). It is evident that under these two conditions, the
system exhibits disparate behaviours. For the case, D32=292um, m =0.21 kg/s, the temperature gap is considerable along
the domain, whereas the centre region is distinguished by a higher temperature. However, a reduction in droplet size
and mass flowrate (D=8 pum, m=0.0001 kg/s) resulted in the airflow becoming dominant, with the droplets' evapo-
ration concentrating in the centre region. Concurrently, there was an increase in temperature reduction in the centre
region, with the temperature along the domain changing slightly in the centre region. Therefore, when the droplet size
is small, the cooling effect is concentrated in the central region with the length of the domain having a minimal impact
on the centre region. This suggests that the length of the domain can be reduced with minimal effect on the cooling


https://doi.org/10.20944/preprints202410.2166.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2024 d0i:10.20944/preprints202410.2166.v1

Fluids 2024, 9, x FOR PEER REVIEW 11 of 19

efficiency of the centre region. To further explore this, an intermediate diameter of Ds2= 15um was analysed with an
increasing mass flow rate.
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Figure 7. Comparison of cross-sectional contour plots of air-dry bulb temperature at three axial locations.

Figure 8(a) illustrates the temperature change along the domain length with increasing mass flow rate for Daz=
15um. The solid line represents the average temperature of the cross-section, while the dotted line depicts the tempera-
ture of the centre region along the domain. The overall cross-sectional temperature change is relatively minor for all
three mass flow rates used. This is because a very small water flow rate was used in these simulations. This leads to the
cooling region being primarily concentrated in the centre. This condition leads to a high evaporation percentage but
overall lower water mass flowrate evaporation (refer to previous section 3.3 for details). For the higher mass flowrate
points (m=0.2x10- kg/s and 0.4x102 kg/s), the temperature of the centre region became almost constant after a short
distance due to the high evaporation rate and the attainment of 100% relative humidity, as illustrated in Figure 8(b).
However, an increase in temperature is observed when m=0.1x10-kg/s, accompanied by a subsequent decrease in rel-
ative humidity. This is attributed to the low mass flow rate, which results in the evaporation process occurring within
a short distance. For the smallest mass flow rate case, m=0.1x102 kg/s, the overall water mass flow rate is not sufficient
to saturate the humid air. Hence, we observe an increase in the centreline temperature and a drop in relative humidity
after a domain length of 0.7 m. To summarise, to achieve the optimal performance for a sufficiently fine droplet size
spray, an optimal water flow rate should be determined and the results associated with this are available in the next
section.
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3.5. Optimization

The optimization strategy aims to reduce water consumption and enhance cooling efficiency. The current simula-
tion has an inlet Sauter mean diameter (Ds2) close to 300 micrometers which is quite large. The results in the previous
sections have shown that the evaporation percentage increases with a reduction in water mass flow rate and droplet
size (refer to sections 3.3 and 3.4 for details). Meanwhile, reducing the droplet size increases the evaporation rate
[19,23,24]. Therefore, it is possible to utilize a smaller droplet size in conjunction with a reduced mass flow rate, thus
enhancing the evaporation efficiency. The optimization strategy involves the following steps:

1. Fixing the upper limit of the droplet diameter and reducing the water mass flow rate in a geometric progression
with ratio %2, and obtaining a relative humidity value close to 100 %.

2. Reducing the droplet diameter in a geometric progression with ratio ¥, repeating Step 1 until the 100 % relative
humidity point is achieved.

Following the above optimization strategy, six different D3 values were investigated, starting from Ds2 =292 um
and m = 0.42 kg/s for a domain length of 3.8m.

According to the definition of the coefficient of performance (COP), this metric relates the useful output power and
the required input power, thereby reflecting the efficiency of the evaporation system (refer to section 2.5 for details). A
list of the D32 values and fifteen different mass flow rates (from D1-D15) along with the relevant calculated power values
is shown in Tables 1 and 4.

Table 4. List of values for the Sauter mean diameter D32 and mass flow rate and the resulting calculated power values, (O)-Origi-
nal, (OP)- Optimized.

Mass flow Evaporated

Des-lgn D32 (um) rate*103 mass flow SEP (W) QW) P pump(W)
Point
(kg/s) rate (%)
D1 292 420 0.73 0.5926 7737.9 124.8
D2 (0) 292 210 1.10 0.2963 5572.8 624
D3 292 100 1.44 0.1479 3656.0 31.1
D4 121 52 2.63 0.1836 3351.2 15.6
D5 121 26 3.44 0.0918 2187.7 7.8
D6 121 13 4.47 0.0459 1422.3 3.9
D6 65 13 5.67 0.0791 1804.6 3.9
D7 65 6.4 7.43 0.0395 1163.1 1.9
D8 65 3.2 9.80 0.0198 767.3 0.96
D8 32 3.2 13.75 0.0397 1076.4 0.96

D9 32 1.6 19.67 0.0199 770.0 0.48
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D10 32 0.8 27.46 0.0099 537.4 0.24
D11 15 04 52.86 0.0101 517.2 0.12
D12 15 0.2 74.00 0.0050 362.0 0.06
D13 15 0.1 91.45 0.0025 223.7 0.03
D13 (OP) 8 0.1 98.44 0.0047 240.8 0.03
D14 8 0.05 99.87 0.0024 122.2 0.015
D15 8 0.025 100 0.0012 61.2 0.0075

The results demonstrate that Q decreases when the Sauter mean diameter D32 and mass flow rates are reduced.
This is attributable to a reduction in the quantity of evaporated mass. However, the pumping power also exhibits a
notable decline. Figure 9a,b depict the coefficient of performance as a function of D32 and mass flow rates. As the mass
flow rate and droplet diameter decrease, the coefficient of performance (COP) increases significantly. This indicates that
the use of fine droplets and a low mass flow rate can enhance the efficiency of evaporation. The COP shows saturation
with water mass flow rate for a droplet size of 8um, which is the ideal droplet size for the best performance.
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Figure 9. Coefficient of performance (COP) of different D32 and mass flow rate (D32 > 50um) (a), and (D32 < 50um) (b). See corre-
sponding values for design points D1-D15 in Table 4.

As illustrated in Figure 10, a reduction in both the Dz and mass flow rate results in an increased evaporation
percentage. It is noteworthy that the evaporation rate increases significantly when the Dz is below 20 um, exceeding
50%. Moreover, when the Ds2is 8 um, the evaporation rate approaches 100%. Thus, when the D is below 10 pm, the
coefficient of performance (COP) exhibits only slight variation. Meanwhile, the COP is more than ten times higher when
the Ds2 is 8 um than when it is over 50 pm. In comparison, the water consumption exhibited a notable decline when Ds
=8 um was employed. The total water consumption is only 3% of the original design. However, an arrangement of 30
nozzles needs to be deployed to achieve the same amount of cooling as that of the original design. The number of
nozzles can be reduced if we can achieve close to 100 % evaporation rate by further increasing the mass flow rate.
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Figure 10. The percentage of evaporated mass in different D32 and mass flow rates. See corresponding values for design points D1-
D15 in Table 4.

Figure 11 examined the COP and evaporation rate under different droplet sizes with m = 0.0001 kg/s. It was ob-
served that when the mass flow rate was held constant, the evaporation rate and COP improved with a reduction in the
droplet size. These results show that is possible to achieve 100 % evaporation with sprays of droplet diameter (Ds2) in
the range of 8 to 15 um. Any further increase in the droplet diameter results in a significant reduction in the evaporation
percentage and COP. The evaporation percentage drops to less than 10 % for Ds: larger than 120 um.

. COP--+- Evaporated mass
& 4 100

Evaporated mass (%)

R
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Figure 11. Coefficient of performance (COP) and evaporation rate under varying SMD (D3;) conditions.

5. Conclusions

In this paper, a 3-D numerical model for evaporating water spray was developed and validated against the availa-
ble experimental measurements. The study was performed using different water mass flow rates, domain sizes and
droplet sizes, and different geographical conditions (although the focus was on the conditions for Dublin, Ireland). The
following is the list of conclusions drawn from this study:

(1) The temperature and humidity of the air have a big influence on the evaporation system. Regions with high tem-
peratures and low humidity experience the greatest cooling effect, with temperature drops of up to 12°C at 50°C
and 10% humidity. Most regions fall within moderate temperature and humidity ranges, where evaporation sys-
tems typically reduce temperatures by 1.5 to 6°C for an average Sauter mean diameter (SMD) of 292 um.

(2) Increasing mass flow rates in evaporation systems significantly enhances the temperature drop, with a 50.8% rise
in AT as the flow rate increases from m to 2m. However, this is accompanied by a decrease in the percentage of
evaporated mass reducing the overall system performance (COP) in terms of water consumption.

(3) Extending the domain length significantly enhances cooling efficiency, with the temperature disparity between the
inlet and outlet increasing by 85.7% and relative humidity rising by 61%. An increase in the mass flow rate results
in a more rapid decline in temperature. However, beyond a certain distance, the evaporation rate declines due to
the air becoming saturated, thereby limiting the evaporation process.

(4) Larger droplets (D32 =292 um, m = 0.21 kg/s) result in a notable reduction in temperature across the domain, with
higher temperatures observed in the central region. In contrast, smaller droplets (Ds2 = 8 um, m = 0.0001 kg/s) exert
a dominant influence on the airflow, resulting in the concentration of cooling in the centre region with minimal
temperature change along the domain.

(5) Reducing droplet size also enhances the evaporation rate, with smaller droplets (D32 < 20 pm) exceeding 50% evap-
oration, and at 8 um, achieving 100% evaporation. Additionally, smaller droplet sizes reduce water consumption,
with Ds2 = 15 um using just 3% of the original water volume. The analysis of the coefficient of performance (COP)
reveals that smaller droplets and lower mass flow rates result in higher COP, as the efficiency of the whole system
is improved.
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(6) It was demonstrated that both the evaporation rate and the coefficient of performance (COP) decrease as the size of
the droplets increases. This reduction is attributable to the fact that larger droplet sizes reduce the overall surface
area available for evaporation under a given water mass flow rate.

Abbreviations

The following abbreviations are used in this manuscript:

A
B

ke
LHV

Pr
Pr

Surface area

Spalding number

Turbulence viscosity coefficient
Drag coefficient

Nozzle velocity coefficient
Empirical coefficient

Heat capacity

Diameter

Mean diameter

Diffusion coefficient

Gravity term

Gravitational acceleration
Enthalpy

Turbulent intensity

Turbulent kinetic energy

Mass transfer coefficient

Latent heat of water vaporization
Turbulent length scale

Mass

Mass flow rate

Nusselt number

Pressure

Production of turbulent kinetic energy
Prandtl number

Enthalpy change

Relative Reynolds number
Source term of energy

Source term of mass

Source term of momentum
Source term for species transport

Schmidt number

m?2

J/kg -k
pm
pm

m2/s

m/s?
J/kg
%

m2/s?

W/m3

kg/ m*s
kg/(m?s?)
kg/ m3s
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Greek Symbols

Subscripts

Sherwood number

Temperature

Mean velocity vector

Initial nozzle velocity

Volumetric flow rate

velocity

Mass fraction of species

Vapour masa fraction at the surface

Vapour masa fraction in the air

Half cone angle

Kronecker delta

dissipation rate

Mixture thermal conductivity
Dynamic viscosity

Turbulent viscosity

Density

Turbulent dissipation rate
Dissipation rate

Turbulent Prandtl number for €
Mass fraction

Droplet surface tension

Specific humidity

Air

Coefficient of performance
Droplet

Dry bulb temperature
Cartesian coordinate directions
Surface energy per unit
Turbulent

Wet bulb temperature

°C
m/s
m/s
m3/s

m/s

m?3/s?
W/(m - K)
kg/m-s
kg/m-s
kg/m?3
m?/s3

W/m3

N/m
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Appendix A
Derivation of Surface Energy Power (SEP)

The surface energy (SEp) of a single droplet of diameter D is given by Equation (a) below.

SEp =v.4Ap ) (a)
The droplet formation rate (Nj) for a diameter D is given by:
ND _ fa (Dzl.ZT.dD (b)
The contribution to the surface energy power (SEP) for droplets of diameter D is given by:
dEp = y.Ap.Np = 6y.V; 22 ap (©)
Therefore, the total surface energy power (SEP) for a spray with a range of diameters can be found as:
SEP = [ dEp = 6y.Vy [22 ap (d)

MATLAB Code for Calculating SEP

gamma = 0.072; % Surface tension (N/m)
V_dot_total = 1.0018E-07; % volumetric flow rate (m3/s)
n=23.67; % Spread parameter
D_bar = 0.000150; % Mean diameter (m)
d_min = 0.000037; % Min. diameter (m)
d_max = 0.000259; % Max. diameter (m)

% Define the function f_3(D)

fv=@(d) (n/D_bar) * (d / D_bar).(n - 1) .* exp(-(d / D_bar).”n);

% Integral (1/m)

integral_value = integral(@(d) fv(d) ./ d, d_min, d_max);

% Total energy dissipation rate (W)

E_dot_total = 6 * gamma * V_dot_total * integral_value;

% Display the result

disp([' Total Energy Dissipation Rate (E_dot_total): ', num2str(E_dot_total)]);

Appendix B
Sample Calculation for COP

For instance, take the case D9 (see Table 4). The water mass flow rate (r;) from the nozzle is 1.6 x 1073 kg/s. The
pressure drop (AP) across the nozzle is 3 bar. The evaporated water mass flow rate percentage (¢) is 19.67%. The latent
heat of vaporization (LHV) of water and surface tension (y) are 2446.3 kJ/kg and 0.072 N/m respectively. The Sauter
mean diameter (Ds2) is 32 pm with spray characteristics given by Rosen-Rambler distribution using Equation (20).

The calculated useful heat load (Q) value is:

Q =mua.LHV =770 W

The calculated pump power (Pyymp) value is:

Pyump = 1. AP = 0.48 W
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The calculated surface energy power (SEP) value is:

. D
SEP = 6y. VTffg(D ) dD = 0.0199 W
The calculated coefficient of performance (COP) value is:
Q
P=—--—7=—=1 .
COP = p—p = 167355
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