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ARTICLE INFO ABSTRACT

Keywords: Pre-cooling the inlet air of an air conditioning condenser through evaporative cooling has proven highly

CFD effective in enhancing performance. Previous works focused on utilising an ultrasonic mist generator, obtaining

Cooling efficiency promising results. However, the mist generator’s inability to control droplet distribution presents limitations.

Ultrasonif: atomifer To address this, we propose the utilisation of an ultrasonic spray atomiser, which overcomes these constraints.

Evaporative cooling Our main objective is to develop a numerical model for this innovative system. Experimental data from a wind
tunnel facility were employed to validate the model. A parametric analysis was conducted, considering key
variables in the cooling process: injected water mass flow rate, cooled area, and atomiser power consumption.
Based on these variables, an optimisation analysis was performed, revealing that the optimal operating ranges
for overall performance are water-to-air mass flow ratios below 1.8 - 10~ for a relative humidity of 0.5, and
below 8.1-10~* for 0.7. Within these conditions, water spray is more evenly distributed throughout the control
section, facilitating a homogeneous and efficient evaporative cooling process. The maximum evaporative
coefficient of performance achieved across all simulations was 30.49. That is, this novel equipment surpasses
the limitations of previous systems and its performance.

1. Introduction evaporative pre-cooling methods comprise wet media cooling and spray
cooling.

Numerous studies in the literature have investigated the use of
wetted media for pre-cooling air in various applications [1-3]. In air-
conditioning applications, Martinez et al. [4] examined the impact of
evaporative pad thickness on the energy consumption of a split-type air
conditioner. Experimental results demonstrated that using a 100 mm

pad thickness achieved a 10.6% improvement in the overall coefficient

The Energy Efficiency First principle of the European Union re-
quires that energy efficiency measures that are cost-effective be given
the highest priority in shaping energy policy and making investment
decisions. This comprehensive guiding principle can work in conjunc-
tion with other EU goals, particularly those related to sustainability,
achieving climate neutrality, and promoting green growth. Essentially,
the principle seeks to encourage the implementation of energy-efficient

measures in all energy-related decisions, in order to achieve sustain-
able and environmentally conscious development. Buildings located in
the European Union collectively account for 40% of our total energy
consumption and 36% of the greenhouse gas emissions generated from
activities such as construction, usage, renovation, and demolition. En-
hancing the energy efficiency of these buildings is crucial in attaining
the lofty objective of carbon-neutrality by the year 2050, as stated in
the European Green Deal.

The application of evaporative pre-cooling techniques to the con-
denser of a refrigeration system represents a highly effective and readily
applicable means of enhancing the efficiency of air conditioning sys-
tems in domestic and commercial settings globally, particularly in hot
and arid climates. These techniques facilitate a significant reduction
in energy consumption and demand peaks by introducing a small
volume of water for a limited duration to cool the incoming air. Direct
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of performance (COP). Similarly, Ibrahim et al. [5] suggested the use of
condensate to pre-cool the condenser air in a split-type air-conditioner,
which led to a COP increase of 21.4% and an enhanced cooling capacity
due to a temperature reduction of approximately 4 °C in the entering
air. However, one of the main drawbacks of pre-cooling systems based
on evaporative pads is the additional pressure drop generated in the
condenser air stream, even when the pre-cooling is not active. Kumar
et al. [6] evaluated a humidifier consisting of three cylindrical packings
arranged in series, operating in rotary motion. It is observed that using
the evaporative cooler consumes 42% less energy compared to the
conventional air conditioning system.

Spray cooling is a widely researched technique for various applica-
tions, as evidenced by numerous papers in the literature [7-9]. Tissot
et al. [10] employed an Eulerian-Lagrangian model to investigate
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Nomenclature

A; percentage area for temperature 7, at
section x (=)

b domain width (m)

Cp drag coefficient (-)

dy droplet diameter (m)

F, safety factor numerical value in the GCI
analysis (F, = 3) (-)

g gravitational constant (m s72)

h domain height (m)

he heat transfer coefficient (W m=2 K-1)

hp mass transfer coefficient (kg m=2 s~1)

hyg enthalpy of vaporisation (J kg~1)

L domain length (m)

i distance between inlet sections (m)

L, wet length (m)

M cumulative mass fraction (-)

m mass (kg)

1, air mass flow rate at the inlet section of the
domain (kg s~1)

1y, mass flow rate of water spray (kg,, s™1)

Nu Nusselt number (-)

Ap pressure loss (Pa)

p pressure (Pa)

Pr Prandtl number (-)

Ocooling cooling capacity (W)

r grid refinement ratio in the GCI analysis (-)

Re Reynolds number (-)

s order of convergence in the GCI analysis
(s=2)0)

Sc Schmidt number (-)

Sh Sherwood number (-)

T dry temperature (°C)

T, temperature of the water in the tank (°C)

Toop wet bulb temperature (°C)

T~ mean temperature calculated at section x
(O]

U, average air flow velocity in the wind tunnel
(ms™)

v; average air flow velocity in the spray
discharge section (m s™1)

Wan power absorbed by the fan (W)

Wpump power absorbed by the pump (W)

Wogitrasound power absorbed ultrasonic spray atomiser
w)

y molar concentration (mol m~3)

Greek symbols

€ relative error of the solutions in the GCI
analysis (-)

U dynamic viscosity (kg m~1 s71)

ny fan efficiency (-)

i evaporative cooling efficiency calculated at
section x (<)

¢ relative humidity (-)

Re Reynolds number (-)

droplet motion in an air flow, analysing droplet evaporation under
different loadings, spray characteristics, and injection solutions in a
small channel related to a real condenser. They concluded that an

density (kg m~3)
T stress tensor (kg m~3)
Subscripts
a air
d droplet
© ambient conditions
ma moist air
w evaporated water
Abbreviations
CFD Computational Fluid Dynamics
COP Coefficient of performance
GCI Grid Convergence Index
HVAC Heating, Ventilation and Air-Conditioning
MG Mist Generator
SA Spray Atomisers

optimal cooling compromise requires balancing water droplet size and
injection area. Raoult et al. [11] developed a CFD water spray model
and investigated key physical parameters in evaporative cooling. They
concluded that the Eulerian model is both simple and accurate, making
it suitable for studying water spray evaporative cooling upstream of a
heat exchanger.

Hou et al. [12] simulated the features of multi-nozzle arrangements
for spray cooling, examining the effects of nozzle inlet pressure, mass
flux, nozzle-to-surface distance, and nozzle numbers on droplet Sauter
Mean Diameter (SMD or ds,). Sadafi et al. [9] demonstrated the poten-
tial of using saline water for pre-cooling inlet air to a heat exchanger,
developing a CFD model to predict the wet length of saline water
droplets in spray cooling under different ambient conditions and spray
characteristics. They validated their model with their experimental data
conducted in a wind tunnel, and presented a dimensionless correlation
for wet length in horizontal flow. Kim et al. [13] numerically simulated
a ultrasonic gas atomiser. They decided generation position and oper-
ating conditions of ultrasound atomiser. Zhang et al. (2020) performed
a CFD study on a two-nozzle spray cooling system under different
conditions. They validated the model for single droplet evaporation
with a maximum relative error below 8%. The use of a single sprayer
showed temperature deviations of 4.1% for dry bulb and 3.9% for wet
bulb temperatures.

In recent years, there has been an increasing interest in exploring
the use of ultrasonic energy to enhance various processes and improve
system efficiency. Yao [14] conducted a literature review to address the
potential applications of ultrasound as a new technology in Heating,
Ventilation and Air-Conditioning (HVAC). The author concluded that
ultrasound could produce various effects that could be useful in appli-
cations involving heat or mass transport by decreasing both the external
and internal resistance to transport. Despite this potential, evaporative
cooling has not received much attention in the context of ultrasound
applications as pointed out by Yao et al. [15] in their state-of-the-art
review on high-intensity ultrasound and its applications, where they
did not specifically mention it as an application.

Up to the knowledge of the authors, the study conducted by Mar-
tinez et al. [16] was the first attempt to apply ultrasonic techniques
(mist generator) to pre-cool the air entering the condenser in an air con-
ditioning application. The authors experimentally analysed the perfor-
mance of an ultrasonic mist generation system. Its thermal performance
and its water mist production capacity were assessed in terms of the
mass flow rate of atomised water and size distribution of the droplets
generated. The same research group, in Ruiz et al. [17], developed and
reported a CFD model of the ultrasonic mist generator tested in [16].
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(a) Ultrasonic spray atomisers.

(b) Microscopic image of the water outlet holes.

Fig. 1. (a) Used ultrasonic spray atomisers and an oscillator circuit PCB. (b) Microscopic image of the water outlet holes in the spray atomisers used.

The authors conducted a parametric analysis including some physical
variables involved in the cooling process, and, finally, carried out an
optimisation process regarding the overall cooling performance of the
ultrasonic generator.

The literature review carried out has highlighted that ultrasonic
devices constitute a promising approach to improve the performance
of air conditioning systems via the pre-cooling of the inlet air to the
condenser. However, little attention has been paid to them. Among the
major drawbacks of ultrasonic mist generation systems, the wet length
(i.e. travelling distance of liquid droplets without evaporating) and the
equipment power consumption can be pointed out. This fact constituted
the main motivation of this work.

The ultrasonic mist generator is composed of a compact mist maker
device with 10 ultrasonic transducers, which is submerged in a water
tank. These transducers have the ability to convert high-frequency elec-
tronic signals into mechanical oscillations with a high frequency on the
disc. As the ceramic disc moves, the water imitates its motion and tries
to match the high-frequency oscillations. This leads to the separation
of the water from the disc during the negative oscillations, creating
a temporary void where cavitation occurs and the water undergoes a
transformation into steam. Subsequently, during the positive oscillation
phase, the steam water is forcefully propelled upward by the high
pressure wave, traversing the water surface. In this adiabatic process, a
mist water is generated (droplets with diameters ranging from a few
tens of microns). However, due to its mode of operation and being
a compact device, the mist generator forms a singular stream of mist
water over which there is little control.

In order to overcome the mist generator limitations mentioned
above, an ultrasonic spray atomiser is proposed in this research. Com-
pared to an ultrasonic mist generator, an ultrasonic spray atomiser
presents several advantages, such as lower power consumption, lower
cost, and a more homogeneous droplet distribution that favours the
evaporation, improving the cooling efficiency and reducing the wet
length. This is because, although the operation is comparable, in this
case of the ultrasonic spray atomiser system, each atomiser generates
a different current. This enables a more straightforward regulation of
the plume’s distribution that they produce.

In this sense, the main objective of this study was to develop a
numerical model of an ultrasonic spray atomisers system. No studies on
this nature have been previously reported in the literature, highlighting
the novelty of the research presented in this paper. The CFD model
was validated with experimental data and was used to assess the
performance of the system and to optimise the arrangement of the
atomisers in order to maximise the evaporative efficiency and to reduce
the wet length with the minimum power consumption.

The structure of this paper can be outlined as follows. Section 2
describes the experimental setup and provides an overview of the CFD
model. Section 3 presents the results obtained from the CFD model,
including the parametric analysis and optimisation. The key findings
of this study are summarised in Section 4.

Table 1

Spray atomiser technical specifications.

Disc diameter 15.5 mm
Ceramic core diameter 8.5 mm
Porous membrane diameter 3.3 mm
Microscopic Holes Diameter 10 pm
Input voltage DC5V
Power 1.3 W
Resonance frequency 108 kHz
Mass flow rate 1.95-1075 kg s7!
Exit speed of the drops 25 ms!

2. Materials and methods
2.1. Experimental test facility

A set of experimental tests were carried out to obtain the key
parameters to validate the CFD model. The test facility mainly consists
of two components: an ultrasonic system based on spray atomisers and
a wind tunnel.

The ultrasonic spray atomiser system used in the experiments is
shown Fig. 1(a). This device utilise the power of ultrasonic vibrations
to atomise liquids into fine particles or droplets, generating a mist
or spray. It consists of a porous metallic membrane surrounded by a
piezoelectric ceramic disc, and an oscillator circuit PCB that generates
a pulse signal at a frequency of 108 kHz for the spray atomiser. When
the current is supplied, the ultrasonic transducer convert electrical
energy into mechanical vibrations and the piezoelectric initiates an
expansion/contraction cycle. These high-frequency vibrations create
pressure waves within the liquid, causing it to break up into tiny
droplets that are subsequently dispersed as a fine spray. The water
pass through the microscopic holes (around 10 pm, Fig. 1(b)), and
pushes the drops forming a column of water spray. The mass flow rate
is approximately 1.95 - 10~ kg s~!. This component is characterised
by having a low cost and consumption (1.3 W). Table 1 shows the
operating conditions and technical specifications of a spray atomiser.

Several atomisers (25) were assembled in a manifold manufactured
in flexible silicone pipes. An ABS plastic body was used to connect the
atomisers with the pipes. A low-flow pump (RS PRO 20) was used for
the recirculation of the water (maximum flow rate of 650 ml min~! and
a consumption of 5 W). Fig. 2 shows a schematic representation of the
hydraulic system used in the experiments with 5 x 5 atomisers (rows
x columns) and its experimental setup in the wind tunnel.

To carry out the experimental tests of ultrasonic evaporative cool-
ing, the open-circuit subsonic wind tunnel shown in Fig. 3 was used.
To ensure stable and uniform velocity profiles of the airflow, a nozzle
was used along the honeycomb baffle (anti-turbulence screen), which
was adapted for the tunnel entrance (leftmost part). This nozzle has
dimensions of 1.2x 1.7 m? (cross-sectional) and a length of 1.55 m. The
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Fig. 2. Scheme of the distribution of the spray atomisers in the form of a 5 x 5 manifold and its experimental setup in the wind tunnel.

Ultrasonic spray atomiser !,7“
= ? wy, y

ol Data acquisition system

Sl
g

il
A\ Tremonygrometr

DN

Fig. 3. Subsonic wind tunnel facility in which the experimental tests are carried out.

test section of the wind tunnel has a cross section of 0.492x0.712 m? and
a length of 5.3 m. A axial fan of 0.55-kW was used to create the air flow
inside the tunnel, which is located at the tunnel exit. This is connected
with a variable-frequency drive that allows different air flows to be
configured (from 0-3 m s1). The maximum volumetric air flow rate
allowed by the fan is 3783 m> h~!. A detailed description of the wind
tunnel can be found in [18-20].

2.2. Experimental procedure

As mentioned in Section 2.1, in this work several experimental
tests were carried out to validate the developed numerical model.

Table 2 shows the main magnitudes registered by the sensors installed
in the wind tunnel. These sensors were distributed throughout the test
rig. Fig. 4 depicts an schematic arrangement of the location of all
Sensors.

To determine the injected mass flowrate of water, a gravimetric
method was used. It consists of measuring the weight of the water used
by the spray atomisers in a certain time by means of a high-precision
scale. This was done by measuring the weight of the make-up water
reservoir.

A thermohygrometer was installed at the inlet of the wind tunnel
to measure the inlet air dry-bulb temperature (ambient, T,) and the
relative humidity (¢,,). Additionally, three more thermohygrometers
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Table 2
Summary of the magnitudes registered during the experimental tests.
Test run Configuration v, (m s m,, (kg s1) T, (°C) b (%) T, (°C) ¢, (%) T, (°C) ¢, (%) T,, (°C) Gps (%) T; (°C) b3 (%)
1 5x1 0.5 9.77-1073 29.34 54.68 27.27 65.05 28.61 55.03 28.05 60.39 28.46 56.21
2 5x1 1.0 9.77-1073 28.84 47.27 27.93 50.45 28.00 47.41 28.30 48.69 27.89 48.93
3 5x1 1.5 9.77-1073 28.05 60.14 27.12 65.77 27.11 62.36 27.58 62.11 27.02 64.29
4 5x1 2.0 9.77-1073 28.80 57.03 28.04 61.03 27.98 58.21 28.38 58.37 27.88 59.51
5 5x3 0.5 2.93-107* 29.46 54.76 25.24 79.44 25.32 74.96 26.25 73.22 24.86 81.20
6 5x3 1.0 2.93-107* 28.72 49.35 26.90 57.65 26.76 55.35 27.15 56.36 26.51 57.32
7 5x3 1.5 2.93-107* 29.21 53.92 27.53 62.21 27.60 58.46 28.05 58.60 27.30 60.78
8 5x3 2.0 2.93-107* 29.55 53.04 28.28 58.83 28.33 55.72 28.60 56.70 27.92 58.74
9 5x5 0.5 4.88-107* 29.51 45.39 22.67 85.34 23.03 78.04 24.29 73.93 24.14 75.01
10 5x5 1.0 4.88-107* 30.89 36.32 26.26 55.44 26.17 52.45 28.48 44.14 26.76 50.44
11 5x5 1.5 4.88-1074 29.38 40.37 26.24 53.48 26.18 50.94 27.66 45.98 26.46 52.04
12 5x5 2.0 4.88-107* 29.23 40.73 26.75 50.58 26.73 47.71 27.93 44.68 26.84 50.17
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Fig. 4. Schematic arrangement of the test section, spray atomisers system and measurement devices, with dimensions in mm.

were used to register the distribution of relative humidity and temper-
ature in the longitudinal section (7, T, T3, ¢, ¢,, and ¢3), which
were located downstream of the spray water discharge section in the
centre of the tunnel at 1315, 1645 and 2435 mm, respectively. On the
other hand, an array of nine thermo-hygrometers was used to register
the temperature and relative humidity distribution in the transverse
section. T,,; and ¢,,, refer to the mean temperature and relative humid-
ity of these 9 measurements. The temperature and humidity registered
by the sensor placed at the centre, matches with 7, and ¢,. Finally,
a hot-wire anemometer, placed 875 mm downstream of the section
where the ultrasonic spray atomisers are located, was used to measure
the averaged air flow velocity in the wind tunnel, v,. As discussed
in [18], the use of the nozzle ensures that the velocity profile in the
test section of the wind tunnel is uniform. In addition, the installation
was calibrated to obtain, with an experimental correlation, the mean
air velocity from the local velocity in its centre. So, this measurement
is enough to know the mean velocity and, hence, the volumetric flow.

Table 3 shows the technical specifications and accuracy of the test
bench probes used in both the wind tunnel calibration tests and during
the experimental characterisation tests of the ultrasonic spray atom-
iser. All measurements were recorded with a Keysight DAQ970A data
acquisition unit incorporating two Keysight DAQM901A 20-channel
multiplexer modules.

In order to determine the size and velocity of the injected drops,
a high-resolution direct photography technique (pixel shift) was em-
ployed, as described by Ramisetty [21]. The droplets were ejected

through the discharge tube of the test rig and photographed using a
Pentax K-1 camera, with a maximum shutter speed of 1/8000 s and
a Tamron SP AF 90 mm F2.8 Di Macro 1:1 lens attached. To achieve
higher lens magnification, an 18 cm extension tube was used. To freeze
the droplet movement as they were ejected, a Pentax AF-360 FGZ auto
flash unit was used in TTL flash mode, with a 1/2 peak duration time
of approximately 1/20000 s. The flash was arranged on the opposite
side of the camera position, and a remote trigger was used to take the
photographs while keeping the water mist flowing between the two
devices. In order to simplify the photographic analysis, the light from
the flash was channelled through a 3 mm slit made of a plastic sheet,
creating a narrow illumination plane to isolate the droplets. Only the
droplets passing through that illumination plane were captured by the
camera. An f-stop number of f/2.8 was used to boost the isolation of
the droplets captured in the shots, producing a pronounced blurring
of out-of-focus droplets, which were not counted in the subsequent
photographic analysis. The photographs had a native resolution of
7360 x 4912 pixels and were processed with a graphic editor to
increase contrast and acutance. The uncertainty of the measurement
method was estimated by considering a variation of +1 pixel in the
measurement of the droplet diameter using digital image processing,
as shown in Fig. 5.

2.3. Physical model

The physical domain used in the simulations reproduces a part of
the wind tunnel where these tests have been carried out. The domain
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Table 3
Specifications and characteristics of the test bench probes used during the experimental tests.
Measurement Measuring device Brand Model Measuring range Output signal Accuracy
Air temperature Thermohygrometer E+E Elektronik EE210-HT6xPBFxB —20 to 80 °C 4-20 mA +0.2 °C
Air humidity Thermohygrometer E+E Elektronik EE210-HT6xPBFxB 0%-100% 4-20 mA + (1.3+0.3% RD)%
Air temperature Thermohygrometer E+E Elektronik EE210-HT6xPCxx —20 to 80 °C 4-20 mA +0.2 °C
Air humidity Thermohygrometer E+E Elektronik EE210-HT6xPCxx 0%-100% 4-20 mA + 2.5%
Air flow velocity Anemometer E+E Elektronik EE65-VCD02 0-20 m/s 4-20 mA + (0.2 m/s + 3% RD)
Air flow rate Flow hood balometer Testo 0563 4200 40-4000 m3/h USB port + (12 m*/h + 3% RD)
Power consump. Power quality analyser Chauvin Arnoux 8334 USB port + 1% RD
Water temperature RTD-Pt100 Desin ST-FFH PT100 —200 to 600 °C 4-wires +0.05 °C
Water weight Benchtop scale PCE Instruments PCE-TB 3 0-3 kg 4-20 mA +01g

\t=1/60's

(b)

Fig. 5. Experimental test carried out to define: (a) velocity, and (b) size of the injected drops.

Fig. 6. Domain and boundary conditions used in the simulations.

is 2.5 m long, 0.712 m high and 0.492 m wide (L X h X b, Fig. 6). The
water spray injections are set out at the air inlet section in parallel with
the air flow. It corresponds with the position where the spray atomisers
are installed. These are included evenly distributed in a square of
0.35 x 0.35 m? in the centre of the inlet section.

2.4. Mathematical method (governing equations)

In evaporative cooling processes, there is mass, heat, and momen-
tum transfer between the water droplets and the moist, unsaturated air
stream. It is for this reason that, to study these processes, the conserva-
tion principles of momentum, mass, energy and species must be taken
into account. This multiphase flow can be described by the equations
governing the continuous phase (moist air in the wind tunnel) and
the equations that govern the discrete phase (water droplets generated

[e)}

by the ultrasonic generator). In this work, the Eulerian-Lagrangian
approach has been used.

2.4.1. Continuous phase (moist air)

This section summarises the main considerations that have been
taken into account to model the continuous phase. As for the air
flow, it has been considered steady, turbulent and incompressible. The
Reynolds-Averaged Navier-Stokes (RANS) equations have been used
along the standard « — e turbulence model. Although most turbulence
models perform similarly [8], some authors have reported that in spray
cooling applications, the standard x — e turbulence model is able to
accurately predict droplet evaporation and flow field [7,22-24].

The governing equations for the continuous phase (conservation
of mass, momentum, energy and diffusion of species) are shown in
Egs. (1)=(5). In order to take into account the influence that the water
droplets have on the air flow, the source terms of mass, momentum and
energy have been introduced into the air-side governing equations.

9 (pvi)
=S 1
ox, ' (@D)]
d(pv,-uj) op 9T
— L = g+ S 2
0x; ox;  0x; 81T Pmo 2
p e - _p%, 0 (LT, 0 z”“hJ +o,+5, (3
e T < T
’ "ox; pax/- ax; \ 0x; ox; \ =~ " v
i'=1
om Oy 9
f—_— = —— 4
Pl ax; ox; " )
J p, 2 5
iri = —P f"ma_xj 5)

Here, the momentum, mass and energy source terms introduced by
the water droplets are S,,, S,,, and S,, respectively. The diffusion flux
of the species i’ is represented by Jy ;.

2.4.2. Discrete phase
A Lagrangian model has been used to model the equations that
describe the behaviour of spherical water droplets. The force balance
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Fig. 7. Comparison between experimental and predicted results (temperature and water mass fraction) at the longitudinal section for the test run 11 in Table 2.

on the droplet (Newton’s second law) has been integrated to obtain the
trajectory of the particles, Egs. (6)—(7).

duy 18u CpRe Pa—P

— = v—uvy)+g 6)
it pyd? 24 (v=24) P4

dry

T @

The method described in [25] has been used to calculate the drag
coefficient (Cp) that appears in the drag per unit droplet mass term.
Owing to the temperature and vapour concentration differences, heat
and mass transfer between the unsaturated air and the water droplets
occur. If the radiation effect is neglected, the energy conservation equa-
tion for a droplet can be expressed as in Eq. (8), where the temperature
change in the droplet is related to the latent and convective heat
transfer between the continuous phase and the droplet.

dT, dm,

dePT =hCAd (T—Td) + Thfg 8
The change in the rate of evaporation of the water is expressed by,

dm

- =hpAdM (v~ ) = hpAq (o, =) (©)

The Nusselt and Sherwood numerical correlations described by [26,
27] have been used to calculate the mass and convective transfer
coefficients (hp, he),

hed
Nu= == = 24+06Re;/* Pr!/? (10)
hyd
Sh = g—d = 2+0.6Re;/*sc!/2 a1
’

2.5. Numerical method

Fig. 6 also includes the boundary conditions used in the simulations.
The air inlet section is located at the left side of the tunnel and the air
velocity was fixed as in the experiments. The dispersion of the droplets
due to turbulence was modelled using the stochastic tracking model
referred to as Discrete Random Walk in ANSYS FLUENT. By calculating
the trajectory of a representative number of particles (tries), the model
is capable of simulating the random effects of turbulence and predicting
the particle dispersion. Five tries were used in the simulations, meaning
that the number of particles set out was multiplied by 5. According
to Ruiz et al. [28], a turbulence intensity of 5% was assumed for
the inflows. The incoming spray water was adjusted to match the
experimental observations. On the other hand, the temperature of the
drops was set equal to the inlet air temperature used in each simulation.
In the case of the pressure at the outlet section, it was assumed to be
equal to the ambient pressure. For the tunnel walls, wall boundary
condition without slip and with zero heat flux was chosen. It was
established that if the drops reached the walls or the tunnel exit, they

left the computational domain (escape boundary condition), [7]. For
the droplet size distribution, 10 pm was considered. It corresponds to
the size of the droplets generated by the spray atomiser (Fig. 5(b)).

The commercial code ANSYS FLUENT (version 21 R1) [29] was
utilised to numerically solve the governing equations. To ensure the
accuracy of the numerical outcomes, a grid independence investigation
was carried out using the Grid Convergence Index (GCI) method, as pro-
posed by [30]. The GCI serves as a metric to quantify the discrepancy
between the computed and asymptotic numerical values. In simpler
terms, it provides an error band indicating the deviation of the solution
from the asymptotic value. Mathematically, the GCI can be computed
as follows,
Fle|

To check the independence of the mesh on the results, several grids
of different sizes were generated using ANSYS MESHING. The GCI
was calculated for the anticipated temperature and absolute humidity
values at the measurement plane. The highest GCI observed in the fine-
grid solution for these parameters is 0.04%. This GCI value implies an
insignificant impact of the grid resolution on the results. The mesh that
reported physical and stable results with the least number of elements
was chosen. An structured grid with 2,087,910 cells was selected. To
solve the coupling between the momentum and continuity equations
through pressure, the SIMPLE algorithm was used. The calculations
were conducted using second order discretisation. The convergence cri-
terion was |@(i + 1) — @(i)| /(i) < 10~*, where i represents the iteration
number and ¢ can indicate any of the dependent variables.

GCI = (12)

3. Results and discussion
3.1. Model validation

Six out of twelve cases were used for validation purposes. Two
variables were modified in the simulations: the number and distribution
of the atomisers, and the air inlet velocity. As previously explained, the
configuration column in Table 2 (r X ¢), corresponds to the number of
rows and columns activated during the experiments. All the cases with a
configuration of 5 x 5, as well as the 5 x 1 and 5 x 3 with v, = 1.5 m s~!
were simulated and compared to the experiments (test runs 3, 7, 9, 10,
11 and 12 in Table 2).

Taking as an example the simulation corresponding to test run
number 11 in Table 2, Figs. 7 and 8 show the comparison in terms of
temperature and water mass fraction between the experimental results
observed at the specific locations where the sensors are placed and the
evolution of the plume predicted by the numerical model throughout
the entire section. Fig. 7 depicts the longitudinal evolution (3 points
at the wind tunnel centreline) and Fig. 8 shows the measurements at
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Fig. 8. Comparison between experimental and predicted results (temperature and water mass fraction) at the cross-sectional area where the sensors are placed for the test run 11

in Table 2.

the cross-sectional area where the sensors array is placed (green-shaded
plane in Fig. 4). As it can be seen, an excellent agreement is observed
between predicted and experimental results.

Fig. 9 shows the comparison between CFD and experimental results
for all the simulations and the eleven measuring locations. Fig. 9(a)
depicts the temperature comparison. It can be stated that, on average,
the difference is +0.81 °C, which corresponds to a 3.1% deviation.
The one case deviating more than 4 °C corresponds to v, = 0.5 m s
and this variation is justified by the lack of stationarity conditions
observed during the experimental test. Fig. 9(b) shows the mass fraction
comparison. Again, it can said that the predictions are reliable since
most of the point cloud is below +1.0 g, kg;ull. The average difference
is +0.5 g, kg which translates into 4.2% difference. Therefore, in
light of these results, the model can be considered validated, since, in
all the compared cases, the results are below the 5% on average.

3.2. Parametric analysis

Once the model was validated, a parametric study was carried out
to assess the performance of the new evaporative system of ultrasonic
spray atomisers operating in different conditions. Thirty-one cases were
simulated in the parametric study. The variables and levels considered
in the simulations are shown in Table 4, and cover the number and
arrangement of the atomisers, the average air flow axial velocity, and
the environmental conditions such as temperature and air humidity.
These variables were chosen due to the fact that it was difficult to study
them independently with an experimental approach. Two levels for
the axial velocity were considered: 1.0 and 1.5 m s~!. This is justified
because the operating conditions of low-to-medium power range air-
cooled condensers are usually between 0.5 to 2.5 m s~!, and most
commonly 1 to 1.5 m s~1. Two additional levels of temperature (25
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Fig. 9. (a) Temperature and (b) water mass fraction comparison between CFD and
experimental results for tests 3, 7, 9, 10, 11 and 12 in Table 2.

and 30 °C) and air relative humidity (50 and 70%) were set. Finally,
different atomiser arrangements were studied. The number of atomisers
ranged from 16 to 64 (4 x 4, 8 x 8) for the different simulation sets
studied. The atomisers were evenly arranged in a 0.35 x 0.35 m? square
in the centre of the inlet area, as explained in Section 2.1. The injected
water mass flowrate by each atomiser is fixed, so the total amount of
injected water is directly related to the number of atomisers included
in the simulation. The rest of the variables involved in the parametric
analysis were considered constant with values similar than the ones
registered during the experimental tests (T, = T,, and d; = 10 pm).
Table 5 contains the information of the simulations conducted.

Fig. 10 shows, as an example, the temperature contours (Figs. 10(a)
and 10(b)), humidity contours (Figs. 10(c) and 10(d)), and the evo-
lution of the water droplets along the domain (Figs. 10(e) and 10(f))
for two simulations with T, = 25 °C, ¢, = 0.5, v, = 1.5 m s7!, and
25 and 49 atomisers, respectively (cases 16 and 18 in Table 5). As it
can be seen, since the injections are uniformly distributed in the inlet
section, the evolution of the temperature contours is also quite uniform
throughout the entire domain and the exit section of the tunnel, once
all the drops have evaporated. Therefore, for calculation purposes, from
now on, the average temperature at the exit section of the tunnel, 7%,
is considered for discussion purposes.
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Table 4

Variables and levels considered in the parametric study.
Distribution N° atomisers v, (m s T, (°C) [ O]
4x45x%x56x6 16, 25, 36 1.0 25 0.5
7x7,8x8 49, 64 1.5 30 0.7

Table 5

Summary of the simulations conducted.
Case Configuration T, (°C) b (%) v, (ms™1) i, (kg s71)
1 4 x4 25 50 1 3.13-107*
2 5x5 25 50 1 4.88-107*
3 6 x 6 25 50 1 7.03-107*
4 7 %x7 25 50 1 9.57-107*
5 4 x4 25 70 1 3.13-107*
6 5x5 25 70 1 4.88-107*
7 6 X6 25 70 1 7.03-107*
8 4 x4 30 50 1 3.13-107*
9 5x5 30 50 1 4.88-107*
10 6 x6 30 50 1 7.03- 1074
11 7 %x7 30 50 1 9.57-107*
12 4 x4 30 70 1 3.13-107*
13 5x5 30 70 1 4.88-107*
14 6 X6 30 70 1 7.03-107*
15 4 x4 25 50 1.5 3.13-107*
16 5x5 25 50 1.5 4.88- 107
17 6 X6 25 50 1.5 7.03-107*
18 7%x7 25 50 1.5 9.57-107*
19 8x8 25 50 1.5 1.25-1073
20 4 x4 25 70 1.5 3.13-107*
21 5x5 25 70 1.5 4.88-107*
22 6 %6 25 70 1.5 7.03-107*
23 4 x4 30 50 1.5 3.13-107*
24 5x%x5 30 50 1.5 4.88-107*
25 6 %6 30 50 1.5 7.03-107*
26 7x7 30 50 1.5 9.57- 107
27 8x8 30 50 1.5 1.25-1073
28 4 x4 30 70 1.5 3.13-107*
29 5x5 30 70 1.5 4.88-107*
30 6 X6 30 70 1.5 7.03-107*
31 7 %x7 30 70 1.5 9.57-107*

3.2.1. Air temperature difference

Fig. 11 shows the temperature difference between the inlet and
outlet air temperatures (AT = T, — T LY for all the simulations con-
ducted. The general trend observed is that AT increases for increasing
m,,/m, values. An increase in the water-to-air mass flow ratio (r,,/r,)
can be interpreted as, if for a fixed mass flow rate of air (sz,), the
amount of injected water (r,,, number of atomisers) increases. If the
air is not saturated, increasing rm,,/m,, increases the evaporation rate
and reduces TL. This statement is valid until saturation is reached. In
this case, an increase in 1, /m, does not result in an increase in the
evaporation rate.

The influence of the ambient conditions (temperature and humidity)
on the temperature difference (A7) is negligible with the exception of
the cases with high humidity levels and high water-to-air mass flow ra-
tios. This is better explained with the aid of Fig. 12, where the evolution
of the air properties in the psychrometric chart is shown. The process
studied corresponds to an isenthalpic evolution. For the same amount
of air, an increase in the mass flow of water (increasing the number of
atomisers) always translates into greater humidity ratio. This, in turn,
translates into a lower final temperature, with the exception of the cases
in which complete evaporation of the drops does not occur because
saturation is reached. This justifies the asymptotic behaviour observed
in Fig. 11 for high s, /m, and ¢ levels. The fact that Fig. 12 does
not show that the air reaches full saturation is due to the conditions
represented are the average conditions of the outlet air. However, if
Fig. 10(d) is observed, it can be seen that in the air plume, where the
droplets are concentrated, the air is completely saturated. The largest
AT is 4.82 °C and occurs for the case of 49 atomisers, v, = 1.0 m s71,
T, =30 °C and ¢, = 0.5 (simulation 4, Table 5).
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Fig. 10. Contours in the axial mid plane and the outlet section of the domain and evolution of the diameter of the drops from when they leave the spray atomisers until they

completely evaporate or leave the domain for the test 16 and 18 in Table 5.
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Fig. 11. Air temperature difference between inlet and outlet as a function of the
water-to-air mass flow ratio for all simulations conducted.

3.2.2. Evaporative cooling efficiency

The following section discusses the efficiency of evaporative cooling
at a specific section, denoted as 77*. This quantity is defined as the ratio
of the mean temperature difference at the evaluated section, T, — 7%,
to the wet bulb depression (T, — Ty )-

T, - T*
T, T,

o why,

—x _

13)

Fig. 13 shows the evaporative cooling efficiency evaluated at the
outlet section of the domain, 7%, as a function of the water-to-air mass

10

v

Humidity ratio (g_ / kg)

Temperature (°C)

Fig. 12. Evolution of the properties of air in a psychrometric chart.

flow ratio for all simulations performed. As can be seen, the results are
scattered over a wide range: i~ = 0.146—0.712. The maximum efficiency
is obtained for the case of 36 atomisers, v, = 1.0 m s™!, T, = 25 °C and
¢ = 0.7 (simulation 7, Table 5). The lowest is observed for the case
of 16 atomisers, v, = 1.5 m s71, T, =30 °C and ¢, = 0.5 (simulation
23, Table 5).

The trend observed for all the results is that the efficiency increases
with the water-to-air mass flow ratio s, /m,. This is logical, since if
the amount of water increases (more atomisers) and the amount of air
decreases (lower v,), the performance of evaporative cooling improves
until saturation is reached. For this fact, the explanation is the same as
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Fig. 13. Evaporative cooling efficiency as a function of the water-to-air mass flow ratio
for all simulations conducted.

the one given for the results of AT. The relative humidity affects the
wet bulb temperature and, therefore, the denominator in Eq. (13).

When the results presented in Fig. 13 are compared with those
obtained in previous studies (Figure 9, [17]), it can be seen that the
spray atomiser system clearly outperforms the mist generator system.
The majority of the mist generator cases exhibited an evaporative
efficiency value around 10%, which is the minimum value obtained
by spray atomiser system. This is because with the mist generator the
water injection was concentrated in a single point, which makes the
evaporation process much more difficult and occurs in a very small
area.

3.2.3. Percentage area at a certain temperature

The evaporative cooling efficiency is a useful measure to assess the
cooling performance of the system based on the average temperature.
However, it may not capture the local temperature variations. In order
to compare the performance of different cases in a more quantitative
way, the percentage area at a certain temperature was introduced
(A}). This represents the fraction of the total cross-sectional area of
the tunnel where the temperature is below the specific value. For
example, A2L5 oc = 1 means that the entire area at the outlet (x = L)
is below 25 °C. This approach allows for a more detailed analysis
of the temperature distribution and provides a more comprehensive
understanding of the cooling process.

Fig. 14(a) displays the behaviour of A% as a function of air temper-
ature for several similar cases (v, = 1.5 ms™1, T, = 25 °C and ¢, =
0.5) with spray atomisers and mist generator [17]. The nomenclature
adopted to describe the results related to this parameter is as follows:
a concave-shaped curve is observed when AIT* drops dramatically for
air temperatures around ~ 25 °C (where T,, = 25 °C). This indicates
that the cooled area is concentrated in a small portion of the total
cross-sectional area. In Fig. 14(a), the series corresponding to the mist
generator falls into this category, where the portion of the total cross-
sectional area of the tunnel with temperatures lower than 25 °C is
around 20% at most.

On the other hand, a convex-shaped curve represents a smoother,
less steep transition for A# with the temperature. The curves presented
corresponds to simulations 15, 16, 17, 18 and 19 in Table 5 (16,
25, 36, 49 and 64 atomisers). As 1, increases, the air temperature
approaches the wet-bulb temperature (point to which the cases of 49
and 64 atomisers tend). In the case with 25 atomisers, A% values around
50% corresponds to a temperature drop of just 2 °C. However, in the
case of 49 atomisers, this drop in temperature is around 4 °C. This
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difference is also observed in Fig. 14(b) and 14(c), the contours have
a similar shape, but as 1, increases, both the temperature difference
and the affected area also increase. Finally, for the case of 64 atomisers,
it is observed that approximately 20% of the outlet section is close
to the inlet air wet-bulb temperature. In summary, as can be seen in
Fig. 14(a), the atomiser system allows greater versatility, since the
spray can be distributed uniformly in the inlet section and this is
reflected in the plume. It provides a tangible enhancement compared
to the mist generator, since the water injection was concentrated in
a single point, providing a much smaller and less uniform plume that
makes the evaporation process much more difficult and increases the
droplet lifetime.

3.2.4. Wet length

The last indicator discussed in this section is the wet length, L,,.
The wet length is the distance from the droplet injection section until
the water droplets completely evaporate. If liquid, not fully evapo-
rated, water droplets are carried out by the airstream to the heat
exchanger bundles of the condenser bundles, corrosion, scaling and
fouling problems can arise.

The evolution of the wet length (or its dimensionless form, L, /L)
as a function of the water-to-air mass flow ratio is presented in Fig. 15.
As it can be seen, L, /L equals 1 in several cases with high rm,,/m,
and ¢, levels. This means that some droplets exit the domain through
the outlet section, and is justified due to a reduction in the evaporation
rate. As expected, low ¢, and high T, levels reduce L,,/L (higher wet
bulb depression).

Fig. 10 depicts, as an example, prediction of the droplets’ trajecto-
ries in two representative cases. Both correspond to the conditions of
T, =25°C, ¢, = 0.5 and v, = 1.5 m s71, Fig. 10(e) for 25 atomisers
and Fig. 10(f) for 49 atomisers. As it can be seen, for the test of 25
atomisers, no droplets leave the domain, whereas for the test of 49
atomisers, there are drops that leave the domain before evaporating.

One can utilise the findings of this metric to identify the suitable
ranges of m,,, /i, that lead to a more uniform distribution of water spray
and evaporation. Specifically, cases where the dimensionless wet length
is less than one correspond to #t,/m, < 1.7-1073 for ¢, = 0.5 and
tity, /i, < 1.2-1073 for ¢, = 0.7. To ensure complete evaporation of the
sprayed water, it is advisable to operate within these ranges and avoid
operating outside of them.

Similarly to the previously mentioned parameters, the concentrated
injections in a single point generated by the mist eliminator system, also
had a negative impact on the wet length, with 86% of the studied cases
showing values greater than unity (liquid droplets exiting the domain).

3.3. Optimisation analysis

Based on the previous discussion, it has been emphasised that
increasing the mass flow rate of water (i1,,) enhances the cooling
efficiency, at least until saturation is attained. However, this requires
the addition of more spray atomisers, which leads to increased energy
consumption (1.3 W per spray atomiser). Consequently, the cooling
capacity, Qcooling’ as defined in Eq. (14), is also increased due to the
temperature difference (via the cooling efficiency).
=m,c (TD0 - TL)

a“p,

Qcooling a4

Those magnitudes can be combined into the evaporative Coefficient
Of Performance (COPg,p), formulated in Eq. (15):

Qcooling

+ Whump

COP, (15)

evap = T; -
I/szam + Wultrasound

This magnitude considers the relative contribution of all the effects
mentioned above and, therefore, was selected as the key parameter
to conduct an optimisation analysis. The power consumption required
by the fans was calculated by using the well-known fan performance

equation, Eq. (16). In other words, the theoretical consumption is
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Fig. 15. Wet length (in its dimensionless form, L,/L) as a function of water
temperature for all simulations performed.

obtained with the product of the air flow rate (calculated using the
measured velocity and dimensions of the wind tunnel) by the pressure
loss in the tunnel. The fan efficiency was estimated at 50%. It should
also be mentioned that, although it has been taken into account in this
analysis, this consumption will not be present in the real application
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since the air flow is induced by the condenser fan.

Q4p
ny

The power consumption of the ultrasonic spray atomisers and the
pump was experimentally measured. It was observed that it was not
affected by the operating conditions. Observed values of 1.3 W and 5 W
were considered in the calculations for the atomisers and the pump,
respectively.

Fig. 16 illustrates the impact of s, /i, on COPgy,, for all simula-
tions carried out. The atomiser system is responsible for the majority
of power consumption, accounting for approximately 79%-94% of
the total. The pump, which recirculates the sprayed water, consumes
the remaining power. The theoretical power required to generate the
primary airflow is negligible compared to these other power uses. Thus,
the COP,,,, values are primarily influenced by i,

The general trend observed is that COP,,, first increases with
m,,/n, until an optimum is reached, and then decreases. Increasing
COPg,, values can be explained because the temperature drop ef-
fect (increased evaporation rate) overcomes the power consumption
in Eq. (15). At some point, increasing the number of atomisers does not
favour evaporation (saturation is reached) and COP,,, decreases. The
maximum value of the COP,,;, is 30.49, which is obtained for the case
of 49 atomisers, v, = 1.5m s~!, T, =25 °Cand ¢, = 0.5. It is observed
that the COPe,, decreases from s, /i, < 1.8 - 1073 for ¢, = 0.5, and
from ri,, /i, < 8.1 - 107 for ¢, = 0.7. Within this range, the optimal
trade-off between cooling capacity and power consumption is achieved.
Additionally, these ranges align with the operational ranges that result

I/Vfan = (16)
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in the most effective wet length. Thus, the benefits of operating within
these ranges are twofold.

This is also a key differential factor with respect to the mist gener-
ator, since for this system the COP fluctuated between 2.4 and 7. This
difference can be explained by the higher power consumption of the
device (200 W) alongside the lower evaporative performance.

4. Conclusions

In this study, a numerical model of an ultrasonic atomiser system for
evaporative pre-cooling of condenser inlet air in air conditioning appli-
cations has been developed. The accuracy of the model was confirmed
through experimental tests. Once validated, the model was used to in-
vestigate the physical variables affecting the cooling process, including
the number and distribution of injections, air speed, temperature, and
humidity. Finally, the optimal operating point was obtained for each
set of simulations carried out with respect to the overall performance
of all systems involved in the cooling process. This is the summary of
the conclusions obtained in this work:

» The average efficiency of evaporative cooling at the domain
outlet, 7L, increases with higher water-to-air mass flow ratios
(i, /1), temperature, and humidity. This statement is valid until
air saturation is reached. The highest value of 7% = 0.712 is ob-
served for a setup with 36 atomisers, an air velocity of 1.0 m s~1,
an ambient temperature of 25 °C, and a relative humidity of 0.7.
The wet length was studied in order to know the operating ranges
where the plume is more homogeneous, since this promotes evap-
oration and avoids liquid drops hitting the condenser. These
ranges are rit,, /1, < 1.7-1073 for ¢, = 0.5 and s, /ri1, < 1.2-1073
for ¢, =0.7.

The optimisation analysis based on the evaporative coefficient
of performance has shown that the operating ranges that show
better overall performance are i, /m, < 1.8 - 1073 for ¢, =
0.5, and from s, /m, < 8.1 - 10~ for ¢, = 0.7. To calculate
the total power, the consumption of each atomiser has been
considered, in addition to the rest of the constant consumption
of the installation (recirculation pump and fan). Therefore, if the
number of atomisers is increased, s, is increased proportionally
and the performance is distributed over the fixed consumption of
the system. This happens as long as the complete evaporation of
practically all the drops takes place. When this changes, system
performance drops dramatically.
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The results obtained reveal the high potential of ultrasonic spray
atomiser systems, since the limitations of the ultrasonic devices studied
previously have been overcome. The spray atomiser system allows a
simpler regulation of the plume distribution and improves the practical
operation (wet length) as well as the performance.
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