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Abstract: The severity of extreme weather conditions brought on by climate change are conditioning
quality of life, economic development, and well-being in today’s cities. Conventional measures have
been shown to be insufficient for tackling climate change and must be supplemented with ecofriendly
approaches. Hence, the scientific community’s endeavor to develop natural cooling techniques that
lower energy consumption while delivering satisfactory comfort levels. For its simplicity and low
cost, evaporative cooling has gained in popularity in recent years. The substantial cooling power to
be drawn from evaporative mist cooling, makes it an attractive alternative to conventional systems.
Research conducted to date on the technique has focused on producing cold air, whilst cooling
the water involved has been neither assessed nor experimentally validated. No readily applicable
simplified model for the system able to use operating parameters as input variables has been defined
either. The present study consequently aimed to experimentally assess the cooling power of the
evaporation of sprayed water and experimentally validate a simplified model to assess and design
such systems. The findings confirmed the cooling power of the technique, with declines in water
temperature of up to 6 ◦C, and with it the promise afforded by this natural air conditioning method.
Finally, simplified model developed allows to evaluate this technique like a conventional system for
producing fresh water.

Keywords: mitigation technologies; natural sinks; passive cooling; heat dissipation

1. Introduction

1.1. Context

The ever greater climate change that is of such concern today, in conjunction with population
growth and economic development, has had a severe impact on air conditioning-related energy
consumption [1]. Recent studies have shown that if temperatures rise as predicted, worldwide
residential energy consumption for cooling will be up to 34% higher than at present in 2050 and 2100
up to 61% greater [2], except in the Mediterranean area where a still higher value may be expected [3].
Even today, severely warm temperatures in city centers [4] limit the use of urban areas in the summer
months. The aforementioned cooling techniques could condition semi-enclosed spaces to adapt
cities to the new conditions imposed by climate change and favor a return to outdoor living [5].
These circumstances generate a need to use passive natural techniques to reduce energy consumption
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and protect the environment while delivering satisfactory comfort levels [6,7]. A wide spectrum of
natural and passive techniques are presently in places, such as solar control systems, excess heat
dissipation into natural low temperature (air, water, and soil) heat sinks and the use of a building’s
thermal mass to absorb excess heat [8]. The significant cooling power to be found in natural techniques
could lower cooling-induced energy demand considerably [9]. Their performance depends largely on
climate [6]; however, they may prove insufficient to meet indoor comfort requirements, although such
facilities may serve as pre-conditioning systems in interiors. This study explores the use of natural and
passive techniques as alternative approaches to cooling semi-enclosed spaces.

1.2. Passive Natural Cooling Techniques

Urban buildings and spaces exchange energy with the surrounding environment naturally,
dissipating heat to lower temperature media. Dissipation techniques are applicable where heat gain
can be lowered with the aid of a suitable exchange medium. The elements involved in that natural
mechanism are the sky, air, water, and soil, all of which act as sinks.

Given the suitability of its thermal properties, water, deemed a bioclimatic vehicle for conditioning
outdoor spaces, is the most commonly used fluid heat carrier. The abundance of water on the planet
has favored its use in cooling for centuries. It is applied as a dissipation fluid in systems where heat
is released across conventional elements such as fan coils [10–12] or radiators [13–15], as well as in
innovative approaches such as thermally activated building systems (TABS) [16,17]. The need to cool
urban heat islands, in conjunction with the planet’s present energy dilemma, posit the use of natural
techniques to generate low temperature water by capitalizing on soil temperatures [18–20], nightly
radiant cooling [21–25], and evaporative cooling systems [26–29].

The potential of water-based systems to mitigate heat stress has been explored in depth by authors
analyzing temperature patterns in cities surrounded by bodies of water. Urban wetlands contribute to
“urban cool islands” where temperatures may be 1 ◦C to 2 ◦C lower than in other areas [30]. In addition
to natural bodies of water in cities, many evaporative elements such as ponds and fountains have been
used for cooling as well as decorative purposes [31,32].

1.3. Evaporative Cooling

This study focused on the use of evaporative systems as a natural cooling technique. Evaporative
cooling begins when unsaturated air comes into contact with drops of water. The underlying principle
is based on the absorption of atmospheric heat by the water until it evaporates; thereby, lowering
system temperature.

In open or semi-enclosed urban spaces, the most prominent evaporative cooling systems are
ponds and mists. Evaporative cooling system efficiency is greater where the air-water contact area is
large or when the water flows and disperses, as in fountains or mists [31].

The atomizing or misting nozzle is the element that converts water flow into hosts of small
particles varying in diameter and mass. Droplet scatter increases the air-water contact area and with it
evaporative mist cooling efficiency, which depends largely on nozzle type, droplet diameter, and local
climate [33–35].

A review of the literature reveals that to date research has targeted cold air production [36–38],
whereas production of the cold water involved has been neither assessed nor experimentally validated.
As cooling the water mass narrows, the gap between energy production and use, optimizing evaporation,
it is an issue worth exploring.

1.4. Aims

Simplicity, low cost, and use of renewable resources are the factors behind the growing popularity
of evaporative cooling. The substantial cooling power that makes evaporative mist cooling an attractive
alternative to conventional systems informed this study.
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The research conducted on the technique to date has focused on cold air production, whilst no
assessments or experimental testing have been conducted on the cold water production involved.
Neither has the scientific community developed simplified models using operating parameters as
input variables to enhance their applicability.

The present study consequently aimed to empirically assess the cooling power of evaporative
mist cooling and experimentally validate a simplified model to assess and design such systems.

2. Experimental Set-Up

2.1. Overview

The methodology deployed in pursuit of the aims set out in Section 1.4 was essentially empirical
to assess natural cooling and develop a simplified model for the system. The starting point for that
methodology was an experimental analysis of dissipation system behavior.

The effect of cooling a mass of water with different evaporative techniques entailed the use of two
identical ponds, only one of which was fitted with sprayers. The reference was the pond not so fitted.
Both were monitored continually, and their cooling performance subsequently assessed. In addition to
assessing the cooling power attributable to their presence, two types of high performance nozzles were
used to manufacturer instructions and their efficiency compared.

The experimental assessment was taken as a basis for quantifying the power of the cooling
technique and the development of a calibrated simplified model informed by empirical reality.
The input variables consisted in system physical magnitudes as listed in manufacturers’ datasheets.

2.2. Experimental Design

The experimental setup described above is illustrated in Figure 1. The 1 m3 concrete experimental
and reference ponds were lined with 5 cm thick insulation to minimize thermal loss.
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Figure 1. Experimental and reference ponds.

The flat fan nozzles used delivered a flow of 1 L/min to 3 L/min, depending on the working
pressure. Two models were analyzed, HARDI ISO F-110-04 (red) and HARDI ISO F-110-06 (grey).
The sprayers were spaced in pond 2 far enough apart to ensure they did not interfere with standard
operation. Their distribution in the pond, shown in Figure 2, was determined bearing in mind each
device’s spray diameter.
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Figure 2. Sprayer distribution in pond 2.

A water heater ensured the water was at the same temperature in the two ponds at start-up and
two pumps, one for each, mixed the water when the cooling system was idle. One of the pumps is used
to generate the sprays in the nozzles. This pump drives a small flow at variable pressure. The nominal
power is 600 W. On the other hand, the other pump is a circulation pump, its usefulness is to guarantee
that at the beginning of the experiment the temperature of both ponds is the same by mixing both.
The electric power is 200 W.

This dissipation technology is the combination of pond and sprayers. The cost of the nozzles
is between 3–4 €/unit. However, the main cost is due to the construction of the pond and the pump
system. Total cost for this system is dependent on the application.

2.3. Monitoring System

The monitoring system was designed to compile data on the variables used to assess system
parameters and energy consumption: water temperature in the two ponds, amount of water evaporated,
and outdoor air conditions (outdoor wet and dry bulb temperature and relative humidity).

2.3.1. Pond Water Temperature

The water temperature in the two ponds to be cooled was monitored with type T thermocouples
operating in the −200 ◦C to +260 ◦C range at a precision of ±0.1 ◦C. These sensors, consisting in
one copper alloy and one copper-nickel (55%/45%) wire, were calibrated with a Fluke Calibration
9142 instrument designed to cool to −25 ◦C and heat to +660 ◦C with a precision of ±0.01 ◦C.
The thermocouples, which measured the water temperature directly, were positioned at different points
and heights in the ponds (see Figure 3).
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Figure 3. Sensor positions in ponds.

2.3.2. Evaporation Measurement

Another parameter essential to system characterization was the amount of water evaporating out
of the ponds, whose containers were graduated for that purpose (see Figure 4). The water level shown
at any given time was used to find the percentage of water evaporating as a result of the evaporative
cooling-mediated decline in pond water temperature.
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Figure 4. Measurement of volume of evaporated water.

2.3.3. Outdoor Weather

Outdoor temperature, wind velocity, and relative humidity values were obtained at 1 min intervals
from a weather station near the site of the experiment with a precision of ±0.1% for temperature and
wind velocity and ±1% for relative humidity. In addition, local sensors have been installed in situ to
verify and duplicate the measurements from the weather station. They are Elitech RC-4HC outdoor
air temperature-relative humidity sensors with a measuring range of −30 ◦C to +60 ◦C for T and 0%
to 99% for relative humidity. The precision for temperature was ±0.1% and for relative humidity
±1%. Similarly, since wind speed is a very local variable, a PCE-ADL 11 anemometer was installed in
the vicinity of the prototype. The operating range varies from 1–30 m/s, with a resolution of ±0.01.
As wind velocity is a very local variable, a PCE-ADL 11 anemometer operating at 1 m/s to 30 m/s with
a resolution of ±0.01 was positioned in the vicinity of the prototype.

2.4. Testing

The tests conducted were designed to experimentally assess the cooling power of evaporative mist
cooling and experimentally develop and validate a simplified model to assess and design such systems.

They can be classified by the aim pursued:
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• Experiment 1: assessment of thermal loss in the ponds.
• Experiment 2: analysis of cooling power and the development, calibration, and validation of the

simplified model proposed.
• Experiment 3: analysis of the sensitivity of the proposed simplified model parameters.

The aforementioned experiments were conducted in the consecutive order shown in Table 1,
for each depending on the findings of its predecessors.

2.4.1. Experiment 1

To assess their thermal loss, pond behaviour was analysed with the sprayers off. One of the
aims pursued in this study was to compare the cooling power of misting to the power of unaided
evaporation in the same volume of water exposed to the air. Thermal loss in the absence of sprayer
activity in the two ponds when exposed to the same environmental conditions consequently had to be
identical to ensure the effect of misting was reliably measured.

2.4.2. Experiment 2

To meet the aims of this experiment set out in Section 2.4, the misting system described above was
turned on for 8 h overnight (when wet bulb temperature was lowest), jetting the water down from a
height of 0.5 m at a standard pressure of 2 bar. Further to the datasheets for the nozzles analysed [39] at
that pressure, the operating flow was 1.31 L/min for HARDI ISO F-1110-04 and 1.06 L/min for HARDI
F-110-06. Bar 2 pressure was chosen because it is the standard pressure in water supply systems,
whilst 0.5 m was the manufacturer-recommended height to minimize airflow-induced drift loss.

2.4.3. Experiment 3

The parameters for the simplified model proposed in Section 4, whose variation was the objective
sought in experiment 3, were nozzle height and pressure, the only two independent variables associated
with system operation.

Any change in height has a significant impact on cooling, for it modifies droplet travel. At the
greater height, the contact time between air and droplet is longer and more energy is exchanged.
To assess that impact experimentally, pond evaporation was also monitored with the nozzles at 0.2 m,
0.4 m, and 0.6 m (heights relative to the water surface).

Similarly, according to manufacturer specifications, flow is determined by the working
pressure [39], which may vary from 2 bar to 5 bar. Therefore, in addition to using the standard
2 bar pressure, the experiment was run at 3 bar and 5 bar, as quantified with the manometer built into
the pump supplied with the sprayers.

2.4.4. Experimental Programme

The tests described above were conducted over 5 weeks period in September–October 2019,
as shown in Table 1. Experiment 1, designed to characterize and validate thermal losses in the two
ponds, was run during the first week. In experiment 2, conducted in weeks 2 and 3, the cooling
power of misting was compared to cooling induced by unaided evaporation in a pond open to the air.
The effect of the two modifiable variables associated with system operation on cooling efficiency was
determined in weeks 4 and 5.
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Table 1. Experimental plan.

Week 1

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Experiment 1

Two ponds without misting facility

Week 2

Experiment 2

HARDI ISO F-110-04
Height: 0.5 m
Pressure: 2 bar

Week 3

Experiment 3

HARDI ISO F-110-04
Height: 0.5 m
Pressure: 2 bar

Week 4

Experiment 4

HARDI ISO
F-110-04

HARDI ISO
F-110-04

HARDI ISO
F-110-04

HARDI ISO
F-110-04

HARDI ISO
F-110-04

HARDI ISO
F-110-04

HARDI ISO
F-110-06

Height: 0.2 m Height: 0.4 m Height: 0.6 m Height: 0.5 m Height: 0.5 m Height: 0.5 m Height: 0.5 m
Pressure: 2 bar Pressure: 2 bar Pressure: 2 bar Pressure: 3 bar Pressure: 4 bar Pressure: 5 bar Pressure: 2 bar

Week 5

Experiment 4

HARDI ISO
F-110-06

HARDI ISO
F-110-06

HARDI ISO
F-110-06

HARDI ISO
F-110-06

HARDI ISO
F-110-06

Height: 0.4 m Height: 0.6 m Height: 0.5 m Height: 0.5 m Height: 0.5 m
Pressure: 2 bar Pressure: 2 bar Pressure: 3 bar Pressure: 4 bar Pressure: 5 bar

3. Natural Cooling Technique Modelling

3.1. Theoretical Fundamentals

General models attempt to determine the effect of changes in meteorological variables, system
geometry and functional conditions on the temperature of a body of water. The model proposed is
based on the behaviour of a single droplet inflowing air. Its main assumptions are the behaviour
of the spray is related to the behaviour of a single droplet and the environment is not modified by
movement of the droplet, nor the transfer of heat and mass from the drop. These hypotheses are not a
limitation for the work since the aim is to know the functional dependence of the cooling efficiency on
the water pond. Conservation equations of mass, energy, and momentum are used with the following
assumptions [40]: the water drop is considered to be a sphere; there are no interactions among different
water drops; the whole volume of the water drop is at the same temperature; and air temperature and
pressure remain constant for each water drop and negligible radiant heat fluxes.

The parameters of greatest interest to determine the behaviour of that droplet are its radius and
temperature, whose values can be found by solving a system of four equations, the conservation
of momentum (Equations (1) and (2)), energy balance (Equation (4)) and conservation of mass
(Equation (5)), that define the detailed model for a single droplet inflowing air [41].

The equations for conservation of momentum in the droplet are obtained using the second law
of Newton (Equations (1) and (2)). Equations (1) and (3) are based on the forces acting on it: gravity,
buoyancy, and friction, which govern its entire trajectory. Terminal velocity of a particle falling in gas
is determined by the balance of friction force in Newtonian form and it is acting the projection of the
particle surface area by friction, the buoyancy of the particle in gas, and the force making the particle
fall. So, the friction force has x and y components.

dvx

dt
= −

3
8
× f ×

v× vx

r
×
ρ

ρw
(1)

dvy

dt
= g×

(
ρ

ρw
− 1

)
−

3
8
× f ·

v× vy

r
×
ρ

ρw
(2)
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where νx, νy are the velocities in the x and y directions, respectively; ν the velocity found from the two
preceding components; f the friction factor depends of the Reynolds number [42]; ρ air density in
ambient conditions; ρw water density; and r droplet radius. Droplet sizes should be smaller than 2 mm
and higher than 20 microns to guarantee the non-evaporation of the water to be cooled in distances
of less than 3 m. Above this size, according to Bird et al. [41], the formulation approach should be
modified to take into account the mass transfer of the phenomenon. Moreover, the droplet radius is
one of the model’s essential parameters and it relates the above two equations to Equations (4) and
(5) below.

It should be noted resistance force due to the friction effect as a drag force (Equation (3)). This drag
force acts opposite to the direction of the oncoming flow velocity. The friction factor must be obtained
by correlations. Qualitatively, it is clear that the smaller the radius, the shorter the time to reach the
terminal velocity and the smaller it will be, as the relative importance of friction forces is greater.
Earth speed is the speed of free fall that appears as a balance between the forces of gravity, buoyancy,
and resistance. This end speed is a function of the radius of the drop.

F f = − f xSxEK (3)

where S [m2] is the frontal area to the movement, EK [J/m3] is the kinetic energy
(

1
2 ·ρ·v

2
)

function of the
velocity vi in the y-direction (vy) or the x-direction (vx); and f is the friction or drag coefficient. It can be
seen how this force that is exerted has a friction component and a shape component by these two terms
that are multiplied. Moreover, this factor f is inversely proportional to the speed for low Reynolds
numbers and could be considered constant for high values of the same.

Droplet trajectory and global energy balance (Equation (4)) are coupled. However, the aim of
this paper is cooling the water. Evaporation rate of the droplet is lower than 2% since droplet sizes
are between 200–500 microns and flight height thereof is less than 3 m. So, global energy balance is
computed with Equation (4) by analyzing the energy exchange induced by a variation in temperature.
The energy exchanges involved in the system include convective transfer between the droplet and
the air due to their temperature differential and evaporative transfer due to direct water–air contact.
Energy exchanges due to surface tension and viscous dissipation, also present, can be disregarded as
negligible compared in magnitude to the other two. The temperature variation of the drop is due to the
transfer of heat by convection and to the evaporation itself. Energy exchanges have been neglected due
to surface tension and viscous dissipation according to Hewitt et al. [43]. Equation (4) below expresses
the global energy balance in the droplet:

ρwCPw·
dTw

dt
= 3

h
r
(Ta − Tw) −

3ρxky

r
xhlg

YA0 −YA∞
1−YA0

(4)

where ρw is water density; CPw water specific heat; Tw droplet temperature at any given time; h heat
transfer film coefficient; Ta air temperature; r droplet radius; ρ air density; ky mass transfer coefficient;
hlg latent heat of vaporisation; YA0 air mass fraction; and YA∞ saturated air mass fraction.

The evaporation rate per square meter of drop surface (Equation (5)) must also be envisaged to
factor in the effect of evaporation-induced radius shrinkage by Ficks’s laws of diffusion:

ρw
dr
dt

= ρky
YA0 −YA∞

1−YA0
(5)

where the variables are as described for Equation (4), and ρw
dr
dt is the mass transport per unit time

and drop surface, that is connected with the reduction of its volume; ky is related with the Sherwood
number [44] and it is possible to estimate using correlations. Some correlations make use of non-linear
mathematical expressions and evaporation-convection can be linked. Cengel et al. [45] gave details of
this heat and mass transfer.
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As noted earlier, the solution to the detailed model described can be used to determine the
essential parameters defining the droplet, namely radius and temperature, at any given time.

Droplet temperature can then be applied to define the efficiency of energy exchange at any given
time. Energy exchange efficiency constitutes a very significant indicator of the performance of different
cooling technologies in general and has been used as such [46], as well as for evaporative cooling [47,48].
Energy exchange efficiency in evaporative cooling is defined as the ratio between the actual variation
in temperature in the droplet due to the cooling system and the maximum variation possible, i.e.,
to reach wet bulb temperature. It is calculated as shown in Equation (6):

ε =
Twi − Twt

Twi − Twb
(6)

where Twi is initial droplet temperature; Twt droplet temperature at any given time; and Twb the wet
bulb temperature for given weather conditions.

3.2. Proposed Simplified Model

The detailed model for a single droplet described in Section 3.1 calls for information on the nozzle
(droplet distribution depending on the initial radius for a given nozzle, mass fraction, etc.) which is
difficult to glean from system manufacturers’ catalogues. That raises a need for a simplified nozzle
characterization model based on the theoretical fundamentals of the detailed model but in which the
input data are readily found on manufacturers’ datasheets. The aim is to enhance model applicability
to the design and assessment of such solutions.

The simplified characterization model for evaporative mist cooling is based on energy exchange
efficiency (Equation (5)), a widely used indicator of evaporative cooling system performance,
as mentioned earlier.

An ε-NTU relationship equivalent to that used in evaporative cooling towers can be found for
sprayers, where the process taking place can be likened to developments in such towers. In the
NTU method (number of transfer units method) [44], the effectiveness is the ratio of the actual heat
transfer rate to the maximum possible heat transfer rate and the NTU is related with the value of the
heat transfer capacity of the exchanger. If NTU is high, the more closely the exchanger tends to its
thermodynamic limit value. This method is commonly used for the characterization of evaporative
cooling equipment [49–51]. The functional relationship associated with an exchanger is represented
in efficiency calculations as term A, which depends on system operating variables. Efficiency can be
calculated from Equation (7):

ε = 1− e−NTU = 1− e−A (7)

where coefficient A is found from the system operating variables with a significant impact on cooling
efficiency, measurable or furnished by manufacturers. On those grounds, the following parameters
were applied to find parameter A:

• Factors depending on actual experimental conditions: outdoor temperature, absolute humidity,
and initial droplet temperature.

• Factors with a role in evaporative cooling system operation: droplet launch height, working
pressure, and droplet diameter.

In short, the simplified model proposed is linked to the treatment of the phenomenon as a heat
dissipation system. So, determining the mathematical dependence of this parameter with the operating
parameters of the system, Equations (1) to (4) have been implemented in Matlab [52]. These equations
have been solved in a coupled way for thousands of combinations of boundary conditions. In this way,
the mathematical formulation of parameter A that appears in Equation (7) is proposed. This formulation
will be calibrated using experimental data, so it can be assumed that it is an instrumental step in
the proposed methodology. As noted earlier, the simplified characterization model is designed for
nozzles, not single droplets. Nozzles launch droplets of different sizes, creating a mist with water
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particles of varying radii. Most nozzles spray droplets with a wide range of diameters, normally
summarized via statistical analysis of the results of trials conducted with sophisticated measuring
instruments, including laser analyzers and imaging systems. Further to that information, the droplets
are classified on the grounds of a statistical distribution based on spraying pressure (see the paper by
Thomas et al. [53]).

The diameter that qualifies nozzles for given rated working conditions is VMD or mean volumetric
diameter, defined as the volume-median droplet diameter (the diameter for which half the total water
content is contained in droplets larger and a half in droplets smaller than the median volume).
Defined in standards and specific references such as [54,55], that widely used parameter is deemed to
be the characteristic jet diameter. After entering the parameters into the simplified model, the effect
of each of the aforementioned variables on evaporative cooling efficiency was analyzed. Applying
the model to nozzles for which data were furnished in the literature [55], the variables could be
localized in the numerator or denominator of the fraction (see Equation (5)) that make up the term A
(see Equation (6)). The effect of each is illustrated in Figure 5 (see Equations (1)–(5) for more details
about the definition of efficiency).
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The findings graphed (these efficiencies have been estimated using the definition of Equation
(5) in Figure 5 can be applied to develop the model proposed in Equation (6). The final proposal for
the simplified model for characterizing nozzle efficiency from its operating parameters is set out in
Equation (8):

ε = 1− e(−
YaiTwi

.
mw
√

H·
Taxri

FT) (8)

where the terms of that equation, drawn from sprayer operation, are as follows: Yai is absolute
humidity; Twi initial water temperature; H nozzle height;

.
mw sprayer-propelled water flow; Ta outdoor

temperature; and ri representative droplet radius. This simplified model was calibrated using the
results of the detailed single droplet model (Equations (1)–(4)) with the theoretical fitting factor FT,
which is specific to nozzle and sprayer type and refers to the reduction of the detailed to the simplified
model proposed. Its value must be stable and liable to being tabulated as shown in the results section.

The simplified nozzle characterization model developed (Equation (7)) is readily applicable using
manufacturer data sheets and specific operating conditions.
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3.3. Model Calibration

The model proposed to characterize elements of evaporative cooling is based on a theoretical
formulation that yields an empirical equation and its subsequent correction to neutralize the hypotheses
assumed to formulate the model. The hypotheses primarily inducing model deviation from reality are
that a nozzle can be equated to a water droplet with a representative radius defined by the largest
volumetric fraction and that inter-droplet interaction can be ignored.

The experiments conducted with the two case study nozzles, HARDI ISO F-110-04 and HARDI
ISO F-110-06, served as grounds for validating the proposed model and correcting for the hypotheses
assumed in its formulation.

Model calibration was based on the experiments described in Section 2.4. The model had to
be corrected as far as possible before entering the actual effect of the variables concerned to be able
to characterize the performance of the elements studied. The starting point for all the sprayers was
Equation (7), where the theoretical fitting factor, FT, varied depending on the sprayer type and model.
The final step in the procedure proposed is to extrapolate formulation of Equation (7) to estimate
efficiency of evaporative dissipation system using Equation (9). The result was the simplified model
corrected with experimental factor FC, which in turn depends on the operating conditions:

εD == 1− e(−
YaiTwi

.
mw
√

H·
Taxri

FTxFC) (9)

where εD is the efficiency of the evaporative dissipation system and it is calculated according to
Equation (9). Correction factor FC has the same meaning as fitting factor FT discussed in connection
with Equation (7) but must be obtained experimentally. Two possibilities were tested in this study:
obtaining a theoretical fitting factor FT from the detailed model and subsequently calibrating the
Equation (7) model with the experimental correction factor, and assuming the theoretical fitting factor
to be equal to 1 and calibrating the experimental data model with correction factor FC. Both options
guarantee suitable results. The first delivers a more robust model for application outside the range
of the experimental data used for calibration and validation. With option 2, in turn, there is no need
to implement the detailed model, although the quality of the estimates depends on the amount of
experimental data used for correction (weather variability and operating conditions).

FT is used to reduce the detailed model (Equations (1)–(5)) to de simplified model (Equation (8)).
However, estimation of Equation (8) has to be calibrated using experimental data. This calibration is
done using the FC parameter in Equation (9). So, estimation of efficiency should be done under real
conditions. Equation (8) is defined using simulation results, but the estimation of Equation (9) is going
to be compared with real data. Real conditions involve variable and difficult to measure excitations
and heat fluxes. So, it proposes to use the reference pond to measure the net effect of heat dissipation
by experiment using this dissipation technique. For that, the efficiency of dissipation system is defined
using Equation (9):

εD =
∆TW

TiWP − Twb
(10)

where TiWP is the initial temperature (◦C) of water in reference and evaporative ponds; Twb is the
average of wet-bulb temperature (◦C) during experimental sampling (in this case is two hours), and
∆TW is the difference temperature between the average water temperature between reference and
evaporative ponds at the end of experimental sampling. This difference ∆TW between the temperature
of two ponds is due to the operation of the dissipation system. Since both cells are assumed to be
subjected under the same convective, radiant, and conduction climatic conditions. As explained
in Section 2, this is the way proposed in the methodology to explicitly take into account the rest
of unmeasured climatic excitations: build a reference prototype with which to compare the system
under study.
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The results section shows how the deviation observed in the theoretical simplified model (Equation (8)
could be corrected with the procedure proposed as per Equation (9). That approach guaranteed deviation
of under 5% in all cases, as attested to by the results discussed in the following section.

4. Results and Discussion

The findings for the experiments described in Section 3.3 are set out below.
The tests run were classified by the aim pursued:

• Experiment 1: assessment of thermal loss in the ponds.
• Experiment 2: analysis of cooling power and the development, calibration, and validation of the

simplified model proposed.
• Experiment 3: analysis of the sensitivity of the parameters for the simplified model proposed.

4.1. Experiment 1

As noted in an earlier section, experiment 1 was designed to assess thermal loss in the two ponds,
only one of which (evaporative pond) was fitted with sprayers. The aim was to ensure that thermal
loss was identical in it and the reference pond to be able to compare their actual respective cooling
power. Figures 6 and 7 show experimental results of the comparison between evaporative pond and
reference pond under the same weather conditions.

To conduct the experimental assessment, the starting temperature had to be the same in the two
ponds. The water in the two was consequently intermixed at the beginning of the experiment and
subsequently heated to 27 ◦C, after which the temperature was allowed to fluctuate freely, i.e., with the
sprayers idle.
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Relative humidity in the vicinity of the two ponds was also similar in both, as Figure 7 shows.
As the thermal fluctuation of the water in the two ponds in the first three days of the first week

(see Table 1) shows (Figure 1), the temperature was consistently the same in both. The graph illustrates
the utility of the reference pond, for it denotes the temperature of the evaporative pond water in
the absence of the cooling system. It, therefore, constitutes a baseline, an imperative found in all
comparative studies in the literature.

Since the two ponds exhibited identical thermal and humidity responses to the same conditions,
any differences in cooling power could be validly attributed to the use of sprayers in one and their
absence in the other.

4.2. Experiment 2

Experiment 2 yielded two sets of findings: on the one hand the empirical results and on the other
the validation and calibration of the proposed model. They are discussed separately below.

4.2.1. Experiment 2 Results

The results of comparing evaporative mist cooling power with each of the two nozzles to unaided
evaporation-governed cooling in a pond not fitted with sprayers are discussed below.

The temperature fluctuations from 22.00 to 06:00 on day 3 of experiment week 2 (see Table 1) in the
reference pond and in the evaporative pond with the HARDI ISO F-110-04 nozzles on are compared in
Figure 8, which shows that by the end of the operating period, the temperature in the latter was 6 ◦C
lower than in the former, verifying a rise in cooling power attributable to the use of sprayers.
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Figure 9 compares the performance of the reference pond and the evaporative pond fitted with
HARDI ISO F-110-06 nozzles in week 3, in the same 8 h period as in Figure 8. The evaporative pond
temperature with the HARDI ISO F-110-06 nozzle was just 2.5 ◦C lower than in the reference pond,
a notably narrower difference than with the other nozzle type.
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Figure 9. Water temperature fluctuations in the reference pond and in the evaporative pond with
HARDI ISO F-110-06 nozzles (up) and environmental conditions: dry-bulb temperature, wet-bulb
temperature, and humidity ratio HR (down).

Figure 10 shows the mean cooling power of the two types of the nozzle across the two weeks of
experiment 2. The energy dissipated was calculated with Equation (9), in which pond cooling power
was found as the difference between the decline in temperature in the evaporative pond less the decline
in the reference pond; thereby, limiting the result to actual cooling power and excluding other possible
factors such as the water film coefficient:

Dissipated energy = mwater−pond·CPw·
(
∆Tevaporaative − ∆Tre f erence

)
(11)

where mwater−pond is the mass of the water in one of the ponds; CPw the calorific value of the water
under the conditions in place; ∇Tsprays the daily difference in temperature in the evaporative pond;
and ∇Tre f erence the daily difference in temperature in the reference pond. Equation (9) can also be
applied hourly to find dissipation efficiency on an hourly basis.

As Figure 10 shows, mean energy dissipation was higher in the week (week 2, Table 1) when the
HARDI ISO F-110-04 nozzle was used, as would be expected, for as the droplet diameter was smaller
and contact area consequently larger, heat transfer was more effective.
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4.2.2. Validation and Calibration of the Simplified Characterization Model Proposed

The validation and calibration findings for the simplified characterization model proposed to
assess and design evaporative mist cooling systems based on experiment 2 empirical assessment are
discussed below.

Generally speaking, for both nozzles the correction factor was found from the data for five days
of the week and the model validated with the data for the remaining two days.

The first step in the procedure was to calculate evaporative cooling efficiency by entering the
experiment 2 findings into Equation (5) (Section 3), and subsequently determine the efficiency with the
characterization model proposed, as formulated in Equation (7) (Section 3). Applying the procedure
first to nozzle HARDI ISO F-110-04 yielded an FT theoretical fitting factor of 0.034.

As Figure 11 shows, the empirical findings differed from the simplified characterization model
results. To narrow that difference, the model was corrected with factor FC, described in Section 3.3.
The calibrated model, as expressed in Equation (8) in the aforementioned item, yielded a correction
factor for nozzle HARDI ISO F-110-04 of 0.941. So, FC is obtained by the minimization of the differences
between the estimation of efficiency using Equation (8) and the real value measured (Equation (9)).
FC is the optimum value for which this difference is the minimum.

Figure 12, in turn, shows the empirical and model results for the HARDI ISO F-110-06 cooling
efficiency. Here correction factor FC (Equation (8)) was 0.975 and the theoretical fitting factor FT
(Equation (7)) 0.034.

Model fitting factor FT and correction factor FC were found using two hourly values in the first
five days of the week the experiment was conducted.

The values of the correction factors proposed were consistently close to 1: 0.941 for HARDI ISO
F-110-04 and 0.975 for HARDI ISO F-110-06. The fitting factor FT, in turn, was stable at 0.034 in both
cases, varying only at the fourth decimal place.
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4.3. Experiment 3

An analysis was run on the validated and calibrated simplified characterization model developed
on the grounds of empirical findings to determine model sensitivity to the input variables. Experiment
3 was consequently designed to analyze the effect of the model variables with an impact on system
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performance. More specifically, nozzle height and pressure were the two parameters analysed based
on the findings for weeks 4 and 5. The figures below give the daily mean values.

Figure 13 graphs the variation in mean cooling efficiency with nozzle height. Changes in height
entailed differences in droplet travel distance and with it residence time or the time the droplet was
suspended in air. Consequently, the higher the nozzle, the longer the travel distance and residence
time, which raised efficiency. The maximum height was set at 0.6 m to reduce the number of droplets
travelling horizontally due to wind action.

Appl. Sci. 2020, 10, x 17 of 23 

Figure 13 graphs the variation in mean cooling efficiency with nozzle height. Changes in height 

entailed differences in droplet travel distance and with it residence time or the time the droplet was 

suspended in air. Consequently, the higher the nozzle, the longer the travel distance and residence 

time, which raised efficiency. The maximum height was set at 0.6 m to reduce the number of droplets 

travelling horizontally due to wind action. 

 

Figure 13. Variation in mean cooling efficiency vs. nozzle height. 

The variation in mean cooling efficiency with working pressure is shown in Figure 14, using 

manufacturer-specified values [39]. Pressure had a direct effect on nozzle flow and droplet scatter, as 

Figure 14 shows, with efficiency rising with pressure. More specifically, pressure affected the rate at 

which the water cooled. 

 

Figure 14. Variation in mean cooling efficiency vs. working pressure. 

Table 2 summarizes mean overnight cooling efficiency as calculated from Equation (9) for each 

day of the experiment, excluding week 1, based on the variables affecting the proposed model and 

the simplified, experimentally validated model for the two nozzles. 

Figure 13. Variation in mean cooling efficiency vs. nozzle height.

The variation in mean cooling efficiency with working pressure is shown in Figure 14, using
manufacturer-specified values [39]. Pressure had a direct effect on nozzle flow and droplet scatter,
as Figure 14 shows, with efficiency rising with pressure. More specifically, pressure affected the rate at
which the water cooled.
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Table 2 summarizes mean overnight cooling efficiency as calculated from Equation (9) for each
day of the experiment, excluding week 1, based on the variables affecting the proposed model and the
simplified, experimentally validated model for the two nozzles.

The data show that efficiency was greatest where sprayer height and working pressure were highest.

Table 2. Mean daily efficiency.

Week 1

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

EXPERIMENT 1

Week 2

Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2

0.51 0.57 0.59 0.53 0.54 0.52 0.56

Week 3

Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2 Experiment 2

0.52 0.50 0.51 0.38 0.47 0.49 0.50

Week 4

Experiment 3 Experiment 3 Experiment 3 Experiment 3 Experiment 3 Experiment 3 Experiment 3

0.43 0.53 0.65 0.64 0.68 0.70 0.37

Week 5

Experiment 3 Experiment 3 Experiment 3 Experiment 3 Experiment 3

0.47 0.58 0.61 0.66 0.68

The percentage of water evaporating overnight graphed in Figure 15 for all seven days in weeks 2
through 5 shows that water loss from the ponds was no greater than 6% on any of the days tested.
That value is equivalent to a mean loss of 2 L/h during the month, less than reported in other studies
on evaporative cooling, according to Kabeel et al. [56]. The findings not only validated the efficiency of
this passive natural cooling technique but also ruled out the hypothesis that such systems entail high
water consumption.
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Water consumption is a prominent variable in evaporative cooling technique analysis,
as discussed by other authors seeking to lower that parameter [57,58]. The specific consumption
(consumption/energy dissipated) found here lay within the range reported in the aforementioned papers.

5. Conclusions

Water is a natural heat sink with high cooling power. This study characterized and thermally
assessed the water cooling technique used in an evaporative system in which water was regarded as a
bioclimatic vehicle to air condition spaces. To that end, efficiency was adopted as an indicator and a
simplified model developed with experimental data was proposed to determine its value. Experimental
validation of the model yielded errors of under 5%.

The present findings confirm the potential to lower water temperature evaporatively. Coldwater
can be used to air condition in different applications. The most prominent conclusions drawn from this
study are listed below:

• The simplified model proposed was calibrated and validated on the grounds of extensive
experimentation. The model uses operating variables as input, facilitating decision-making.

• The methodology described is applicable to other types of sprayers provided the technical
specifications, which can be found on all manufacturers’ datasheets, are known.

• Mean cooling power is on the order of 500 Wh, with overnight energy dissipation ranging
from 2.6 kWh to 6.0 kWh (see Figure 10), depending on the experiment, with an associated
evaporation-governed decline in the range temperature of 2 ◦C to 6 ◦C. In the experimental setup
designed to measure system impact directly, consisting of two identical ponds exposed to the
same environmental conditions, one could be used as a reference to determine the thermal impact
of evaporative dissipation.

• No more than 6% of the ponded water evaporated under any of the conditions studied, whilst
mean evaporation amounted to 4% (see Figure 15).

At around 60%, the experimental results for mean efficiency found for this natural evaporative mist
cooling system are more reliable than the 80% to 90% generally cited in the literature. The simplified
model developed from those experimental findings, in conjunction with the methodology, which is
designed for analyzing new manufacturers and changing climates, can be applied in future studies to
assess building energy efficiency.

Finally, dissipation systems based on evaporative techniques have high energy performance. It is
common to find them coupled to chiller capacitors. However, its integration through pond is unusual.
Installation costs for this technology are low, but operation and maintenance costs can be considerable.
There is a consumption of water, which, even though it is not high, can reduce its applicability on in
this situation with a scarcity of this resource. Maintenance is a critical point since it is necessary to
control the quality of the water and avoid the appearance of microorganisms. It can cause unpleasant
odors, loss of aesthetics and even diseases. Likewise, the possibilities of freezing these systems in cold
regions must be taken into account in the design. Nozzles are inexpensive, but water hardness can be a
problem after a long period of operation. Even with this, these techniques are one of the best solutions
for the natural production of cold water.
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Nomenclature

Variable Description Unit
vx Droplet velocity in x direction m/s
vx Droplet velocity in y direction m/s
f Darcy friction factor -
v Droplet velocity m/s
ρ Air density kg/m3

ρw Water density kg/m3

r Droplet radius m
g Gravitational acceleration m/s2

Ff Friction or drag force N
S Frontal area of drop m2

Ki Kinetics energy of drop J
CPw· Specific heat of water kJ/kg·K
Tw Droplet temperature ◦C
h Film coefficient W/mK
Ta Air temperature ◦C
ky Global heat transfer coefficient m/s
hlg Latent heat of vaporization kJ/kg
YA0 Air mass fraction kg/kg
YA∞ Saturated air mass fraction kg/kg
ε Efficiency -
mwt Return water flow rate kg/s
mwi Initial water flow rate kg/s
Twi Initial water temperature ◦C
Twt Return water temperature ◦C
Twb Wet bulb temperature ◦C
Yai Absolute humidity g/kg
H Spray tower height m
Fc Model-empirical correction factor -
Tip Initial evaporative pond temperature ◦C
Top Final evaporative pond temperature ◦C
Tipr Initial reference pond temperature ◦C
Topr End reference pond temperature ◦C
Qcool Cooling power W
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