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Abstract: As the cooling requirement and the energy prices are increasing rapidly across the world,
the need to develop highly efficient cooling equipment is rising as well. Adiabatic cooling employs
evaporation to pre-cool the air flowing through a closed-loop coil. This study examines various
adiabatic evaporative cooling pads in terms of their pre-cooling potential and advantages over
currently available technological solutions through isolating three cross-sectional metal cooling pad
shapes (W, Z and Z1). The results of the study suggest that the correlation between ∆t↓ and RH↑
is somewhat close in all three cases; however, a slightly higher temperature drop is observed when
using a W-shaped metal sheet. Pressure drop variability was negligible under current cooling pad
configurations and experimental boundary conditions. Further studies focusing on measurement
continuity, longevity and boundary conditions’ variability are recommended.

Keywords: energy efficiency; cooling energy; direct evaporative cooling; adiabatic cooling;
cooling pad technology

1. Introduction

The increasingly hot and long summers, as well as the frequency and longevity of heat
waves across the world, are the predominant factors causing a significant rise in energy
demand for cooling and air-conditioning systems. This is of particular matter in densely
populated regions and rapidly growing urban areas, where consistent infrastructure devel-
opment projects take place [1]. As a matter of fact, the majority of the world’s population
lives in regions where a higher share of energy demand is attributed to cooling needs
rather than heating [2], and that inevitably puts stress on energy demand making many
commercial and individual consumers opt in favor of reduced cooling equipment operation
at the expense of compromising their own comfort, health and well-being [3].

On top of that, there is an increasing demand for water to run power plants and
technological processes. Water availability is critical to the world’s energy generation
sector [4]. In 2010, the world’s total electricity generation capacity was 20 terawatt h (TWh),
with fossil fuel and nuclear contributing 81%, hydropower–17% and renewable energy
sources–only 2%. When compared to 2010, worldwide power demand is anticipated to
increase by 70% to 34 TWh by 2035. The data demonstrate that water is used in massive
amounts for energy production. Global freshwater outflows for energy production totaled
583 billion cubic meters (bcm) in 2010, accounting for 15% of total water withdrawals. These
totals are anticipated to rise to 790 bcm in 2035, a stunning 35% increase over 2010 [3–5].

As a matter of fact, heat waves in recent years have caused the death of over a million
Europeans, while the indirect impact of heat stress is reckoned to have caused the deaths
of tens of millions of people annually since the 2000s [1–3]. This is triggering both higher
demand for cooling energy in general, as well as the need to develop more efficient cooling
equipment and solutions in line with the fluctuating cost and uprise in global energy prices.
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Adiabatic evaporative cooling is a process driven by the evaporation of water particles
triggered by heat from the ambient air. This process occurs naturally due to the water
vapor absorption capacity of air. The higher the air temperature and the lower the relative
humidity, the higher the absorption capacity. The exchange between water particles and
air mass in evaporative cooling pads occurs with high saturation capacity. Cooling pads
remain wet as they are equipped with a fan, which circulates the air and water particles
through the pad media. As such, it is possible to ensure greater comfort and productivity
in spaces with high cooling loads, such as greenhouses, factories, as well as industrial,
commercial and residential buildings [6,7].

Cooling pad technology is already being vastly applied in commercial and industrial
cooling units, where an adiabatic cooling pad is placed before the chiller’s condenser to
reduce the temperature of the incoming air by 10–15 ◦C, that in turn reduces the electricity
consumption of the chiller unit. Cooling pad technology is also commonly used in industrial
greenhouses, where an uncontrolled influx of heat can interfere with and disrupt plant
growth [8]. Other applications of evaporative cooling pads are temporary shelters, special
camps for refugees and military operation units, where the installation of rigid, energy-
intensive systems are simply not feasible [9].

Furthermore, evaporative cooling pads can also be modified, supplemented and
equipped with additional components to enhance further their performance, such as the
integration of phase change materials or PCMs [10].

In line with the increasing energy costs, compromised reliability with regard to a
steady energy supply chain and global environmental awareness measures, adiabatic evap-
orative cooling pad technology appears to be a promising solution in future applications to
substantially reduce electricity consumption of cooling systems, and thus improve overall
building energy efficiency.

2. Cooling Pad Technology
2.1. Cooling Pads

Cooling pads are an integral part of an evaporative cooling system that is equipped
with a fan, cooling pad material usually made of metal, cellulose or composite fibers, water
distribution manifold, drainage system (drip collector, tray), water circulation system and
water pumps. During the system’s operation, water is pumped to the top of the cooling
pads and distributed evenly via a specially designed manifold. Water flows through the
corrugated surface of the cooling pad and is partly evaporated by the warm air that passes
through the pad. The remaining water is drained back to the pumping station through a
gutter system. The air that leaves the pad is cooled down (Figure 1) [11–13].
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When humid air is evaporatively cooled, its dry bulb temperature is decreased close
to its wet-bulb temperature via heat and mass transfer. Evaporative cooling can be initiated
either from a humid surface or by spraying water directly into the air to achieve this.
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The ideal characteristics and operation in direct evaporative cooling pads are as follows:

• fully wetted large contact surfaces to achieve maximum air saturation;
• low pressure drop;
• media of rigid material;
• ease of assembly/disassembly;
• ease of maintenance and cleaning.

Other parameters, such as ambient air temperature, relative humidity, water tempera-
ture and air velocity (either wind in naturally operating systems or air speed in fan-assisted
systems), are all defining factors in enhancing evaporation rate.

Air velocity relates to the average velocity measured at the pad’s inlet or outlet. This is
a well-studied parameter with respect to cooling pad performance characterization. High
air velocity results in significantly lower saturation effectiveness [14–17], temperature drop
and relative humidity due to shorter contact time with the pad media. It also leads to higher
pressure drop and water consumption, which directly affects electricity consumption. As
such, high air velocity is unfavorable in terms of cooling pad performance and should be
kept below the recommended values stipulated by the manufacturer’s spec sheets or lab
reports [15,18,19].

While greater air velocity inevitably increases the pressure drop through the pad media,
Malli et al. [12] suggest that an increase in the pressure drop results in a substantially lower
distribution of the flow field at the pad inlet. Another essential argument is that higher air
velocity results in lower saturation effectiveness, which is defined as the “common point”
for all direct evaporative cooling pads by Laknizi et al. [7].

2.2. Physical, Geometrical and Technical Characteristics

The most commonly studied physical parameters of the evaporative cooling pads are
as follows:

• air velocity (or air mass flow rate);
• psychrometric conditions of air mass;
• pad thickness;
• geometric characteristics and configuration of the pad;
• water flow rate.

The pad’s performance can be characterized through the following parameters [20]:

• pad media’s saturation effectiveness;
• temperature drop (∆t↓);
• pressure drop (∆p↓);
• humidity increase achieved in the treated air (∆RH↑);
• water evaporation rate and consumption;
• cooling capacity;
• coefficient of performance (COP);
• heat and mass transfer coefficients.

The most studied geometric parameters in cooling pads are the pad thickness and contact
area. Pad thickness corresponds to the length or distance traveled by the airflow. The contact
area between water and air mass increases in cooling pads with larger thickness due to longer
contact duration (residence time). As such, an increase in the cooling pad thickness enhances
saturation effectiveness, temperature drop and water evaporation rate [21–23].

Moreover, as the pad thickness increases, so does the independence of the saturation
effectiveness from the air velocity [24]. Furthermore, larger pad thickness also results in
higher cooling capacity [25].

However, it must be taken into consideration that larger pad thickness results in higher
pressure drop and, thus, increases operating costs; therefore, the pad thickness must be
selected properly to establish a good balance between saturation effectiveness and pressure
drop [26–28].
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Although an increased water flow rate leads to higher saturation effectiveness [29,30],
according to study results of various types of cooling pad configurations and materials,
once the pad media becomes entirely wetted, the saturation effectiveness does not increase
further [31,32].

Similar observation can be attributed to the heat and mass transfer coefficients [33]. On
the other hand, when the water supply is shut off, the mass transfer coefficient continues to
rise until the cooling pad gets insufficiently wetted [17].

As such, the direct evaporative cooling process, along with using high-performance
cooling pads, is known to provide significant energy-saving potential for system opera-
tions [34]. According to a recent study conducted in an office building in Dubai, a direct
evaporative cooling pad system presented annual energy savings of 122 MWh with a return
on investment of approximately 4 years [35]. In regions with lower air temperature and
higher relative humidity, the payback time may be 3–5 times longer [36,37].

However, other significant characteristics, such as the pad material’s endurance and
resistance to the external conditions, such as wind, rain, exposure to intense sunlight and
thus UV radiation, have triggered the exploration other innovative materials that would
meet stringent criteria with regard to material’s resistance to external factors.

3. Methodology

The majority of the existing evaporative cooling systems use relatively expensive cel-
lulosic paper pads. This material is widely used in residential, commercial and agricultural
applications as a cooling pad media; however, the fast mineral and dust build-up, as well as
the negative impact of weather and UV-light exposure shorten the longevity, durability and
service time of such pads. This chapter describes the design of an alternative non-cellulosic
evaporative cooling pad constructed from galvanized metal (aluminum) sheets.

Due to constraints of other common materials used in pad technology, the focus of this
study, therefore, was the utilization of metal sheet as a cooling pad media and its different
cross-sectional shapes. In considering metal sheet handling cost and previous studies,
three cross-sectional metal sheet shapes were isolated (W, Z, and Z1) to analyze within the
framework of this study with regard to their performance in terms of temperature drop
and relative humidity increase between two sides of the duct (before and after).

The water distribution and the arrangement in the newly designed cooling pad were
executed from the top, as shown in Figure 2. The metal sheets were aligned horizontally in
three shapes (W, Z and Z1, Figure 3), with the gap between the sheets 10–12 mm (the gap
varied due to minor assembly imprecision as all parts were put together manually). A water
supply system was installed so that water gradually dripped from the top distribution tube
on the pad media through small orifices (Figure 2).
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A testing system was set up to investigate various cooling pad patterns made of
aluminum mesh (Figure 4).
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The metal sheets of 2 mm in thickness intended as cooling pads of various shapes
(W, Z, Z1) were installed in the 3 m long duct tunnel of 700 × 700 mm in cross-sectional
dimensions. Temperature and relative humidity were measured outside the duct (ambient)
and inside the duct (Figure 5).
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The cooling pad dimensions were as follows: 700 × 700 × 200 (height ×width × depth).
The measurements were conducted over the two following testing sequences:

(1) 1-h average measurement sequence—(a) ambient temperature, (b) duct temperature,
(c) ambient relative humidity and (d) relative humidity inside the duct were measured
within the framework of this measurement sequence over 1 h; the average values of
the recorded measurements were used for analysis;

(2) continuous measurement sequence—the sequence was run at 21 ◦C and RH < 60%
with ambient and duct temperature aligned until the point at which RH inside the
duct would reach 80%.

Temperature and relative humidity were measured using HOBO temp/RH sensors
with the technical specifications as shown in Table 1.
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Table 1. Technical specifications of HOBO temp/RH sensors employed in.

Parameter Temperature Sensor RH Sensor

Range −20◦ to 70 ◦C 15% to 95% (non-condensing)

Accuracy ±0.21 ◦C from 0◦ to 50 ◦C ±3.5% from 25% to 85% including hysteresis at
25 ◦C; below 25% and above 85% ± 5% typical

Resolution 0.024 ◦C at 25 ◦C 0.07% at 25 ◦C 0.024 ◦C at 25 ◦C and 30% RH
Response time 4 min in air moving 1 m/s 43 s to 90% in airflow of 1 m/s

Drift <0.1 ◦C per year <1% per year typical

4. Results and Discussion
4.1. 1-hr Average Measurement Sequence

The measurements conducted under uncontrolled conditions (non-steady conditions)
show that regardless of ambient air temperature, the average temperature drop throughout
the measurement sequence is in the ballpark of ∆4.2–5 ◦C (with slightly higher drop if Z
shaped mesh is used and slightly lower drop if Z1 shaped mesh is used).

Indoor relative humidity was kept rather low (~35%) to simulate dry climate condi-
tions. Water was distributed evenly across the cross-sectional frame of each mesh (as shown
in Table 2), and the 1-h average RH measurements indicate a rather similar RH after the
mesh. A correlation between generally lower temperature drop (∆t = 4.2 ◦C) and slightly
lower RH increase (∆RH = 19%) was observed in the case of Z shaped mesh; however, this
may not be justified as a strong argument to draw any bold conclusions with regard to the
impact of the cross-sectional shape of a cooling pad on its cooling performance.

Table 2. Measurement sequence (1 hr average) for the three types of the metal cooling pad cross-
sectional pattern.

Mesh Type W Shaped Z1 Shaped Z Shaped

Ambient temperature 20.8 19.6 19
Temperature inside the duct 15.9 15.4 14

Ambient RH (%) 37 34 33
RH (%) inside the duct 60 53 56

In all three cases, the observed temperature drop and relative humidity increase were
somewhat close; therefore, an additional measurement sequence featuring a continuous
measurement cycle was proposed.

4.2. Continuous Measurement Sequence

An additional measurement sequence was conducted to compare W-shaped and
Z-shaped metal cooling pad cross-sections to presumably present a more accurate and
valid dataset on temperature drop at set boundary conditions.

This sequence was carried out at an ambient temperature of 21 ◦C and relative hu-
midity of <60% with ambient air and duct temperatures aligned. The water was gradually
supplied onto the surface of the pad media until the point at which relative humidity inside
the duct would reach 80%. The supplied water temperature was 15.7 ◦C. The time that it
took for the RH parameter to reach 80% of saturation inside the duct was recorded, thus,
indicating the physical characteristics and saturation rapidity performance of the examined
pad shape.

In the case of the W-shaped cross-sectional pattern, it took a little over 14 min, and the
temperature drop of 5 ◦C (16.0 ◦C at the end of the measurement sequence), while in the
case of the Z-shaped cross-sectional pattern, it took around 12 min, and the temperature
drop of 4.6 ◦C (16.4 ◦C at the end of the measurement sequence), see Figure 6.
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While RH reached the benchmark of 80% slightly faster with a Z-shaped cross-sectional
metal sheet, a slightly higher temperature drop was reached with a W-shaped metal sheet.

4.3. Summary

The three examined cross-sectional patterns present slightly similar results with rather
insignificant differences in their performance with regard to temperature drop and relative
humidity increase. As such, it can be inferred that the three cross-sectional cooling pad
patterns reviewed do not possess substantial differences in their performance as long as
the cooling pad configuration and boundary conditions remain similar to those employed
in the current study.

Another parameter that should be studied more closely on top of the existing measure-
ments is the pressure drop, with dynamic pressure measured before and after the cooling
pad. Although within the framework of this study, it was intended to measure the pressure
drop differences across the three cross-sectional shapes, preliminary measurements showed
very few pressure drop variations ranging below <0.5% across all three shapes. This sug-
gests that the pressure drop variations under the current cooling pad configuration and
boundary conditions are negligible. While temperature drop and relative humidity increase
are the driving factors for cooling pad performance, the pressure drop is an essential factor
when it comes to electricity consumption and, therefore, cannot be neglected.

Further studies should include continuous ∆t, ∆RH, ∆p measurements to examine
various cooling pad metal sheet cross-sectional patterns over a longer timespan (and various
background scenarios with regard to predefined initial t and RH) and a wider spectrum of
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boundary conditions, which would help to develop a consistent t↓ and RH↑ pattern and
determine if any of the examined cross-sectional shapes are preferred over another.

Alternatively, while the three proposed cross-sectional shapes have advantages in
terms of easier handling (manufacturing, bending/folding process, simpler cleaning, re-
sulting in lower production cost), a wider spectrum of cross-sectional metal sheet shapes
might be considered for further studies.

5. Conclusions

In the scope of this study, the research and technical analysis on chillers’ adiabatic
pre-cooling solution were performed. The main aim was to identify critical elements for
the development of alternative cooling pad characteristics to facilitate heat transfer, lower
the air temperature before entering the chiller’s condenser and thus improve the cooling
capacity of chiller equipment.

Although larger pad thickness results in increased temperature drop, saturation ef-
fectiveness and cooling capacity, which are all contributing factors to the cooling pad’s
performance, the pressure drop also increases, which in turn increases fan energy consump-
tion; therefore, the pad thickness must be selected properly to establish a good balance
between saturation effectiveness and the pressure drop of a cooling pad.

Due to constraints of other common materials used in pad technology, the focus of
this study, therefore, was the utilization of metal sheet as a cooling pad media and its
different cross-sectional shapes. In considering metal sheet handling cost and previous
studies, three cross-sectional metal sheet shapes were isolated (W, Z, and Z1) to analyze
within the framework of this study in terms of their performance in terms of temperature
drop and relative humidity increase between two sides of the duct (before and after).

The 1-h average RH measurement sequence indicated a rather similar RH increase
after the mesh. A correlation between generally lower temperature drop (∆t↓ = 4.2 ◦C) and
slightly lower RH increase (∆RH↑ = 19%) was observed in the case of the Z shaped mesh;
however, this may not be justified as a strong argument to draw any bold conclusions with
regard to the impact of the cross-sectional shape of a cooling pad on its cooling performance.

Therefore, an additional measurement sequence was conducted to compare W-shaped
and Z-shaped metal cooling pad cross-sections. The continuous measurement sequence
showed that in the case of the W-shaped cross-sectional pattern, it took a little over 14 min,
and the temperature drop of 5 ◦C (16.0 ◦C at the end of the measurement sequence), while in
the case of the Z-shaped cross-sectional pattern, it took around 12 min, and the temperature
drop of 4.6 ◦C (16.4 ◦C at the end of the measurement sequence) for the relative humidity
at the output to reach 80%.

The results of the study suggest that the correlation between ∆t↓ and RH↑ is somewhat
close in all three cases; however, a slightly higher temperature drop is observed when using
a W-shaped metal sheet. However, further studies on the subject focusing on measurement
continuity, longevity and boundary conditions’ variability are recommended.
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