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H I G H L I G H T S

• Five systems with different plates geometry are investigated.

• A detailed experimental analysis is carried out.

• Wet bulb effectiveness and pressure drop are evaluated.
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A B S T R A C T

At present, there is great interest in indirect evaporative coolers (IECs), which can be effectively used to increase
energy efficiency of HVAC systems, with particular attention to data center applications. In such devices, per-
formance significantly depends on the formation of an adequate water layer on heat exchanger plates. Therefore,
efforts should be made to promote water spreading through an appropriate design of the system.

In this study, an experimental analysis of IECs manufactured with heat exchangers having different geometry
is carried out. The scope of the research is to investigate the effect of different plates protrusion and pitch on IEC
wet bulb effectiveness and pressure drop. Tests are carried out with counter and parallel air and water flow
arrangement.

Results highlight that plates geometry influences both surface wettability and the heat transfer rate. A re-
ticular plates protrusion appears to be a good compromise to enhance system effectiveness. Tests also highlight
that the parallel water and secondary air flows arrangement leads to higher wet bulb effectiveness and lower
pressure drop compared to the counter flow configuration.

1. Introduction

The energy consumption in the information and communication
technology (ICT) sector has increased exponentially over the last years
mainly due to the digitization of human activities and technological
advances, such as the cloud computing. A key role is played by data
centers (DCs) as they are among the largest energy consumers and their
energy use is expected to continue increasing by 4% until 2020 [1].
From a global perspective, the data centers sector was estimated to
account for 1,1–1,5% of the global electricity consumption in 2011 [2].
In particular, in DCs the fraction of electricity consumption of cooling
systems is around 37% [3]: this relevant energy need is related to high
thermal loads that should be compensated in server rooms, in order to
guarantee the equipment safe operation and to reduce the risk of its
premature failure.

Due to the aforementioned reasons, at present there is great interest
in reducing energy consumption of data centers. The conventional
cooling technology, based on vapour compression cycle, can be re-
placed or integrated by new efficient technologies based on free
cooling. Interest in the application of such systems in ICT facilities is
rapidly increasing since the ASHRAE “Thermal Guidelines for Data
Processing Environments” have been released [4]. In fact, the re-
commended air temperature range for data centers has been extended
up to 45 °C, making the use of free cooling technologies possible in
many working hours of the year. In this context, one of the most pro-
mising technologies is the indirect evaporative cooling (IEC) system,
which allows to cool the indoor air at constant humidity ratio, hence,
without damaging the ICT equipment. A typical IEC unit consists of an
air to air heat exchanger, crossed by two airflows, namely the primary
and the secondary one. The heat exchanger channels through which the
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secondary air stream flows are covered with liquid water, which con-
stantly evaporates. Such evaporation process cools down the secondary
airflow and the heat exchanger plates, which in turn cool down the
primary air stream (whose humidity ratio keeps constant) [5,6]. In data
centers applications, the system works in recirculation mode: the pri-
mary airflow is extracted from the building and it is supplied back to
the indoor environment after being cooled in the indirect evaporative
cooling unit. For this reason, indirect evaporative coolers based on
conventional M−cycle [7] or in regenerative configuration [8] are not
adopted in data centers.

Nowadays there are several ongoing researches on indirect eva-
porative coolers [9], investigating, through numerical and experimental
approaches, the effect on system performance of heat exchanger ma-
terial and geometry, of airflows layout, of water distribution config-
uration and of inlet air and water conditions. Interest has also raised in
studying new thermodynamic cycles, coupling indirect evaporative
cooling systems with conventional technologies.

One of the most critical issues of IEC systems is the water dis-
tribution inside the heat exchanger. In fact, the formation of a wide and
uniform liquid water film on secondary airflow plates leads to high
cooling capacity and reduced apparatus dimensions. For this reason,
several studies deal with heat exchanger design and optimization and
with airflows and water layout analysis. Regarding the heat exchanger
material, it is well known that appropriate hydrophilic coatings can
improve surface wettability and IEC performance [10,11]. Materials
like zeolite, fibres, carbon and ceramics were applied to IEC heat ex-
changers as well [12,13].

Heat exchanger features and airflows layout can significantly affect
water distribution and IEC system performance. Li et al. [14] discussed
the effect of the heat exchanger placement mode (vertical and hor-
izontal) on cooling capacity. Anisimov et al. [15] carried out a nu-
merical study of heat and mass transfer in indirect evaporative air
coolers with four air flow arrangements and De Antonellis et al. [16]

experimentally analysed five different airflows configurations of an
aluminium alloy heat exchanger. Chengqin et al. [17] and Moshari
et al. [18] respectively investigated effects of air to water flow ar-
rangement and indirect - regenerative evaporative cooling systems.
Chen et al. [19] carried out a sensitivity analysis in order to optimize
the system performance.

Other studies focus on the humidification system: the nozzles setup
and the water flow rate supplied to the system influence the IEC ef-
fectiveness. In particular, the lower the water flow rate, the pourer the
surface wettability and the cooling capacity [20]. In addition, appro-
priate design and installation of water nozzles can increase system ef-
fectiveness, as recently shown by Al-Zubaydi and Hong [21].

In recent years, several plates geometries aimed at improving sur-
face wettability have been investigated: pillow [22], micro-baffled
[23], corrugated [24] and diamond shaped [25] plates. It has been
experimentally observed that these simple geometries can lead to high
wettability. However, none of these studies directly deals with IEC
applications.

Therefore, the aim of this work is to investigate how the IEC per-
formance is affected by different heat exchanger plates geometries. The
research has been carried out through a detailed experimental analysis
of the system, which has been realized in order to meet real industrial
needs. In particular, five heat exchangers with different plates geome-
tries have been experimentally analysed adopting the following tech-
nical specifications and constraints:

• Heat exchanger plates pitch is equal to 5 mm or 7,35 mm and gross
length is equal to 700 mm.
• Plates of heat exchangers are treated with a hydrophilic coating in
order to improve surface wettability, according to previous research
studies [11].
• Water is supplied in the top of the system to promote a uniform and
widespread liquid film [14].

Nomenclature

A - E heat exchanger identification letter
cp specific heat (kJ/kg/K)
D dry conditions tests
DP pressure drop tests
h plates protrusion height (mm)
LHE gross plates length and width (m)
ṁa airflow rate (kg/s)
ṁw water flow rate (l/min)
NHE number of plates (–)
P pressure (Pa)
pt plates pitch (mm)
RH relative humidity (–)
T dry bulb temperature (°C)
Twb wet bulb temperature (°C)
u experimental uncertainty
V̇ volumetric flow rate (m3/h)
W wet conditions tests
xi generic measured quantity (–)
X humidity ratio (kg/kg)
yi generic calculated quantity (–)

Greek letters

ρ density (kg/m3)
δ plates thickness (m)
εdb dry bulb effectiveness (–)
εwb wet bulb effectiveness (–)
σ variance

Superscripts

N reference condition (ρ = 1,2 kg/m3)

Subscripts

a air
min minimum value (between primary and secondary air-

flows)
in inlet
inst instrumental
out outlet
p primary air stream
s secondary air stream
w water
xi generic measured quantity
x̅i mean of generic measured quantity
yi generic calculate quantity

Acronyms

AHU air handling unit
CF counter flow
DC data center
HE heat exchanger
ICT information and communication technology
IEC indirect evaporative cooling / cooler
NTU number of transfer units
PF parallel flow
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• The water circuit works at low pressure (around 2 bar) and nozzles
with wide orifice diameter (around 2 mm) have been used, so as to
limit the clogging caused by limestone residuals.

In order to provide useful information to optimize IEC systems, dry
and wet bulb effectiveness and pressure drop have been measured for
each device in two different flows arrangements.

2. Description of the IEC system and of the test rig

The analysed indirect evaporative cooling system consists of the
following main components:

• A cross-flow plate heat exchanger.
• N°2 water nozzles.
• A water pump.
• A water vessel.

According to Fig. 1, the heat exchanger is connected to the air ducts
through four plenums. The primary and the secondary air streams flow
respectively horizontally and vertically. The water is always supplied in
the upper plenum and flows from the top to the bottom of the system.
Two different system layouts are evaluated: the counter flow (CF) and
the parallel flow (PF) arrangement. In the first case the secondary air
stream flows upward (counter current air and water flows arrangement)
while in the second one the secondary air stream moves downward
(parallel air and water flows arrangement). In both configurations,
water is supplied to the airflow through two nozzles, whose nominal
flow rate, according to manufacturer data, is equal to 10 l/min at 2 bar.
The two nozzles are installed in the top part of the plenum on a
manifold that is mounted 50 cm far from the heat exchanger face. The
two nozzles are symmetrically installed on the water manifold and the
distance between them is equal to 30 cm. The adopted configuration
has been chosen to promote the water droplets spreading in the plenum
in order to reach a uniform water flux on the heat exchanger face.

The water is collected in a reservoir at the bottom of the system and
it is supplied to the nozzles through a constant speed pump. The water
flow rate is measured before the manifold and it is manually adjusted
through a three way valve installed after the pump. The amount of
water evaporated in the IEC system is continuously reintegrated
through the aqueduct line. During the tests, water is recirculated from
the vessel installed in the bottom of the system. The pump sucks the
water from the bottom of the container, at the exit of the IEC system.
Therefore, in steady state conditions the inlet and outlet temperature of
the water are almost the same.

Pictures of the entire experimental setup, of the top plenum with

water nozzles and of a heat exchanger before its installation in the IEC
system are reported in Fig. 2.

According to the scope of the present study, five different heat ex-
changers have been investigated. The devices are designed and manu-
factured in order to keep the same external dimensions. In all cases, the
plates have squared geometry (gross length equal to 700 mm) and are
made of aluminium alloy (thickness equal to 0,14 mm) with a hydro-
philic coating, in order to promote the surface wettability [11]. As
shown in the scheme of Fig. 3, each plate presents several ribs, spaced
by 100 mm, whose height determines the heat exchanger pitch. The
airflows move in the channels formed by two consecutive plates and
ribs. It is worth specify that adjacent plates are rotated 90° to each
other, in order to have a cross flow arrangement. Finally, the plate
geometry varies along each channel: seven small semi-spherical dim-
ples (diameter of 12 mm and height of 2 mm), organized in rows per-
pendicular to the airflow, and a protrusion (if present), with a different
shape for each heat exchanger, are periodically impressed.

The five heat exchangers, denoted with a letter (HEs A, B, C, D and
E), have different pitch or protrusion geometry, as shown in Fig. 4 and
in Table 1. The heat exchanger A is the reference device, with the
simplest geometry without protrusions (except for the semi-spherical
dimples). The heat exchanger B has the same geometry as A but a re-
duced pitch (5,00 mm instead of 7,35 mm). Heat exchangers C, D and E
have the same pitch of A (7,35 mm) but a different protrusion geo-
metry: in HE C there is a pyramid, in HE D a pyramid with additional
deflectors, inserted in order to promote a better water spreading, and,
finally, in HE E a lattice. More precisely, in HE D three deflectors are
added in the flat area comprised between the main pyramidal protru-
sion and each rib. The scope of the deflectors is to guide water to the
center of the air channel and to promote the water film formation.

Technical specifications of heat exchangers have been chosen in
order to evaluate the effect of pitch and protrusion geometry variation
on system performance. In the reference device (HE A): i) a flat surface
is adopted to minimize the influence of protrusions on water distribu-
tion; ii) the pitch is adopted according to conventional applications in
data centers. HE B has been designed to evaluate the effect of the sole
variation of plates pitch. Instead, HEs C, D and E have been designed to
analyse the influence of the sole variation of the protrusion geometry.
More precisely, HE C is a commercial apparatus, HE D consists of a
slight modification of HE C and HE E is based on a new lattice geometry
aimed to promote water layer formation. In all heat exchangers, the
presence of repetitive semi-spherical dimples rows is related to tech-
nical constraints of the manufacturing process.

It is worth specifying that due to the presence of the protrusions,
HEs C, D and E show high plates stiffness. On the contrary, plates of HEs
A and B can be easily bended due to the flat geometry: it is highlighted

Fig. 1. Scheme of the investigated IEC systems: counter flow (CF) and parallel flow (PF).
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Fig. 2. Experimental setup: (1) View of the system; (2) Detail of the water nozzles installed in the top plenum; (3) View of a heat exchanger.

Fig. 3. Generic scheme of heat exchanger plates.

Fig. 4. Pictures of heat exchanger plates (HEs A, B, C, D and E) adopted in the investigated systems.

Table 1
Technical specifications of the five heat exchanger adopted in the IEC system.

HE A HE B HE C HE D HE E

Plates gross length LHE [mm] 700 700 700 700 700
Plates number NHE [–] 30 46 30 30 30
Plates pitch pt [mm] 7,35 5,00 7,35 7,35 7,35
Protrusion type [–] Flat Flat Pyramid A Pyramid B Reticular
Protrusion height h [mm] 0 0 6 6 2
Plates thickness δ [mm] 0,14 0,14 0,14 0,14 0,14
Gross plates area Atot [m2] 13,7 21,5 13,7 13,7 13,7
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that this feature could lead to practical limitations in several applica-
tions, in particular in case of high pressure difference between the two
airflows, because of possible deformation of the channels.

Performance of the investigated system has been evaluated through
the following experimental setup: two air handling units (AHUs) treat
outdoor airflows through heating and cooling coils and adiabatic hu-
midifiers, in order to reach the desired air conditions. Volumetric flow
rates are controlled by variable speed fans and are measured through
orifice plates [26] and pressure gauges (accuracy of 0,5% of
reading±1 Pa). A detailed description of the test rig has been reported
in a previous work [16]. The connections between the plenums and the
AHUs are realized through insulated flexible ducts. Coupled tempera-
ture (PT 100, accuracy of± 0,2 °C at 20 °C) and relative humidity
(capacitive sensor, accuracy of± 1% between 0 and 90% at 20 °C)
probes and differential pressure gauges (accuracy of 1,5% of
reading±1 Pa) have been installed at the inlet and outlet of each
airflow. Finally, water stream rate is measured through a vortex sensor
(accuracy of± 2%). It is worth specifying that, due to space limitations,
pressure probes have been placed in the inlet and outlet plenums, close
to the heat exchanger faces. Therefore, it is expected that pressure drop
measurements could be affected by the not uniform velocity field. For
this reason, obtained results should be preferably used to compare
different heat exchangers or operating conditions and not for a precise
evaluation of pressure drop.

3. Experimental methodology and test conditions

In this study, performance of the indirect evaporative cooler has
been measured through the following indexes: the dry bulb effective-
ness εdb, the wet bulb effectiveness εwb and the secondary air pressure
drop ΔPs. The parameters are defined as:
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Tests are carried out in steady state conditions and temperature,
relative humidity and pressure difference are recorded every second.
According to international standards [27,28], the uncertainty of di-
rectly measured and of calculated quantities is respectively determined
in the following way:
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Further details about uncertainty calculations are reported in a
previous work of the authors [20].

Several tests of the indirect evaporative cooler, aimed at evaluating
the performance of the different heat exchanger plates pitch (HEs A and
B) and protrusion geometry (HEs A, C, D and E) in representative data

center operating conditions, have been carried out. As summarized in
Table 2, three different types of experimental tests have been con-
ducted:

• Tests in dry conditions to evaluate εdb (denoted with D).
• Tests in wet conditions to evaluate εwb (denoted with W).
• Tests in dry and wet conditions to evaluate secondary air pressure
drop (denoted with DP).

The experimental analysis has been carried out both in counter flow
(CF) and parallel flow (PF) arrangement (Fig. 1).

With reference to values of Table 2, inlet dry bulb air temperature
and humidity ratio were set with a tolerance respectively of± 1 °C
and± 0.5 g/kg. Airflow rates are always referred to a reference density
(ϱ = 1,2 kg/m3). In addition, results of dry and wet tests have been
considered acceptable when the difference between energy exchanged
by primary and secondary airflow was within 5%. Finally, it is high-
lighted that when the airflow rate assumed the minimum (900 m3/h) or
maximum (1800 m3/h) value, the corresponding air face velocity (be-
fore HE entrance) was respectively around 1,6 m/s and 3,2 m/s. Inlet
air temperature and humidity ratio have been selected in order to re-
produce representative conditions of IECs operating in data centers
[11,16,20]. Instead, airflow rates are adopted to have typical and
adequate air velocity along heat exchanger plates.

The experimental campaign has been carried out through the fol-
lowing main steps:

1. The configuration with HE A (no protrusion and pt= 7,35 mm) and
counter flow (CF) arrangement has been selected as reference case.
In particular, the CF layout was selected because representative of
practical applications [29–31].

2. Performances of the reference system in dry and wet operating
conditions were evaluated and obtained results compared.

3. Tests of IEC with HE A in PF arrangement were carried out and
results were compared with ones of the reference case, in order to
evaluate the effect of flows configuration.

4. Tests of IEC with HE B in CF layout have been performed and the
effect of plates pitch was therefore analysed.

5. Tests of IEC with HEs C, D and E in CF layout were carried out to
investigate the effect of protrusion geometry.

Experimental results are described and analysed in Section 4, fol-
lowing the aforementioned approach.

4. Experimental results

4.1. Test in dry conditions

In this section, performances in dry conditions of the five heat ex-
changers are measured and compared. The scope of this investigation is
to collect data about conventional heat exchange capacity of the de-
vices and, at the same time, to have reference information to under-
stand the behaviour of the devices in the further tests in wet conditions.

In Fig. 5, the dry bulb effectiveness of the five heat exchangers is

Table 2
Adopted conditions of dry, wet and pressure drop tests.

Tp,in [°C] Ts,in [°C] Xp,in [g/kg] Xs,in [g/kg] V̇Np,in [m3/h] V̇Ns,in [m3/h] ṁw [l/min]

D 35 20 5 5 1000;1100;1200 1000;1100;1200 –
W1 35 25 5 10 1800 900 3;4;5;7;9
W2 35 25 5 10 1800 1200 3;4;5;7;9
W3 35 30 5 13,5 1800 900 3;4;5;7;9
DP0 20 20 5 5 – 900;1200;1500;1800 –
DP5 20 20 5 5 – 900;1200;1500;1800 5
DP9 20 20 5 5 – 900;1200;1500;1800 9
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reported at balanced airflows. HE A shows the lowest εdb because of the
high plates pitch (pt = 7,35 mm), which leads to low total heat ex-
changer area at constant overall dimensions, and the absence of plates
protrusions, which leads to a low heat transfer rate. HE B presents the
highest effectiveness due to the low plates pitch (pt= 5 mm): in fact, as
reported in Table 1, in this device Atot is around 50% higher than those
of HEs A, C, D and E. In particular, εdb of HE B is around 8% higher than
that of HE A. Dry bulb effectiveness of HEs C, D and E, which are all
designed with the same plates pitch (pt = 7,35 mm) but with different
protrusions geometry, is always within the extreme values measured for
HE A and B. The presence of the protrusions increases the heat transfer
rate and εdb of HEs C, D and E is from 1% to 4% higher than that of HE
A. Although measured dry bulb effectiveness of HE D is the highest
among devices with high plates pitch (pt = 7,35 mm), the difference is
quite limited and within the experimental uncertainty. In addition,
quite obviously the dry bulb effectiveness of the five heat exchangers
always decreases with the airflow rate, due to the reduction in NTU.

Finally, it is highlighted that also the presence of the semi spherical
dimples, which are impressed in all channels of the five devices, con-
tributes to increase the heat transfer rate. Therefore, the effectiveness of
HEs A and B is higher (more than 10%) than the one of heat exchangers
with the same plates pitch and length but with perfectly flat surface
(dry bulb effectiveness estimated through heat transfer correlations
available in literature [32,33] and the εdb - NTU approach [34]).

4.2. Test in wet conditions

4.2.1. Effect of operating conditions
Although the scope of this study is the analysis of IEC systems based

on heat exchangers with different features, a concise investigation of
the effect of airflows conditions on performance is presented. The effect
of working conditions on system effectiveness has been deeply dis-
cussed in previous research papers [11,16,20] for similar IECs.

In Fig. 6 the wet bulb effectiveness of HE A is reported as a function
of the water flow rate for different operating conditions W1, W2 and
W3, as illustrated in Table 2. The following considerations are pointed
out:

• A raise in the water flow rate up to 6 l/min leads to an increase in
the wet bulb effectiveness. However, a further raise in ṁw,in (6–9 l/
min) doesn't increase the cooling capacity and εwb. Such trend can be
explained by considering that the additional water supplied to the
systems does not evaporate and tends to flow along the same pre-
ferential paths, without any significant increase in the wet fraction
of the channel area. For instance, in case W1, the humidity ratio

variation of the secondary airflow (Xs,out – Xs,in), which is a direct
indication of the evaporated water, is 6,1 g/kg at ṁw,in equal to 3 l/
min and reaches 6,4 g/kg when ṁw,in is increased to 7–9 l/min.
• The air inlet conditions influence the wet bulb effectiveness: at a
given water flow rate, εwb of test W3 is higher than one obtained in
test W1 in spite of the reduction of the primary air temperature
difference. For instance, at ṁw,in equal to 9 l/min, the process air
temperature variation in caseW3 is 5,8 °C while in caseW1 is 7,1 °C.
This trend can be explained considering that the secondary air inlet
wet bulb temperature of test W3 (Twb,s,in ~ 22 °C) is higher than one
of test W1 (Twb,s,in ~ 18 °C), leading to an increase in εwb due to the
reduction of denominator of Eq. (2).
• The secondary airflow rate influences the IEC wet bulb effectiveness:
the higher V̇s

N, the higher εwb. Comparing tests W1 and W2, which
are carried out with the same inlet air conditions but with different
secondary airflow rate (V̇s

N respectively equal to 900 m3/h and
1200 m3/h) it is possible to state that the heat exchange increases
with V̇s

N. This effect is mainly related to the secondary air inlet
temperature Ts,in, which is lower than the primary air inlet tem-
perature Tp,in. In this condition, the heat exchanged between the two
flows would increase also in dry conditions. Anyway, it should be
clarify that if Ts,in > Tp,in, an increase in V̇s

N doesn't necessarily lead
to an increase in εwb, as already discussed in literature [11]. Finally,
considering that the same Tp,in and Twb,s,in were adopted in tests W1
and W2, an increase in wet bulb effectiveness is directly related to
an increase in the primary air temperature variation (for example, at
ṁw,in equal to 9 l/min, in casesW1 andW2 the difference Tp,in – Tp,out
is respectively equal to 7,1°C and 7,6°C).

For a detailed discussion about the effect of the independent var-
iation of Ts,in, Xs,in, Twb,s,in and V̇s

N, which is not the scope of this work, it
is suggested to refer to previous experimental researches [11,16,20]. It
is highlighted that measured performance trends of this work are in
agreement with results of such studies, even if εwb values are not di-
rectly comparable because of the different configuration (plates geo-
metry, pitch and coating; air and water flow arrangement) and oper-
ating conditions of the IEC systems.

4.2.2. Effect of secondary airflow arrangement
In this section, the effect of water flow arrangement, namely counter

flow (CF) and parallel flow (PF), on wet bulb effectiveness and on

Fig. 5. Dry bulb effectiveness of the investigated five IEC systems.

Fig. 6. Effect of water flow rate and operating conditions (W1: Ts,in = 25 °C,
Xs,in = 10 g/kg, V̇N

s,in = 900 m3/h; W2: Ts,in = 25 °C, Xs,in = 10 g/kg,
V̇N
s,in = 1200 m3/h; W3: Ts,in = 30 °C, Xs,in = 13,5 g/kg, V̇N

s,in = 900 m3/h;) on
wet bulb effectiveness (HE A in CF arrangement).
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pressure drop is discussed. The analysis is carried out for IEC system
with HE A.

In Fig. 7, wet bulb effectiveness against water flow rate is plotted for
CF and PF arrangement (test W1). At a given ṁw,in, εwb obtained with
parallel water and secondary air flow is significantly higher (around
4%) than the one obtained in CF configuration. Such experimental data
seem to be in contrast with numerical results available in literature
[17,35], which suggest a counter flow configuration to increase system
performance (at a given wet surface fraction). This difference can be
explained considering that in the actual system, in PF arrangement, the
water distribution on heat exchanger plates is promoted by the airflow
and, therefore, the average wettability factor is different from CF con-
figuration. In addition, in PF arrangement water droplets are not
dragged outside the system but they are forced to pass in the heat ex-
changer channels with, consequently, an increase in plates wet surface
fraction.

Finally, according to explanation reported in Section 4.2.1, in both
cases only a raise in the water flow rate up to 6 l/min leads to an in-
crease in the wet bulb effectiveness.

In Fig. 8, pressure drop versus secondary airflow rate is shown in
dry condition (DP0) and with water flow rate equal to 5 l/min (DP5)
and to 9 l/min (DP9) for CF and PF arrangement. The following con-
siderations are highlighted:

• Quite obviously, the higher the secondary airflow rate, the higher
the pressure drop (due to the increase in the air velocity along the
channels).
• In dry conditions, pressure drop is clearly not dependent on flows
arrangement. Pressure drops in DP0 conditions of CF and PF con-
figurations are overlapped.
• At a given secondary airflow rate, pressure drop in PF arrangement
is almost independent on water flow rate. This can be explained by
the fact that the water film distribution is promoted by the air, as the
two streams flow in the same direction, and thin water layer doesn't
reduce significantly the air channel section.
• At a given secondary airflow rate, pressure drop in CF arrangement
strongly depends on water flow rate. This phenomenon can be ex-
plained considering that water and air move in opposite direction,
leading to an instability of the water flow front that creates a barrier
to the air stream, with consequent high pressure drop in wet mode.
• In CF configuration, pressure drops in tests DP5 and DP9 are similar.
This phenomenon is probably related to the similar wavy water
flows, which lead to a comparable pressure drop.

4.2.3. Effect of plates pitch
In order to evaluate how heat exchanger pitch influences the per-

formance of the IEC system, wet bulb effectiveness and pressure drop of
HEs A and B are compared. According to data reported in Table 1, the
two devices differ for the plates pitch: 7,35 mm for HE A and 5 mm for
HE B.

Fig. 9 shows the wet bulb effectiveness of the two systems against
water flow rate in test W1. In these operating conditions, εwb of HE B is
always higher (around 10%) than the one of HE A: such significant
difference is mainly due to the higher dry bulb effectiveness, which is
related to the larger heat transfer area.

It is highlighted that HE B has been tested also in PF configuration.
In this case, wet bulb effectiveness is around 2–3% higher than one in
CF arrangement in the entire 3–9 l/min water flowrate range. Results
are in agreement with ones of HE A discussed in Section 4.2.2.

In Fig. 10, pressure drops of HEs A and B are shown in dry and wet
test conditions. In dry conditions (test DP0), at a given airflow rate, the
highest ΔPs is measured in case of HE B, due to the higher friction
factor. When water is supplied to the system (tests DP5 and DP9), a
significant increase in pressure drop is observed for both devices, ac-
cording to the considerations already reported in Section 4.2.2.

4.2.4. Effect of plates geometry
In this section, a comparison of performance of HEs A, C, D and E is

discussed. Main characteristics and geometric data of heat exchangers
are reported in Table 1. Since the plates protrusion geometry (flat for
HE A, pyramid for HE C, pyramid with additional deflectors for HE D,
lattice for HE E) is the only difference among the four devices, it is
possible to investigate how it influences the performance in wet oper-
ating conditions. As shown in Fig. 11, for a given ṁw,in, the wet bulb
effectiveness is similar in the four case studies, with a difference be-
tween best and worst apparatus of 2%. It is highlighted that:

• Although HE A shows the lowest dry bulb effectiveness (Fig. 5),
performance in wet conditions is close to ones of HEs C and E. The
nearly flat plate channel geometry doesn't promote heat transfer but
it enhances the formation of a uniform water film and, therefore, it
promotes water evaporation due to the higher fraction of wet sur-
face.
• In wet conditions HE D performs worse than HE C even if the dry
bulb effectiveness is higher. Therefore, deflectors introduced along
the protrusion do not effectively promote water film formation.
• HE E seems to be a good compromise among the different in-
vestigated protrusion geometries. The reticular pattern contributes

Fig. 7. Effect of water flow rate and airflow arrangement (CF: Counter Flow;
PF: Parallel Flow) on wet bulb effectiveness (HE A in test condition W1).

Fig. 8. Effect of water and air flow rate and airflow arrangement (CF: Counter
Flow; PF: Parallel Flow) on pressure drop (HE A).
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at the same time to increase the heat transfer and to promote the
water film formation.

Further tests of HEs C, D and E in downward secondary airflow
arrangement (PF) have been carried out (condition W1). Results high-
light that also in this configuration εwb is around 4–6% higher than in
CF layout in the entire water flowrate range, as discussed in section
4.2.2 for HE A. Finally, a few tests in CF arrangement and in condition
W2 (high secondary airflow rate) have been carried out: at ṁw,in equal
to 9 l/min, the wet bulb effectiveness of HE D and E is respectively
47,6% and 49,1%. Therefore, the increase in εwb is comparable with one
of HE A discussed in Section 4.2.1.

In Figs. 12 and 13, pressure drops in dry and wet conditions of the
four heat exchangers are shown:

• In tests DP0 (no water supplied to the system), HE A shows the
lowest pressure drop due to the limited variation of the velocity field
along the channels. Instead, HE C and HE D, which have a similar
pyramidal protrusion, present the highest pressure drop mainly
because of the highest protrusion height.

Fig. 9. Effect of water flow rate and plates pitch (HE A: 7,35 mm; HE B:
5,00 mm) on wet bulb effectiveness (test W1, CF arrangement).

Fig. 10. Effect of water and airflow rate and plates pitch (HE A: 7,35 mm; HE B:
5,00 mm) on pressure drop (CF arrangement).

Fig. 11. Effect of water flow rate and plates geometry (HE A: Flat; HE C:
Pyramid A; HE D: Pyramid B; HE E: Reticular) on wet bulb effectiveness (test
W1, CF arrangement).

Fig. 12. Effect of water and air flow rate and plates geometry (HE A: Flat; HE C:
Pyramid A; HE D: Pyramid B; HE E: Reticular) on pressure drop in dry and wet
conditions (CF arrangement).

Fig. 13. Effect of water and air flow rate and plates geometry (HE A: Flat; HE C:
Pyramid A; HE D: Pyramid B; HE E: Reticular) on pressure drop in wet condi-
tions (CF arrangement).
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• In wet conditions (DP5 and DP9), HE C shows the smallest pressure
drop. This is probably due to the fact that the pyramids tend to
break the wave front created by the two-phase counter flow, di-
verting the water to the lateral zone of the channels. This phe-
nomenon allows to reduce the obstructed channels cross section
and, therefore, to slightly limit pressure drop. HE A shows the
highest pressure drop due to the flat geometry that does not guide
water to the lateral area of the cannel, leading to flow instabilities
reported in Section 4.2.2.
• The presence of deflectors along channels does not influence sig-
nificantly the pressure drop, being measurements of HE D similar to
those of HE C.

5. Conclusions

In this research, five indirect evaporative cooling systems have been
investigated. Each system is characterized by a heat exchanger with
different plates geometry. Experimental tests have been carried out in
several dry and wet conditions and in different flows arrangement.
System performance is evaluated in typical operating conditions of data
centers. Hereinafter, main obtained results are summarized:

• Flat plates geometry promotes the surface wettability but does not
guarantee high heat transfer rates and an adequate system stiffness.
• Complex plates protrusions tend to enhance the heat transfer but, at the
same time, to limit the formation of a wide and uniform water layer.
• The reticular protrusion appears to be a good compromise between
overall heat transfer, wettability and stiffness of plates.
• Tests results highlight that the parallel water and air flows ar-
rangement lead to higher wet bulb effectiveness and lower pressure
drop compared to the counter flow configuration.
• In all configurations, the optimal water flow rate is around 5–9 l/
min. No significant differences among the five IECs are observed.
• In the parallel flow configuration, pressure drop is almost in-
dependent on water flow rate. On the contrary, in counter flow ar-
rangement the presence of the water significantly increases the
pressure drop.
• In the investigated conditions, HE E provides higher dry bulb ef-
fectiveness (up to 2%) and wet bulb effectiveness (up to 1%) com-
pared to HE A. Pressure drop is lower in wet conditions (up to
−30%) and higher in dry conditions (up to 50%). In addition, plates
stiffness is significantly increased.
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