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Abstract: Air-to-air indirect evaporative cooling (IEC) systems are particular heat exchangers that
use the latent heat of evaporation of water to cool down an air stream, without increasing its specific
humidity, thus guaranteeing adequate thermohygrometric conditions in the refrigerated environment
with low energy consumption. Dew-point indirect evaporative cooling (DIEC) systems are based on
the IEC technology, but they recirculate a part of the air taken from the room to be refrigerated, in
order to possibly achieve a lower air temperature. IEC and DIEC systems are becoming increasingly
common these years, as they can ensure a good efficiency, minimizing the environmental impact of
the air-conditioning system. Consequently, it has been necessary to develop models, both analytical
and numerical, to quickly and accurately design this type of system and to predict their performance.
This paper presents a review of the analytical and numerical models developed specifically for
IEC and DIEC systems, highlighting their method, main innovations and advantages, and possible
limitations. From this analysis, it emerged that analytical models have been developed since the
late 1990s and only few of them are suitable for DIEC heat exchangers, while numerical models
for both IEC and DIEC systems are gaining popularity in recent years. Almost all the analyzed
models have been validated by comparison with numerical and/or experimental data, showing
a maximum discrepancy within 10% in the majority of the cases. However, the validations were
performed for a few specific cases, so in real applications it might be difficult to associate the model
boundary conditions and the heat exchangers operating conditions, such as nozzles orientations,
plates materials, water flow rates, and configurations. Another common limitation concerns the
modeling of some properties, as wettability factor and air density, which might affect the accuracy of
the results.

Keywords: indirect evaporative cooling; dew-point indirect evaporative cooling; analytical modeling;
numerical modeling; computational fluid dynamics

1. Introduction

At present, heating, ventilation, and air conditioning (HVAC) systems have become
essential for individuals residing in both developed and developing nations, consequently
constituting a substantial portion of global primary energy consumption [1]. Specifically,
the energy usage associated with indoor cooling has gained greater significance compared
to a few decades ago, owing to the increased demand for optimal comfort conditions and
the rise in average outdoor temperatures caused by climate change [2]. For these reasons,
innovative types of air conditioning systems that can minimize the environmental footprint
in comparison to conventional ones are gaining popularity.

In this particular context, evaporative cooling, which is based on the transfer of heat
and mass between air and water [3], emerges as a highly promising solution, as it gives
the possibility to use the latent heat of vaporization of water to refrigerate the air. There
are two main types of evaporative cooling: direct evaporative cooling (DEC) and indirect
evaporative cooling (IEC). DEC systems cool the air by adding moisture to it, whereas
IEC systems can refrigerate the environment without increasing its humidity ratio [4]. As
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a result, IEC systems are particularly well-suited for a wide variety of applications [5],
such as: residential buildings [6], agricultural storage and livestock air-conditioning [7],
greenhouses [8], and pharmaceutics [9].

In the last few years, two types of IEC systems have become of great interest for
engineering applications: the regular indirect evaporative cooling system, and the dew-
point indirect evaporative cooling (DIEC) system. In particular, the DIEC working principle
is an improvement of the IEC technology. In fact, the IEC system allows the product air to
be cooled down to the wet-bulb temperature of the working air, while the product air in
the DIEC system can reach the dew-point temperature of the working air [10].

Many review studies concerning evaporative cooling have been conducted in recent
years. In particular, Glanville et al. [11] studied the evolution of DIEC systems perfor-
mance, in the context of the evaporative cooling technology development. Duan et al. [12]
presented a comprehensive description of the IEC working principle, performance pa-
rameters, operating conditions, and possible future developments, also describing many
studies concerning experimental analyses, models, and social-technical aspects, such as
cost, environmental impact, life-cycle assessment, and potential market barriers. Wani
et al. [13] analyzed the energy saving possibilities of applying the Maisotsenko cycle (M-
cycle) in evaporative cooling applications. Amer et al. [14] described in detail the DEC, IEC,
and combined DEC/IEC systems, with a particular focus on their possible applications.
Porumb et al. [3] analyzed the main evaporative cooling technologies, presenting their
construction principles, flow schemes, working conditions, performance parameters, and
possible applications in different sectors. Cuce et al. [15] described the working principle,
thermal performance, and environmental impact of some evaporative cooling systems,
with a particular focus on their advantages and disadvantages in building applications.
Mahmood et al. [16] presented an overview of the M-cycle and its applications in HVAC sys-
tems, comparing this technology with the traditional evaporative cooling. Yang et al. [17]
analyzed the possibility of improving the evaporative cooling systems performance through
enhanced systems, based on the use of desiccants and/or membranes, which can lead to
the design of new smaller cooling devices. Sofia et al. [18] presented the DEC, IEC, and
combined DEC/IEC technologies, investigating the possibility of adding heat pipes to
evaporative coolers, in order to improve their performance. Sajjad et al. [1] described in
detail a large number of IEC configurations and their possible combinations, also analyzing
the effects of system geometry, working conditions, and plates material on the cooling
performance. Lv et al. [10] investigated different types of porous materials used for IEC
systems, comparing their performance and suggesting how to model them. Pacak and
Worek [19] analyzed the working principles, performance parameters, and applications
of the DIEC technology, describing some experimental studies, numerical and analytical
models, and optimization techniques. Yang et al. [20] presented an in-depth description
of the possible IEC geometries and configurations (including hybrid IEC systems), with a
particular focus on the choice of materials and spray water systems which can improve the
performance. Zhu et al. [21] described the working principle and characteristics of DIEC
systems, analyzing their applications, modeling techniques, and available experimental
works. Finally, Kapilan et al. [22] presented a review work concerning the characteristics,
working principle, and possible future applications of evaporative cooling systems. How-
ever, in each of these studies there is no more than a small section dedicated to describing
IEC system modeling techniques. Consequently, to date, this topic has not been analyzed
in sufficient depth in the literature.

As the IEC technology is becoming widespread, there have been many attempts of
modeling a complete IEC system or only a part of it, both through analytical and numerical,
especially computational fluid dynamics (CFD), models. Therefore, the scope of this review
is to provide a comprehensive description of the different types of models developed to
predict the behavior and performance of IEC and DIEC systems, highlighting the current
limits and possible future developments in the field. This work can be useful to direct
future research towards what is missing in the field of IEC system modeling, namely as a
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practical guide to quickly understand what has already been done and what is lacking in
this area.

The study was conducted through an accurate research based on keywords in the
main databases available online.

2. IEC Systems

During the operation of an IEC system, the primary (or product) air enters a dry
channel, while the secondary (or working) air enters a wet channel, adjacent to the dry
one [12]. The channels are separated by a thin heat exchanging wall, which can be made of
different materials [4]. Water is delivered by a pump and it is sprayed on the wet channels,
in order to generate a film over the plate surface [20].

The wet channel receives heat from the dry channel thanks to the evaporation of the
water film on the wet side of the plate, and thus the primary air is cooled down, while the
secondary air is heated, as it absorbs the latent heat of vaporization of water [12]. Then,
the cooled primary air is released into the room to be conditioned, and the secondary air is
exhausted outside the building.

There are many indicators used to evaluate the performance of an IEC system, but
the most common are the wet-bulb effectiveness, εwb, the dew-point effectiveness, εdp, the
cooling capacity, Q̇c, and the coefficient of performance, COP [20]. These performance
indicators are defined as:

εwb =
TP,IN − TP,OUT

TP,IN − TS,IN,wb
(1)

εdp =
TP,IN − TP,OUT

TP,IN − TS,IN,dp
(2)

Q̇c = ṁPcp,P(TP,IN − TP,OUT) (3)

COP =
Q̇c

Ẇ
(4)

where: TP,IN is the primary air inlet temperature, TP,OUT is the primary air outlet tem-
perature, TS,IN,wb is the wet-bulb temperature of the secondary air at the inlet, TS,IN,dp is
the dew-point temperature of the secondary air at the inlet, ṁP is the primary air mass
flow rate, cp,P is the specific heat at constant pressure of the primary air, and Ẇ is the
mechanical power.

According to the airstreams directions, IEC systems are classified into two categories:
counter-flow and cross-flow [20]. As parallel-flow IEC systems have the same drawbacks
of the counter-flow ones, but with a lower effectiveness than cross-flow systems, their
application has been limited, especially in recent years.

As shown in Figure 1, in a counter-flow configuration the primary air (red) and the
secondary air (blue) flow parallel in opposite directions, while in a cross-flow configuration
the two airstreams are perpendicular to each other [23]. As a consequence, an IEC system
in counter-flow configuration can be modeled by using a simple one-dimensional (1-D)
model, but when the configuration is cross-flow, at least a two-dimensional (2-D) model is
needed [20]. Even if counter-flow heat exchangers are potentially easier to model and have
a higher effectiveness with respect to cross-flow heat exchangers under the same working
conditions, a pure counter-flow heat exchanger is not easy to embed in the limited space
available in most HVAC systems [24]. For these reasons, both cross-flow and counter-flow
IEC are used in many fields, and the choice between them depends on the requirements
in each specific application. Therefore, it is necessary to develop models for both the
counter-flow and the cross-flow configuration.
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Figure 1. Schemes of two channels of IEC systems in counter-flow (top) and cross-flow (bottom)
configurations.

2.1. Analytical Models

Analytical models for predicting the performance of IEC systems have always been
widespread, as they are usually quite simple and have a relatively low computational cost.

One of the first analytical models for IEC systems was developed by Alonso et al. [25]
in 1998. This model, which could be used for all types of IEC systems, is based on some
simplifying assumptions, such as: absence of heat exchange between the IEC system and
the environment, negligible viscous dissipation, stable and incompressible flow, constant
mass flow rates in the channels, constant latent heat of vaporization of water, surfaces
of the channels completely, and uniformly wetted by water. The equations used in the
model are the heat and mass transfer equations applied to an infinitesimal element of
an IEC system, which is assumed to be equivalent to the complete IEC heat exchanger.
The main novelty introduced by this work is the definition of an equivalent temperature
that allows to study the flows of primary and secondary air independently. This model
was validated against experimental results found in literature, and the average difference
between the temperatures obtained through the model and the experimental data was
0.54 °C. Even though the model is quite versatile and can be used for all types of IEC
systems, the assumption of stable flow with constant air density can affect the accuracy of
the results when the plate geometry is complex and the temperature variations are large.
Moreover, an IEC system plate that is completely and uniformly wetted by water is the best
case scenario, and it can be a good description of reality only if the water flow rate is very
high, namely if in the heat exchanger wet channels there is always excess water. However,
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in many real applications it is necessary to define the wetted surface fraction, which will
likely be lower than one. Therefore, this model will most likely overestimate the cooling
performance with respect to experimental data.

In the same period, Stoitchkov and Dimitrov [26] developed a model to calculate
the effectiveness of cross-flow IEC systems with a flowing down water film. The authors
presented a correction method for the effectiveness, based on the work of Maclaine-Cross
and Banks [27]. Moreover, they estimated the mean surface water temperature and also
took into account the barometric pressure. For all these reasons, this model provides an
effective and fast procedure to predict the performance of wet surface heat exchangers. The
wet-bulb effectiveness results obtained through the model were compared with the ones
obtained through a software developed for a model with a flowing down water film, and
the percentage error was in the range 1.85–3.84%. However, this model is suitable only
for cross-flow IEC systems in which water is delivered from the top of the heat exchanger.
Furthermore, the flow velocities are assumed to be uniform, which is a good approximation
if the plates are flat and smooth, but it may lead to an accuracy reduction when obstacles
are present in the channels.

A more accurate analytical model for predicting the performance of parallel-flow and
counter-flow IEC systems was developed by Ren and Yang [28]. In this model, the values
of the Lewis number, namely the ratio between the thermal and mass diffusivities, and
the surface wettability factor, namely the ratio between the wet and total area of a plate,
are not necessarily enforced as unitary, thus guaranteeing a more accurate prediction of
the real system behavior with respect to other simplified models. Moreover, the effects of
spray water evaporation, temperature changes, and enthalpy variations were also taken
into account, in order to avoid the loss of accuracy due to an excessive simplification of
the model. The results obtained through the analytical solution, viable under a few minor
simplifications, for some typical initial and boundary conditions were compared with the
ones obtained through numerical integration, showing a very good agreement between
them. In particular, the average percentage error for the outlet temperatures and for the
humidity ratio of the secondary air were in the range 0.24–0.64%. As this model is based on
one-dimensional differential equations, it is not suitable for cross-flow IEC systems, which
would require analyzing two different flow directions.

Another simplified model was developed by Heidarinejad and Bozorgmehr [29] to
compare the performance of an IEC system when operating in parallel-flow, counter-
flow, and cross-flow configurations. This model was based on the following assumptions:
absence of diffusion in the flow direction; perfect insulation of the system (adiabaticity);
constant specific heats; constant heat and mass transfer coefficients; unitary Lewis number;
isothermal plate wall, water film, and air/water interface; uniform spray water temperature
along the channel. The results obtained through numerical integration of the equations of
the model were compared with some literature experimental data regarding cross-flow IEC
systems, and the efficiency obtained using the model was always within the experimental
error of the literature results. Even if this model can be used for all types of IEC heat
exchangers, thus being quite versatile, some of its simplifying assumptions can affect the
accuracy of the results. In particular, assuming that the plate wall, water film, and air/water
interface have the same temperature means that the surface is considered uniformly and
fully wetted. However, as previously mentioned, this is the best case scenario, but it is not
common in real applications.

An analytical model based on the effectiveness, the number of transfer units (ε-NTU)
method, was developed by Hasan [30]. In this work, the author made some adjustments
to the traditional ε-NTU method used for sensible heat exchangers, in order to make it
suitable for IEC systems. In particular, the saturation temperature-enthalpy relation of
air was assumed to be linear, and the potential gradients were redefined to be based on
the modified enthalpy gradients. Furthermore, the heat capacity rate parameters and the
transfer coefficient were also redefined. The model, which can be used for parallel-flow and
counter-flow IEC systems, was validated against experimental measurements available in
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literature, and the results showed a maximum error on the temperature of the product air
of 7.4%. However, it is assumed that the wettability factor is unitary, and it is not specified
whether this model can be used for cross-flow IEC systems, choosing a proper equation for
the effectiveness, or whether it is not suitable for this type of application.

Additionally, Liu et al. [31] proposed a modified ε-NTU method for modeling IEC
systems, potentially of any kind. In this case, the difference between this model and the
traditional ε-NTU method for sensible heat exchanger is based on the iterative estimation
of the ratio between the enthalpy change and the temperature change in the wet side of
the IEC system. The model was validated by comparison with experimental data found
in literature and the primary air temperature differences were always below 2 °C for both
the test cases. According to the authors, this model is made to be a practical instrument
for the design of IEC heat exchangers. Therefore, it should satisfy the requirements of
simplicity of input data, the ability to model different types of operating conditions, and
short computational time. For these reasons, the model is based on some simplifying
assumptions that may reduce the accuracy of the results, as considering steady flows with
constant air density, and unitary wettability factor.

An analytical model based on the logarithmic mean temperature difference (LMTD)
method was developed by Cui et al. [32]. As for the models based on the ε-NTU method,
in this work the traditional LMTD method developed for sensible heat exchangers was
modified in order to be used for IEC systems. In particular, the ratio between the enthalpy
and the wet-bulb temperature, the modified overall heat transfer coefficient, and the
driving-force based on the wet-bulb temperature were introduced to take into account
the latent heat transfer due to water evaporation. This model, which could be used for
any type of IEC system, was validated against experimental data available in literature,
and the difference with respect to the experimental results was always within 8% in terms
of wet-bulb effectiveness. It is worth mentioning that this model requires a very short
computational time. Therefore, it can be used as a practical tool for early design and
performance analysis of IEC systems. However, it is assumed that the wettability factor is
unitary, thus potentially affecting the accuracy of the model results.

Another model based on the ε-NTU method and suitable only for counter-flow IEC
systems was developed by Chen et al. [33]. The main innovation introduced by this work
is that it takes into account the possible condensation on the dry side of the heat exchanger
plates, which could be a significant aspect to consider in humid areas. In particular, the
model can be used for the three cases of non-condensation, partial condensation, and
complete condensation, thus being very accurate in all these regimes. The validation of the
model was made by comparison with numerical and experimental data from literature. The
results showed average discrepancies in the range 2–4% in terms of outlet air temperature
and humidity. Even if this model takes into account more physical aspects than the previous
ones, it is again assumed that the wettability factor is unitary, thus potentially leading to a
loss of accuracy. Moreover, the model was developed only for counter-flow IEC systems,
so parallel-flow and cross-flow configurations are not considered.

In the same period, Heidarinejad and Moshari [34] presented an analytical model that
can be potentially used for all kinds of IEC systems. The novelty introduced by this work is
the consideration of longitudinal heat conduction and the effects of the change of water
temperature along the plates surfaces in cross-flow configuration. The equations used for
this model are the coupled heat and mass transfer differential equations, which are solved
through an iterative method. The results obtained by using this model were compared with
experimental data available in the literature and the validation was quite satisfactory, with
an error on the primary air outlet temperature always within 3%. However, air is assumed
to have constant density, thus potentially reducing the accuracy of the solution in some
cases with large temperature variations.

A phenomenological model that can be used for each type of IEC system was devel-
oped by De Antonellis et al. [35,36]. This model, based on the one of Ren and Yang [28], also
takes into account the effect of the adiabatic cooling of the working air in the inlet plenum
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and the wettability of the plates. In their works, the authors also present the methodology
and results of an extensive experimental campaign conducted on cross-flow IEC systems.
A part of these experimental data is used for the model calibration, and the rest is used for
validation. The results obtained through the model were within the experimental error for
all the test cases. Nevertheless, this is an empirical model, so it has been validated through
experimental data obtained in cases with the same heat exchanger and similar working
conditions to the cases used for calibration. Therefore, further analyses would be needed to
fully assess whether this model can be used for different types of IEC systems, and how to
modify the calibration parameters in these cases.

In another work of Moshari and Heidarinejad [37], the authors presented an analytical
model for the estimation of the pressure drop in counter-flow and cross-flow IEC systems.
In this study, the impact of different fin heights on the pressure drop and, consequently, on
the power consumption was evaluated, showing that a decrease in the fin height produces
an increase in the pressure loss. The model was validated against experimental data from
literature, and the comparison of the results showed a maximum error of 3% in terms of
temperatures, and of 10% in terms of pressure drop. However, the accuracy of the results
may be affected by the assumption of unitary surface wettability factor.

In the work of Comino et al. [38], the authors developed two models for predicting the
behavior and performance of any type of IEC systems: a simplified model (SM), based on a
first order linear regression approach, and a detailed model (DM), based on the heat and
mass transfer equations. These models take into account the effect of variable water flow
rate, which can be relevant in the prediction of the system performance. As in the works
of De Antonellis et al. [35,36], a part of the experimental data acquired by the authors and
concerning a cross-flow IEC system is used to calibrate the model, and the others are used
for validation. The results showed a quite good agreement between the models and the
experiments, with a discrepancy in terms of wet-bulb effectiveness always below 3.4% for
the SM and 2.1% for the DM. Furthermore, the results obtained through the SM and the
DM were very similar in all the test cases, thus making the SM a fast and quite accurate
tool for early design of IEC systems. However, this empirical model was validated and
calibrated through experimental results obtained with the same heat exchanger and similar
working conditions. Consequently, more extensive validation campaigns would help to
show whether this model can be used for different types of IEC systems, and how the
calibration variables change in these cases.

Finally, Zheng et al. [39] proposed a 2-D analytical model for cross-flow IEC systems,
also taking into account the condensation from fresh air on the dry side of the system
plates. The main innovation introduced by this model is that the thermal resistance of
the condensate film is considered. The validation was made against experimental data
acquired by the authors and the results showed a maximum discrepancy always below 10%
for outlet air conditions. However, the accuracy of the results might be reduced because of
the assumption of unitary wettability factor.

The works presented in this subsection are summarized in Table 1.

Table 1. Summary of the analytical models for IEC systems.

Paper Type of IEC System Innovations and
Advantages Validation Possible Limitations

Alonso et al. (1998) [25] All

Equivalence between
an infinitesimal
element of a IEC

system and a complete
heat exchanger;
definition of an

equivalent temperature

Experimental from
literature

Assumptions of steady
flow with constant air
density, and surface

wettability factor equal
to one
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Table 1. Cont.

Paper Type of IEC System Innovations and
Advantages Validation Possible Limitations

Stoitchkov and
Dimitrov (1998) [26] Cross-flow

Estimation of the mean
surface water
temperature;

consideration of the
barometric pressure

Numerical from the
authors

Model suitable only for
cross-flow IEC systems
with a flowing down

water film; assumption
of uniform flow

velocities

Ren and Yang
(2006) [28]

Parallel-flow and
Counter-flow

Non-unitary Lewis
number and wettability
factor; consideration of

spray water
evaporation,

temperature changes,
and enthalpy variations

Numerical from the
authors

Not suitable for
cross-flow IEC systems

Heidarinejad and
Bozorgmehr (2007) [29] All

Simplification
assuming isothermal
plate wall, water film,

and air/water interface

Experimental from
literature

Implicit assumption of
uniformly wetted

surface

Hasan (2012) [30] Parallel-flow and
Counter-flow

Linear saturation
temperature-enthalpy

relation; redefinition of
potential gradients,
heat capacity rate
parameters, and

transfer coefficient

Experimental from
literature

Assumption of unitary
wettability factor;

non-consideration of
cross-flow IEC systems

Liu et al. (2013) [31] All

Iterative estimation of
the enthalpy

change/temperature
change ratio in the wet

channels

Experimental from
literature

Assumptions of steady
flows with constant air

density, and unitary
wettability factor

Cui et al. (2014) [32] All

Introduction of
enthalpy/wet bulb

temperature ratio, of a
modified overall heat

transfer coefficient, and
of a driving-force based

on the wet-bulb
temperature

Experimental from
literature

Assumption of unitary
wettability factor

Chen et al. (2015) [33] Counter-flow
Consideration of the

possible condensation
in the dry channels

Numerical and
experimental from

literature

Assumption of unitary
wettability factor;

non-consideration of
parallel-flow and

cross-flow
configurations

Heidarinejad and
Moshari (2015) [34] All

Consideration of
longitudinal heat

conduction and the
change of water

temperature along the
plates surfaces in

cross-flow
configuration

Experimental from
literature

Assumption of
constant air density
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Table 1. Cont.

Paper Type of IEC System Innovations and
Advantages Validation Possible Limitations

De Antonellis et al.
(2017) [35,36] All

Consideration of the
adiabatic cooling of the
working air in the inlet

plenum and of the
wettability of the plates

Experimental from the
authors

Same heat exchanger
and similar working

conditions for
calibration and

validation

Moshari and
Heidarinejad

(2017) [37]

Counter-flow and
Cross-flow

Evaluation of the
impact of different fin

heights on the pressure
drops and,

consequently, on the
power consumption

Experimental from
literature

Assumption of unitary
wettability factor

Comino et al.
(2018) [38] All

Consideration of the
effects of variable water

flow rate

Experimental from the
authors

Same heat exchanger
and similar working

conditions for
calibration and

validation

Zheng et al. (2019) [39] Cross-flow
Consideration of the
thermal resistance of
the condensate film

Experimental from the
authors

Assumption of unitary
wettability factor

2.2. Numerical Models

In recent years, numerical models have become increasingly common, mainly due to
the need for greater precision than what is obtainable with analytical models, often based
on very strong assumptions. However, at present, the investigations in this field have been
conducted by a limited number of research groups.

In the work of Wan et al. [40], the authors presented a CFD 2-D steady-state model
for a IEC system in counter-flow configuration. The heat and mass transfer equations
in this 2-D model were discretized through the finite volume method (FVM) and solved
using the software package Ansys Fluent 6.3. The results obtained through the numerical
model were used as inputs for the 1-D analytical model developed by Ren and Yang [28],
in order to analyze the average Nusselt and Sherwood numbers. Therefore, the numerical
2-D model was used to improve the accuracy of the results of an already existing 1-D
analytical model. The validation of this numerical model was achieved by comparison
with numerical results available in literature concerning a counter-flow wet surface heat
exchanger. The comparison showed a very good agreement, with a discrepancy in the
range 0.75–1.94% in terms of dimensionless temperature. Nevertheless, this model is based
on some assumptions that may affect the accuracy of the results, as constant air density
and unitary surface wettability factor. Furthermore, the model was developed only for
counter-flow IEC systems, thus neglecting parallel-flow or cross-flow configurations.

You et al. [41] developed a CFD three-dimensional (3-D) steady-state model to evaluate
the influence of some design parameters on the performance of cross-flow IEC systems.
In this model, the fluids are assumed to be incompressible, with constant thermophysical
properties; the flow is approximated as laminar; the wettability factor is assumed to be
unitary; the thickness and resistance of the water film is neglected; and condensation
on the dry side of the IEC system plates is considered. The evaporation–condensation
coefficient is determined by taking a set of experimental working conditions and choosing
the value of the coefficient in the condition for which the numerical and experimental
results coincide. The equations were discretized through the FVM and solved using the
software Ansys Fluent. The model was validated against experimental data acquired by the
authors, showing a maximum difference between the numerical and experimental outlet
primary air temperature and humidity of 5%. As in other models, air is assumed to have
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constant density, and the surface wettability factor is assumed to be unitary, thus potentially
affecting the accuracy of the results. Moreover, the model is developed for cross-flow IEC
heat exchangers, so parallel-flow and counter-flow systems have been neglected.

In the work of Min et al. [42], the authors presented a 2-D steady-state numerical
model for cross-flow IEC systems, considering the possible condensation on the dry side of
the plates. This model, based on a modified ε-NTU method, is used to make a thorough
performance comparison between cross-flow and counter-flow IEC systems, under the
complete condensation state. Furthermore, the authors performed an optimization of
the design parameters under the three states of non-condensation, partial condensation,
and complete condensation for both the counter-flow and cross-flow heat exchangers, in
order to find the geometrical parameters that guarantee the best performance of the IEC
system. The equations were discretized through the finite difference method (FDM), using
a second-order central scheme. The model was validated by comparison with numerical
and experimental data from literature. The results showed a fairly good agreement for
the temperatures of the primary air, secondary air, and plates surface, with a maximum
discrepancy of 3.6%. However, the results in terms of effectiveness showed a maximum
discrepancy of 12%. The accuracy of the results is most likely affected by some simplifying
assumptions, as constant air density, and unitary wettability factor. Furthermore, this
model was developed for cross-flow IEC heat exchangers, thus neglecting the parallel-flow
and counter-flow configurations.

Wan et al. [43] developed a 2-D steady-state numerical model for the evaluation of
the heat and mass transfer coefficients in counter-flow IEC systems. This model takes
into account the possible condensation on the dry side of the IEC system plates, and the
possibility of a non-unitary Lewis number. The main innovation introduced in this work
is the use of a CFD model to conduct a single-factor and then a multiple-factor analysis
based on the orthogonal test method on the main design parameters, in order to improve
the correlations for the mean heat and mass transfer coefficients. The equations were
discretized by using the finite element method (FEM), and solved through the software
COMSOL Multiphysics. In order to validate the model, the results were compared with
experimental data from literature in a wide range of working conditions. The results
showed a maximum discrepancy of 6.7% on the outlet primary air temperature, and of
4.1% on the outlet primary air relative humidity. Nevertheless, it is assumed that air has
constant density and that the surface wettability factor is unitary, thus potentially reducing
the accuracy of the results. Moreover, the only configuration considered in this work is the
counter-flow one, while parallel-flow and cross-flow IEC systems have been neglected.

Another 2-D steady-state numerical model for the analysis of heat and mass transfer
in cross-flow IEC systems was developed by Guo et al. [44]. The model is used to evaluate
the effect of the condensation area ratio on the heat exchanger performance, showing
that the wet-bulb efficiency of the system decreases when the condensation area ratio
increases. The equations of the model were discretized through the FDM and solved by
the MATLAB software. The model was validated by comparison with experimental data
presented in the same work, and the results showed a maximum difference of 8.6% between
numerical and experimental data. The accuracy of the results is most likely affected by
some simplifying assumptions used for the model development, such as unitary wettability
factor. Furthermore, the model is developed for cross-flow IEC heat exchangers, so it does
not consider parallel-flow or counter-flow systems.

In the work of Adam et al. [45], the authors proposed a steady-state numerical model
for cross-flow IEC system. This model was used to evaluate the influence of some parame-
ters on the effectiveness of the heat exchanger, with a particular focus on the wettability
factor, which was modeled as in the work of De Antonellis et al. [35]. The equations were
discretized by using the forth-order Runge-Kutta method (RK4). The model was validated
against experimental data available in literature, and the results showed a maximum tem-
perature difference of 0.44 °C between numerical and experimental data. However, this
model was developed for cross-flow IEC systems, thus neglecting the parallel-flow and
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counter-flow configurations. Moreover, the surface wettability factor calculation is based
on the results of an empirical model, with all the previously described limitations.

Shi et al. [46] presented a steady-state 3-D numerical model, that can be used to ac-
curately analyze the behavior and performance of cross-flow IEC systems, allowing the
user to assess the energy-saving performance of the system. The use of a 3-D model allows
to take into account the non-uniformity in temperature and humidity along the channel
width, thus ensuring a better accuracy than existing 2-D models. The discretization of the
equations was performed by using the FEM, and the software package COMSOL Multi-
physics was used for the numerical calculations. The model was validated by comparison
with numerical and experimental data from literature, and the results showed a maximum
discrepancy of 6.7% in terms of primary air outlet temperature. Nevertheless, the accuracy
of the results is affected by some assumptions, such as constant air density and unitary
wettability factor. Furthermore, only cross-flow IEC systems have been considered, while
the parallel-flow and cross-flow configurations have been neglected.

Adam et al. [47] presented a steady-state numerical model for cross-flow IEC systems.
This model was used to evaluate the heat exchanger performance under three different
condensation states in the primary air channel: non-condensation, partial condensation,
and complete condensation. The equations were discretized by the RK4, and the model was
validated against numerical and experimental data available in literature. The comparison
between numerical simulation results and data from literature showed a maximum differ-
ence of 7.76% in terms of primary air outlet temperature and humidity ratio. However, it is
not specified how the wettability factor is calculated in the model validation. Moreover, the
model was developed for cross-flow IEC systems, so it does not consider parallel-flow and
counter-flow configurations.

In the work of Pacak et al. [48], the authors used a steady-state 3-D numerical CFD
model to evaluate the pressure drops along the dry channel of a counter-flow IEC system.
In fact, the pressure losses in the primary air channel are a very important factor in the
design of an IEC system, as they strongly affect the total efficiency of the heat exchanger.
The equations of the model were discretized through the FVM and solved by the open-
source software OpenFOAM. The validation was achieved through a comparison between
pressure drops calculated by the numerical simulations and the ones of the data provided
by the manufacturer of the IEC system, which were obtained in accordance with European
Eurovent Certita Certification standards. The results showed that the numerical pressure
drops are within the certified data uncertainties in almost all the analyzed cases. The
accuracy of the results might be affected by the implicit assumption of unitary wettability
factor. Furthermore, the model was developed for a specific type of counter flow IEC
system, thus neglecting parallel flow and cross-flow configurations.

In another work of Adam et al. [49], the authors used an unsteady 2-D numerical
CFD model to analyze the influence of the shape of the plates on the performance of
counter-flow IEC systems. In particular, three different shapes were analyzed (flat, semi-
circular, and squared), and the study showed that even though irregular surfaces are able
to increase the velocity, thus generating a turbulent flow and an increased evaporation rate,
the flat plates cool down the air to lower temperatures with respect to the other surfaces,
because the low-speed air flow has more time to exchange heat. The equations of the
model were discretized through the FVM and solved by the Ansys Fluent software. As
the water flow showed a mainly laminar wavy behavior, the average film thicknesses
obtained through the model were compared with the ones computed with the Nusselt film
empirical formula [26] in order to validate the model. The results showed that the difference
between the simulated film thicknesses and the ones obtained with the Nusselt formula is
always within 100 µm. However, the model validation was performed only for the water
film thickness, and there are no validation results for the parameters used to evaluate
the IEC system cooling performance. Moreover, only the counter-flow arrangement was
investigated, thus neglecting parallel-flow and cross-flow configurations.
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Finally, Ma et al. [50] developed a 3-D steady-state numerical CFD model for the
performance analysis of a cross-flow IEC system. The model, which also takes into account
the water spray system and the distribution of the water film, was used to investigate
how the nozzles settings and the airflow configurations affect the wetting of the plates,
thus influencing the performance of the complete heat exchanger. The discretization
of the equations was performed through the FVM, and the Ansys Fluent software was
used for the numerical calculations. In order to validate the spray system modeling, the
numerical results were compared with experimental data from literature, and the maximum
discrepancy was around 10% in terms of inlet-outlet primary air temperature difference.
For the validation of the film thickness results, the Nusselt empirical formula was used and
the comparison showed a very good agreement. Furthermore, to validate the complete IEC
system model, the average film thicknesses obtained through the numerical simulation
were compared with some experimental data presented in the same work, and the results
showed a maximum difference of 8.6% between numerical and experimental primary air
outlet temperatures. However, this model does not take into account parallel-flow and
counter-flow IEC systems, as it was developed for a cross-flow IEC heat exchanger.

The works presented in this subsection are summarized in Table 2.

Table 2. Summary of the numerical models for IEC systems.

Paper Type of IEC
System

Numerical
Method

Innovations and
Advantages Validation Possible Limitations

Wan et al.
(2017) [40] Counter-flow FVM

Use of a 2-D numerical CFD
model to improve the

accuracy of a 1-D analytical
model

Numerical from
literature

Assumptions of constant air
density and unitary
wettability factor;

non-consideration of
parallel-flow and cross-flow

configurations

You et al.
(2019) [41] Cross-flow FVM

Use of a CFD model to
evaluate the influence of

some design parameters on
the performance of

cross-flow IEC systems

Experimental
from the authors

Assumptions of constant air
density and unitary
wettability factor;

non-consideration of
parallel-flow and

counter-flow configurations

Min et al.
(2019) [42] Cross-flow FDM

Use of a numerical model for
a performance comparison
between counter-flow and

cross-flow IEC systems and
an optimization of the

geometrical parameters

Numerical and
experimental

from literature

Assumptions of constant air
density, and unitary

wettability factor;
non-consideration of

parallel-flow and counter
flow configurations

Wan et al.
(2020) [43] Counter-flow FEM

Use of a CFD model to
conduct a single-factor and a
multiple-factor analysis on
the design parameters to

improve the correlations for
the mean heat and mass

transfer coefficients

Experimental
from literature

Assumptions of constant air
density and unitary
wettability factor;

non-consideration of
parallel-flow and cross-flow

configurations

Guo et al.
(2020) [44] Cross-flow FDM

Evaluation of the effect of the
condensation area ratio on

the IEC system performance

Experimental
from the authors

Assumption of unitary
wettability factor;

non-consideration of
parallel-flow and

counter-flow configurations
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Table 2. Cont.

Paper Type of IEC
System

Numerical
Method

Innovations and
Advantages Validation Possible Limitations

Adam
et al.

(2021) [45]
Cross-flow RK4

Use of a numerical model to
evaluate the effects of the

wettability factor on the IEC
system effectiveness

Experimental
from literature

Non-consideration of
parallel-flow and

counter-flow configurations;
wettability factor calculation

based on the results of an
empirical model

Shi et al.
(2022) [46] Cross-flow FEM

Consideration of the
non-uniformity in

temperature and humidity
along the channel width

Numerical and
experimental

from literature

Assumptions of constant air
density and unitary
wettability factor;

non-consideration of
parallel-flow and

counter-flow configurations

Adam
et al.

(2022) [47]
Cross-flow RK4

Use of a numerical model to
evaluate the effects of

different condensation states
in a cross-flow IEC system

Numerical and
experimental

from literature

Not specified wettability
factor in the validation;
non-consideration of

parallel-flow and
counter-flow configurations

Pacak et al.
(2023) [48] Counter-flow FVM

Use of a CFD model to
evaluate the pressure drop
along the dry channel of a
counter-flow IEC system

Experimental
from the

manufacturer

Implicit assumption of
unitary wettability factor;

non-consideration of
parallel-flow and cross-flow

configurations

Adam
et al.

(2023) [49]
Counter-flow FVM

Use of an unsteady 2-D CFD
model to analyze the

influence of the plates shape
on the performance of

counter-flow IEC systems

Nusselt film
empirical
formula

Validation of water film
thickness only;

non-consideration of
parallel-flow and cross-flow

configurations

Ma et al.
(2023) [50] Cross-flow FVM

Consideration of water spray
configuration and water film

distribution in the
performance analysis

Experimental
from literature,

Nusselt film
empirical

formula, and
experimental

from the authors

Non-consideration of
parallel flow and

counter-flow configurations

3. DIEC Systems

As previously mentioned, DIEC systems can be used to reduce the primary air temper-
ature below the wet-bulb temperature of the secondary air, while using a lower amount of
water than other evaporative cooling systems [11]. Moreover, they can reduce the electric
energy consumption of about 80% with respect to a conventional cooler, thus showing a
very low operational cost [51].

DIEC systems are based on the M-cycle [52], which combines the thermodynamic
processes of heat exchange and evaporative cooling in this new type of IEC system [53]. In
particular, in a DIEC system, a fraction of the primary air is not delivered into the room to
be refrigerated, but it is recirculated into the wet channels [54]. This recirculated part of the
primary air, which constitutes the secondary air of the DIEC system, has lower dry-bulb
and wet-bulb temperatures than the ambient air [55]. For this reason, evaporation on the
wet side of the heat exchanger plates can lead the primary air to reach this new lower wet
bulb temperature, thus reducing the minimum achievable temperature to the dew-point
temperature of the primary air [56]. All the performance parameters defined in Section 2
can also be used for this type of systems.
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DIEC heat exchangers, such as traditional IEC systems, can operate in counter-flow
and cross-flow configurations, but the counter-flow arrangement is the most common one.
Figure 2 shows two types of counter-flow DIEC systems: the one based on the single-stage
M-cycle (top), and the one based on the multi-stage M-cycle (bottom).

Figure 2. Scheme of two channels of counter-flow DIEC systems based on the single-stage (top) and
multi-stage (bottom) M-cycle.

As the DIEC technology appears to be very promising, its performance have been
thoroughly studied by means of in-depth experimental investigations [57,58], by perform-
ing an energy and exergy analysis [59], and also through the artificial neural network
method [60]. Moreover, new types of coatings [61] and geometries [62] of the plates have
been investigated, and the DIEC system has been integrated into other more complex heat
exchangers [63,64], in order to improve its performance.

Therefore, as this new type of IEC systems has aroused great interest in recent years, it has
been necessary to develop different types of models specifically suited for DIEC systems [19].

3.1. Analytical Models

Among the analytical models presented in the previous section and developed for
IEC systems, four of them can also be used for DIEC systems. In particular, the models of
Hasan [30] and of Heidarinejad and Moshari [34] were used to predict the performance of
regenerative IEC systems, in order to achieve a sub-wet bulb temperature. Furthermore,
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the models of Cui et al. [32] and of Moshari and Heidarinejad [37] were validated by com-
parison with experimental results concerning counter-flow DIEC systems, thus showing
that they are also versatile for this type of application.

However, up to the authors’ knowledge, there are no analytical models specifically
developed only for DIEC systems, and this is most likely due to the still limited applications
of these systems with respect to the traditional IEC ones.

3.2. Numerical Models

The absence of analytical models designed only for DIEC systems is partially compen-
sated by the great variety of numerical models developed for this type of application.

In the work of Zhao et al. [65], the authors developed a numerical model for the
evaluation of the performance of a counter-flow DIEC system. The model was used to
analyze the influence of some design parameters on the performance of the heat exchanger,
and to evaluate whether this type of system is suitable for some countries of the European
Union, with hot and dry climate conditions. The model was discretized through the FVM,
using cell elements composed of a dry channel section and a wet channel section separated
by a wall. The results showed that a decrease in the air inlet velocity leads to better
performance, both in terms of effectiveness and efficiency, while decreasing the height of
the channels increases the cooling effectiveness, with a slight reduction in the efficiency.
Moreover, it is shown that the analyzed DIEC system is suitable for many hot and dry
regions, but it cannot be used in particular zones where the air is too humid. However, some
simplifying assumptions can affect the accuracy of the results, such as unitary wettability
factor and constant air density. Furthermore, this model was not validated either through
experimental data or by comparison with other numerical results.

Riangvilaikul and Kumar [66] used a numerical model for the performance analysis of
a counter-flow DIEC system. In particular, they studied the influence of the inlet conditions,
velocity, channel dimensions, and working-to-intake air ratio on the performance of the
heat exchanger, pointing out that the dew-point effectiveness of the DIEC system is strongly
affected by the inlet air temperature and humidity. The equations of the model were
discretized through the FDM, which was applied to the Newton iterative method. The
numerical results obtained through the model were compared with some experimental data
presented in this work and with experimental results from literature, in order to validate
the model. The comparison showed a discrepancy within 5% for the outlet temperature of
the primary air, and within 10% for both the wet-bulb and dew-point effectiveness of the
DIEC system. Nevertheless, the accuracy of the results might be affected because of the
assumption of unitary surface wettability factor.

Zhan et al. [67] developed a 3-D steady-state numerical model for the performance
analysis of cross-flow DIEC systems. In particular, they found out that reducing the air
velocity, decreasing the inlet air relative humidity, and increasing the working-to-product
air ratio can improve the cooling performance. Moreover, using this type of system leads to
a significant increase of the effectiveness with respect to traditional IEC heat exchangers.
The equations of this model were discretized through the FEM and solved using the
engineering equation solver (EES) software. The validation was performed by comparison
with literature experimental data, showing a maximum discrepancy of 9.4% in terms of
wet-bulb effectiveness. However, it is assumed that the surface wettability factor is unitary
and that the air density is constant, thus potentially reducing the accuracy of the results in
some cases. Furthermore, the model is developed only for cross-flow DIEC heat exchangers,
thus necessitating an extension to be suitable for counter-flow DIEC systems, which are the
most common ones.

In the work of Cui et al. [68], the authors presented a 2-D steady-state numerical
CFD model for evaluating the influence of the design parameters on the performance of
a particular type of DIEC system. In fact, they designed a new configuration of counter-
flow DIEC system, which is able to keep the product air and the working air separated.
The equations of the model were discretized through the FVM, and they were solved by
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the Ansys Fluent software. The validation of the model was carried out by comparing
the simulated results with experimental data available in literature, and the comparison
showed a discrepancy always within 10% in terms of inlet-outlet primary air temperature
difference. Nevertheless, the assumptions of unitary wettability factor and constant air
density may affect the accuracy of the results in some cases.

Anisimov et al. [69–73] developed a 3-D steady state numerical model able to predict
the behavior and performance of different types of DIEC systems, in counter-flow and cross-
flow configurations. The model, based on a modified ε-NTU method, is supplemented with
algorithms which describe the mixing process of the air streams, and it contains complete
conduction equations for the finned surface. A modified Runge–Kutta method (RKM) was
used for the discretization of the equations, which were solved in the Wolfram Mathemat-
ica environment. The validation was performed by comparison with experimental data
from literature, and the results showed that the maximum error between numerical and
experimental data was about 5% in terms of primary air outlet temperature and around
7% for the primary air outlet relative humidity. Even though this model can be used for
all types of DIEC heat exchangers, it is based on some simplifying assumptions that may
affect the accuracy of the results, as constant air density and unitary wettability factor.

A 3-D transient numerical CFD model for DIEC systems was developed by Jafarian
et al. [74]. In this model, the thermal boundary condition at the wall is not assumed to be
constant temperature or constant heat flux, as in previous models, but a heat flux balance
between evaporating water and the air streams is implemented, thus better reflecting reality
and guaranteeing a greater accuracy. The discretization of the equations was performed
by using the FVM, and the OpenFOAM software was used for the numerical simulations.
The model was validated against experimental results from literature, and the comparison
showed quite a good agreement, with a maximum difference of 3.5% between numerical
and experimental primary air outlet temperatures. Moreover, the authors compared the
results of this 3-D model, which allows for a very high precision, with the ones of a
2-D model, which allows for a very low computational time, showing that the difference
between the two models is always lower than 4.5%. Nevertheless, this model is based
on simplifying assumptions that may reduce the accuracy of the results in some cases, as
constant air density and unitary wettability factor.

In the works of Wan et al. [75–77], the authors developed a 2-D steady-state numerical
CFD model, for the performance analysis of DIEC systems. In particular, the model was
specifically designed for the evaluation of the heat and mass transfer coefficients, as well
as the governing dimensionless numbers, namely the Nusselt and Sherwood numbers.
The equations were discretized through the FEM and solved by the software COMSOL
Multiphysics. The numerical results were compared with experimental data acquired by
the authors, in order to validate the model, and the results showed a discrepancy always
within 7% in terms of outlet temperatures. The accuracy of the results might be affected by
some of the simplifying assumptions constituting the basis of this model, as constant air
density and unitary wettability factor.

Pakari and Ghani [78,79] developed a 1-D and a 3-D numerical CFD regression models
for the performance prediction, design, and optimization of DIEC systems. In particular, the
authors compared the results obtained with the two models, showing that the 1-D model
underestimates the temperature of about 2% with respect to the 3-D model. The equations
were discretized through the FEM and solved by the software COMSOL Multiphysics. The
models were validated against experimental data presented in the same works, and the
comparison showed a maximum discrepancy in terms of outlet temperatures of 10% for
both the models. However, some simplifying assumptions may reduce the accuracy of the
results of both models, as constant air density and unitary wettability factor.

In the work of Liu et al. [80], the authors presented a 2-D steady-state numerical CFD
model for the heat and mass transfer analysis of a DIEC system. In particular, the heat
and mass transfer equations are coupled with the energy equation, in order to analyze
the influence of various working conditions of the performance of the heat exchanger.
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The discretization of the equation was carried out by using the FEM, and the software
COMSOL Multiphysics was used to implement the numerical simulations. In order to
validate the model, the numerical results were compared with experimental data from
literature, showing a quite good agreement, with a maximum error of 3% for the primary
air outlet temperature. Nevertheless, the assumption of unitary wettability factor may
affect the accuracy of the results, as in many other models.

Comino et al. [81] developed a detailed numerical model for the performance predic-
tion of DIEC systems. This model, based on the ε-NTU method applied to 100 sub-heat
exchangers, was modified to also take into account the wet surface fraction of the secondary
air channels. Moreover, the model was used to optimize the performance of a DIEC heat
exchanger, in order to comply with the European ventilation regulations for different appli-
cations. The equations were discretized through the FEM and solved by the EES software,
and the model was validated against a wide variety of experimental data acquired by the
authors, showing a maximum discrepancy of 0.7 °C in terms of inlet-outlet temperature
difference. However, this model is based on some simplifying assumptions which may
reduce the accuracy of the results in some cases. In particular, the wettability factor is
assumed to be constant and equal to 0.8.

Finally, Zhu et al. [82] presented a 3-D steady-state numerical CFD model for evaluat-
ing the performance of a DIEC system. In particular, this study focuses on the analysis of
the effects of a non-uniform water distribution along the heat exchanger plates, showing
that if a dry zone is present at the inlet or outlet of the wet channels, the performance
reduction is significant, as opposed to what happens when the dry zone is close to the
center of the channels. The equations of the model were discretized through the FEM
and solved by the software COMSOL Multiphysics. The validation was performed by
comparison with numerical results and experimental data available in literature, showing
a discrepancy within 6.1% in terms of primary air outlet temperatures, and within 12.4%
in terms of dew-point effectiveness. The accuracy of the results might be affected by the
assumption of unitary wettability factor.

The works presented in this subsection are summarized in Table 3.

Table 3. Summary of the numerical models for DIEC systems.

Paper Type of DIEC
System

Numerical
Method

Innovations and
Advantages Validation Possible Limitations

Zhao et al.
(2008) [65] Counter-flow FVM

Use of a numerical model
for the evaluation of the

suitability of DIEC systems
in hot and dry regions

Not performed

Assumptions of unitary
wettability factor and
constant air density;

absence of validation

Riangvilaikul
and Kumar
(2010) [66]

Counter-flow FDM

Use of a numerical model
to evaluate the influence of

the inlet air temperature
and humidity on the

dew-point effectiveness of
a DIEC system

Experimental
from the authors

and from
literature

Assumption of unitary
wettability factor

Zhan et al.
(2011) [67] Cross-flow FEM

Use of a numerical model
for the performance

analysis of a cross-flow
DIEC system

Experimental
from literature

Assumption of unitary
wettability factor and
constant air density;

not-suitable for
counter-flow configuration

in this form
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Table 3. Cont.

Paper Type of DIEC
System

Numerical
Method

Innovations and
Advantages Validation Possible Limitations

Cui et al.
(2014) [68] Counter-flow FVM

Use of a CFD model to
evaluate the influence of
the design parameters on
the performance of a new
type of DIEC system with
separate product air and

working air

Experimental
from literature

Assumptions of unitary
wettability factor and
constant air density

Anisimov
et al. (2014–

2016) [69–73]
All RKM

Description of the air
streams mixing process and
of the complete conduction

equations for the finned
surface

Experimental
from literature

Assumptions of constant
air density and unitary

wettability factor

Jafarian et al.
(2017) [74] Counter-flow FVM

Introduction of a new
thermal boundary

condition which better
reflects reality

Experimental
from literature

Assumptions of constant
air density and unitary

wettability factor

Wan et al.
(2018) [75–77] Counter-flow FEM

Use of a CFD model for the
evaluation of the heat and
mass transfer coefficients

and dimensionless
numbers in a DIEC system

Experimental
from the authors

Assumptions of constant
air density and unitary

wettability factor

Pakari and
Ghani

(2019) [78,79]
Counter-flow FEM

Use of CFD regression
models for the performance
prediction of DIEC systems

Experimental
from the authors

Assumptions of constant
air density and unitary

wettability factor

Liu et al.
(2019) [80] Counter-flow FEM

Coupling of the heat and
mass transfer equations

with the energy equation

Experimental
from literature

Assumption of unitary
wettability factor

Comino et al.
(2022) [81] Counter-flow FEM

Use of a modified ε-NTU
numerical model for the
optimization of a DIEC

system

Experimental
from the authors

Assumption of constant
wettability factor

Zhu et al.
(2023) [82] Counter-flow FEM

Evaluation of the effects of
a non-uniform water
distribution along the
DIEC system plates

Numerical and
experimental

from literature

Assumption of unitary
wettability factor

4. Results and Discussion

The main findings of this review can be summarized as follows:

1. Analytical models for IEC systems have been developed since the late 1990s, while
numerical models have started to spread in recent years, as they require more compu-
tational power;

2. Approximately 37% of the models analyzed are analytical and were developed for
IEC systems. About 30% of these can also be used for DIEC systems;

3. More than half of the analytical models considered can be used for all types of IEC
systems, in any configuration;

4. Half of the numerical models were developed specifically for IEC systems, the other
half for DIEC systems;

5. Numerical models for IEC heat exchangers are mainly developed for cross-flow
systems, while the great majority of the numerical models for DIEC heat exchangers
are developed for counter-flow systems;
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6. The favorite discretization methods for numerical models were the FVM (36.4% of the
cases) and the FEM (36.4%), followed by the FDM (13.6%) and the RK (13.6%);

7. The most common software tools used for the numerical simulations were COMSOL
Multiphysics (about 27% of the cases) and Ansys Fluent (about 23%);

8. Most of the numerical models presented were developed for steady-state conditions,
with a majority of 2-D models, but a significant presence of 3-D models as well;

9. Almost all the models were validated against experimental data and/or numerical
results, which were acquired from literature or by the authors;

10. The majority of the analyzed models are able to predict the performance parameters
with an error within 10%;

11. The validations were performed by comparison with numerical and/or experimental
data in a few test cases, so in real applications it might be difficult to associate the
models boundary conditions and the heat exchangers operating conditions;

12. Another common limitation concerns the modeling of the wettability factor, which
is often assumed to be unitary, and of the air density, which is often assumed to be
constant, thus potentially reducing the accuracy of the results in some cases.

The four pie charts representing the distribution of the types of models analyzed in
this work, the numerical schemes used for discretization of the equations, the software
used for numerical calculations, and the validation methods can be found in Figure 3.

All the previously described analytical and numerical models show some innovations,
but also some limitations, as they have been developed and validated for a few working
conditions and IEC/DIEC configurations. For this reason, ranking the models from best
to worst would have little significance. Each of them has peculiarities that make it more
suitable for a specific situation rather than another. In particular, as expected, analytical
models are simpler and require less computational time than numerical models which,
however, tend to lead to more accurate results. Therefore, if it is required to quickly get a
preliminary idea of how the system works and performs, an analytical model will be the
best choice. If, on the contrary, it is required to obtain more accurate results in a longer
time, a numerical model should be chosen.

Consequently, as an overall result of this literature analysis, it emerges that a lot of
work has been done in this field, particularly in recent years, but something is still missing.
Almost all the numerical models were developed for a specific IEC or DIEC configuration,
and it is not clear whether they are suitable for other arrangements and, in those cases,
how to modify the equations, input parameters, and boundary conditions. The possibility
of using an open-source software for the numerical simulations has been exploited only
in a few cases, as well as the development of 3-D models, for a more accurate prediction
of the behavior and performance of IEC and DIEC systems. Moreover, the majority of
the considered models is based on some simplifying assumptions that make them easier
to implement, but may lead to a loss of accuracy. In fact, it is still not clear how to deal
with some properties, such as air density variations with temperature, and a non-unitary
wettability factor.
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Figure 3. Summary of the types of models analyzed (top-left), numerical schemes used for discretiza-
tion (top-right), software used for numerical calculations (bottom-left), and validation methods
(bottom-right).

5. Conclusions and Future Developments

In this work, a literature review regarding the modeling of IEC and DIEC systems
have been conducted. This analysis was aimed at directing future research towards what is
missing in this area, without claiming to describe all the knowledge on IEC systems, but
focusing on the particular aspect of modeling. In fact, this review is mainly intended to be
a practical tool to allow researchers to quickly understand what has already been done and
what is missing in this field. In particular, 13 analytical models and 22 numerical models
have been analyzed, briefly describing the type of system for which they are suitable, the
method, the validation results, the innovations and advantages introduced by each model,
and the possible limitations.
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The results of this study showed that analytical models have been developed since the
late 1990s , while numerical models, which require more computational power, have started
to spread in recent years. All the analytical models analyzed have been developed for IEC
systems, but four of them can also be used for DIEC heat exchangers. On the contrary,
half of the analyzed numerical models have been developed for IEC systems, mainly in
cross-flow configuration, while the other half concerns DIEC systems, mainly in counter-
flow configuration. Almost all the models have been validated against experimental
and/or numerical results acquired by the authors or from literature, showing a maximum
discrepancy within 10% in the majority of the cases. However, the accuracy of the results
could be improved taking into account more physical aspects in the models.

In particular, the next step in this field seems to be the development of a 3-D transient
numerical model that is able to predict the behavior and performance of all types of IEC
and DIEC systems, in any configuration. Therefore, the results obtained through this model
should be compared with experimental data regarding various types of heat exchangers,
under many different working conditions, in order to ensure the validity of the model over
a wide range of temperatures and flow velocities. In fact, in the existing models it might be
difficult to associate the real heat exchangers operating conditions (nozzles orientations,
plates materials, water flow rates, and configurations) and the models boundary conditions.

Moreover, variations in air density due to temperature changes should be taken into
account, in order to improve the accuracy of the results.

Finally, the wettability factor modeling should be based on physical parameters related
to wettability itself, such as contact angles, interfacial tensions, and work of adhesion, in
order to ensure versatility of the model also when the plates material change.
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Abbreviations
The following abbreviations are used in this manuscript:

1-D One-dimensional
2-D Two-dimensional
3-D Three-dimensional
CFD Computational Fluid Dynamics
DEC Direct Evaporative Cooling
DIEC Dew-point Indirect Evaporative Cooling
DM Detailed Model
EES Engineering Equation Solver
FDM Finite Difference Method
FEM Finite Element Method
FVM Finite Volume Method
HVAC Heating, Ventilation, and Air Conditioning
IEC Indirect Evaporative Cooling
LMTD Logarithmic Mean Temperature Difference
M-cycle Maisotsenko cycle
NTU Number of Transfer Units
RK Runge-Kutta methods
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RK4 Forth-order Runge-Kutta method
RKM Modified Runge-Kutta method
SM Simplified Model
cp,P Specific heat at constant pressure of the primary air
COP Coefficient Of Performance
ṁP Primary air mass flow rate
Q̇c Cooling capacity
TP,IN Primary air inlet temperature
TP,OUT Primary air outlet temperature
TS,IN,dp Dew-point temperature of the secondary air at the inlet
TS,IN,wb Wet-bulb temperature of the secondary air at the inlet
Ẇ Mechanical power
ε Effectiveness
εdp Dew-point effectiveness
εwb Wet-bulb effectiveness
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