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a b s t r a c t

Due to climate change and hot summers in most of Algeria’s regions, air conditioning has become a
thorny issue, resulting in excessive energy consumption. This research focuses on the implementation
of dew point evaporative coolers as an alternative to conventional air conditioners. The desirability
function approach is used to predict the optimal operating parameters and compare the thermal per-
formance and water consumption of two dew point cooler configurations (counter flow-regenerative
cooler and combined parallel–regenerative cooler) under different climatic conditions in Algeria. A
numerical model is developed and validated using literature data for regenerative and combined dew
point evaporative systems. Parametric analysis and multi- to single-objective optimization simulations
were performed with the GenOpt simulation software, identifying the most influential parameters
and predicting the optimal conditions for both configurations. The findings suggest that the optimal
channel spacing, working air ratio, and primary air velocity are identical for both technologies.

However, the cooling capacity and the coefficient of performance of the combined parallel–
regenerative cooler are higher in drier climates. When both technologies are compared at nearly equal
dew point efficiency, the combined configuration improves cooling capacity by 5%, while increasing
water consumption by about 40%. This study provides a useful method for assessing cooling capacity
and adapting suitable dew point technology to various climates and cities.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Current demographic trends confirm that most countries have
ndergone significant social and energy consumption shifts in
he last few decades. Current air conditioning systems have high
lectricity consumption and harmful global warming potential.
uildings account for 42% of energy consumption in Algeria
Maalouf et al., 2018), with a growth of +1.9% from 2015 to
016 and +17.6% from 2017 to 2018 (Algerian Energy Ministry,
017, 2019). The air-conditioning sector, in particular, is growing
apidly. Evaporative coolers are a promising technology and a
iable alternative to conventional vapor compression systems,
hich are widely used worldwide (Anisimov and Pandelidis,
015). Indeed, traditional evaporative coolers actually have some
rawbacks in terms of humidity for direct systems and limited
fficiency for indirect systems (Camargo et al., 2003; Lertsatit-
hanakorn et al., 2006; Stoitchkov and Dimitrov, 1998). In each
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352-4847/© 2021 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
case, the supply air temperature may not be lower than the wet
bulb temperature of the ambient air.

Sub-wet bulb evaporative coolers are more attractive and can
be both energy efficient and environmentally friendly
(Boukhanouf et al., 2014). They produce a higher cooling capacity
with low energy consumption by providing a supply temperature
close to the air dew point temperature (Zhao et al., 2008). The
system is a heat and mass transfer exchanger with dry and wet
channel pairs in a stack, separated by a wet return surface. This
is a modified indirect evaporative configuration that keeps the
supply air temperature lower than the wet bulb air temperature
(Zhan et al., 2011). In the IEC indirect evaporative cooler, the
supply air enters the dry channel and transfers its sensible heat
to the working air due to water film evaporation as shown in
Fig. 1, with the two air streams being separated (Riangvilaikul
and Kumar, 2010; Ren and Yang, 2006). In the regenerative
evaporative cooler (Maalouf et al., 2018; Maisotsenko et al., 2003;
Liu et al., 2019), the difference with the previous system occurs at
the end of the dry channel, where some of the primary air returns
to the wet channel as working air, to recover the heat transferred

to the water film through the separation medium (see Fig. 2).
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Nomenclature

ṁ Airflow rate, kg/s
Cp Specific heat capacity, J/(kg K)
T Temperature, K
t Air temperature in the wet channel, K
x Streamwise coordinate along channel,

m
U Overall heat transfer coefficient,

(W/(m2 K)
h Convective heat transfer coefficient,

(W/(m2 K)
g Air moisture content, kg/kg
D Channel width/depth, m
H Channel height/gap, m
l Channel length, m
f Darcy friction factor
Dh Hydraulic diameter, m
v Air velocity, m/s
∆p Pressure drop, Pa
P Power/energy consumption, W
WAR Working air ratio
PAR Volumetric flow rate, m3/s
V̇ Parallel air ratio
Q̇ Cooling capacity, W
COP Coefficient of performance

Subscripts

d Dry channel
a Wet channel
ν Vapor
fw Water film
wb Wet bulb
dp Dew point
w Working air
Le Lewis number
Re Reynolds number
Pr Prandtl number
Nu Nusselt number
dev Limit of undeveloped airflow region
1st 1st Order boundary conditions
2nd 2nd Order boundary conditions
in Dry channel inlet
out Dry channel outlet
f Fan
pp Parallel part of the cooler
regp Regenerative part of the cooler
t Total

Special characters

ρ Air density, Kg/m3

ε Cooling efficiency
ζ Local pressure drop coefficient
η Device efficiency

Another arrangement consists of a combined parallel-flow and
egenerative indirect evaporative cooler (see Fig. 3). Ambient air
nters in a parallel section in the wet channel and in the dry
hannel; a part is extracted at the end of the dry channel and
5290
Fig. 1. Indirect evaporative cooler IEC.

Fig. 2. Dew point evaporative cooler (counter flow-regenerative).

Fig. 3. Parallel–regenerative evaporative cooler.

diverted back in counter flow into the regenerative section of
the wet channel. This set up provides high cooling efficiency
(Anisimov and Zuchowicki, 2005; Hasan, 2010).

In the literature, the dew point cooler has been extensively
studied for design and operating parameters in order to achieve
optimal air supply temperature, dew point efficiency, and cooling
capacity. However, the studies differ in system design or nu-
merical model used. The results of these different models are
validated by experimentation under different climatic conditions
and operating parameters. Hasan (2010) performed a 1D numer-
ical study of four evaporative coolers with one and two stages,
under co-current, counter-current or cross-flow configurations.
The author achieved 116% wet bulb efficiency for an indirect
stage with wet return surface. In another study, Riangvilaikul and
Kumar (2010) conducted a numerical and experimental study of
a vertical configuration of the dew-point evaporative system for
different conditions. Their results show that with an air velocity
less than 2.5 m/s, a channel gap of less than 5 mm, a channel
length more than 1 m, and a working air ratio of about 35%–60%,
a wet bulb efficiency of more than 100% can be achieved. Lee and
Lee (2013) used a counter-current system with a return air ratio;
they performed the model using an aluminum plate supporting a
wet media to activate heat transfer. For an air inlet temperature
of 30 ◦C and a relative humidity of 50%, they obtained a supply
air temperature of 22 ◦C. A three-dimensional numerical study
of the laminar airflow of a counter-current evaporative cooler
was also proposed by Pengfei and Xinyu (2015). The authors used
Ansys software to simulate a dry channel for product air, a wet
channel and a dry channel for the working air with holes on
the wet return medium. They obtained a dew point efficiency
of 71.2%. In a 3D numerical simulation using the C++ language,
Jafarian et al. (2017a,b) considered a modified boundary con-
dition on the separator wall surface. Their results predicted a
prototype performance of about 3.5% and the authors deduced
a maximum error between 2D and 3D models of less than 4.5%.
Guangya et al. (2019) identified the parameters influencing the
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-cycle exchanger and proposed a correlation of the dew point
fficiency. The deviations between numerical simulations and
xperimental were 2.35%. Pakari and Ghani (2019) examined the
ooler using a 1D model and a 3D simulation with COMSOL
ultiphysics and showed that the numerical results agreed well
ith the experimental results with a discrepancy of 8.5% and 10%
espectively. Ham and Jeong (2016) proposed a finite difference
odel of a dew point exchanger (DPHX), where the designed
evice has two inlets and two outlets. The authors found that
he air supply in dry channel of an M- cycle evaporative cooler
eads to the limitations of complex ventilation control and wasted
ehumidification energy. Calculations of cooling performance and
ressure drop reveal that the DPHX can reduce energy consump-
ion by 15% compared to the M- cycle system by reducing the
ize of the liquid desiccant unit and fans. Anisimov et al. (2014)
onsidered in their study an original mathematical model based
n the modified ε-NTU method. Numerical simulations were
sed to determine the following optimal design parameters: inlet
ir temperature, cooling capacity, NTU number. Five different
eat exchanger arrangements were analyzed, two being original
esigns. Their results indicated that the exchangers are most
fficient in hot and dry climatic conditions. In their new cross
low HMX, the high effectiveness is related to the temperature
istribution of the inlet working air in the wet channel. In another
tudy, Anisimov et al. (2015) performed a 2D numerical simu-
ation and an optimization of a combined indirect evaporative
ooler. The results were validated with experimental data and the
xchanger achieved higher cooling capacity and lower supply air
emperatures. Pandelidis et al. (2017) used numerical simulations
o describe three advanced indirect evaporative coolers. Two new
ombined heat exchangers, proposed by the authors, were com-
ared to the cross flow M-cycle exchanger. The results showed
hat in the parallel part, the heat transfer rate increases and leads
o a higher overall cooling efficiency. The combined cross regen-
rative cooler is the most favorable solution, with a higher energy
fficiency factor and simpler design. Numerical models validated
y experimental data allow to evaluate the performance of the
ystem and to determine the optimal operating conditions and
arameters that enhance it under different climatic conditions.
his approach is quite relevant for dew point evaporative coolers,
iven the significant impact of design and operating conditions.
Jafarian et al. (2017a,b) conducted a modeling and optimiza-

ion study of a dew-point counter flow IEC based on a 2D nu-
erical model developed using openFOAM software and a multi-
bjective mathematical algorithm (group method of data han-
ling (GMDH)) type based on a polynomial neural network. The
uthors performed calculations for three Iranian climate regions.
he optimal values of the decision variables lead to maximize the
nergy efficiency factor COP and minimize the specific area of
he cooler. As a result of the optimization, the improvements in
hese two parameters for the warm climate city were 36.3% and
0.9% respectively, while they were about −2.63% and 16% in the
arm-semi humid climate and 2.19% and 7.92%, in the warm–
umid climate. In the study of Lin et al. (2020), a two-dimensional
odel of a dew point evaporative cooler is performed using
CFD simulation and validated by experimental measurements
ith a discrepancy of about 4.7%. The model is coupled with a
ulti-objective and a multi-to-single objective optimization. The

esults revealed that the multi-to-single-objective optimization
sing a desirability function is accurate for studying decision
ariables and objective functions. In addition, the optimization
pproach can improve the system performance by 36%–92% of
he COP. Sohani et al. (2018) performed a comparative study
nd optimization analysis concerning the performance evaluation
f counter-regenerative and cross flow dew point evaporative

oolers coupled to a small-scale residential building under four
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different climatic conditions (according to Köppen–Geiger classi-
fication). The authors showed that, in the performance optimiza-
tion, economic and climatic parameters have an impact on the
working air ratio and the cooler length. Compared to the base
case conditions, a 64.4% and 86.4% decrease in life cycle cost and
annual water consumption was obtained, and a 1039% increase
in annual average of COP was achieved for the optimal design.

Earlier investigations on the energy performance of dew point
evaporative cooling are extremely important. Mathematical mod-
els were proposed to physically describe the cooling process
and have been shown to be sufficiently accurate. The system
performance is improved by optimization. However, analysis and
comparison between different cooler configurations is still lack-
ing as well as data on system water consumption, which is
important information in arid climates. Therefore, to address
these issues and based upon the literature findings, two systems
are selected in the present study and compared by optimization
for three Algerian cities with different climatic conditions. These
systems are the regenerative configuration and the combined
parallel and counter one. While the first configuration is widely
studied in the literature, few authors have studied the second
(Hasan, 2010; Anisimov et al., 2015; Pandelidis et al., 2017).
The comparison focuses on the optimized performance factors:
dew point efficiency, COP, and system cooling capacity. For the
optimization, the desirability approach is applied using GenOpt
tool. In the first part, the mathematical models are presented and
implemented in the SPARK simulation environment. Then, the
models are validated based on literature data. Furthermore, using
the hybrid GPS/PSO algorithm, optimization is performed and
allows to identify the optimal level of input design parameters
for the different configurations. The results are presented for
the different cities and detailed only for the city of Constantine.
The critical parameters are also identified by simulation and the
theoretical water consumption is computed. The results for both
configurations are compared. The findings from this study allow
a better understanding of the key design parameters of dew point
evaporative coolers and the interaction of performance factors.

2. Mathematical model

Using a one-dimensional simulation, the system is divided into
computational cells, one element of which is shown in Fig. 4. To
simplify the mathematical equations, the following assumptions
are considered:

• No heat transfer between the system and the surroundings.
• The heat transfer fluxes are perpendicular to the airflow in

the channels.
• The gap or height of channels is small compared to their

length, so that the flow is assumed to be unidirectional.
• The water film distribution is homogeneous over the entire

surface of the wet plate (the water film is on both upper and
lower surfaces of the wet channel).

• The airflow is defined as an incompressible gas.
• The airflow is considered laminar due to low velocities (ReH

< 2000).

2.1. Energy conservation balance

The energy conservation balance for the airflow through a cell
element in the dry channel part is given by:
ṁdCpa

D
dT d

dx
= −Ud(Td − Tfw) (1)

here (Td) is the air dry bulb temperature in the dry channel,
T ) the water film temperature, (U ) the overall heat transfer
fw d
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Fig. 4. Computational cell element.

oefficient between the dry channel and the water film and (ṁd)
he airflow rate in the dry channel.

The energy conservation balance for the airflow in the wet
hannel is expressed as:
ṁaCpa

D
dta
dx

= −haw
(
Tfw − ta

)
− ρ hm

(
gfw − ga

)
Cpvta (2)

where: (ta) is air dry bulb temperature in the wet channel, (ga)
humidity ratio of air, (gfw) humidity ratio at saturation near water
film, (ṁa) airflow rate in the wet channel, (haw) heat transfer
coefficient in the wet channel and (hm) convective mass transfer
coefficient between the wet airflow and the water film surface.

These heat transfer parameters are related by the Lewis rela-
tion:
haw

hm
= ρCpLe2/3 (3)

The mass conservation equation of air in the wet channel gives:
ṁa

D
dga

dx
= −ρhm

(
gfw − ga

)
(4)

The coupled energy balance of dry and wet airflow in the cell
element on the media between the channels gives:
ṁfwCpfw

D
dT fw

dx
= −Ud

(
Td − Tfw

)
(5)

+ ρhm
(
gfw − ga

)
hfg + haw

(
Tfw − ta

)
2.2. Nusselt number correlations

The heat transfer coefficients are calculated from the Nusselt
number. For laminar flow through a rectangular duct, the gap H
is considered as the specific dimension, Reynolds number ReH is
referred to this dimension and the Nu correlations are for two
regions: the undeveloped zone (l < ldev) and the fully developed
zone. The length limiting the two zones is defined by Eq. (6) (Zhao
et al., 2008; Anisimov et al., 2014):
ldev
Dh

= 0.05ReHPr (6)

n the undeveloped flow region, Nusselt number is calculated
rom empirical expressions of first-order (constant wall tempera-
ure) and second- order (constant heat rate) boundary conditions
espectively (Anisimov et al., 2014):

u1st = 1.533
(
ReHPr

H
l

)1/3

(7)

u2nd = 1.755
(
ReHPr

H
l

)1/3

or the developed airflow region, the Nusselt number is set con-
tant and equal to (Anisimov et al., 2014):

u = 3.77 (8)
1st

5292
Table 1
Local pressure loss coefficients (Sohani et al., 2018; Duan, 2011).
Airflow Coefficient Local pressure drop value

Dry channel ζ 1 Inlet contraction 0.5
ζ1−2 Line flow 0.1
ζ 2 Outlet expansion 1.0

ζ 1 Inlet contraction 0.5
Wet channel ζ1−3 Branch flow 0.9

ζ3−4 Diversion 1.5
ζ 4 Working air outlet expansion 1.0

ζ 1 ′ Inlet contraction 0.5
Parallel wet ζ 2 ′−3 ′ Diversion 1.5
channel ζ4′ Parallel outlet expansion 1.0

Nu2nd = 4.12

2.3. Wet bulb and dew point efficiencies

The wet bulb efficiency is defined from Eq. (9) and the dew
point efficiency is given by Eq. (10), (Maalouf et al., 2018; Zhao
et al., 2008; Lin et al., 2020).

εwb =
Td,out − Td,in
Twb − Tin

(9)

εdp =
Td,out − Td,in
Tdp − Td,in

(10)

2.4. Exchanger cooling capacity and coefficient of performance (COP)

Similarly, cooling capacity and coefficient of performance con-
tribute to system performance through pressure drop, fan con-
sumption, and cooling air production. Therefore, it is necessary
to calculate both the cooling capacity and COP.

2.4.1. Pressure drop calculation
For fully developed laminar flow in non-circular ducts, the

friction factor is calculated using the Reynolds number based on
hydraulic diameter Dh (Eq. (11)). In the exchanger, the channel
aspect ratio H/l nears zero, so, the relations used in the calcula-
tions are therefore (Anisimov and Pandelidis, 2015; Zhan et al.,
2011; Holman, 2010):

Dh =
4H.l

2(H + l)
and f =

96
ReDh

(11)

The total pressure drop/head loss yields to friction losses along
the channels (Eq. (12)) and local pressure losses (Eq. (13) and
Table 1) as shown in the following relationships (Zhao et al.,
2008; Jafarian et al., 2017a,b; Kashyap et al., 2020):

∆pfriction = f
l. ρ. v2

Dh 2
(12)

plocal =

∑
ζ

ρ. v2

2
(13)

2.4.2. Fan power
The actual fan power is deduced from Eq. (14) (Zhao et al.,

2008; Jafarian et al., 2017a,b; Kashyap et al., 2020):

Pf =
∆pw.V̇w + ∆ppp.V̇pp + ∆pd.V̇d

ηf
(14)

here ∆pd and V̇d are the pressure drop and volumetric flow
ate in the dry channel, ∆pw and V̇w are the pressure drop
nd volumetric flow rate of working air in the regenerative part
espectively. η is the fan efficiency taken equal to 0.55.
f
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ystem parameters.

Reference Range

Inlet air temperature 35 ◦C 30–40 ◦C
Air moisture content 11 g/kg 11 g/kg
Intake air velocity 2 m/s 1.11–2 m/s
Working air ratio 0.33 0.22–0.79

∆ppp and V̇pp are the pressure drop and volumetric flow rate
in the parallel part of the combined arrangement, set to zero for
the regeneration case.

2.4.3. Cooling capacity
The cooling capacity is expressed by (Zhao et al., 2008; Lin

et al., 2020):

Q̇ = ṁd(1 − WAR)Cp
(
Td,in − Td,out

)
(15)

here WAR is the working air ratio, defined as the ratio be-
ween the air flow in the regenerative wet channel and the
rimary air flow in the dry channel. Cp is the air specific heat
ith Td,in and Td,out being the inlet and outlet air temperatures
espectively in the dry channel.

.4.4. Coefficient of performance
The coefficient of performance COP is the ratio between the

ooling capacity Eq. (15) and the total power consumption in the
ystem and it is expressed by (Zhao et al., 2008; Jafarian et al.,
017a,b; Lin et al., 2020; Duan, 2011; Kashyap et al., 2020):

OP =
Q̇
Pt

(16)

he total energy consumption P t includes fan power Pf and other
devices consumption as motor pump and thermostat which is
assumed to be constant.

To perform simulations under different climatic conditions
and determine the optimal parameters for both cooler configu-
rations, the present mathematical model is implemented using
the finite difference method in the SPARK environment (Sowell
and Haves, 2001). The following section focuses the validation of
this implementation.

3. Model validation

The mathematical model developed in this study is validated
by data from literature for both configurations. In this section,
validation is presented using experimental results (Lin et al.,
2020) for the regenerative cooler as well as numerical data
(Hasan, 2010) for the combined configuration. The numerical
model is also developed for the vertical arrangement of a dew
point evaporative cooler validated by Riangvilaykul et al. (2010)
study and the combined parallel–regenerative cooler is validated
by the data of Pandelidis et al. (2017). Both validation details are
presented in Appendix.

3.1. Horizontal counter flow dew point evaporative cooler

The numerical results presented in this section are based on
measurements performed by Lin et al. In this case, the arrange-
ment is horizontal and composed of ten pairs of dry and wet
channels of 600 × 150 × 3 mm3 each one (Fig. 5).

The parameters used for calculation are reported on Table 2.
In this case study, the effects of inlet primary air temperature,

ir velocity, working air ratio on supply air temperature, working
ir temperature, and total pressure drop were studied.
5293
Fig. 5. Lab-scale exchanger (Lin et al., 2020).

Fig. 6. Effect of primary air temperature on air supply and working air
temperatures.

3.1.1. Effect of inlet air temperature
Fig. 6 shows the supply and working air temperatures as a

function of the primary air inlet temperature. The primary air
temperature varies from 30 ◦C to 40 ◦C, while the other operating
parameters are set to their reference values (see Table 1). For the
supply air temperature, the experimental and numerical values
coincide sufficiently with a deviation ranging from 0.04% to 2.8%,
corresponding to a difference in temperature less than 0.8 ◦ C. For
he working air outlet temperature, a numerical to experimental
ifference of 2 ◦C to 4 ◦C is observed for primary air temperatures
igher than 35 ◦C and an average deviation of 5.6%. However, the
iscrepancy remains acceptable.

.1.2. Pressure drop
As plotted in Fig. 7, the pressure drop is expressed in terms of

he primary air velocity in both channels. For higher flow rates,
he air resistance is higher and requires more power consumption
rom the fan. The results of the numerical model are compared
ith the experimental results. The pressure drops predicted by
he model are in a good agreement with the measured values
ith an average deviation of 3.3% for the dry channel and 5.3%

or the wet channel.
Besides, the working air ratio in the wet channel also affects

he flow resistance (see Fig. 8). The pressure drop increases in the
et channel and decreases in the dry channel for higher ratios (>
.5), due to the airflow rate delivered in both channels. More than
0% of the primary flow rate is used for regeneration.
The model predictions agree well with the measurements and

he average deviation in the dry channel is 6.7% with a difference
f 0.12 Pa for a working air ratio of 0.22 to 3.23 Pa for a ratio of
.7, while in the wet channel the deviation is about 1.7%.
More results of this validation case are presented in Ap-

endix A.1, concerning inlet air velocity and working air ratio.
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Fig. 7. Effect of primary air velocity on the air pressure drop.

Fig. 8. Effect of working air ratio on the air pressure drop.

able 3
ase parameters.
Channel’s length 500 mm
Channel’s width 500 mm
Channel’s gap 3.5 mm
Primary airflow rate 0.0014 kg/s
Parallel airflow ratio 0.825
Working airflow ratio 0.452

3.2. Combined parallel–regenerative evaporative cooler

In this case, the results are validated with those given by
asan (2010) whose details are shown in Fig. 9. The following
ir inlet conditions are assumed: air inlet temperature of 30 ◦C

and moisture content of 9 g/kg. The specifications for this case
study are presented in Table 3.

Figs. 10 and 11 show results from the SPARK model compared
to Hasan’s results. In the parallel flow part, the model yields an air
supply temperature reaching 24.25 ◦C then decreasing to 15.59
◦C at the end of the passage length, whereas the values in the
data are 24.1 ◦C in the parallel part and 15.3 ◦C at the outlet.
It is clear that a good agreement is found with Hasan’s results.
The error is about 1.26%. It can be seen that in the parallel part,
the flow is characterized by a small variation in the water film
temperature. Moreover, in the wet channel, the air properties are
similar to those observed under adiabatic humidification condi-
tions. In the regenerative part, the water film profile is different
and the sensible heat transfer in the wet channel is characterized
by two different active zones with opposite heat flux directions
(before and after 90% of the channel length where the working
air temperature reaches a minimum).
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Table 4
Variation range of decision variables.
Decision variables Unit Minimum Maximum

Length mm 600 800
Width mm 375 500
Gap height mm 3 10
Working air ratio (WAR) – 0.1 0.5
Inlet air velocity m/s 1.5 3.5
Parallel air ratio (PAR) – 0.1 0.9
Lparallel – 0 0.66

4. Performance multiple response optimization

The heat and mass transfer process in dew point coolers is
complex and its performance is defined by multiple factors or
responses which are generally contradictory and must be opti-
mized simultaneously. Identification of the optimal conditions for
the input variables requires simultaneous consideration of all re-
sponses. This is called a multi-response optimization problem and
can be solved using several approaches such as the desirability
approach used in this study. This is a powerful tool used in multi-
response systems. It is based on the transformation of all the
responses obtained at different scales into a scale-free value. For
each response Yi (x), an individual desirability function di (Yi) is
ssigned a number between 0 and 1. The value zero is assigned
hen the factors give an undesirable response, while the value
corresponds to the optimal performance for the factors under
onsideration. The individual desirabilities are then combined
sing the geometric mean, resulting in the overall desirability D:

= (d1d2 . . . dn)1/n =

(
n∏

i=1

di

) 1
n

(17)

he problem is then solved by maximizing the overall desirability.
or each factor, individual desirability is calculated according
o Derringer and Suich (1980) methodology to maximize each
esponse:

=

⎧⎪⎨⎪⎩
0 if (y < L)(

y − L
T − L

)r

if ( L ≤ y ≤ T )

1 if (y > T )

(18)

here L and T are the lower limit and target value of y respec-
ively. The factor r is a weight factor that can be set > 1, <1 or
1 (linear function). In this study r is equal 1.
The literature has extensively studied the key performance

actors of dew point coolers. Three main factors are determined:
ew point efficiency, cooling capacity, and COP. For each factor
he individual desirability is computed, and then overall desir-
bility is calculated according to Eq. (17) with n = 3 which means
hat all factors have the same weight.

.1. Decision variables

The geometric and operating conditions of the cooler are used
s decision variables: channel gap, channel width, channel length,
orking air ratio (WAR) and inlet air velocity. For the combined
ooler, additional variables are used: parallel air ratio (PAR) de-
ined as the ratio of the working to primary air flow ratio in the
arallel flow section, and Lparallel, which is the relative length
f parallel part to the total cooler length (Table 4). The duct
aterials and thickness are those chosen by Lin et al. (2020).
For the outdoor conditions, three cases representative of the

limatic conditions in Algeria are chosen as shown in Table 5. For
ach city, the regenerative cooler is optimized and compared to
reference case and then the combined cooler is optimized and
ompared to the optimal case of the regenerative cooler.
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l

Fig. 9. Schematic airflow in a combined parallel–regenerative evaporative cooler (Hasan, 2010).
Fig. 10. Comparison of temperature profiles for air supply, working air and water film for the combined parallel–regenerative cooler.
Fig. 11. Comparison between Hasan model (dashed lines) and SPARK results for
air supply and working air conditions on the psychometric chart.

4.2. Constraints

Two constraints are imposed on the optimization problem as
isted below:

– A constant exchange surface is imposed to compare different
solutions while ensuring a similar manufacturing cost for
coolers:

A = L ∗ w = cte (19)
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Table 5
Ashrae summer design conditions (2%) of the selected cities.

Climate Elevation
(m)

DBT
(◦C)

WBT
(◦C)

DBT–DPT
(◦C)

Ouargla Hot desert 150 43.8 22.6 31.94
Constantine Hot summer Mediterranean 690 35 19.8 23.02
Algiers Hot summer Mediterranean 25 32 22.5 13.64

– The number of air channel pairs is 50 for the reference case.

The provided cooling capacity Qroom of the optimized cooler
should be greater than the cooling capacity of the reference
system which can be written as:

ṁs,ref Cp
(
1 − WARs,ref

) (
26 − Ts,ref

)
≤ ṁopt,optCp

(
1 − WARs,opt

) (
26 − Ts,opt

)
(20)

Building indoor temperature is assumed to be 26 ◦C.

5. Methodology

To solve the problem, the optimization program GenOpt for
minimizing a cost function evaluated by an external simulation
program (SPARK in this work), is used. Such a program can be
coupled to any simulation program that reads its input from text
files and writes its output in text files (like EnergyPlus, TRNSYS,
Dymola, SPARK. . . ). Different files must be prepared to establish
the communication between GenOpt and SPARK, as shown in
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Fig. 12. Data flow of GenOpt–SPARK coupling.
Fig. 13. Multiple response optimization using desirability function for Constantine city for the regenerative dew point cooler.
ig. 12. An extensive overview on the details concerning the file
reparations can be found in Wetter (2009) and can be sum-
arized in Wetter (2000): GenOpt reads the simulation input

emplate files, which are the simulation input files where the
umerical value of each independent parameter is replaced by its
ariable name. Then it replaces these variable names with numer-
cal values (determined by the chosen optimization algorithm)
nd writes the simulation input files. Afterwards, GenOpt starts
PARK (via commands written in the batch file), waits until the
imulation is completed and then reads the simulation log files
nd the simulation output files. The simulation log files indicate
ny eventual error. If not, GenOpt looks for the value of the
bjective function in the simulation output files. An initialization
ile tells GenOpt where all files are located. The command file lists
he independent parameters and their bounds. It also specifies
hich algorithm should be selected from GenOpt’s algorithm

ibrary to perform the optimization. The configuration file tells
enOpt which messages in the log file indicate a simulation error,
nd how GenOpt should start the optimization. In this paper, the
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hybrid GPS/PSO algorithm is used. It is applicable for optimization
problems with continuous parameters only, or mixed continuous
and discrete parameters. It starts by performing a Particle Swarm
Optimization (PSO) on a mesh, for a user-specified number of
generations.

Then, it initializes the Hooke–Jeeves Generalized Pattern
Search (GPS) algorithm, using the continuous independent vari-
ables of the particle with the lowest cost function value. The GPS
starts with the best iteration found by the PSO algorithm and
refines the search.

6. Results

6.1. Regenerative dew point cooler for Constantine city

Fig. 13 shows that the optimal values of dew point efficiency,
COP, and cooling capacity are 72.5%, 38 and 2750 W respectively
for an overall desirability value of 0.66. These values are evaluated
for WAR of 0.36, an exchanger length of 0.6 m, a dry air velocity of
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Fig. 14. Response surface and estimated contours of the overall desirability around the optimal operating conditions for Constantine city for the regenerative dew
point cooler and for L = 0.6 m.
3 m/s and a channel gap of 3 mm which are the predicted optimal
input parameters in this study. For these input parameters, the
dew point efficiency is 17.7% lower than its maximum value of
85.2% , the COP is 22% lower than its maximum value of 46 and
the cooling capacity of the exchanger is 10.2% lower than its high-
est value of 3030 W (these maximum values are shown in Fig. 13,
around the optimal solution). These high values correspond to
impractical situations where the overall desirability is zero or has
a low value. Fig. 13 also shows that the overall desirability is very
sensitive to the channel gap, since it is zero for gap values equal
or greater than 3.8 mm. Then, it is sensitive to WAR. Its value
drops from 0.56 to 0 when WAR decreases from 0.28 to 0.22.

These results are confirmed in Fig. 14, which shows overall
desirability and its contours around the optimal values. Varying
the inlet velocity between 2.8 and 3.2 m/s and WAR between 0.35
and 0.39 slightly decreases the overall desirability (less than 1%),
while increasing the channel gap from 3 to 3.3 mm reduces the
overall desirability to 0.611, or 7.1% less.

6.2. Combined parallel–regenerative dew point cooler for Constan-
tine city

Fig. 15 shows the results of the multiple response optimiza-
tion for the city of Constantine using the combined parallel–
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regenerative cooler. Optimal values of dew point efficiency, COP,
and cooling capacity are 73%, 40 and 2900 W, respectively, for
an overall desirability value of 0.717, which is 9% higher than
the case of the regenerative dew point cooler. These values are
evaluated for a WAR of 0.33, PAR of 0.58, relative parallel length
of 15% and exchanger length of 0.6 m, dry air velocity of 2.9 m/s
and channel gap of 3 mm, which are the predicted optimal input
parameters for this case. Compared to the regenerative dew point
cooler, at the same dew point efficiency, the COP and the cooling
capacity are 5.3% and 5% higher, respectively. From Fig. 15, it can
be noticed that the overall desirability is very sensitive to the
channel gap and becomes zero for gap values equal to or greater
than 4 mm. Subsequently, it is sensitive to WAR and Lparallel.

Fig. 16 shows the variations of the overall desirability and its
contours as a function of WAR, PAR, and relative parallel length
for channel length of 0.6 m and gap of 3 mm. Around the optimal
input parameters, varying the PAR between 0.48 to 0.65, WAR
between 0.31 and 0.35, and relative parallel length between 10
and 20% reduces overall desirability by less than 1%. It should be
noted that the length of the parallel channel cannot be changed
during exchanger operation.
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Fig. 15. Multiple response optimization using desirability function for Constantine city for the combined parallel counter-flow dew point cooler.
. Optimization results for various climatic conditions in Al-
eria

Table 6 shows the optimization results for the three cities. For
he regenerative cooler, substantial improvements are achieved
etween the base and optimal system. For the optimal case, the
hannel length and gap are reduced, and the velocity and WAR
re increased. Checking the supply air temperature, it reaches
1.5 ◦C for Algiers, which means that the air is cooled about 10.5
C to the outdoor conditions and suggests that dew point cooling
echnology is feasible for this city and can be combined with
ther cooling technologies to achieve lower cooling temperatures.
When comparing the combined configuration to the regen-

rative one (optimized cases), one can deduce that the use of
he combined cooler provides no improvements in the dew point
fficiency but increases the cooling capacity about 5%. However,
hese improvements can be counterbalanced by the combined
ystem technology which is more complex than the regenerative
ystem.
In order to understand differences between both configura-

ions, latent heat and sensible heat fluxes in the wet channel and
eat flux in the dry channel are computed. These are related by
q. (5) and are defined as:

dry = −Ud
(
Td − Tfw

)
(21)

latent = ρ hm
(
gfw − ga

)
hfg (22)

sensible = haw
(
Tfw − ta

)
(23)

igs. 17 and 18 show heat flux in the dry channel as well as latent
eat flux and sensible convective heat flux in the wet channel
or the combined parallel counter flow configuration and for the
ounter flow configuration respectively for Constantine City (for
he optimized cases).

These fluxes depend on temperature and humidity gradients.
eat flux qdry is always positive because the temperature of
he air in the dry channel is always higher than water film
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temperature as shown in Fig. 10. The performance of the com-
bined configuration is mainly due to the low variation of water
temperature in the parallel part whereas in the counter flow
exchanger water film temperature keeps increasing in the left
part (as pointed by Hasan (2010) and Pandelidis et al. (2017)).
The cooling capacity variation between both configurations can
be explained by analyzing dry heat flux profiles in Figs. 17 and 18:
in the left part, the combined configuration performs better and
on the right part, the counter flow exchanger performs better be-
cause it has a higher working air ratio (WAR = 0.36; WAR = 0.33
for the combined configuration). The resulting cooling capacity is
higher in the combined configuration (5%). The sensible convec-
tive heat in the wet channel is negative when heat transfer occurs
from the air to the water film. While the profiles of sensible heat
are similar in both configurations on the right part (counter flow
part), the sensible heat flow changes direction and magnitude
in the parallel part of the combined configuration meaning that
some latent heat is used to cool air in the wet channel resulting
in higher water consumption which is investigated in the next
section.

Comparing humid coastal cities like Algiers to dry climate
cities including Constantine and Ouargla, Table 6 indicates that
the cooling capacity is strongly enhanced by 60% and 130% re-
spectively. Fig. 19 compares the heat flux in the dry channel
qdry for the three cities for the combined parallel-counter flow
configuration. For Ouargla the cooling capacity is higher because
its climate is drier and warmer (higher DBT–DPT from Table 5).

Similarly, the COP increases by 60% and 120% for Constantine
and Ouargla respectively. COP growth is different than the cooling
capacity because it also depends on the fan consumption. For
Ouargla the velocity is higher than other cities leading to a higher
consumption.
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Fig. 16. Response surface and contours of the overall desirability around the optimal operating conditions for Constantine city for the combined dew point cooler,
or L = 0.6 m and the gap H = 0.003 m.
. Water consumption

Regarding the optimization results for different climate zones
n Algeria, the best case is relevant to Ouargla. The city is situ-
ted in Algerian Sahara with low rainfall and water scarcity, the
rediction of the water consumption is necessary.
Table 7 shows the theoretical water consumption for the op-

imal design for both configurations in the three studied cities. It
s computed according to the following formula:

˙ = ṁ
[
PAR (g − g ) + WAR(g − g )

]
(24)
w d a,in a,out pp a,in a,out regp
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Comparing the two configurations, for the three cities, the con-
sumption of the combined cooler is higher than that of the regen-
erative one with an increase of 43% in Algiers, 42% in Ouargla and
38% in Constantine. It is also noted that the water consumption in
Ouargla is the highest since its climate is drier, the air velocity is
higher as well as the PAR (parallel air flow ratio). Ouargla presents
a 137.5% and 135% higher water consumption than Algiers for the
regenerative and combined coolers respectively. This is due to the
humid climate of Algiers.

Fig. 20 compares the intensity of water evaporation along the
channel for both configurations. While on the right part both
configurations are similar, the intensity of evaporation is higher
in the combined mode due to high humidity ratio gradient in the
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nitial, optimum design parameters and improvements in objective functions for the three cities.
Parameters Cities

Constantine Ouargla Algiers

Decision variables for the base system (regenerative) L (m)
Gap (mm)
V (m/s)
WAR

0.8
4
2
0.25

0.8
4
2
0.25

0.8
4
2
0.25

Performance of the base system COP
εdp (%)
Qcooling (W)
Tsupply (◦C)
Qroom (W)

34
65.3
1950
20
805

50
68
2850
22.1
520

21.7
69
1240
22.6
454

Decision variables for the optimal design (regenerative) L (m)
Gap (mm)
V (m/s)
WAR

0.6
3
3
0.363

0.6
3
2.94
0.36

0.6
3
2.9
0.365

Performance of the optimal design (regenerative) COP
εdp (%)
Qcooling (W)
Tsupply (◦C)
Qroom (W)

37.5
72.5
2750
18.3
1285

54.9
73.5
3950
20.32
954

24
76.7
1715
21.54
723

Performance improvement (compared to base system) COP (%)
εdp (%)
Qcooling (%)
Qroom (%)

10.2
11
41
60

9.8
8
38.6
83.5

10.6
11.1
38.3
59

Decision variables for the optimal design (combined cooler) L (m)
Gap (mm)
V (m/s)
WAR
PAR
Lparallel

0.6
3
2.9
0.326
0.58
0.15

0.6
3
3.1
0.336
0.62
0.13

0.6
3
2.9
0.326
0.6
0.15

Performance of the optimal design (combined cooler) COP
εdp (%)
Qcooling (W)
Tsupply (◦C)
Qroom (W)

39.5
73
2900
18.3
1350

55.9
73.2
4200
20.42
1010

25
76.8
1820
21.53
780

Performance improvement (combined cooler compared to regenerative case) COP (%)
εdp (%)
Qcooling (%)
Qroom (%)

5.3
0.5
5.5
5

1.8
−0.4
6.3
5.9

4.2
0.1
6.1
7.9
Fig. 17. Variation of heat flux density along the channel for the optimized
combined parallel counter flow configuration in Constantine city.

wet channel between water film and wet air as well as the high
air flow rate. This results in a higher water consumption (38%).

9. Conclusion

The multi objective response of two configurations of the dew
oint evaporative cooler via GPS/PSO hybrid optimization was
5300
Fig. 18. Variation of heat flux density along the channel for the optimized
counter flow configuration in Constantine city.

Fig. 19. Variation of heat flux density along the channel for.
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ater consumption for the three cities.
City Regenerative dew

point cooler (kg/h)
Combined dew
point cooler (kg/h)

Constantine 5.2 7.2
Ouargla 7.6 10.8
Algiers 3.2 4.6

Fig. 20. Intensity of water evaporation along the wet channel for both
configurations for Constantine city.

performed using the desirability approach. The studied config-
urations are the regenerative dew point cooler and the com-
bined parallel counter flow cooler. A numerical model was imple-
mented in the SPARK simulation environment and was validated
with experimental data from the literature. The optimization was
performed with GenOpt and allowed to compare both configura-
tions from a thermodynamic point of view and for three climatic
conditions in Algeria. It is noticed that all the thermodynamic
parameters must be considered in the comparison and not only
one parameter. The following are the key findings:

(a) The overall desirability, for the dew point evaporative
cooler predicted in Constantine city, depends on the chan-
nel gap, which should be less than 3.8 mm. The optimum
values for dew point efficiency, COP and cooling capacity
are 72.4%, 37.5, and 2750 W respectively for a value of de-
sirability of 0.658. This corresponds to operating conditions
of WAR of 0.363, length of 0.6 m, dry air velocity of 3 m/s
and a channel gap of 3 mm.

(b) For the same city, the combined parallel–regenerative coole
has optimal efficiency, COP and cooling capacity of 72.6%,
40 and 2900 W respectively, for a desirability value of
0.717, as well as WAR of 0.33, PAR of 0.58, relative parallel
length of 15%, an exchanger length of 0.6 m, dry air velocity
of 2.9 m/s and a channel gap of 3 mm.

(c) Comparing humid coastal cities like Algiers to dry climate
cities including Constantine and Ouargla, it can be noticed
that the cooling capacity is strongly enhanced by 60% and
130% respectively. Similarly, the COP increases by 60% and
120% respectively, yielding the necessity of the proposed
study.

(d) Comparing the regenerative dew point and the combined
parallel counter flow configurations for the optimized
cases, in the combined configuration, the cooling capacity
is improved by about 5% at equal dew point efficiency for
all three cities. However, the combined dew point cooler
consumes more water than the regenerative cooler (about
40%) which can restrict the use of this kind of configuration
especially in a desert climate like Ouargla City where water
is extremely scarce.
5301
Further research direction can focus on coupling the system
with a building model with an appropriate regulation strategy as
well as modeling other dew point coolers configurations.
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Appendix

A.1. Horizontal counter flow dew point evaporative cooler

In this section, additional validation of the horizontal flow dew
point cooler is performed. The considered parameters are the
inlet air velocity and the working air ratio.

A.1.1. Effect of inlet air velocity
The supply air temperature and the working air temperature

are predicted as a function of the intake air velocity. Compared
to the experimental values, the calculations show good agree-
ment and an average deviation of less than 1.2% for the supply
air temperature. A larger difference of about 2 ◦C between the
numerical and experimental values is reported for the working
air temperature.

At air velocity below 1.3 m/s, the heat transfer is improved
due to a longer residence time, at the detriment of a lower cooled
air flow rate delivered to the building, nevertheless, the gain in
cooling temperature is only 0.5 ◦C to 1 ◦C, as seen on Fig. A.1.1.
t is noticed that above 1.5 m/s air flow rate, the supply air
emperature is not sufficiently influenced.

.1.2. Effect of working air ratio
In Fig. A.1.2., it can be seen that the discrepancy between

he calculated and measured values is acceptable. In the dry
hannel, the deviation of the supply air temperature is estimated
o be between ±0.34 ◦C and ±1.4 ◦C, 0.4% at minimum and
.8% at maximum. In the wet channel, the deviation is slightly
igher, 5% with a temperature difference of ±0.3 ◦C to ±2.15 ◦C.

Moreover, the supply air temperatures as well as the working air
temperature decrease considerably, when the working air ratio
increases. The drop becomes more stable above a ratio of 0.6.
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Fig. A.1.1. Effect of primary air velocity on air supply and working air
temperatures.

Fig. A.1.2. Effect of working air ratio on air supply and working air
temperatures.

Table A.1
Experimental setup parameters.
Channel’s length 1200 mm
Channel’s width 80 mm
Channel’s gap 5 mm
Water film temperature 28 ◦C
Airflow rate 60 l/h
Working air ratio 0.33

A.2. Vertical dew point evaporative cooler

Riangvilaikul and Kumar (2010) conducted an experimental
tudy of a dew point evaporative air cooler in a vertical ar-
angement, as shown in Fig. A.2.1. The system specifications are
ummarized in Table A.1. The experimental data are as follows:
nlet air temperature varied from 25 ◦C to 45 ◦C, inlet air humidity
rom 6.9 g/kg to 26.4 g/kg and intake air velocity from 1.1 m/s to
m/s.
Fig. A.2.2 illustrates the results of the numerical model and the

xperimental data. The numerical results are in good agreement
ith the experimental data, with the discrepancy in most points
arying from 0.5% to 4%, with a few points giving an error of more
han 4% and up to 9.1%.

In the illustration in Fig. A.2.3., the system efficiency is plotted,
he intake air velocity is varying from 1.11 m/s to 6 m/s, the inlet

◦
emperature is set to 34 C and calculations are performed for T
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Fig. A.2.1. Experimental setup of the evaporative cooling system (Riangvilaikul
et al., 2010).

Fig. A.2.2. Air supply temperature for different external conditions.

Table A.2
Operating conditions.
Channel’s length 1000 mm
Channel’s width 1000 mm
Channel’s gap 3 mm
Inlet air velocity 3 m/s
Inlet air temperature 30 ◦C
Relative humidity 45%
Xparallel 0.1 – 0.9

two air humidity values of 11.2 g/kg and 19 g/kg. The wet bulb
and dew point efficiency graphs of the experimental cases are in
a good agreement with the numerical results (discrepancy from
1.6% to 2.7% at most).

A.3. Combined parallel–regenerative

Pandelidis et al. (2017) performed numerical studies on a
combined parallel–regenerative exchanger using the modified ε-
NTU method (Fig. A.3.1.). The length of parallel flow section, the
working air ratio in the parallel part and the working air ratio
in the counter-current part are designed by Xparallel, w3/w1 and

2/w1 respectively. The operating conditions are summarized in

able A.2.
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Fig. A.2.3. System effectiveness for different intake air velocity.

Fig. A.3.1. Schematic combined parallel–regenerative evaporative exchanger
(Pandelidis et al., 2017).

Fig. A.3.2. Air supply temperature versus Xparallel and w3/w1 for w2/w1 = 0.1.

In this analysis, the regenerative part w2/w1 is set to 10%,
0 and 50% of the primary airflow rate, so, the calculations are
or predicting supply air temperatures according to the different
orking air ratios in the parallel part w3/w1.
The curves on Fig. A.3.2. show the supply air temperature for

2/w1 = 0.1 and different ratios of w3/w1. There is a good
greement between both models. For amounts of w3/w1: 0.3, 0.5,
.7 and 1, the deviation is satisfactory within 3.3%, 4.2%, 1.6% and
.2% respectively.
In the case of regenerative air ratio of 30% (see Fig. A.3.3.), the

verage error is less than 0.4% for all air supply temperatures. The
5303
Fig. A.3.3. Air supply temperature versus Xparallel and w3/w1 for w2/w1 = 0.3.

Fig. A.3.4. Air supply temperature versus Xparallel and w3/w1 for w2/w1 = 0.5.

mean error in the case of w2/w1 = 0.5 (see Fig. A.3.4.), is less than
0.2%.
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