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Abstract
This paper presents a mathematical model to enable a more in-depth understanding of the
combined heat and mass transfer processes of a counter-flow indirect evaporative cooler
operating in semi-arid regions. A series of simulation was conducted to compare the
performances between a single-purge and four-purge configurations. Furthermore, the effect
of several parameters on the performance of the single-purge configuration was investigated
under the baseline condition. The developed model was validated against experimental data
from literatures to within 2% discrepancy. Key results revealed that the single-purge
configuration produced higher cooling capacity (around 20% higher), as well as higher dewpoint effectiveness under the same operating conditions. A parametric study was also made
on the single-purge configuration. The results revealed that lower product air temperature and
higher dew-point effectiveness were achieved with longer channel length and larger purge
ratio. However, the maximum cooling capacity approached its maximum with longer channel
length and 35% purge ratio.
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1. Introduction
The global air-conditioned (AC) and refrigeration industry is valued at US$150 billion by
2018 and is expected to reach US$ 230 billion by the end of 2028 with a CAGR(compound
annual growth rate) of 4.1% [1]. Although AC in buildings has improved human’s lifestyle
and work efficiency in commercial buildings, it is inevitably accompanied with the negative
effects such as the emissions of greenhouse gases (GHG) directly via refrigerant emissions
and indirectly through electricity generation by burning fossil fuels [2–4]. Moreover, the
global energy demand for space cooling is expected to triple by 2050 [4]. Of the 2.8 billion
people living in the hotter regions of the world such as KSA, only 8% currently possess AC,
and as incomes and living standards improve in many such countries, the demand for AC is
expected to rise sharply. As a consequence, AC usage will be the second-largest consumer of
global electricity after an industrial sector by 2050 [4–7].
*
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Over the past decades, a hot and dry climate country, Saudi Arabia (except coastal cities
along Red Sea and Gulf) has spent more than 50% of the annual electricity production (272
TWh, 2014) for heating, ventilation and air conditioning (HVAC) purposes, amounting to
139 TWh per annum [8]. Should this cooling energy demand is unabated, the future
sustainability outlook in energy and environment efficacy of the mentioned country may be
untenable [9–11]. In conventional air-conditioning systems, the compressor efficiency has
shown a significant improvement chronologically from 1.2 kW/RT in the 1990s to 0.85±0.05
kW/RT. Since 2000, however, this improvement trend has leveled asymptotically[12–14],
implying that efficiency improvement for compressor stages and heat exchangers have been
saturated.
Although the indirect evaporative cooling (IEC) process is not new technology, it can be an
out-of-box solution to the aforementioned challenge especially in a desert climate condition
where air-humidity level maintains below 10g/kg throughout the year. Conventional indirect
evaporative cooler (IEC) is based on heat and mass transfer between two separated streams of
air that flow in a dry channel and a wet channel [15]. However, the conventional IEC has the
limit that the temperature of product air cannot go below the wet-bulb temperature of the
working air. For such reasons, IEC has been further improved based on a M-cycle conception
[16], which also called a dew-point evaporative cooler and regenerative evaporative cooler
(REC) [17,18]. In order to control indoor humidity level, IEC can be also integrated with a
heat-driven dehumidification system such as a liquid desiccant dehumidifier and a solid
desiccant dehumidifier [19–21]. Alternatively, it can be combined with a direct evaporative
cooler [22]. Other than air-conditioning application, IEC has been also applied to a power
plant [23] and a mine refuge chamber [24]. The key features of an IEC are that it employs
only water instead of a refrigerant and its operation is predicated on the design of a generic
wet-and-dry channels where the heat and mass transfer processes are imposed onto the
product and purged air.
Many experimental and simulation works have been performed with various configurations
of IEC under various operating conditions. Xu et al.[25] developed a novel complex heat and
mass exchanger (HMX) for higher performance of a dew-point evaporative cooler. Authors
removed supporting guides inside channels and employed a corrugated surface for larger heat
and mass transfer area. Dew-point effectiveness was found to be in the range 67-76.3% and
the wet-bulb effectiveness in the range 100-109.8%. Duan et al. [26] investigated
experimentally the operational performance of a regenerative evaporative cooler under
various conditions by analyzing the wet-bulb effectiveness and EER as well as cooling
capacity. The results showed that wet-bulb effectiveness and EER increased by 31% and
40%, respectively compared conventional indirect cooler. Kim et al. [27] investigated the
performance of IEC with two different cross-flow configurations. They found that the mass
flow rate of the working air is the key to enhance the performance of the IEC. Hasan [28]
proposed an analytical model of IEC with a modified e-NTU method that can be applicable to
any type of IEC namely a regenerative, counter-flow and parallel-flow cooler. They redefined
heat capacity rate parameters and heat transfer coefficient. Dizaji et al. [29] also developed an
analytical model for multi-stage M-cycle exchangers that has perforated exchangers. Their
results have been compared with the numerical solution and experimental results obtained
from literatures and have found to be in good agreement. Lin et al. [30] simulated the
transient and steady-state performance of the dew-point evaporative cooler using a 2-D
mathematical model, and compared the results with experimental results. They also
investigated the effect of water spray on a channel plate temperature profiles in bother
horizontal and vertical plate orientations. The governing equations include momentum,
continuity, energy balance and species balance. They also concluded that a horizontal
2
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orientation of the channel plate is more efficient than a vertical orientation as it exhibited
smaller temperature variation and faster response. Jafaian et al. [31] employed a realistic
boundary condition to develop a more accurate numerical model of a dew-point evaporative
cooler. Thermal boundary condition on the separating wall was neither constant surface
temperature nor constant surface heat flux. They also compared the results of 2D and 3D
models and concluded that the 2 D model is a favorable option since the maximum errors
between two models were less than 4.5%. Comino et al. [32] presented a simplified model of
IEC based on experimental results. Authors compared the results of the simplified model with
those of a detailed model and experimental data.
Many attempts have been conducted for the optimization of IEC. Balyani et al. [33]
analyzed economic and environmental as well as thermal comfort analysis of IEC for
selecting the best cooling technology for various climates. Zhao et al.[34]investigated the
feasibility of a polygonal-sheets-stacked heat and mass exchanger for air conditioning in
buildings at seven cities of Chine. Duan et al. [35]investigated experimentally the energy
saving potential of a prototype of a counter-flow regenerative cooler when it applied to
China’s various regions. Jafarian et al. [35] developed GMDH-type neural networks for
modeling and optimization of a flat plate dew-point counter flow IEC. Their results indicated
that the COP was improved by 36.6% with hot and dry climate. Sohani et al. [36] conducted a
multi-objective optimization to find the best design of two different dew-point evaporative
coolers(i.e., counter-flow and cross- flow configurations). It was found that the counter-flow
configuration was the ideal option in very hot and dry regions (Riyadh), while a cross-flow
configuration was better in other investigated climates(Ahmedabad, London, Windsor).
Authors also implemented GMDG model for optimization of COP and cooling capacity with
12 different climates [37]. Bi et al. [38] concluded that an optimum management system of
IEC could achieve 87.7~91.6% electricity consumption saving in Data Centers in 10 typical
cities under 10 climatic conditions.
National Renewable Energy Laboratory (NREL) evaluated three multistage IECs through
observation, measurement, and verification of the performance [39]. However, the studied
multistage IECs were based on a cross-flow configuration. Thus far, little studies have been
conducted on the performance of a counter-flow multi-purge configuration of IEC. In this
paper, a mathematical model is established in order to conduct a series of numerical
simulation for a counter-flow generic cell of IEC with two purge configurations namely,
single purge and four purges. From the simulation results, comparative analyses are carried
out in order to identify the differences. Further analyses are made to investigate the
performance of a generic cell with the single-purge configuration by examining the effect of
some important geometrical and operating parameters.
2. Concept of Indirect Evaporative Cooler
The IEC differs from the conventional adiabatic cooling or commonly known as the cooling
towers, swarm coolers, etc., where the air stream experience changes in both the temperature
and absolute humidity. For the IEC, the primary air is flowing in a dry channel whilst a small
fraction of the product air is purged into a wet channel, where the latter picks up the water
vapor from the dedicated “hydrophilic membranes” that separates the evaporative moist air
flowing in a counter-flow direction. Thermodynamically, it incurs two major energy losses to
achieve cooling of the primary air stream: Firstly, energy is imparted to the air by a fan for
maintaining the necessary air flow in all channels and secondly, it continuously purges a
fraction of the conditioned air of the non-wetted channel so as to re-initiate the evaporative
cooling in successive wetted-channels.

3
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Fig.1 (a) depicts the single-purge configuration where the air is diverted at the exit of dry
channel and diverted to the wet channel with a flow rate of 30~40% of the inlet air. Fig. 1 (b),
on the other hand, shows the four-purge configuration that injects part of the product air into
the wet channel. The four-purge configuration is further classified into two types. For the first
type (type A), the air flowing the dry channel is purged from each section of the dry channel
and then added to a preceding working air stream. For instance, the first purged air from
section 1 is mixed with the working air flowing from section 2. Subsequently, the mixed
working air stream with lowered humidity ratio is then supplied to the next the section of the
wet channel while increasing evaporation potential. For the other type (type B), the air is
purged from the end of the dry channel likewise the single-purge configuration. However, the
purged air is flowing through another small passage from which it is purged into each section
of the wet channel with the same temperature and humidity ratio of the product air. In this
case, both temperature and humidity ratio of the mixed air at each section of the wet channel
are lowered. It is noteworthy that the IECs studied in this study are based on a dew-point
evaporative cooler (i.e., M-cycle).

EP

TE
D

(a)

AC
C

(b)
Fig. 1 Schematic of the proposed IECs: (a) single-purge configuration, (b) four-purge
configuration with two purge methods.
3. Mathematical model for IEC
The mathematical model was established to observe the performance of the counter-flow
indirect evaporative cooler (IEC) with two purge configurations. The differential control
volume consists of half the height of the dry and wet channels, the separating plate, and the
water film. To simplify the heat and mass transfer processes, the following assumptions were
made:
(1) The air streams in both the dry and wet channels are at steady state for the heat and mass
transfer analysis.

4
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(2) Air flow is laminar and fully developed, and heat and mass transfer coefficients are
constant.
(3) Heat losses to the surroundings are negligible (adiabatic condition).
(4) The wet surfaces are saturated locally with the water film.
(5) The air velocity and temperature distributions are 1-D with respect to its axial direction.
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The dry air channel involves sensible cooling by forced convective heat transfer, leading
the change of the enthalpy of the supply air flowing through the channel. The energy balance
of air flowing in the dry channel is given by
d 2Tdaj
∂Tdaj hdj j
j
j
ka
− uda ρ da c p ,m
= (Tda − Tpj )
2
dx
dx
H

(1)
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where, cp,m is the specific heat of air-water vapor mixture and it is defined as
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The superscript j refers to the section number of the channel in the case of four-purge
configuration and H is the half height of the dry channel. The first term on the left-hand side
of Eq.(1) represents the longitudinal heat conduction in the air. The second term denotes the
energy variation due to the bulk airflow in the longitudinal direction. The term on the righthand side of equation indicates the convective heat transfer between the air and the plate
surface.
As both sensible and latent cooling effects are involved in the wet channel, heat and mass
transfer mechanisms are considered between the air and water film layer, and it is given as
follows
d 2Twaj
dTwaj
hwj j
hmj ρ da
j
j
j
ωsat (T f j ) − ωvj  c p ,v (Twaj − T f j )
+
u
c
=
(
T
−
T
)
+
ρ
wa wa p , wa
wa
f
2
dx
dx
H
H

(3)

j
d 2ωvj
j d ωv
=
−
ρ
u
+ hmj H ρ da (ωv,sat (T f j ) − ωvj ) ,
da wa
dx 2
dx
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The mass transfer takes place only at the wetted surface, powered by the driving force of
vapor partial pressure difference, and its mass exchange is written as
(4)

whilst the energy balances for the water film and the impervious layer are given as

kf

kp

d 2T f j
dx 2
d 2Tpj
dx 2

=−

=−

hw (Twaj − T f j )

δf
hd (Tdaj − Tpj )

δp

− kf

+

Tpj − T f j

δ f2

+

h fgj hmj ρ da ωsat (T f j ) − ω j 

δf

k p (Tpj − T f j )

(5)

(6)

δ p2
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Given the geometry of the generic cell and the operating conditions, the maximum
Reynolds number is 1048, which is sufficiently low that the flow is laminar flow. The
convective heat transfer coefficients for the dry and wet channels are determined by Eq. (7).
Nuk a
(7)
Dh
The Nusselt number that at constant surface flux can be calculated by the correlation by
Eq.(8) for fully developed laminar flow in the for the rectangular dry channel [40].
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Nu = 8.235(1 − 2.042 AR + 3.085 AR 2 − 2.477 AR 3 + 1.058 AR 4 − 0.186 AR 5 )

(8)
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where AR is the aspect ratio of the channel (i.e., the ratio of the minimum to the maximum
dimensions). The Nusselt number in the wet channel, in which both heat and mass transfer
processes are involved, can be calculated by the following equation [41].
(9)

where le is the characteristic length, le=V/As and, V is the volume occupied by the wick
material or water film. As is the wetted surface area of the channel. l is the total thickness of
channel plate including the water film.
The convective mass transfer coefficient for the wet channel is approximated using heat and
mass transfer analogy and can be expressed by Lewis number.
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In addition to the temperature of product air, four different performance indices were
adopted to evaluate the performance of the single generic cell of IEC. They are sensible
cooling capacity (Q̇ sen), total cooling capacity of product air (Q̇ t), dew-point effectiveness
(εdp) and total efficiency (ηtot), which can be calculated by the following formulas

Q& sen = m& sa c p ,a (Tda ,out − Tda ,in )
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(11)

Q& tot = m& sa iin (Tda ,in , ωin ) − iout ( Tda ,out , ωin )

(12)

where the enthalpy of moist air is determined by both the dry air and the water vapor,
i = ia + ωiv = c p , aTda + ω ( c p ,vTda + io )

ε dp =

(13)

Tda ,in − Tsa
Tda ,in − Tdp (Tda ,in )

(14)
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ηtot = & tot
Q

(15)

max

where Q̇ max is the maximum cooling capacity and can be expressed as
Q& max = m& da iin (Tda ,in , ωin ) − iout ( Tdp , ωin )
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where Tdp is the inlet air dew-point temperature of the dry channel.
In this study, we defined the total efficiency other than the dew-point effectiveness in order
to analyze the effect of the purge ratio on the total cooling capacity of the product air that
includes sensible and latent cooling capacity. The total efficiency is always lower than the
dew-point effectiveness as it takes account of the mass flow rates for the primary air, working
air and supply air (product air). By using the total efficiency, the maximum available cooling
capacity can be estimated with the minimal loss of air mass. m& sa is the mass flow rate of the
supply air, which is determined by the purge ratio. m& da is the mass flow rate of the air flowing
in the dry channel (primary air), which is the sum of the mass flow of working air and the
supply air.
Table 1 shows the design and operating parameters for numerical study. The single
generic-cell comprises a dry channel, two wet channels, and a separating plate in between
them. It should be noted that for the four-purge configuration, the height of the wet channel
has different heights in each section in order to maintain the same velocity along the channel.
Table 1. Design and modeling parameters of IEC for numerical study.

EP

Purge ratio (%)

Values
0.6, 0.8, 1.0, 1.2. 1.4
0.8
1-purge: 5
4-purge: 5 for dry channel;7,5,2.4,1 for wet channel
1-purge: 20, 25, 30, 35, 40, 45, 50
4-purge: 10, 13,7, 5
2.0
30
10
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Parameter
Channel length (m)
Channel width (m)
Channel height (mm)
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Inlet air velocity (m/s)
Inlet air dry-bulb temperature (oC)
Inlet air humidity ratio (gvapor/kg dry air)

The mesh grid size is set at 1.0 mm when solving the differential equations. For instance,
1.0 m channel has 1000 cell elements. The governing equations (from Eq. (1) to Eq. (6)) are
solved using the solver (bvp4c) for coupled-nonlinear ordinary differential equations in
MATLAB environment.
4. Results and discussions
4.1 Model validation
As shown in Fig. 1 (a), each dry channel is placed in between two wet channels and each
wet channel is adjacent to two dry channels. In this study, our differential control volume
contains half the height of the dry and wet channels by considering each channel is symmetry
about the horizontal centerline since the air flows are assumed to be fully developed. Our
model has been validated with the published experimental results from references [42] and
[43] where a series of experiments were carried out on a dew-point evaporative cooler with
7
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two pairs of dry and wet channels. To evaluate the accuracy of mathematical models, rootmean-square error (RMSE) was used for the consistency between simulated results and
experimental data, and it is expressed as [44]
2

(17)

n
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Fig. 2 (a) shows the comparison of the temperature distribution along the channel between
the simulation results and the experimental results under the specific inlet air conditions of
32.6 °C temperature with 14.0 gvapor/kgdry air humidity ratio and 38.2 °C temperature with 10.2
gvapor/kg dry air humidity ratio. It is observed that the maximum deviation of the model is 1.9 %
with RMSE of 1.1 % under inlet temperature of 32.6 °C, and 3.2 % with RMSE of 1.6 %
under inlet temperature 38.2°C. Fig. 2 (b) also shows a good agreement between the
simulation and experimental data under various inlet temperatures and humidity ratios. The
maximum deviation of 3.3 % is observed at the inlet air temperature of 26°C with 26.0
gvapor/kgdry air humidity ratio, and the RMSE value is 2.0%.
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(a)
(b)
Fig. 2 Model validation with experimental data from references [42,45]: (a) Temperature
distributions along the channel under specific primary air conditions (Tin= 32.6 °C with ω=
14.0 gvapor/kgdry air; and Tin =38.2 °C with ω = 10.2 gvapor/kgdry air.) (b) Product air temperature
under various inlet air temperatures (25, 30, 35, 40 and 45°C) and humidity ratios (6.9, 11.2,
20 and 26 gvapor/kgdry air).
4.2 Comparative analysis on the performance of a single-purge and four purge configurations
Based on the mathematical models, comparative analyses were carried out to identify the
differences between the single-purge and four-purge configurations. The four-purge
configuration is divided into two different types. In type A, the working air is purged from
the end of each section of the dry channel and then added to the preceding working air stream
with assorted purge ratios (15%, 13%, 7%, and 5% of the primary air) as shown in Fig.1 (b).
For type B, the working air is purged from the end of the channel into another small passage,
from which the purged air is distributed into each section of the wet channel with the same
purge ratios with type A. It is worthy to note that all the distributed purged air has the same
temperature as the outlet air temperature of the dry channel. In this study, it is assumed that
the airflow rates are controlled by using differently sized diaphragms and custom cut orifices
plate.
8
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(c)
(d)
Fig. 3 Comparisons of temperature and humidity ratio profiles between one- purge and four
purge configurations: (a) temperature profiles of type A, (b) temperature profiles of type B,
(c) humidity profiles of type A, (d) humidity profiles of type B.
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Fig. 3 depicts the temperature and humidity ratio profiles of the product air and the
working air for the four-purge IEC units with two different schemes. Those of the singlepurge configuration are also plotted as a benchmark. It is observed from Figs. 3 (a) and 3 (b)
that the single-purge configuration produces the product air of lower temperature than the
four-purge configurations. The blue dotted line is the product air within the each section and
the red sold line indicates the corresponding working air along the each section. It is also
observed that for type A, the inlet temperature of the working air slightly drops at the
entrance of each section while it increases in type B. It can be seen from Figs 3 (c) and 3 (d)
that the saturation of working air appears only at the exits of last two sections. The blue line
is the humidity ratio of air in the wet channel and the red line indicate the corresponding
saturated humidity ratio of the air within the section. From the results, it is apparent that a
longer contact time is essential for greater mass transfer to take place and thus greater heat
transfer for both configurations.
Fig. 4 shows the dry-bulb temperature and humidity profiles of four-purge configurations
under the baseline condition where the inlet air temperature is 30oC and humidity ratio is 10
gvapor/kgdry air. The larger decrease in temperature is observed in the nearer section to the inlet
of the dry channel. This is mainly attributed to the flow rate of the working air and the
difference of inlet temperature between two streams. It is also observed that the working air
of the first section is not saturated compared to those of other sections.
9
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(a)
(b)
Fig. 4 Temperature and humidity profiles on psychrometric chart for four-purge
configurations: (a) type A, (b) type B

EP

(a)
(b)
Fig. 5 Performance comparisons for a generic cell with different purge configurations: (a)
outlet air temperature, (b) sensible and total cooling capacities, dew-point effectiveness, and
total efficiency.
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Fig. 5 shows outlet air temperature, cooling capacities (sensible cooling capacity and total
cooling capacity) and total efficiency of a generic cell with different purge configurations.
The baseline weather condition was applied to the simulation process. The total working-tointake air ratio (purge ratio) is 0.4 for all the cases. It can be seen that the outlet air
temperature of the single-purge configuration is 20.7oC, which is 2.1oC lower than that of the
type B. For the single-purge configuration, dew-point effectiveness reaches 0.58, which is
20% higher than that of type B and 30% higher than type A. Meanwhile, total efficiency of
the single-purge configuration is 0.38, which is 20% higher than that of type B and 30%
higher than type A. Total cooling capacity of the single-purge configuration is 59.15W while
the four-purge configurations achieve 49.12W and 45.5W respectively. It should be noted
that the total cooling capacity is slightly higher than the sensible cooling capacity since total
cooling capacity accounts the cooling effect of water vapor other than the sensible cooling
capacity.
4.3 Effects of channel length and purge ratio for single-purge configuration

10
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Figs. 6 (a) and (b) depict the dry bulb temperature and humidity profiles on psychrometric
chart for different channel lengths and different purge ratios, respectively. The inlet air
temperature and humidity ratio were kept at 3 oC and 10 gvapoer/kgdry air, respectively. The
channel length varied from 0.6 to 1.4 m while keeping the purge ratio of 40%. When the
purge ratio increased from 20 to 50%, the channel length was fixed at 1.0 m. It is observed
that the temperature in the dry channel gradually decreases as the channel length and the
purge ratio increase. The product air temperature reaches a minimum of 19.0oC when the
channel length is 1.4 m and the purge ratio is 50%. It can be easily seen that the working air
is cooled down and saturated towards its saturation line (100%) and then the temperature
increases while evaporation takes place continuously.

(b)
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(a)

(c)
Fig. 6 Temperature and humidity profiles of single-purge configuration under baseline
condition: (a) different channel lengths of 0.6, 0.8, 1.0, 1.2 and 1.4m, (b) different purge
ratios of 20, 25, 30, 35, 40, 45 and 50%, (c) humidity ratio and saturated humidity ratio
profiles of different channel lengths.
Fig.6 (c) shows that the humidity ratio of the working air steadily increases along the flow
direction even after it has almost reached its saturated level. This is because the saturated
humidity ratio also grows continuously at the same rate along the flow direction with the
increasing the temperature. As a result, continuous evaporation ensues along the wet channel.
It is also observed that the saturation point where the working air reaches its saturation level
is the same and independent on the channel length. Therefore, it is apparent that a contact
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time of the working air affects the amount of evaporation, which in turn leads to larger
temperature drop.
Fig. 7 (a) shows the effect of the channel length on the product temperature of the singlepurge configuration when the purge ratio was kept at 40%. It is found that the outlet
temperature is largely affected by the channel length. The outlet temperature of the product
air drops from 21.3 to 19.01oC as the channel length increases from 0.6 to 1.4 m. Fig. 7 (b)
shows both sensible and total cooling capacities and dew-point effectiveness and total
efficiency of the single-purge configuration with different channel lengths under baseline
condition. It can be seen that both cooling capacities, dew-point effectiveness and total
efficiency increase as the channel length increases due to a longer contact time of the
working air stream.
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(a)
(b)
Fig. 7 Effect of channel length on the performance of single-purge configuration under
baseline condition: (a) product air temperature, (b) sensible and total cooling capacities, dewpoint effectiveness, and total efficiency.
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Fig. 8 (a) shows the effect of the purge ratio on the outlet temperature of the product air. It
is found that the product air temperature is also strongly affected by the purge ratio. The
temperature drops from 23.8 to 19.01oC as the purge ratio increases from 20 to 50%. Fig. 8
(b) shows cooling capacity and efficiency of a single-generic cell with different purge ratios.
It is observed that the sensible and total cooling capacities increase until the purge ratio
reaches 35%, and thereafter it gradually drops. The same trend is also observed for the total
efficiency. The maximum efficiency appears at 35% purge ratio. However, the dew-point
effectiveness increases as the purge ratio increase. This is because the dew-point
effectiveness is only related to the temperature difference whereas the total efficiency is
concerned with the mass flow rate of the product air as well as the temperature difference.
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(a)
(b)
Fig. 8 Effect of purge ratio on the performance of single-purge configuration under baseline
condition: (a) outlet air temperature, (b) sensible and total cooling capacities, dew-point
effectiveness, and total efficiency.
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Fig. 9 shows the product air temperature, the total cooling capacity and the dew-point
effectiveness of single-purge configuration when the channel length varies from 0.6 to 1.4 m,
and the purge ratio ranges from 20 to 50%. It can be easily seen that lower product air
temperature, as well as higher dew-point effectiveness can be achieved with longer channel
length and larger purge ratio. However, the maximum cooling capacity can be achieved with
longer channel length and 35% purge ratio.

(a)

(b)
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(c)
Fig. 9 Influence of channel length and purge ratio on the performance of single-purge
configuration: (a) product air temperature, (b) dew-point effectiveness, (c) total cooling
capacity.
5. Conclusion
A detailed mathematical model has been established to study a counter-flow indirect
evaporative cooler with two different purge ratios. Validation of simulation results with
experimental data obtained from references demonstrated that the model yields satisfactory
outcome with remarkable accuracy. The key findings from this study include:

TE
D

(1) For type A of the four-purge configuration, the inlet temperature of the working air
slightly drops at the entrance of each section while it increases in type B. For the four-purge
configuration, the saturation of working air appears only at the exits of last two sections.
Therefore, a longer contact time is essential for greater mass transfer to take place and thus
greater heat transfer.

EP

(2) The larger decrease in temperature is observed in the nearer section to the inlet of the dry
channel of the four-purge configuration. This is mainly attributed to the flow rate of the
working air and the difference of inlet temperature between two streams.

AC
C

(3) The single-purge configuration produces a lower product air temperature, around 10%
lower than two four-purge configurations. It can also achieve 58% of dew-point
effectiveness, 20% higher than type B and 30% higher than type A. Total cooling capacity of
the single-purge configuration is 59.15 W while the four-purge configurations achieve
49.12W and 45.5W respectively.
(4) For the parameter study on the single-purge configurations, lower product air temperature
and higher dew-point effectiveness were achieved with longer channel length and larger
purge ratio. However, the maximum cooling capacity approached its maximum with longer
channel length and 35% purge ratio. This is because the dew-point effectiveness is only
related to the temperature difference whereas the total efficiency is concerned with the mass
flow rate of the product air as well as the temperature difference.
Based on the detailed simulations, it is noted that the IEC have great potential for air
conditioning of commercial and residential buildings. It would lead to significant savings in
14

ACCEPTED MANUSCRIPT

EP

TE
D

SC

M
AN
U

Nomenclature
AC
air conditioning
CGAR compound annual growth rate
cp
specific heat at constant pressure, J/(kg·K)
Dv
diffusion coefficient, m2/s
EER energy efficiency ratio
GHG greenhouse gas
h
convective heat transfer coefficient, W/(m2·K)
hfg
latent heat evaporation, J/kg
hm
mass transfer coefficient, m/s
H̅
half height of channel, m
HVAC heating, ventilation, and air conditioning
i
enthalpy, J/kg
IEC indirect evaporative cooler
k
thermal conductivity, W/(m·K)
L
channel length, m
ṁ
mass flow rate, kg/s
P
pressure, Pa
Q̇
heat transfer rate, W
RMSE Root-mean-square error
r
working air ratio
T
temperature, °C
u
velocity, m/s
W
channel width, m
x
x-coordinate, m
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both electricity consumption as well as water consumption, vis-à-vis to the conventional
vapor compression chillers with water cooling towers. It can be estimated that the kW/RT of
IEC can be reduced to less than 0.5±0.03 versus the existing average kW/RT of about
0.85±0.03. In addition, IEC approach has low capital cost due primarily to the avoided
hardware needed.
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Greek symbols
δ
thickness, mm
ρ
density, kg/m3
ω
humidity ratio, kg/kg dry air
Subscripts
a
air
da
dry channel air
dp
dew point
f
water film
in
inlet
m
water vapor-air mixture
out
outlet
p
plate
pa
primary air
sa
supply air
sat
saturated
15
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v
wa

water vapor
wet channel air
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