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Abstract
An energy-saving and environmentally friendly air-conditioning method has been proposed. The key component is a novel indirect evaporative heat exchanger (IEHX) based
on the M-cycle. In this design, the compact IEHX is able to produce sub-wet-bulb
cooling and reduce the air temperature approaching dew-point temperature. This chapter aims to achieve a fundamental understanding of the novel IEHX. A numerical model
has been developed and validated by comparing the simulated outlet air conditions
against experimental data. The model showed a good agreement with the experimental
findings. Employing the validated numerical model, we have theoretically investigated
the heat and mass transfer behavior occurred in the IEHX. The detailed cooling process
has been analyzed on the psychrometric chart. In addition, the effects of varying inlet
conditions and airflow passage dimensions on the cooling efficiency have been studied.
By analyzing the thermal performance of the IEHX, we have provided possible suggestions to improve the performance of the dew-point cooler and enable it to attain higher
cooling effectiveness.
Keywords: air conditioning, indirect evaporative cooling, heat exchanger, numerical
simulation, heat and mass transfer

1. Introduction
The evaporative cooling technique takes the advantage of water evaporation to achieve cooling
effect. As a potential alternative to the conventional mechanical vapor compression system, it
has drawn great attention for building cooling applications.
An indirect evaporative cooling system is able to produce the cool air without moist change.
For a typical indirect evaporative heat exchanger (IEHX), the primary air (or product air) and
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the secondary air (or working air) flow in separate passages. The secondary air in wet channel
acts as a heat sink by absorbing heat due to water evaporation.
The evaporative cooling system has the following advantages over the current mechanical
vapor compression system [1–4]: (1) energy and cost savings; (2) reducing peak power requirements; (3) no CFCs; (4) reducing pollutant releases; and (5) easily incorporation with existing
systems. On the other hand, the traditional IEHX shows the following limitations: (1) the air
humidity increases in direct evaporative cooling systems resulting in uncomfortable indoor
thermal environment for humans; (2) the indirect evaporative cooling system generally has a
low cooling efficiency [5]; and (3) the theoretical ultimate cooled air temperature is the wetbulb temperature.
To further enhance the cooling performance of conventional IEHX, research works have proposed a novel regenerative IEHX, which can cool the air below its wet-bulb temperature [1].
Since this design was proposed by Maisotsenko, the airflow arrangement is also named as Mcycle [2, 6]. Several studies have theoretically and experimentally investigated the dew-point
evaporative cooling system [7–9]. This type of IEHX is able to branch part of the pre-cooled
primary air into the wet channel [10, 11].
In order to investigate the cooling performance of a regenerative IEHX, analytical models have
been developed based on modified effectiveness-NTU method [10, 12]. In addition, numerical
simulations have been carried out to study the impact of key parameters on a counter-flow
IEHX [13–15]. Anisimov and Pandelidis [16] presented a numerical study analyzing the indirect evaporative cooler with four different configurations. Zhao et al. [17] conducted a numerical study on a novel dew-point IEHX. According to the simulation results, the wet-bulb
effectiveness of the IEHX was greatly influenced by the dimension of the airflow passages,
the inlet air velocity, and working-to-intake-air ratio. The cooler achieved the highest wet-bulb
effectiveness of 1.3 for a typical summer condition in the UK. Moshari and Heidarinejad [18]
developed a numerical model and solved the governing equations by using finite difference
method in MATLAB. The regenerative evaporative heat exchanger has been demonstrated to
provide sub-wet-bulb cooling. Jradi and Riffat [19] conducted an experimental and numerical
investigation on a dew-point evaporative cooling system. An optimized design of the indirect
evaporative heat exchanger has been presented to obtain a dew-point effectiveness of 78%.
Ham and Jeong [20] proposed a novel design on dew-point evaporative heat exchanger to
address the issues of complex ventilation control and energy waste. Moshari et al. [21] investigated indirect evaporative cooling systems with one- and two-stage to analyze the optimum
configuration by considering the cooling effectiveness, water consumption and thermal comfort. Chen et al. [22] developed an analytical model to study the heat and mass transfer process
in an indirect evaporative cooler as a pre-cooling device in tropical areas. The model was
established taking account of the condensation in the dry channels. Woods and Kozubal [23]
conducted an experimental and numerical study on a desiccant-enhanced air conditioner by
combining a dew-point evaporative heat exchanger and a desiccant dehumidifier. The second
stage of this air conditioner was a counter-flow regenerative IEHX, which had a similar
configuration compared with the IEHX designed by Zhao et al. [17] and Riangvilaikul and
Kumar [24].
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In this chapter, we first introduce the design of novel indirect evaporative heat exchangers,
followed by the mathematical description, which was employed to study the air treatment
process in the IEHX. An experimental study was then conducted to validate the computational
model. Finally, the validated model was used to study the cooling performance of the novel
dew-point IEHX and to investigate the impact of several influential parameters.

2. Description of novel indirect evaporative heat exchanger
In this section, we introduce two types of IEHX. The first type is a counter-flow regenerative
IEHX. The other one is a novel dew-point IEHX based on the modification of the M-cycle
arrangement.
The schematic of a one-unit channel pair of a typical counter-flow regenerative IEHX is shown
in Figure 1. A number of this type of channel pairs is stacked to form the structure of the IEHX.
The intake air flows in alternative primary channels (dry channels). Before the outlet of the dry
channel, a part of the primary air is diverted into the secondary channel (wet channel). The
primary air in the IEHX can be cooled along the flow passages without changing the humidity
ratio.
Figure 2 illustrates the airflow in novel dew-point IEHX in terms of a one-unit channel pair. It
comprises a product channel and adjacent working channels. By spraying water in working
wet channels, inner surfaces are maintained in wet conditions. The working channel employs a
closed-loop arrangement. The working air firstly enters the working dry channels, and it is
then recirculated into the wet channels. The configuration is able to pre-cool the working air
before entering the wet side. Therefore, at the recirculation point of the working channel, the
air stream achieves a high cooling capacity as a result of a lower wet-bulb temperature
compared with the inlet air. Theoretically, the outlet temperature of product air can be reduced
toward its dew-point temperature.

Figure 1. Schematic of a one-unit channel pair of a typical counter-flow regenerative indirect evaporative heat exchanger.
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Figure 2. Schematic of the novel dew-point IEHX (one-unit channel pair).

3. Mathematical modeling
To develop a mathematical model predicting the air treatment performance in the IEHX, the
following assumptions are considered: (1) the airflow is steady and incompressible; (2) the
channel height is comparatively small; (3) the airflow is fully developed and laminar; (4) the
surface of wet channel is covered with a thin water film; and (5) the outer surface is insulated.
The moist air flowing in both the working channel and the product channel is governed by the
following equations [9].
The continuity equation:
∂ua ∂va
þ
¼0
∂x
∂y

(1)

Momentum conservation equation:
ua

∂ua
∂ua
þ va
¼
∂x
∂y

1 dp
∂2 ua
þ νa 2
∂y
ra dx

(2)

Energy conservation equation:
ua

∂T a
∂T a
∂2 T a
þ va
¼ αa 2
∂x
∂y
∂y

Equation of species diffusion for water vapor is expressed as

(3)
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ua

∂ca
∂ca
∂2 ca
þ va
¼ Da 2
∂x
∂y
∂y

(4)

The inlet boundary conditions of the air are indicated as
ua ¼ ua, in ,

va ¼ 0,

T a ¼ T a, in ,

ca ¼ ca, in

(5)

At the air-water interface, the moist air is assumed to be saturated with the water film
temperature. The vapor pressure of the saturated moist air can be expressed as a function of
temperature using the following equation [25]:
ln Psat ¼

C1
þ C2 þ C3 T w þ C4 T 2w þ C5 T 3w þ C6 ln T w
Tw

(6)

where C1 = 5.800220 6 E3, C2 = 1.391499 3, C3 = 4.864023 9 E 2, C4 = 4.176476 8 E 5,
C5 = 1.445209 3 E 8, C6 = 6.545967 3, and T w is the absolute temperature of water film.
The water vapor concentration is specified as
ca ¼

Psat ðT w Þ
RT w

(7)

where Psat ðT w Þ is the saturated vapor pressure at the absolute temperature of the water film.
The evaporation rate of water is determined by the gradient diffusion as:
mv ¼ MH2 O Da



∂ca
∂y



(8)
w

As a result, the interfacial condition at the water film surface in the working wet channel is
given as
ua ¼ 0, va ¼ 0

kw

dT w
¼
dy

ka

dT a
∂ca
þ MH2 O hfg Da
dy
∂y

(9)

(10)

To evaluate the cooling efficiency of the indirect evaporative heat exchangers, following
expressions (wet-bulb effectiveness and dew-point effectiveness) are defined.
εwb ¼

T a, in
T a, in

T a, out
T wb, in

(11)

εdew ¼

T a, in
T a, in

T a, out
T dew, in

(12)
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4. Experimental study
A prototype of the plate-type counter-flow regenerative IEHX was fabricated as schematically
illustrated in Figure 3. The one-unit channel pair comprises a product channel and two
adjacent working channels. The intake air, which consists of both the working air and the
product air, flows into the product channel (dry channel). At the end of the product channel,
part of the product air is branched into the adjacent working wet channels by passing through
the perforated plates. The dimensions for the counter-flow regenerative IEHX are listed in
Table 1.
The schematic of the experimental setup for the IEHX is shown in Figure 4. A variable speed
blower, which was used to control the intake airflow rate, was equipped at the inlet of the
IEHX. The intake air temperature was adjusted by a heater before the blower. The measured
parameters included the air temperature, humidity, and velocity.
Thermistors with accuracies of 0.1 C were employed to measure the air dry-bulb temperature. The probes were inserted into the center of the airflow passages to measure the relative

Figure 3. Schematic of the counter-flow regenerative IEHX.

Dimension

Symbol

Value

Units

Product channel gap

Hproduct

10

mm

Working channel gap

Hworking

6

mm

Channel length

L

750

mm

Channel width

W

300

mm

Wall thickness

δp

0.3

mm

Wick thickness

δwi

0.2

mm

Table 1. Specifications for the counter-flow regenerative IEHX.
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Figure 4. Schematic diagram of the experimental setup.

Flow rate I

Flow rate II

Flow rate of intake air (L/s)

4.5

6

Velocity of product air (m/s)

1.5

2.0

Velocity of working air (m/s)

1.0

1.3

Inlet air humidity ratio (g/kg)

10

10

Inlet air temperature ( C)

22–29

22–29



Table 2. Operating condition of the counter-flow regenerative IEHX.

humidity and velocity of the air stream. The measured data were recorded using a data
acquisition unit.
The experimental study was carried out to study the performance of the IEHX under varying
inlet conditions. The inlet air velocity and temperature were adjusted to a stable condition by
controlling the air blower and the heater. The operating conditions in this study were presented
in Table 2.

5. Results and discussion
5.1. Model validation
The experimental data were first employed to validate the numerical model for the regenerative IEHX. The experimental condition was replicated in the simulation. Figure 5 illustrates the
comparison between the calculated outlet air temperature and the experimental results. The
numerical model shows a good agreement within a maximum discrepancy about 5%.
The numerical model was further validated against experimental data presented by Woods
and Kozubal [23, 26]. The experimental study was conducted for an M-cycle indirect evaporative heat exchanger. The supply air temperatures were measured under different operating
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Figure 5. Validation 1: comparison between modeled results and experimental data on the counter-flow regenerative
IEHX (a) flow rate of intake air is 4.5 L/s; (b) flow rate of intake air is 6 L/s.

Figure 6. Validation 2: compare the supply air temperature change.

conditions. The validation was performed by comparing the simulated supply air temperature
reduction with the experimental data. The discrepancy was within 10% as shown in Figure 6.
By comparing the simulated results with experimental data, we can draw the conclusion that
the validation has demonstrated the capability of the numerical model to theoretically investigate the cooling process for the IEHX.
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5.2. Psychrometric analysis of the cooling process
By using the validated model, we investigated the air treatment process of the novel dew-point
IEHX. Simulations were carried out to predict the states of air stream in the flow passages of
the cooler [5]. The assumed inlet conditions were as follows: the dry-bulb temperature was
35 C and the humidity ratio was 10 g/kg for both working air and product air. The geometry
parameter and the air velocity were maintained as the pre-set conditions as shown in Table 3.
The psychrometric analysis of the air conditions in the novel dew-point IEHX is shown in
Figure 7. The inlet conditions for both the working air (point W1 in Figure 7) and the product

Figure 7. Illustration of air conditions on the psychrometric chart.

Parameters

Value

Units

L

1

m

Hproduct

6

mm

Hworking

3

mm

Tair,in

35



ωair,in

10

g/kg

Vproduct air

1

m/s

Vworking air

1

m/s

Table 3. Pre-set conditions for the novel dew-point IEHX.
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air (point P1 in Figure 7) are the same. In the product channel, the air dry-bulb temperature
decreases with constant humidity ratio, resulting in a change of the condition from point P1 to
point P2. In the working dry channel, sensible heat is transferred to the wet channel so that the
working air temperature is reduced from state W1 to state W2. Since the air (at point W2 in
Figure 7) is directed into the adjacent wet channel, it is humidified in the working wet channel
where the heat is absorbed as a result of vaporizing water. The air in the working wet channel
is finally exhausted at state W3.
Figure 8 illustrates the dry-bulb temperature profiles in airflow passages including one product channel and two working channels. In both the working dry channel and the product
channel, the air temperature decreases in the direction of the airflow. In the working wet
channel, the lowest air temperature is achieved. It can be inferred from Figure 8 that the heat
is transferred from dry channels to working wet channels. The working air absorbs heat in the
working wet channel resulting in a temperature increase along the flow direction in the wet
channel [11].
5.3. Influence of inlet air temperature and humidity
Figure 9 shows the wet-bulb effectiveness and dew-point effectiveness of the novel dew-point
IEHX under different inlet air temperature and humidity conditions. In this study, the inlet air
temperature varied in a range of values from 25 to 40 C and the humidity ratio was changed
from 8 to 20 g/kg. The inlet air velocity and other geometry parameters were maintained as
specified in Table 3.

Figure 8. Temperature profiles of air in dry working channel, wet working channel, and product channel.
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Figure 9. Cooling effectiveness for different inlet air conditions.

As shown in Figure 9, the dew-point effectiveness ranges 81–93%, and the wet-bulb effectiveness spans from 122 to 132%. Simulation results illustrate that the wet-bulb effectiveness of the
IEHX is above 100%, which demonstrates the capability of the IEHX to produce air with a
temperature lower than the wet-bulb temperature of inlet air.
When the inlet air humidity ratio is low, the vapor pressure gradient at the air-water interface
is large resulting in a greater driving force for mass transfer. As a consequence, the working air
is able to absorb more moisture during the process of vaporizing water, and the working air
has a greater capacity to cool the air in adjacent dry channels. Therefore, a higher wet-bulb
effectiveness can be reached by decreasing the inlet air humidity ratio.
Another finding from Figure 9 is that the dew-point effectiveness may be decreased for a lower
inlet air humidity ratio. It can be attributed to the following reason. As shown in the psychrometric chart, the dew-point temperature decreases significantly for a lower humidity ratio.
Therefore, the temperature difference between the dew-point and the inlet dry bulb temperature shows a larger value at low humidity ratio [11].
5.4. Influence of the channel dimension
The cooling efficiency of the IEHX is also affected by the channel height and channel length.
Simulations have been conducted by using two types of the channel dimensions. For the first
type, the height of product channel (Hproduct) and the height of working channel (Hworking) were
assumed as 6 and 3 mm, respectively, while maintaining the channel length ranging from 300
to 1500 mm. In the second type, the height of product channel (Hproduct) and the height of
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working channel (Hworking) were assumed as 10 and 5 mm, respectively, while maintaining the
channel length spanning 300–2000 mm.
Figure 10 illustrates the correlation between the dimensionless channel length (L/Hworking) and the
wet-bulb effectiveness. It can be seen from the figure that the simulation results are consistent for
the two sets of dimensions. A higher cooling efficiency can be achieved under a longer dimensionless channel length. In other words, increasing the channel length is able to improve the heat
and mass transfer due to the increased contact area and time. Therefore, in order to achieve subwet-bulb cooling, the dimensionless channel length is suggested to be more than 200.
5.5. Thermal resistance analysis
Table 4 indicates the thermal resistances with examples values for the counter-flow regenerative IEHX. The channel dimension significantly influences the thermal resistances due to
convective heat transfer (R1 and R4). In addition, the modified thermal resistance for convective heat transfer in wet channel (R4) is impacted by the change of wet-bulb temperatures of
∆h
the working air which also dominate the value of ξ (ξ ¼ ∆T
). The Nusselt number can be
wb
acquired from the available literature [27] for fully developed laminar flow. For instance, the
Nusselt number of 8.234 is employed for the fully developed laminar flow with parallel walls.
The impact of channel height on the thermal resistances for convective heat transfer (R1 and
R4) is shown in Figure 11. The thermal resistance for conductive heat transfer in water film and
plate is associated with the material and its thickness. Figure 12 presents the impact of
thickness on the thermal resistances for conductive heat transfer (R2 and R3). The IEHX can be
made from a variety of materials [28, 29]. As shown in Figures 11 and 12, the thermal resistance

Figure 10. Impact of the dimensionless channel length on the cooling effectiveness.
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Thermal resistance

Expression

Example values

R1: thermal resistance for dry channel

D1
R1 ¼ h1c ¼ Nu∙k

R1 = 0.045821 m2 K/W, if Nu = 8.235 and D1 = 0.01 m

R2: thermal resistance for plate

R2 ¼ kpp

R2 = 1.48 E 6 m2K/W, if δp =3 mm, and kp =202 W/(m K)

R3: thermal resistance for water film

R3 ¼ δkww

R3 = 4.92 E 4 m2K/W, if δw =3 mm

R4: modified thermal resistance for wet
channel

R4 ¼ ξh1m ¼

δ

cpa D2
ξNuk

R4 = 0.013612 m2 K/W, if Nu = 8.235, D2 = 0.01 m, and ξ
=3.4 kJ/(kgK)

Table 4. Thermal resistances in the IEHX.

Figure 11. Thermal resistance for convective heat transfer under varying channel height.

R2 is relatively small compared with the thermal resistance R1 and R4, especially when the plate
has a small thickness. In general, the thermal resistances for convection heat transfer are much
larger than the thermal resistances for conduction. Therefore, the thermal resistance R2 and R3
have marginal influence on the overall heat transfer of the whole system [7].
According to the analysis on thermal resistances, following suggestions are obtained in order
to enhance the cooling performance of the IEHX. The airflow channels may be redesigned to
generate larger flow turbulence resulting in a lower thermal resistance so that a larger heat
transfer coefficient can be achieved [30]. The Reynolds number of the airflow in this IEHX is
close to 1100. Therefore, the channel can be modified to create the flow turbulence by installing
physical ribs in the airflow channels, which could potentially reduce the thermal resistance
and increase the Reynolds number above 3000. In addition, the IEHX with a smaller hydraulic
diameter will positively influence its cooling effectiveness due to a higher Nusselt number. To
enhance the mass transfer process due to water evaporation in wet channels, some techniques
may be employed involving increasing the water vapor concentration gradient between the
water surface and the air stream.
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Figure 12. Thermal resistance for conduction in plate and water film.

6. Conclusions
The performance of novel indirect evaporative heat exchangers has been investigated. We
developed a numerical model to study the influences of several parameters on the cooling
performance. Wet-bulb and dew-point effectiveness were employed to evaluate the cooling
efficiency of the IEHX. The cooling performance was impacted by the operating conditions and
the structure of airflow passages. To promote cooling effectiveness, suggestions are provided
to improve the thermal performance of the cooler. To achieve a lower thermal resistance, it is
possible to modify the IEHX’s channel and to create larger airflow turbulence. In addition, the
performance of the IEHX can be positively improved by employing a geometry with a smaller
hydraulic diameter.
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