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Abstract

Driven by the economic outbreak and the growing demand of thermal comfort, the energy
consumption of air conditioning (AC) keeps increasing promptly. Indirect evaporative cooling, as an
energy-efficient and eco-friendly AC approach, attracts attention in recent years. However, this
traditional technology has some drawbacks associated with its working principles. For instance, the
limited output temperature constrains its application scopes. Insufficient evaporation due to the poor
wettability on the wet channel surface significantly affects the cooling performance. This study provides
an updated review of the research progress for solving these problems. Specifically, lower-temperature
air can be produced by dew-point evaporative coolers. Innovative wicks with different materials
strengthen the surface wettability as well as promote evaporation. Besides, hybrid systems and system
optimizations can ensure cooling performance under hot-arid and hot-humid weather conditions. With
the recent developments and foreseeable future opportunities to cope with these problems, IEC is
expected to make more contributions to reducing the energy consumption of AC in buildings.

Highlight:

« Performance enhancement approaches for indirect evaporative cooling are reviewed.

« The applications of indirect evaporative cooling in hot-dry and hot-humid regions are analyzed.
« Materials for indirect evaporative coolers are summarized.

« Hybrid systems and system optimizations are discussed.

Keywords:

Indirect evaporative cooling
Performance enhancement
Material

Hybrid system
Optimization

(Word count: 11182)

Nomenclature

A ratio of heat transfer area to primary air ew Evaporation water

2 flow volume, m2/(m?/s)

Cpa  Specific heat of air, J/(kg-°C) in inlet air
Cow  Specific heat of water, J/(kg-°C) out outlet air

d channel gap, m p primary air channel
de hydraulic diameter of channel, m S secondary air channel
g acceleration of gravity, m/s? w water film

H height of cooler, m wb wet-bulb

h heat transfer coefficient, W/(m? -°C)
hig latent heat of vaporization of water, J/kg

hm  mass transfer coefficient, kg/ (m? -s) Abbreviation

i enthalpy, kJ/kg 1/2/3-D one/two/three dimensional
L length of cooler, m AC air conditioning

m mass flow rate of air, kg/s AHU air handling unit

* corresponding author
Email addresses: (H. Yang); (W. Shi)

1

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/.



ratio of primary to secondary air flow

Meatio Cccu cooling coil unit
volume
Pr Prandtl number CFD computational fluid dynamics
Reon  cONdensation ratio COoP coefficient of performance
Re  Reynolds number DEC direct evaporative cooling
Sh Sherwood number DPIEC dew point indirect evaporative cooler
St Stanton number DS dimension size
t Temperature, °C DW desiccant wheel
u air velocity, m/s DWC dropwise condensation
\Y air flow volume, m3/s EC Evaporative cooling
FDM finite difference method
Greek symbols FWC filmwise condensation
1) moisture content of air, g/kg GHE ground heat exchanger
1) thickness, mm INC inlet conditions
6 dimensionless temperature LDD liquid desiccant dehumidifier
© relative humidity, % RC radiative cooling
A thermal conductivity W/(m-°C) NTU number of transfer unit
p density, kg/m? NRC nocturnal radiative cooling
u dynamic viscosity, Pa's PC passive cooling
) kinematic viscosity, m?/s PUA packaged unit of air conditioner
n effectiveness RH relative humidity
g.n  enlargement coefficient RIEC regenerative indirect evaporative cooling
SD solid desiccant
Subscripts S/P secondary-to-primary air
c cooling VCRS vapor compression refrigeration system
cw  condensation water WBT wet-bulb temperature
dew  dew point WI/I working-to-intake air

1. Introduction

Living standard improvement results in more energy consumption on AC systems to satisfy thermal
comfort requirements [1]. It has been reported that people spent almost 90% of time in air-conditioned
space, which led to continuous consumption of natural resources for creating an artificial built
environment [2]. In China, the energy demand for cooling in buildings proliferated with climate change
and users’ greater affordability over the past two decades. It increased by 13% every year from 2000,
and the total electricity usage reached about 400 TWh in 2017, which consequently caused fivefold
cooling-related CO2 emissions from electricity consumption [3, 4]. Thus, it is crucial to develop novel
approaches for reducing the energy consumption of AC systems as well as guaranteeing thermal comfort
and indoor air quality [5].

It is estimated by International Energy Agency (IEA) that the efficient cooling scenario can almost
halve energy consumption for AC, reducing investment and operating costs by 3 trillion US dollars
between now and 2050 [6]. Indirect evaporative cooling, which removes heat through the evaporation
process, has been regarded as one of the promising solutions to substitute conventional AC, especially
in desert and semi-arid regions [7-9]. What’s more, it has started to be applied under hot and humid
climatic conditions for the fresh air pre-cooling [10]. Compared with vapor compression refrigeration,
the benefits of this technology are worthy of being stressed because it does not employ compressors and
environmental-harmful chemical refrigerants. In the past few decades, plenty of studies have been
conducted on indirect evaporative cooler (IEC) to evaluate the feasibility, improve the thermal
performance, and expand its application regions [11-13]. For instance, the DPIEC was proposed based
on simple plate-type IEC to acquire lower outlet temperature of product air [14]. Different materials
were embedded or fabricated to the IEC to enhance the heat and mass transfer process [15-17]. In
addition, hybrid IEC systems were employed to develop their energy-saving potential in hot-humid areas
when the evaporation rate of traditional IEC is not as intense as it in dry regions [18].

Nowadays, IEC has been closely relevant to plenty of fields. As a passive cooling device, it could
be responsible for cooling production, energy recovery, and ventilation in buildings [10, 19, 20]. With
proper modification and combination, water desalination was also achieved by IEC [21]. Besides, it has



been revealed to use IEC for some agricultural storage issues [22]. The review focus of some recently
published papers is provided in . It can be identified that IEC was frequently taken as a branch
to be elaborated under a general topic of evaporative cooling, which was normally illustrated with DEC
rather than being reviewed in an individual paper. In addition to generally sketching the working
principles and hybrid systems, the essential equations and correlations, internal structures and enhanced
materials, optimizations of the water spraying system of IEC, which has seldomly been summarized in
the existing literature, were discussed.

In order to systematically review the recent progress on IEC technology, this paper is divided into
three sections. In the first part, several configurations of IEC are introduced with the critical heat and
mass transfer equations. The second part is devoted to the studies on accessible materials selected for
manufacturing the IEC and their impact on cooling effects. Different types of hybrid IEC systems and
related optimization are illustrated in the last section.

Table 1. Comparison among previous and present review works

Study Country/ Region  General focus Detailed focus
[23, 24] China EC Hybrid systems and equipment of DEC and IEC.
[25] India PC System configurations and optimizations of DEC, IEC,
NRC, and phase change materials.
[26] Worldwide M-cycle Working principle and hybrid systems
[27] Hot and humid LD/EC Principle operation and hybrid systems combined
regions dehumidification device with DEC or IEC.
[28] Worldwide EC Enhancement of DEC or IEC by integrating various

desiccant dehumidification sections.

) Working principle, building application, performance
[29] Worldwide EC assessment, and techno-economical and environmental
analysis of DEC and IEC

Present . Working principle, essential equations and correlations,
study Worldwide IEC materials, novel internal structures, hybrid system, water
spraying systems, and corresponding optimization.

2. The classifications of IECs

IECs can be mainly classified into the counter-flow type and cross-flow type according to the
airstream directions ( ). Besides, tubular type and other configurations have also been studied. In
an IEC unit, every two adjacent channels divided by thin plates are dry channel and wet channel, which
are responsible for accommodating primary (product) air and secondary (working) air, respectively.
Water is delivered by a pump and evenly sprayed on the wet vertical channels to generate a thin water
film covering the plate surfaces. Due to the moisture content difference between the film and mainstream
of the secondary air, continuous evaporation occurs to cool the plate. In the dry channel, the primary air
is cooled by the plate through convective heat transfer without contacting the liquid water. Thus, no
moisture content is added to the primary airstream. Recent studies on different kinds of IECs are
presented in the following sub-sections.
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Fig. 1 Schematic diagram of (a) counter-flow IEC (b) cross-flow IEC [30]

2.1 Counter-flow IEC

As shown in Fig. 1(a), the air flows oppositely in the adjacent channels. It is known that the cooling
limit temperature of primary air is the wet-bulb temperature (WBT) of the inlet secondary air. When the
outdoor temperature is high, the output primary air temperature cannot satisfy the thermal comfort
requirements due to the high WBT [31]. Intended for obtaining lower outlet temperature, two types of
dew point indirect evaporative cooler (DPIEC), namely, Maisotsenko-cycle (M-cycle) cooler and
regenerative indirect evaporative cooler (RIEC), have been proposed (Fig. 2). The M-cycle cooler
introduces part of the cooled air from the dry channel while RIEC uses the air from the dry channel or
the exhaust air from indoor air-conditioned spaces. Studies related to counter-flow IEC are summarized
in Table 2.
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Fig. 2 Working principle and psychrometric chart of (a) M-cycle cooler (b) RIEC




Table 2 Previous work on counter-flow-based IEC

Research

Geometric size of cooler

Inlet air condition

Features

d o w (g/kg dry air)/  u (mfs;
Lm WM 1O RH (%) mé/h)
1-D model was built for simulation considering condensation in the primary air passages when IEC was used
Counter-flow tp=24~40; w,= 30~90%; in hot and humid regions.
0.1-2 - 2-10 _ 0.5-5 e . . - .
[31] ts=20~28 ws=40~70% Enlargement coefficient and condensation area ratio were proposed to supplement the existing evaluation
indices.
M-cvcle 24.37- W/ air ratio: 0.33. The probability of applying M-cycle cooler in Arab Gulf cities was checked. It was pointed
[31 3{,32] 0.12 0.08 2 46' 86 6.91-66.12% 24 out that the supply air of this device might not meet the comfort zone, but it would be more efficient for the
' ‘ same cooling production.
M-cvcle WI/I air ratio: 0.35~0.65. The aluminum surface in the wet passage was coated with Kraft paper to improve the
[Sg] 0.9 0.04 4 25-45 12.7-18 0.88-1.5 surface wettability. M-cycle cooler augments the wet-bulb effectiveness at the cost of cooling capacity. The
wet-bulb effectiveness exceeds 100% under each test condition.
M-cycle 06-1.4 08 5 30 10 2 The IECs with the configurations of single purge and four purges on the channel surface were investigated.
[34] o ' Single purge IEC produced more 20% cooling than four purges cooler and achieved higher effectiveness.
M-cycle 02-15 05 2-10 30 40% 3 The e-NTU model was proposed and validated by experimental data in the literature. The triangle channel was
[35] o ' regarded to be the most effective, but it may suffer from poor water distribution.
Regenerative 01-3 008 1-10 2545 7-26 15.  W/lairratio: 0.05~0.95. The 1-D simulation model was developed and tested by a set of input air conditions.
[8] IEC design parameters such as air velocity, W/I air ratio, and geometrical sizes were optimized.
Regenerative WI/I air ratio: 0.1-0.9. A 2-D mathematical model was established, and the product air temperature was derived
9 [36] 0.5-1.2 0.18 2-6 27.5-40.0 8.0-18.0 1.0-3.0 by using dimensionless numbers or groups. The average heat and mass transfer coefficients ranged between
26.8 t0 29.9 W/(m? K) and 0.025 to 0.027 kg/ (m? -s), respectively.
Regenerative 0.75 03 dp=6; tp=27-37;  w,=70~90%; 153 The return air from air-conditioned spaces was taken as secondary air. IEC pre-cooled the air and fulfilled
[37] ' ' ds=10 ts=24 ws= 60% ' 32% of the cooling load for an AHU under tropic weather conditions.
Regenerative : N ) Four types of wicking materials were bonded on the aluminum sheet to enhance the water absorption capacity.
[38] O e g BEEs DA The tested RIEC was predicted to save 15% to 58% energy annually under various climate zones in China.
= 65~70%:
Regenerative ) ) ) tp=35-38; @e _625 75?04’ 54-90 IEC, with the enthalpy recovery from indoor return air, served for building ventilation in the hot-humid area.
[39] =25 “’5_65% ' RIEC achieved higher enthalpy recovery efficiency than the existing rotary heat exchanger.
Regenerative 09 0314 6 297-38.9 93-19.4 1.58~ W/l air ratio: 0.1-0.7. The spraying water temperature had less influence on the output parameters. The lower
[40] ' ' ' ' ' ' 2.83 inlet air velocity and higher W/I air ratio benefit the effectiveness, whereas shrank the cooling capacity of IEC.
Regenerative WI/I air ratio: 0.2-0.7. The novel working-dry channel was designed to obtain lower wet-bulb temperature in
g [41] 0.6 0.15 5 t,=30-35; wp= 40-55%; 1-2 the adjacent working air channel. Pre-cooling, energy recovery, and dehumidification were achieved at the
same time.
Regenerative 06 015 45 30.54- 46-61% 0.98- WI/I air ratio:0.45-0.69. The influences of counter and parallel working air directions with downside flowing
[42] ' ’ ' 31.49 2.14 water film on product air temperature were analyzed with experimental validation.
Regenerative WI/I air ratio:0.1-0.9. A novel model combined with energy relationship and the irreversible thermodynamic
9 0-4 0.32 1-12 33 35% 0.4-4 theory was developed. The entropy production number was found as a potential indicator for optimization

[43]

Note: p: primary air channel

s: secondary air channel

purposes.




2.1.1 Model establishment for condensation and non-condensation state

As shown in Table 2, research attentions were mainly taken to the impact of inlet air conditions
and geometrical factors on effectiveness and COP. Among the models in summarized studies, some
assumptions and equations are necessary for theoretical analysis, which should be stressed as follows

[8].

1) The properties of water film and air were regarded to be steady and uniform in two channels.

2) IEC has no heat and mass exchange with its surroundings. Both heat and mass were only transferred
along the flow direction of the fluid.

3) The thin water film entirely and evenly covered the surface of the wet channel.

4) The thermal conductivity of the plate and water film between the dry and wet sides was ignored
because of the thin thickness.

5) Lewis number was considered to be constant.

The governing equations for counter-flow IEC describe the temperature and moisture content
change as well as energy balance between the two channels. In the wet channel, the energy equation of
the secondary air is written in Eq. (1).

Msis = h(ty — ts)L - dx + hpghms(w,, —ws)L - dx (1)

For air-water vapor mixtures in the wet channel, Lewis number, a dimensionless number that
bridges the relationship between heat and mass transfer coefficients, could be expressed by Eg. (2). In
the evaporation process of water film in the wet channel and the condensation process in the dry channel,
the value of Lewis number was set as 1 [44]. This value was also determined as 0.87 at standard
atmospheric conditions in some research [7, 45, 46].

hs

hms Cpa

wiN

Le

(2)

Besides, these two coefficients can be calculated through Nusselt number and Sherwood number,
which has been presented in section 2.5, Table 5.

The energy balance equation of two channels is formulated by Eqg. (3):

mgig — mpcpadtp = d(cpwtewme) (3)
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Fig. 3 Three condensation states of IEC [47]

It should be noticed that the above equations only describe the heat and mass transfer process of
IEC in hot and arid regions because the outdoor air is dry enough and less likely to occur condensed
water in the dry channel even though it is cooled to a low temperature. Nonetheless, the condensation
may take place if the outdoor air is hot and humid, such as the summer weather condition in Hong Kong.



It occurs when the plate temperature is lower than the dew point temperature of the flowing air. As
depicted in , referring to the condensation position in the channel, the status could be categorized
into non-condensation state, partial condensation state, and total condensation state. In order to
investigate the cooling effect in these three states, the moisture content balance equation for the dry

channel should be supplemented ( ), and the total energy balance equation also needs to be
modified as [47]:

hmp(“’p - wtw) = mpdw, (4)

msdis — mydi, = d(CpwtewMey + d(Cpwtewme) (5)

The finite difference method (FDM) was frequently used to discretize differential energy equations
[8, 48]. All derivate terms of the governing equations were substituted by the discrete equivalents. After
determining the boundary conditions, each element's temperature and moisture content can be quantified
simultaneously by solving all the discrete equations. Computer software such as MATLAB was utilized
to achieve the aforementioned process [34, 49].

With the vast improvement of computer power, the computational fluid dynamics (CFD) model
was developed to couple the heat and mass transfer processes between the water and air, which relied
on continuity, momentum, energy, and species equations [50]. CFD simulation can cope with complex
hydraulic and thermal processes. Compared with programming the code to address complicated
differential equations, the CFD approach is more simple and can consider multiple factors at the same
time. Studies using CFD for parameter analysis are listed in . It was noted that the thickness of
the water film was required for setting the boundary conditions and interfacial matching conditions in
the model, which could be calculated by the empirical formula as follows [41, 51]:

1
3

5= <3uwmw> (6)

pw?g

Table 3 IEC studies with CFD approach

Research Software Features

The influences of channel size, physical ribs along the channel, and using return air as

[52] Ansys fluent secondary air on a DPIEC were discussed.

The average Nusselt number for the dry and wet channels and Sherwood number for the
[53] Ansys fluent  wet channel were analyzed.

Nusselt number and Sherwood number were expressed by several dimensionless factors.

IEC that removed supporting guides was simulated in CFD environment.
[54] Ansys fluent  The efficiency of this irregular cooler was significantly higher than the normal one, making
it possible to shrink the IEC size and initial cost.

Lower air velocity, smaller channel height, and lower S/P air ratio were proved that would

[55] AT lead to greater efficiency.

Empirical equations of heat and mass transfer coefficient were formulated by several inlet

[56] COMSOL air parameters under tropical climatic conditions.

IEC with energy recovery from the cool indoor air was examined.

57 Ansys fluent . . . . .
[571 4 Given the local weather conditions, this model could predict the condensation effects.

A three-dimensional model was developed. The air temperature, velocity, and vapor
[58] Ansys fluent  concentration distribution in the cooler were worked out.

The pressure gradient was analyzed with the change of the channel gap distance.

2.1.2 Evaluation indices

The wet-bulb and dew point effectiveness, cooling capacity, and COP are considered to assess the
performance of the IEC. Wet-bulb and dew point effectiveness were frequently used ( ) [30,
59, 60], which are defined by the ratio of the inlet and outlet primary air temperature difference to the
difference between primary air and web-bulb/dew point temperature of inlet secondary air, respectively,
reflecting the ability to handle sensible heat [61]. For an IEC system, the cooling capacity depends on



the air flowrate and the difference of inlet and outlet primary air temperature ( ). To maintain the
fluid distribution and system operation, the pumps and fans consume electrical power. The coefficient
of performance (COP) bridges the correlation between output cooling and input energy ( ).

_ tp,in - tp,out (7)

Nwp =
tp,in - ts,in,wb

Nap = ttz.),in__ttz'a,out (8)
p,in s,in,dew
Qc = mpcpa(tp,in - tp,out) (9)
Q.
coP = - (10)

When the ambient air is hot and humid, the air cooling and dehumidification process happens
simultaneously in the primary air passage. However, wet-bulb and dew point effectiveness cannot
evaluate the total heat transfer process. Therefore, enthalpy effectiveness and enlargement coefficient
are mentioned. Enthalpy effectiveness is defined by the ratio of the enthalpy difference between inlet
and outlet air in the dry channel to the enthalpy difference between primary inlet air and secondary inlet

air ( ) [62, 63]. The enlargement coefficient is the degree of enlarged heat exchanger rate due to
the condensation, given by [31, 60].
i in i ,0U
nenthaply = ?J ] _? ] - (11)
p,in s,in
Qtotal
en =™ 12
3 Qsensible ( )

2.1.3 Correlation studies

Numerical studies are responsible for parametric analysis and optimization, which usually
experience a complicated process for a long time. When IEC is utilized in engineering, workers need to
design the system properly in a short period. Thus, the correlation study is crucial since it can provide a
more straightforward approach to calculate results within an acceptable discrepancy. The work
efficiency can be improved due to the simple calculation procedure. Combined with building simulation
software such as TRNSYS, the annual performance of IEC could be predicted. What’s more, referring
to the correlation equation, it is clear to identify the relative importance of each factor [64]. For example,
Pakari and Ghani developed a regression model for a counter-flow DPIEC. The outlet air state was
formulated by inlet operational parameters and geometric sizes. The obtained correlation equations for
outlet air matched the numerical and experimental data within only 4% and 10% discrepancy,
respectively. According to Wan et al., the correlations of heat and mass transfer coefficients (

) and outlet temperature ( ) were developed for a counter-flow IEC [14, 56]. It was
summarized from the correlation formulas that the gap distance of channels was most influential to the
convective heat transfer coefficients of primary air and secondary air and the mass transfer coefficient
in the wet channel. Re, had the most significant impact on the primary outlet dimensionless temperature
65,0 than other four indices.

h, = 134.684t0 711 *@p 023 up 14 70048 ~1.001 (13)
hs — 85.155t;?ﬁ164§0;'?ﬁ141tgi3;127d_1'176 (14)
R = 498.132¢0727 - 095,0.112,0441, 50164 408 (15)

hins = 132.139t0 27 Ot ~1243 (16)

s,in

0, = 0.207a; 57RO Re 2960201269 (17)



Zhu et al. identified influential dimensionless parameters and worked out a correlation for
evaluating the dew point effectiveness of M-cycle coolers in 2.35% and 6.75% mean absolute deviations
compared with numerical results and experimental data, respectively [65]. The correlation was written
as:

Naew = 5.79Stp>*(StqSts,) O DSO*SINC, "**2INC,*** (18)

2.2 Cross-flow IEC
2.2.1 Model establishment for condensation and non-condensation state

In , the two air streams are orthogonal in separated channels without direct contact. As
the air streams flow in two directions, the 1-D model cannot satisfy research purposes, which promote
the establishment of the 2-D model. Previous works of cross-flow IEC are outlined in . One early
research by Guo and Zhao has numerically investigated the cross-flow IEC [48]. The influences of inlet
air conditions, geometric index, and surface wettability of the plate were discussed. Recently, a
numerical study on a comprehensive comparison of counter- and cross-flow IEC was carried out [30].
These two research illustrated the equations commonly used to describe the 2-D heat and mass transfer
process. The assumptions described in section 2.1.1 are still adopted for the following formulas.

In the wet channel, the heat and mass transfer between water film and secondary air can be
expressed as follows:

i
hs(ty — ts) - dxdy + hyghps(wp, — wg)dxdy = mswdy (19)
The total heat exchange equation of two channels is written as:
ai at am
mg a—; — CpaMyp 6_; = Cpwlew B_ye (20)

The cross-flow IEC is applicable in hot and humid regions, playing as not only an air cooling device
but a dehumidifier if the secondary air is from the cool indoor space. Thus, it is essential to develop a
mathematical model considering the condensation state. Analogous to the method used for counter-flow
IEC, the humidity balance equation between primary air and condensed water on the dry channel surface

is supplemented by . Accordingly, the total energy balance equation is revised into
Jw
hmp(wp - wtw) “dxdy =m,, a—xp ~dx (21)
dis di,  0(cpwMetew) | 0(CpwMetew)
msa—mpa = ay + ax (22)

The above differential governing equations are discretized by the FDM to algebraic equations. By
combining boundary conditions, the values of parameters in each element can be figured out.

It can be observed from that the research focus of cross-flow IEC is similar to it of counter-
flow IEC, surveying effects of the inlet air condition, the geometrical factors, and the source of
secondary air. The cross-flow type is more available on a daily basis due to the easier airflow
arrangement and smaller volume, but the effectiveness is lower than the counter-flow type in the same
physical size by 7% and 2-3% on average for non-condensation and condensation state, respectively
[30].

2.2.2 Evaluation indices

The evaluation indices for cross-flow IEC under condensation and non-condensation states are the
same as counter-flow IEC, which can be found in section 2.1.2.



2.2.3 Correlation studies

In order to facilitate the application in engineering, efforts were also made on the correlation study
of cross-flow IEC. Min et al. developed a simplified approach to predicting IEC's performance in the
engineering stage [60]. The wet-bulb effectiveness of IEC under condensation and non-condensation
state was expressed as functions of several inlet air parameters with coefficients ( ), which
could avoid the complicated simulation process so that engineers’ work efficiency would be improved.
The simplified functions could predict the wet-bulb effectiveness within the discrepancy of 9.5% and
4.3% for non-condensation states and condensation states compared with the experimental data.

Nwpne = 0.682 + 0.0031¢
—0.2608m,,4, + 0.00124 ., — 0.0001¢, i, ts in + 0.0011¢, i, Mygo

— 0.0087RH

o in +0.0058¢ i, + 0.0141RH, ;, — 0.1375V,

p, in

+0.0428RH;, iy, Mygtio + 0.0004V,A,450 — 0.0002V M ati6 Aratio (23)

M = —0.044 + 0.023t,, 3, + 0.729RH,, i, + 0.0439¢, ;, + 0.4399RH, ;, — 0.1072V,,
~0.1021myg40 + 0.00094,4, — 0.0009t,, 4, g i — 0.0156¢, iy RHy 1y — 0.0266RH,, i s in

—0.4706RH,, in RH; in — 0.352RH,, iy Myagio + 0.0202RH; i, + 0.0054 ¢ iy Myyio (24)
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Table 4 Previous works on cross-flow-based IEC

Research Geometry Inlet air condition Features
o w (g/kg dry air)/ u/Vv (mfs;
Lm)  Wm) dmm)  t(C) RH (%) mélh)
Cross-flow 06 06 5 tp=30-45; wp=30% up=1-5; Effects of surface wettability factor and water membrane temperature were discussed.
[66] ' : ts=25-35 ws=10-50% us=1-5 Experimental validation of the model considered the variable spraying water flow rate.
With the significant impact of water flow rate, an IEC system was designed to cool the air as
Cross-flow 05 05 335 tp=35; wp=10; up=3.7; well as consume less water.
[15] ' ’ ' t:=30-36.8 ws=10.6/13.6 us=3.7/5.7 The counter-flow configuration of nozzles and airflows led to a better cooling effect than
parallel arrangement.
Cross-flow wp= 30-90%; up =0.5-5; The proposed model could forecast the effect of condensed water in IEC under the weather
1 1 2-9 26-42 B a AU - ;
[30] ws=40-70% Us=2 conditions in some subtropical regions.
Typical 2-D model for cross-flow IEC.
Cross-flow _ e Up=0.5~ . . . . . _— .
[48] 0.2 0.2 2-10 25-45 RHs=10-90% 45 The impacts of inlet air temperature, velocity, channel width, humidity were examined.
- Temperature and moisture content distributions were presented.
Cross-flow {,=25/35: 0,=10; =37 Experiments using the ope:rating air condition of the data c.e.nter were .carried out. .
0.47 0.47 3.2 ey _ _ The effects of secondary air parameters and surface wettability were discussed. The maximum
[67] ts=20~45 ws=6-14 us=3.7/5.7 : .
temperature drop was 18°C if the secondary air could be cold and dry.
Different sorts of protrusions were made on the plate surface.
Cross-flow 07 07 79 tp=20/35; w,=5; Vp=1800; p P D '?f _ | od o the particu
[68] : : : £=20-30 w,=5-13 V<=900-1800 e corresponding pressure drop and wet-bulb effectiveness based on the particular geometry
were analyzed.
M-cycle Lpf0.508 0.025 4 25.45 11.2-19 0.49-11 The wet channel surface made from aluminum was covered with felt to absorb more Yvater.
[69] Ls=0.203 Experiments revealed that the temperature of sprayed water had few effects on effectiveness.
Three kinds of airflow organizations were compared, namely, using the ambient air as the
M-cycle 05 023 3 tp=30; wp= 37.5-45%; 35 primary and secondary air, using the ambient air as the primary air and the air exhausted from
[70] ' ' ts=24-26 ws=50-65% ' the indoor AC area as the secondary air, using the mixture of the exhaust and ambient air as
the primary and secondary air.
Regenerative Vs =864 The primary air of IEC was to offset the cooling load of human occupants. The output moist
9 1.2 0.08 0.02 25-48 0-15 e secondary air was delivered to the comfort zone of produce commodities so as to reduce the
[71] Vs =260 ) et e e
water consumption for humidification in desert or semi-arid regions.
WI/I air ratio: 0.1~0.9.
Regenerative 01-0.8 05 1-15 2543 40% 05-6 2-D model for the regenerative cooler was F)U-I|t and validated by experlments._ _
[49] Wet-bulb effectiveness would reach 112% if inlet temperature, RH, and W/I air ratio were 30,
50% and 0.33, respectively.
. The cool exhausted air was utilized as secondary air for heat recovery.
Regenerative 0.7 07 45 tp=30; RHp=45% 500-800 This devi 1db d . leri y dah y h L
[72] : . : t=25 RH.=40-60% is device could be used as an air cooler in summer and a heat recovery exchanger in winter

Note: p: primary air channel

s: secondary air channel

based on experimental studies.
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2.3 Tubular IEC

An early experimental study by Tulsidasani et al. assessed the impact of air velocities on COP for
a tube-type IEC. The outlet temperature, static pressure, and energy consumption were examined [73].
Recently, a prototype of the ceramics tubular IEC was manufactured (Fig. 4). For this cooler, water is
sprayed on the outer surface of the ceramics pipe to generate water film. The fresh primary air flows
inside the pipes horizontally, while the secondary air sweeps across the pipes from the vertical direction,
accelerating the evaporation of the water film covered on the outer pipe surface [74]. It was observed
from experiments that the tubular structure could provide more uniform water film distribution on the
outer surface [75]. Tubular IEC was expected to achieve lower supply air temperature and promote
efficient cooling issues. However, the large volume of the device was the reason that constrained its
extensive application [76].

Fig. 4 A prototype of the tubular porous cooler [77]

2.4 Counter-cross-flow IEC

The counter-cross-flow IEC usually consists of many thin plates in hexagon shape [78, 79]. Fig.
5(a) reveals a counter-cross cooler with a regular hexagon heat transfer surface [16]. The primary air
and secondary air flowed orthogonally at the entrance and the end of channels but switched into a
counter-flow pattern in the middle section. Fig. 5(b) is the real object made of aluminum foil.
Theoretically, the counter-flow heat transfer area accounts for 58.6%, and the remaining 41.4% area is
in cross-flow heat exchange. Experiments were set up to test the cooling effect of this cooler under
diverse operating conditions. Produced air temperature increased from 23.9 to 26.2°C with the inlet air
temperature raising from 29.5 to 35.5°C. The dew point effectiveness varied from 58.1% to 71.1%, and
the highest COP could reach 13.8. Hence, this proposed cooler was qualified as a pre-cooling device for
the residential AC system.

(@) (b)

Fig. 5 (a) 3-D view of the counter-cross-flow IEC (b) Real object of counter-cross-flow IEC [16]
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Pandelidis et al. evaluated the application potential of the hexagon DPIEC system by employing
the black-box model based on regression equations. The data for the black-box model was originated
from the test rig shown in Fig. 6. This study indicated 95% of total cooling load could be covered by
DPIEC with 65% of seasonal electricity, which was much efficient than the energy wheel in a hybrid
system [80].
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Fig. 6 schematic diagrams of (a) hexagon DPIEC system (b) Real photo of test section (c) Important elements of
the unit [80]

2.5 Heat-pipe-based IEC

Heat-pipe-based IEC also attracted attention in the past decades [81-83]. The heat pipe, with
considerable thermal conductivity, has been incorporated into IEC for performance enhancement. Fig.
7(a) shows a gravity-assisted heat pipe-based RIEC with the pipes staggered. The section of the heat
pipe in the dry channel serves as an evaporator to absorb the heat from the primary air. The other side
is equivalent to a condenser, attaching the spraying water on the outer surfaces to generate the water
films and removing the heat through evaporation. After the fluid medium in the tube absorbs heat and
evaporates into the gas state, gas flows into the condenser due to the saturation pressure difference
between the evaporator and condenser. Then, it recovers to the liquid state by heat release in the
condenser and then flows back to the evaporator because of the gravity and capillary action for the
subsequent circulation. During this process, the heat is taken away by the evaporated water.

Early proposed by Riffat and Zhu (Fig. 7(b)), a mathematical model was built for a heat-pipe-based
RIEC that was inserted into a ceramic cylinder water container to cover the condenser in the wet channel
[81]. The prototype and the detailed components of a tube module were presented in Fig. 7(c). There
are plenty of pores in the container for water permeation. When air sweeps over the container, the siphon
action consistently bring water to the container surface for evaporation. This research topic was
continued by Amer theoretically and experimentally [84]. The thermal performance, as well as the
economic and environmental benefits, was discussed in detail. It was obtained from the experimental
data that this heat-pipe-based IEC was able to produce the air within the thermal comfort zone when the

13



temperature of input ambient air was below 42°C as well as RH was under 30%. Furthermore, the greater
cooling capacity could be obtained by increasing the number of heat pipes if the temperature was above
42°C. Tt was measured that the COP of the prototype ranged from 4.62 to 13.16, and the wet-bulb
effectiveness fluctuated from 0.52 to 1.05.

,lw“

Fig. 7 (a) Schematic diagram of heat-pipe based RIEC [82]
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Fig. 7 (b) Schematic diagram of ceramic container and heat-pipe based IEC [81]
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Fig. 7 (c) Prototype of the heat-pipe based RIEC and a tube module [83]

2.6 Internal enhancement structure
2.6.1 Corrugated wick

Some innovative wick structures were proposed to enhance the heat exchange in IEC. The
corrugated structure was one of the novel types that was expected to improve cooling efficiency. As
depicted in Fig. 8, the corrugated wick could noticeably increase the heat transfer area. They were made
from cotton or paper so as to absorb more water for evaporation in the secondary air channel [85]. In a
typical IEC, the pressure drop of the air in the dry channel normally was in the range from 60 to 185 Pa,
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and it would be 100 to 500 Pa in the wet channel due to the extra resistance from spraying water [75].
As the special structure was introduced, it was aware that the pressure drop of the IEC would increase
faster with the volume flow rate. Thus, the trade-off between the improvement of heat transfer and the
growth of pressure drop should be taken into consideration in the early design stage. An analytical
estimation of pressure drop growth owing to various shapes and dimensions could be found in Ref. [45].
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Thickness: 0.2mm | Gap: Smm Wet channel
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(a) Corrugated wicks in the wet channel [85]

Dry channel —

-Aluminium
Wet channel —

Fabric

(b) The corrugated shape of channels [86]

Fig. 8 Two corrugated structures in IEC channel

2.6.2 Internal baffle

As shown in Fig. 9, adding baffles is another approach to promote heat exchange because they lead
to some small internal vortex in the primary air channel [87]. Referring to the studies by Kabeel et al.
[59, 88], the heat transfer coefficient was augmented considerably after incorporating the cooler with
baffles. The author investigated the effects of diverse air conditions and optimized the number of baffles
arranged in the dry passage. Results demonstrated that the wet-bulb effectiveness for the RIEC with
baffles was at least 33.3% higher than the one with smooth surfaces. The temperature drop caused by
this IEC increased with the added number of baffles. Detailed convective heat transfer coefficient
formulas with baffles in the dry channel will be presented in Table 5.

Besides, according to the local weather conditions, this IEC with internal baffles could be
combined with a solar-assisted humidification-dehumidification (HDH) system for both cooling and
desalination purposes [89]. Experimental results revealed that the cooling capacity of this hybrid system
varied in the range between 253.3 and 417.4W. Meanwhile, it could produce 38.65 L distillate water
every day.
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Fig. 9 IEC with baffles (the number of baffles: 11) [59]

2.6.3  Aluminum fin

The aluminum fins were applied in a DPIEC by Ali et al. to increase the heat transfer surface area
[90]. Comparative experiments between two prototypes with fins and non-fins, as presented in Fig. 10,
were conducted under hot and arid inlet air conditions. Contributed by circular fins in the dry channel
surfaces, the cooling capacity was observed a 18% improvement more than the non-fins one.
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(b)

Fig. 10 Comparison of (a) fins and (b) non-fin dry channel surfaces [90]

2.7 Convective heat transfer coefficient/Nusselt number

The convective heat and mass transfer coefficients need to be determined when establishing the
simulation model of IEC. These two parameters are associated with Lewis relationship (Eq. (6)). In
other words, if one of them is given, the other one can be worked out. Besides, the convective heat
transfer coefficient can be calculated through Eq. (25) and empirical equations. However, the summary
of empirical equations is rarely found in the existing published literature. Table 5 presents the popular
empirical equations of the Nusselt number or convective heat transfer coefficient applied in IEC research.

Nu- 21
h= 0 (25)

Table 5 Summary of empirical equations of Nusselt number or the convective heat transfer coefficient
in previous researches

Type of

Author Method IECs Feature Nu/h
u
. Aluminum foil A()08Pro3
2 U
Chen [31] Sim. Counter-flow plate h=0023—Y—F—
e
1 1
M-cycle Heat: Nu = 2 + 0.6RezPrs
Cui [55] Sim. -
ter-fl - 11
counter-tiow Mass: Sh = “Z°2 = 2 + 0.6RezSc3
va
Guo [48] Sim. Cross-flow - h = 54u°7
With baffles in L s
[Egbg% Sim/Exp.  Counter-flow  the primaryair ~ Nu = 0.103 x Re®759Pr04 x (—)0167 x 2h
: passage Sd Sp
7h . . 1 1d,12
eng [91] Sim./Exp. Cross-flow  aluminum plates h = 1.86Re3Pr3(T)3 z
e
Corrugated Dry: 1
. . M-cycle surface with 4.5 %5
1 <l counter-flow fiber in the wet Nu = (1_49 . ( Y )) + 8.235%45
channel DeRePr

Wet:
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Lin [93]

Liberati [94]

Li [79]

Zhou [95]

Rogdakis [96]

Boukhanouf
[97]

Riangvilaikul

8]

Chen [98]

Sun [17]

Sim./Exp.

Sim.

Sim.

Sim.

Sim./Exp.

Sim./Exp.

Sim.

Sim./EXp.

M-cycle
cross-flow

Cross-flow

Counter cross
flow

Cross-flow

M-cycle

Counter-flow
regenerative

Counter-flow

Tubular

aluminum foil

Stainless steel
plate

Porous ceramic

Polyurethane;

aluminum foil

Porous ceramic

Le 11
Nu = 0.1(5)0'12R€2PT‘3

Dry:
Nu = 5.60
Wet:
l 11
Nu = 0.1(5)0'12R62PT3
A 1
h =—0.0185Re%°?8Pr3
de
d 1
1 1 3
h = 1.86Re3Pr3 <_e> (n_a)o.u
L nw,f
L —0.08
h = 36.31(pw)"® (_)
de
0.0668 - d,/L - Re - Pr
Nu = 3.66 + i
1+0.04(d./L - Re-Pr)3
11
Nu = 0.664Re2Pr3
Nu = 8.235
Dry:
%T(Re —1000)Pr o
Nu = 1+
A 2 7
1+127 %(Prs _ 1)
A = 1
T~ [1.82log(Re) — 1.64]2
Wet:

S2 a S3 a S2 asp apya =
Nu = ao (7)1 (7)) () Rs"*Re s Pr3
dO dO S3

ap = 0.55101, a, = 9.8464, a, = —9.8979
as = —9.8556, a, = 0.064556

Note: 1. The convective heat and mass transfer coefficient in this table are used under laminar flow conditions (Re<2300).
2. Sim: Simulation Exp: Experiment

3. Materials

The poor water retention ability and low wettability have been realized as the barrier of reliable
evaporation from the wet channel surface. As known from the IEC working principle, the heat is mainly
taken away by evaporative latent heat. Suitable materials significantly strengthen the performance
because they can keep water film evenly distributed for continuous and stable evaporation [46, 48].
Generally, efforts can be assorted into two aspects. On the one hand, enlarge the heat transfer area to

contact with more spraying water. On the other hand, deposit the hydrophilic coating on the wet side

surfaces, and the water membrane can be formed homogeneously. Several materials adopted in recent

years are reviewed in this section.
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3.1 Metal

If the material is unable to disperse water droplets into thin film on the surface, the evaporation
rate may fluctuate largely. Thus, the material for IEC was expected to have both good thermal
conductivity and surface wettability [99]. Many IEC plates were made of metal such as aluminum,
copper, and their alloy. The summary of employed materials in existing studies is presented in
It can be noticed that aluminum is dominated and broadly applied because of its good thermal
conductivity and hydrophilicity. Moreover, the aluminum plate thickness was slight, which could be
neglected and considered to have the same temperature as the water film [31, 61].

Table 6 Metal materials selected in IEC studies

Research Material Type Thickness(mm)
[15] Aluminum Plate 0.14
[40] Aluminum Plate 0.25
[68] Aluminum Plate 0.14
[69] Aluminum Plate 0.5
[100] Aluminum Plate 3
[87] Aluminum Plate 0.4
[79] Aluminum Plate 0.1
[95] Stainless steel Plate 15
[101] Aluminum Plate 0.15
[102] Aluminum alloy Plate 0.15
[103] Copper Tube 10

3.2 Porous ceramic

With the progress of manufacturing technique and reduction of manufacturing cost, porous media
has been employed to strengthen the heat exchange process since plenty of holes can bring much larger
contact area and bothers the boundary layer and flow status [104, 105].

Porous ceramics are being utilized widely due to the high porosity, good thermal conductivity, and
corrosion-resistant ability [106]. High porosity brings larger specific surface areas as well as water
storage capacity. The good water storage ability makes it possible for the spraying system to operate
intermittently so as to decrease the energy consumption of pumps and usage of water resource. Wang et
al. conducted an experimental study on a tubular porous ceramic IEC ( ) [74]. The non-permeable
membrane was coated to the surface towards the primary air to avoid water penetration. This ceramic
IEC and an aluminum IEC covered with textiles on the outer tube surface were compared. Results
demonstrated that porous ceramic IEC could maintain the produced cooling capacity consistently for
100 minutes after 5 minutes thoroughly wetted by spraying water. Therefore, an intermittent spray
strategy could be achieved, and the energy cost of the water pump could be saved considerably. Sun et
al. supplemented theoretical research of this porous tubular IEC. The length of IEC and spacing distance
among tubes were optimized [17].

For porous plate type IEC, the porous ceramic water container was integrated with a sub wet-bulb
temperature IEC for space cooling in buildings ( ). A prototype cooler was manufactured for the
experiment, which extracted part of the primary air into the wet channel. It was tested that the maximum
cooling capacity could come to 225W/m?, and wet-bulb effectiveness was 102.4%, indicating it as an
alternative to the traditional vapor-compression AC system in the hot-arid regions [97].
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Fig. 11 (a) Porous ceramic under scanning electron microscope (b) Tubular porous ceramic IEC [17, 74]
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Fig. 12 Schematic diagram of building integrated porous ceramic RIEC [97]

3.3 Materials for surface treatment

The purposes of surface treatment in the dry channel and wet channel are different. Good
wettability and water retention ability are required in the wet channel surfaces, while the condensed
water is unexpected to stay on the surfaces of the dry channel.

As mentioned in section 2.1.1, evenly distributed thin water film is usually assumed in the wet
channel. Nevertheless, large water droplets sometimes cannot disperse to the thin water film due to the
surface tension and poor hydrophilicity of the surface material. In order to improve the surface
wettability of the wet side, plates towards the secondary air are further treated. Basically, two methods
are now technically available and welcomed by researchers. One is to attach materials with strong water-
absorbing characteristics. The other is to cover the hydrophilic coating.

The heat and mass transfer on the surface covered with fiber has captured interest in the past few
decades [69, 85]. As for the IEC application, some fabrics (textiles) weaved from different fibers were
attempted for their moisture-absorbing ability. Test results revealed that the evaporation ability and
diffusion ability of the fabrics on the wet channel surface were 77% to 93% and 298% to 396% higher
than the smooth surface, respectively [88]. Although most of the fiber materials cannot be directly made
as plates for cooler owing to the weak mechanical properties compared with metal and ceramic, they
can be fabricated on the base plate surface to increase the heat and mass transfer area and absorb more
water. Fiber materials are commonly available in daily life, and the price is affordable. Table 7 shows
some combinations of the base plates and attached fiber materials in experimental studies. Duan et al.
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not only tested several sets of combinations, but also provided the bonding treatment ways, specifically,
hot-melt and adhesive methods [38]. The IEC attached absorbent materials on the secondary channel
surfaces was proved to be more effective for evaporation. However, some drawbacks exist and become
barriers to the broader application of fiber materials. Firstly, the wetted fiber surface is easy to introduce
bacterium and pollute the air and channels, making more troubles for hygiene treatment. Secondly, the
life span of them is not long enough so that frequent replacement of the wick is needed, consequently
increasing the maintenance cost [99].

Without the risks of breeding bacterium, surface coating technology was employed to promote the
formation of the water film. Lee et al. investigated the effect of porous coating on the aluminum surface
of aRIEC [107]. Guilizzoni et al. studied two different coatings for IEC, namely, standard epoxy coating
(STD) and hydrophilic lacquer (HPHI) [102]. An experimental study was conducted to test the contact
angle and water retention ability of them. Photographs revealed that the HPHI led to a lower contact
angle than STD, consequently made a significant growth of the hydrophilicity in the wet channel,
corresponding to 10% cooling performance improvement.

As mentioned in section 2, condensation occurs in the dry channel when the input outdoor air is
hot and humid. Literature has illustrated that filmwise condensation (FWC) was more likely to be
generated on hydrophilic surfaces, which led to an additional thermal resistance compared with the
hydrophobic surfaces [108, 109]. It has been reported that the condensation on the surface had the
tendency to change from dropwise condensation (DWC) to FWC in the evolution process, consequently
deteriorating the wet-bulb effectiveness of IEC by 14.8% [110]. Thus, hydrophobic treatment on the
primary passage surface was encouraged, increasing the contact angle between water droplet and surface,
accordingly improving the droplet drainage ability [2].

To assess the droplet drainage ability of the surface, the condensation area ratio was proposed,
which was defined by the ratio of the condensation area and the total heat transfer area ( ).
According to the visualized studies by Min [2] and Meng [101], the heat transfer effect was bothered by
condensed water due to the increased heat resistance. This index was conducive to identify the
characteristics of condensation and essential to deeply investigate the impacts of different forms of
condensation such as FWC and DWC. Combined with experiment studies, this index would evaluate
the droplet removal ability of the plate material.

Acon AFW + ADW
Roon = = 26
con Atot Atot ( )

Table 7 Configuration of the base plate and covered material in experiments

Research Base plate material Coated material
[16] Polystyrene Nylon fiber
[38] Wax Kraft paper
[111] Polyethylene Fiber sheet

[8, 112] polyurethane Cotton sheet
[40] Aluminum Porous fiber
[69] Aluminum Felt
[86] Aluminum fabric
[59] Aluminum cotton
[10] Aluminum Kraft paper

3.4 Other materials

In addition to metal, porous ceramic, and fiber sheet, some experiments also adopted organic
materials such as polystyrene [16], polycarbonate [113], polyurethane [8], polyethylene phthalate [114,
115], PVC [116], cotton sheet [112], clay [117], and polyethylene terephthalate (PET)/cellulose [118]
to make the plate type or tubular type coolers. Although their thermal conductivity was lower than metal
materials, their thermal resistance was small due to the thin thickness of the plate to satisfy the
experimental requirements.
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4. Hybrid IEC system

The cooling effectiveness of single-stage IEC is limited by climate conditions, making it not widely
used initially. In order to address greater cooling load in buildings, the IEC system has been combined
with other AC devices. This section reviews some hybrid systems and novel concepts raised in recent
years.

4.1 Multi-stage IEC and IDEC

Multi-stage evaporative system couples one or two IEC and DEC, which is mainly employed in
hot and arid regions. Regarding the multi-stage IEC, Moshari et al. simulated two-stage IECs in three
airflow configurations based on the weather data of six selected cities of Iran [7]. Dimensionless water
evaporation rate was come up to judge the environmental friendliness. This study proved the two-stage
IECs could substitute mechanical vapor compression systems and ensure thermal comfort at the same
time.

As for the indirect/direct evaporative cooling (IDEC) system, the influential factors have been
examined from the perspectives of theoretical modeling, experiments, and field tests. The working
principle and psychrometric chart are presented in . In this module, the hot air is sensibly cooled
in IEC then chilled by DEC with the increase of moisture content. In the hot-arid area, general
mathematical models were developed for this two-stage system, which could be found in Ref. [119] and
[120]. Heidarinejad and Moshari studied the two-stage system considering the effect of longitudinal heat
conduction and spraying water temperature. Two-stage IDEC, single IEC, and RIEC were compared
from aspects of effectiveness and COP [119]. Shirmohammadi and Gilani surveyed the IDEC in nine
airflow configurations, indicating that co-current DEC with cross-flow IEC contributed the most
outstanding efficiency [120]. Fikri et al. conducted an experimental study of IDEC incorporated with
straight heat pipes. When the inlet air temperature was at 45°C and in 0.8m/s velocity, the largest
temperature drop was 18.15°C [121]. In the practice of engineering, this system was measured with the
average temperature drop by 10°C in a natatorium [122]. Besides, according to a field test result by
Huang et al., the energy consumption of the three-stage IDEC system was only 7.4 W/m? in a multi-
functional building, which was far below 40 W/m? of a conventional AC system. The outlet temperature
was varied within 14.3°C to 16°C under local weather conditions during the test period. However, this
three-stage system occupied much more space for installation, which became the main reason for limited
application [123].
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Fig. 13 Schematic diagram and psychrometric chart of two-stage IEC/DEC
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4.2 IEC+ heat pump

Li et al. experimentally studied the coupled IEC/heat pump package with multiple modes [124].
As observed in Fig. 14, two sets of water spraying systems can operate individually with the variable
climatic conditions. Classified by the off/on status of the water systems, four operation modes can be
identified as follows:

Mode 1 (IEC + ECHP): Two water loops is running. Both exhaust air channels of the plate heat
exchanger and condenser of the heat pump are wetted by water. In this case, the package serves as an
IEC followed by an ECHP. Mode 2 (IEC + HP): Only the water loop of exhaust air channels of the heat
exchanger is operating. The package unit consists of an IEC with a regular heat pump module. Mode 3
(SHE + ECHP): Only the condenser of the heat pump is under water spraying. Therefore, the package
operates as an air-to-air sensible heat exchanger enhanced by an evaporative condenser heat pump.
Mode 4 (SHE + HP): Two water spraying systems are out of service. In such a case, the exhaust air
channels and condenser of the heat pump are both in dry states. The prototype could be regarded as the
combination of an air-to-air sensible heat exchanger and a regular heat pump.

(b)

Fig. 14 Structure of hexagon DPIEC with heat pump unit (a) schematic diagram (b) inside view of the
actual prototype [124]

4.3 IEC+ mechanical AC device

IEC, with the good cooling effect at the low cost of energy, has been arranged as a pre-cooing
device before the mechanical AC device such as air handling unit (AHU) or vapor compression
refrigerant system (VCRS) in buildings with large cooling load, which broadened its application scopes
from hot-dry areas to temperate or hot-humid regions. Fig. 15 presents the workflow of the combined
RIEC/AHU system. When the relative humidity of the fresh inlet air is not high, IEC is responsible for
air pre-cooling purpose, and VCRS is used for dehumidication cooling [125]. In order to enhance the
cooling effect of IEC, exhausted air from air-conditioned space in the building is introduced as
secondary air for energy recovery. The condensation water occurs if the outdoor air was hot and humid,
which meant that IEC was not only a pre-cooling device but a pre-dehumidifier.

Delfani et al. developed a model for IEC/PUA system and validated it by experiments. IEC would
reduce 70% cooling load against 55% of electricity saved for PUA [126]. Chen et al. simulated the
IEC/AHU system under the climate in Hong Kong. The condensate produced by AHU was suggested
to be collected and reused as the spraying water for IEC. The annual energy-saving of the IEC pre-
cooling section was estimated to be 45% higher than the enthalpy-recovery rotating wheel system [10].
Min et al. carried out on-site measurements of IEC/AHU in a wet market and monitored the monthly
cumulative cooling capacity for a whole year. The applicability in eight cities was discussed and
predicted [127]. Cui et al. compared the performance of IEC/AHU system in five selected regions with
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diverse weather characteristics, indicating that at least 35% of energy could be cut down owing to the
installation of the IEC pre-cooling unit [128]. They also supplemented the research to explore the
energy-saving potential of the IEC/VCRS system, which revealed that 47% of the cooling load was
fulfilled by IEC at the cost of a little additional amount of fan power [129]. e-NTU model was established
to analyze the performance of the IEC/VCRS system under temperate climates considering condensation
or non-condensation state [130].

Exhausted air Return air

Qutdoor fresh air IEC pre-treat

AHU Indoor

A 4

Exhaust air from AHU

Fig. 15 Schematic diagram of the RIEC followed by AHU [10]

4.4 Radiative cooling + IEC

A hybrid system that coupled a nocturnal radiative cooling (NRC) circuit with IEC was put forward
in Tehran, Iran's capital city. In , the water releases heat at night through NRC and is stored in a
water tank. In the next daytime period, it is supplied to the cooling coil unit (CCU) for pre-cooling.
Comparative studies were numerically conducted for IEC in three modes: outdoor air, pre-cooled air
from CCU, and part of primary air from IEC as secondary air (i.e., RIEC), respectively. Results showed
that NRC/RIEC performed the best among these three modes, and the effectiveness was more than 45%
higher than typical stand-alone RIEC.
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Fig. 16 Schematic diagram of the hybrid NRC/IEC system (use outdoor air as secondary air) [131]

The combination of two passive cooling approaches was also investigated by Katramiz et al. with
a closed cycle water reclamation using an air-water harvesting system, and the comparison was
conducted between the hybrid system and RC alone ( ). With the help of the RC section, the water
consumption of DPIEC was decreased by 44.2% on average, while the electrical load was 53.4% lower
than using typical AC device under cooling period in Kuwait [132].
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4.5 Ground heat exchanger +IEC

The ground heat exchanger (GHE) usually combines with other ancillary equipment to provide
heating and cooling [133-135]. In Fig. 18, the GHE absorbed cooling from underground soil to cool the
water. Afterwards, the chilled water was supplied to CCU for the first-stage air cooling. The ambient air
passed through the CCU then flowed into IEC for further cooling. It also could be observed that the
energy was only consumed by delivering equipment such as water pumps in the whole process. The
modules for GHE and IEC were built in Ref. [136]. Due to the auxiliary cooling by GHE, the primary
outlet air of IEC could satisfy the cooling requirements and remain steady in arid cities such as Tehran.
Furthermore, this hybrid system could achieve about 15% greater effectiveness than NRC/IEC under
the same inlet air conditions.
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Fig. 18 Schematic diagram of the hybrid GHE/IEC system [136]

Nemati et al. proposed integrating the underground air tunnel with IEC [137]. As depicted in
ambient air is extracted into the secondary channel and the earth-air heat exchanger. For the supply
airstream, the surrounding soil absorbs heat from the buried pipes that carried the fresh outdoor air, and
IEC is responsible for the further sensible cooling. This coupled system was proved not only to maintain
desired indoor thermal comfort but also saved 62% and 45% energy and water consumption,
respectively.
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Fig. 19 a) the schematic diagram, b) psychrometric chart for each process [137]

4.6 Dehumidifier + IEC

Liquid desiccant dehumidifier (LDD) [138], solid dehumidifier (SD) [139], and desiccant wheel
(DW) [140] are commonly available in AC system. shows the LDD followed by an IEC to treat
the hot and humid fresh air in subtropical regions. The moist outdoor air is dehumidified by the strong
solution film of lithium chloride (LiCl) desiccant, which is an isoenthalpy process. Hence the air
temperature increases with the decrease of humidity. After passing through the LDD, the hot-dry air is
delivered to the RIEC for sensible cooling. In order to obtain a lower outlet temperature, part of primary
air or the return air from air-conditioned room is introduced to the wet channel. Cui et al. proposed a
cooler that implemented cooling and dehumidification process simultaneously [141] Sohani et al.
employed five statistical methods to forecast the performance of LDD/RIEC system. The stepwise
regression method was determined as the best approach through the comparison with experimental data
[142]. Comparative research between desiccant-enhanced IEC and traditional VAV system was
conducted by Lee et al., and the former was estimated to save 10% to 18% energy in summer [143]. A
three-stage system that combined LDD/RIEC with DEC was proposed, and the parameter analysis
mainly focused on solution self-cycle ratio (Rs), S/P air ratio, regeneration temperature, and inlet air
conditions. The system could process the air below 17.9 °C with COP of 0.56 [144]. Comino et al.
established the model of DW/IEC system and proved it as an alternative to direct expansion (DX)
systems. In six tested climate zones, up to 46.8% of energy could be saved by DW/IEC than DX,
resulting in a greater COP and lower operation cost [145]. Bang et al. considered microorganism
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contamination of AC systems and optimized the design of a LD-IDEC (Fig. 21). The sterilization
performance of the in-duct Ultraviolet germicidal irradiation device was measured. Thanks to the
reasonable approaches of sterilization, the composite system can be more reliably used in practical
engineering projects [146].

Besides, with the increasing awareness of renewable energy usage, the solar system combined with
LDD/IEC has been proposed to support good performance and decline the energy consumption of the
whole system. Solar heat can be harvested for desiccant regeneration and power generation. For example,
Chen et al. numerically investigated a solar-assisted LDD/RIEC system under the subtropical climate,
determining the optimal solar collector area and the S/P air ratio. Up to 53.2% of energy could be saved
under design conditions [98]. Goldsworthy and White optimized the supply/regeneration air ratio and
S/P air ratio to obtain higher system COP for the solar-assisted SD/IEC system [147]. A tri-generation
system was established to provide cooling, heating, and electricity simultaneously. Higher effectiveness
was acquired by hiring the solar system to fulfill part of energy consumption and mixing the fresh hot
air with the cool air exhausted from the indoor built environment [148, 149].
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Fig. 20 Schematic diagram and psychrometric chart of LDD/RIEC system [98]
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Fig 21. Configuration of LD-IDECOAS [146]

4.7 Ejector cooling + IEC

Driven by the solar heat, the ejector cooling system receives interest with many advantages such
as less cooling-related greenhouse gases emission. However, this system is sensitive to the solar
radiation intensity, resulting in fluctuations of cooling output. To handle this problem, the solar
ejector/IEC system was proposed. The working principle is illustrated as follows.

As shown in , the proposed system consists of three loops: fresh air supply, solar hot water
circulation, and refrigerant circulation. Firstly, the fresh outdoor air is introduced to a cross-flow DPIEC.
Part of the fresh air is extracted from the dry channel to the wet channel as secondary air. Then the pre-
cooled air flows into the evaporator for further cooling, and the thoroughly chilled air is supplied to the
indoor space for satisfying the thermal comfort of occupants. In the refrigerant circulation, the
refrigerant is processed in the generator to the status with high temperature and pressure through the hot
water heated by the solar system. Afterward, the fluid from the generator flows into the ejector, mixing
with the low-temperature and low-pressure refrigerant from the evaporator. The mixture is ejected to
the condenser accordingly. The first air-cooled condenser absorbs the heat with the help of the cool air
from indoor space and secondary air of IEC, following by a second-stage water-cooled condenser to
ensure sufficient condensation. Finally, the condensed fluid is divided into two streams. One is pumped
to the generator for the next circulation, and the other is supplied to the evaporator for fulfilling the
cooling purpose after passing the expansion valve.

Referring to the existing literature, this solar ejector/IEC system was able to output 18°C cool air,
meanwhile, achieved 44% of reduction in the electricity consumption compared with conventional
mechanical vapor compression AC system [150]. The maximum COP would reach 13.69 in semi-arid

regions [151].
fresh air
8 -
3 ! \
! l
- !
< [ Water
4l [~~"""~- e At N
: Refrigerant
2 X Supply air
6
i\ - Return air
(# = [ :
— 5 |
= .
A = 1
7X
o— 0 "
1 Solar collector 2 Generator 3 Ejector
4 Condenser (air-cooled) 5 Condenser (water-cooled) 6 Evaporator
7 Expansion valve 8 IEC 9 Indoor space

Fig. 22 Schematic diagram of hybrid solar ejector cooling/IEC system [150]

5. Other research

As mentioned in the previous sections, IEC has been investigated from perspectives such as the
configurations, materials, and multi-stage hybrid system. In order to optimize the application of IEC in
practice, researchers have also made efforts in the water spraying system design and IEC system control.
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5.1 Studies of water spraying system

The wettability of secondary air surface is one of the most influential IEC thermal performance
factors, which is affected by the water distribution system [77, 152]. As mentioned in section 2.1.1, the
water film is assumed to cover the surface evenly and completely in the numerical studies. Nevertheless,
this is not easy to be achieved in experiments or engineering. Therefore, the spraying system should be
designed carefully to minimize experimental errors by proper distribution arrangement. Generally, the
secondary air and water-spray direction should be in counter pattern [153]. Recently, in respect to
theoretical studies, Lacour et al. established a 3-D model by CFD to calculate the temperature and
humidity distribution during the process of spray water dispersion. The spray radius, nozzle aperture,
water, and air velocities, and the optimal distance between the nozzle and heat exchanger were discussed
[154]. Montazeri et al. simulated spray water behavior in an evaporative cooling system and successfully
validated it by wind tunnel test within 10% discrepancy [155].

Apart from theoretical analysis, experiments aiming to optimize the system design were also
carried out. Ahmed et al. conducted several experiments under varied air velocities and temperature,
focusing on three spraying modes: external mode, internal mode, and mixed mode. The internal spraying
strategy was ultimately identified as an effective approach to enhance the heat and mass exchange for
the hexagonal plate cooler [116]. De Antonellis et al. analyzed the impact of water nozzles position and
airflow directions on performance for a cross-flow IEC. Six configurations were shortlisted for
evaluation. As depicted in Fig. 23, top and horizontal spraying configurations were recommended for
ideal water distribution [152]. Sun et al. tested five types of spraying nozzles, namely, spiral, conical,
square, sector, and target impact nozzles. Nozzles were arranged on the top side (Fig. 24(c)). Both target
impact nozzle (Fig. 24(a)) and the spiral nozzle (Fig. 24(b)) had good coverage ratio and uniformity.
However, it was found that the target impact type consumed a large amount of water, which may not be
suitable in the regions lacking water resources. Therefore, the spiral type was suggested as the optimal
choice [77].
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Fig. 23 System configuration in (a) Top arrangement (b) Horizontal arrangement [152]
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5.2 Studies of system control

Various control methods [156-158] were proposed for the traditional AC system in different kinds
of building to achieve good robustness [159] and accurate control [160-162]. However, the optimal
control studies related to IEC were hardly found, although the thermal performance is affected by many
factors.

Similar to the conventional AC system, the IEC system can be divided into a water system and an
air system, equipped with water pumps and fans, respectively. For both primary and secondary air
systems, on-off control is commonly adopted. However, the variable ambient air conditions can lead to
a large fluctuation and influence the thermal comfort of indoor environment. To deal with this problem,
high-low control was proposed based on variable speed technology to substitute on-off control. Chen et
al. coupled the high-low control method with Predicted Mean Vote to examine the energy-saving
performance and thermal comfort of the IEC air system [163]. The annual simulation of high-low control
strategy revealed that better thermal comfort was achieved against 11.3% energy saving [164]. In order
to optimize the high-low control scheme, a proportional-integral (PI) law based on variable speed fans
is employed to maintain a stable primary air outlet temperature [63]. The energy consuption of this
method was 50% less than standard on-off control, providing a solution for IEC to be applied in
occasions that required accurate and stable temperature. Sohani put forward an hourly optimization
strategy (HOS) that can make the fans and water pumps operate properly considering inlet parameters,
objective functions, and other constraints such as thermal comfort [165]. Compared with the typical
operation strategy, 36.2% of operation cost could be cut down with 17.8% enhancement of COP through
HOS.

Concerning the IEC water system, the spraying system usually operates continuously to ensure the
wetted surfaces in secondary passages. Based on the porous media IEC, intermittent spraying strategies
start to be studied. With good water retention ability, there is no need to spray water all the time so that
the water resource and the power of water pumps can be saved. The exact spraying and intermittent
period depend on the porous material's property, which could be determined through experiments.
Concluded by Wang et al., the energy consumption of the water pump in the porous IEC system was
only 5% in comparison with the simple IEC system [74, 77].

6. Current research gaps and challenges

From the perspective of modeling, according to the existing literature, studies on the development
of 1-D and 2-D models can be found for theoretical analysis of both counter flow and cross flow IEC in
recent years. Nonetheless, there still some work that remains to be supplemented on the numerical model
of IEC. It has been realized that 2-D model can show the temperature or moisture content distribution
in the airflow direction. Therefore the temperature and humidity uniformity of air profile along the
channel width direction were required to be simplified as constant. In fact, these air properties are
different at each point, so it is necessary to develop more 3-D models in this field.

In respect to the mass transfer behavior, evaporation and condensation need to be mentioned. In
the wet channel, water film for evaporation is usually assumed to be steady and uniform, while it is
difficult to achieve in practice due to the shrinkage characteristic of the falling liquid and the air velocity
[166, 167]. To deal with these problems, the surface wettability factor has been proposed based on
selected constant values to discuss the effect. Nevertheless, revised models considering the
nonuniformity of the dynamic water film during the evaporation process are still complicated and
challenging.

In the dry channel, outlet air properties are influenced by DWC and FWC simultaneously when
IEC serves in hot and humid districts, and these two condensation states are also dynamic with falling
or retention behavior, which is demanding to predict. In addition, the heat and mass transfer process is
influenced by the condensation mechanism varied with different surface characteristics. Thus it needs
to be concerned by category. In field applications, studies related to the collection, treatment and
utilization of the accumulated condensate are yet to be undertaken.
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Referring to the different features in adjacent channels, the surface on one side is required to be
hydrophilic for increasing the wetted area for evaporation, while the other side is expected to be
hydrophobic for better condensation drainage ability. So far, the heat transfer plate with different
functional surfaces is rarely available.

Last but not least, researchers have proposed diversified concepts and simulations of IEC hybrid
systems, whereas some integrated experiments or field tests remain to be enriched to promote the system
optimizations and applications in the real engineering project.

7. Conclusion

IEC has been developed rapidly with the advantages of low energy consumption and low
greenhouse gases emission. Normal counter- and cross-flow IECs have been numerically and
experimentally investigated in the past few decades. This study provides an overview of IEC
configurations, modeling, materials, novel hybrid IEC systems, and some optimization studies about the
design of the spraying system and control strategy. Theoretical studies of IEC are sufficient and detailed
from many aspects such as input air parameters, geometric shape and size, airflow arrangement, novel
internal structures, as well as system combinations.

Poor surface wettability in the wet channel, to some extent, has been solved by attaching absorbent
materials and covering hydrophilic coating. Internal novel structures such as fins and corrugated wicks
were embedded into IEC to expand heat transfer and water contact area. Porous materials have shown
promising potential to improve wettability. The optimal design of the IEC water spraying system could
also lead to better wettability, which consists of counter-flow vertical direction in wet channel and
nozzles with good coverage ratio and uniformity,

Single-stage IEC and multi-stage IEC/DEC could substitute mechanical AC systems in some hot-
dry regions. However, an IEC needs to be combined with other AC devices such as AHU, LD, and GHE
for satisfying the cooling requirement of buildings with a large load in hot-humid areas. In such a
situation, when the exhausted air from indoor air-conditioned space is used as secondary air, the IEC is
regarded as air pre-cooling equipment at the cost of less electrical energy, accompanied by the
condensation in the primary air channel.

Finally, the fan and pump control strategies have been upgraded. On/off control of fans was
replaced by high/low or personalized Pl control. The constant speed water pump was suggested to
operate in a specific interval in the porous tubular IEC system. Hence water and electricity, to a great
extent, were saved.

8. Future works and potential opportunities

Referring to the current situations of IEC studies, future works could turn to the following
viewpoint: Firstly, the 3-D model that reflects the profile of air properties in IEC is aimed to be
developed. Research about the feasibility and field applications of hybrid systems is to be enriched.
Secondly, it is necessary to explore long-life materials with good water retention ability and low cost,
which are conducive to IEC commercialization. For example, a novel multilayer heat transfer plate may
be manufactured with hydrophilic and hydrophobic surfaces to enhance the evaporation and
condensation drainage, respectively.

Porous materials are anticipated to be applied for plate-type IEC. For the IEC systems based on
porous materials, the trade-off between the heat transfer improvement and the pressure drop added needs
to be comprehensively considered.

Last but not least, depending on the water storage capacity of the porous material, intermittent
spraying is likely to be realized during the operation period in a plate-type IEC system. Furthermore,
the control strategy for water pumps and fans can be more economical. In brief, the consumption of
water resources and circulation energy demand could be further reduced.
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