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A B S T R A C T   

A remarkable surge in cooling demand is observed in the last decades. Currently, the cooling market is domi-
nated by mechanical vapor compression chillers which are energy intensive and use harmful chemical re-
frigerants. Therefore, the current focus of the current research in cooling is the development of unconventional, 
sustainable cooling systems. In this regard, indirect evaporative coolers have shown significant potential 
(particularly under hot-dry climates) with high energy efficiency, low cost, water-based sustainable operation, 
and benign emissions. However, these systems are in the development stage and have not yet been fully 
commercialized because of certain design challenges. An innovative indirect evaporative cooler is proposed, 
fabricated, and experimentally tested in this study. Particularly, the study is focused on the development of heat 
transfer coefficient correlation for the system for commercial-scale design and expansion. This is because the 
earlier available correlation is based on simple airflow between parallel plates assumption and does not incor-
porate the effect of the evaporative potential of the system resulting in under/over-estimation of the heat transfer 
characteristics. The results showed that the proposed system achieved a temperature drop of 20 ◦C, a cooling 
capacity of around 180 W, and an overall heat transfer coefficient of up to 30 W/m2K. Moreover, the study 
presents an experiment-regression-based heat transfer coefficient correlation that satisfactorily captures the ef-
fect of outdoor air temperature and airflow rate ratio which are critical in the design of evaporative coolers. The 
proposed correlation showed a high (±5%) with experimental data thus making it suitable for the future design 
of IEC systems over assorted operating scenarios.   

1. Introduction 

Comfort cooling is now perceived as a social imperative and is 
believed to improve the working efficiency of humans and technology 
[1]. Therefore, its demand is increasing exponentially due to various 
drivers including the warming planet, population growth, urbanization, 
and high-income growth (refer to Fig. 1) [2]. The cumulative impact of 
these drivers is triggering the air conditioning demand. So based on the 
business-as-usual scenario of 2018, the global air conditioners (ACs) are 

predicted to ramp up to 5.6 billion in 2050 with room ACs (mini split +
packaged) alone exceeding 4.5 billion [2]. It implies that around 10 AC 
units will be sold every second in the next 30 years and particularly the 
developing regions will face a fivefold increased demand for room air 
conditioners [3]. The more serious concerns with piling AC units are 
energy consumption and emissions [4,5]. A threefold increase in global 
AC-related energy is expected by 2050, aggregating the total demand to 
7700 terawatt-hours (TWh) from 2300 TWh in 2017 [6,7]. Similarly, AC 
CO2 emissions have tripled to 1600 million metric tons since 1990 [8] 
and are expected to cross 167 gigatons of CO2 equivalent by 2050 [9]. 
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The cooling market is captured by vapor compression technology which 
is responsible for high energy consumption and emissions [10,11]. So a 
water-based cooling solution is required to minimize energy consump-
tion and emissions. 

Evaporative cooling has emerged as the only viable solution because 
of significantly low energy consumption, water-based operation, and 
benign emissions [12,13]. However, the conventional direct evaporative 

coolers (using Aspen, Khus fibers cellulose paper sheets, etc.) have 
limited applications due to high humidity (100%) issues in the supply air 
[14–16]. While an advanced idea of indirect evaporative cooling (IEC) 
resolves the issue of high humidity and has the potential to outperform 
conventional vapor compression systems sustainably [17]. It uses water 
as a refrigerant and evaporative potential of air and provides humidity- 
controlled cooling [18,19]. These systems handle latent and sensible 

Nomenclature 

A Area, m2 

cp Specific heat, J/(kg.K) 
Dh Hydraulic diameter, m 
Gz Graetz number 
h heat transfer coefficient, W/(m2.K) 
k Thermal conductivity, W/(m.K) 
L Length, m 
ṁ Mass flow rate, kg/s 
Nu Nusselt number 
Pr Prandtl number 
Q̇ Cooling capacity, W 
Re Reynolds number 
Sh Sherwood number 
T Temperature, ◦C 
t Thickness, mm 
U Overall heat transfer coefficient, W/(m2.K) 
V Velocity, m/s 

Greek letters 
Δ Change in quantity 

ω Humidity, g/kg 
μ Viscosity, kg/(m.s) 
ρ Density, kg/m3 

Subscripts 
Exp Experimental 
LMTD Log mean temperature difference 
OA Outdoor air 
ref Reference 
SA Supply air 
WA Working air 

Abbreviations 
AC Air conditioning 
AFR Air flow rate ratio 
CFD Computational fluid dynamics 
COP Coefficient of performance 
IEC Indirect evaporative cooler 
OA Outdoor air 
RH Relative humidity, % 
TWh Terawatt hours 
WA Working air  

Fig. 1. Drivers for fast-rising cooling demand [2].  
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cooling loads separately thus offering individual process optimization 
without any rigid operational limitations [20]. Therefore, these can 
achieve a COP ranging from > 30 (for only cooling) and 10–12 for 
overall systems (including the dehumidification process) [21]. There-
fore, these systems can be employed for various applications [22,23] like 
human comfort [24], artifacts preservation [25], animal comfort [26], 
agricultural product storage [27], and energy recovery for vapor 
compression systems [28–30]. Above all, the current carbon neutrality 
demand is favoring sustainable solutions as recommended by Dai et al. 
[31]. Keeping in view the extensive applications and advantages, sig-
nificant research is conducted to investigate and improve IEC system 
performance [32–34]. However, the commercial-scale deployment of 

Table 1 
Standard heat transfer correlations are used for IEC systems.  

Sr# Correlation Ref  

NuOA = 6.7932Re0.0324
D r− 0.016 

[45]  

Nu = 0.023Re0.8Pr0.33Used for both dry air, wet air as 
well as water to calculate heat transfer coefficient. For 
wet channels, an accompanying mass transfer is also 
calculated. For thermally fully developed turbulent 
flows region (Dittus–Boelter correlation) 
. 

[35,39,40,53–57]  

Nu = 8.235 + 0.0364RePr(Dh/L)
Mostly used for dry channel and standard correlation for 
a parallel passage with uniform heat flux 

[58]  

Nu =

[(
1.49⋅y*− 1/3

)4.5
+ 8.2354.5

]1/4.5

y* : y/DhRePr 
Mostly applied for the dry channel side of IEC and 
initially proposed by Awad [48] for high-width-to- 
height rectangular channels 

[4247–5048]  

Nu = 7.4 +
0.03

(
Dh/Lplate

)
RePr

1 + 0.016
[(

Dh/Lplate
)
RePr

] (2/3)

The flow between isothermal parallel plates 

[59]  

Nu =

8.235
(

1 − 2.042(b/e) + 3.085(b/e)2 − 2.447(b/e)3

+1.058(b/e)4
− 0.186(b/e)5

)

Where b/e = aspect ratio 
Used for dry channel only and standard rectangular dry 
channel with constant surface flux. 

[22,51]  

Nu = 7.541 (1 − 2.610(b/e) + 4.970(b/e)2

− 5.119(b/e)3
+ 2.702(b/e)4

− 0.548(b/e)5
)

Where b/e = 0.066 is the aspect ratio (minimum/ 
maximum) 
For a laminar, hydrodynamically, and thermally fully 
developed flow in a rectangular duct that is exposed to a 
uniform wall temperature 

[59]  

Nu = 1.86
(
ReDh Pr(Dh/L)

)1/3
(μ/μw)

0.14 

Used for both dry and wet channels for Nu including the 
thermal entrance region as well as in the thermally 
developed region 

[5860–66]  

Nu = 0.332Re0.5.Pr0.33(Re < 5 × 104) Laminar 
Nu = 0.0292Re0.8Pr0.33(5 × 104Re < 3 × 107)

Turbulent 
Nu = 0.664Re1/2Pr0.333 Flow over a flat plate 

[676869,70]  

Nu = 3.66 +
0.0668RePrDh/Lplate

1 + 0.04
[
Dh/LplateRePr

] (2/3)

Used for the dry channel, For thermal entrance region, 
and for average Nusselt number 

[60,69,71]  

Table 2 
Heat transfer coefficient correlations for enhanced surface heat transfer for IEC 
systems.  

Sr # Correlation Ref  

IEC with a dimpled surface 
h = (k/Dh)αReβPr0.333(700 < Re < 2300)

α = 0.0185, β = 0.928 
For dry and wet channels with dimples on the plate 

[69,75,76]  

IEC with enhanced plate patterns 
Nucapsule = 0.65Re0.581Pr0.317 

Nufin = 0.59Re0.457Pr0.333 

Nucorrugated =
(
8.2353 + Nu3

t
)1/3

Nut =

{

0.0205 + 1.15
(

pp/pc

)1.18
}

Re0.8− 0.2 (pp/pc)

For dry channel side with enhanced plate patterns 

[38,77–79]  

IEC With internal baffles in the dry channel side 
Nu = 0.103Re0.759Pr0.4(L/sd)

0.167 ( Sh/Sp
)

Sd distance between baffle (m) 
Sh baffle height (m) 
Sp the gap between the plate (m) 
Used only for dry channels with internal baffles 

[69,80,81]  

Table 3 
Heat transfer coefficient correlations for enhanced surface heat transfer for IEC 
systems.  

Study description Geometry 
L × W × H 
(mm) 

Flow 
parameter 

Reported 
values 

Ref. 

Counterflow 
Exp + Sim 

800 × 180 
× 4 

VOA = 2 m/s 
AFR = 33% 

Nu: 
8.67–9.95 
h: 25–30 

[45] 

Counterflow 
Sim 

1250 × NA 
× 5 

VOA = 2.75 m/s 
AFR = 100% 

h: 20.5 [46] 

Crossflow & 
Counterflow 
Sim 

1100 × 325 
× 6 

mOA = 2000 
m3/h 
AFR = 50% 

Nu: 8.235* [58] 

Counterflow 
Exp + Sim 

1200 × 80 
× 5 

VOA = 2.4 m/s 
AFR = 33% 

Nu: 8.235* [82] 

Counterflow 
Exp 

210 × 120 
× 4 

mOA = 0.03 kg/s 
mOA = 0.012 
kg/s  

h: 
8.26–13.06 
U: 6.90 

[70] 

Crossflow 
(Condensation on 
the dry side) 
Exp + sim 

400 × 250 
× 0.4 

VOA = 2.5 m/s 
AFR = 100% 

h: 180–250 [83] 

Counterflow 
Sim 

500 × 500 
× 3.5 

mOA = 0.0014 
kg/s 
mWA = 0.00098 
kg/s 
AFR = 70% 

Nu: 4.861** [84] 

Crossflow 
Exp + Sim 

500 × 500 
× 5 

mOA = 1000 
m3/h (2 m/s), 
AFR = 33% 

Nu: 3.66** [85] 

Crossflow & 
Counterflow 
Sim 

500 × 500 
× 34 

VOA = 2.4 m/s 
AFR = 50% 

Nu: 4.12* [86] 

Counterflow 
Sim 

500 × 100 
× 5 

VOA = 2 m/s 
AFR = 33% 

Nu: 7.54** 
U: 100 

[52,87] 

Two stages DEC +
IEC 
Exp 

890 × 600 
× 0.025 

mOA = 0.1–0.2 
kg/s 

Nu: 
150–450 
U: 100–400 

[88] 

Crossflow 
Dry coil IEC 
Exp 

400 × 400 
× 2 

mOA = 800 m3/ 
h 

U: 30 [89] 

Semi-IEC (tubular) 
Sim 

600 × NA 
× 0.015 

mOA = 140 m3/ 
h 

U: 79.88 [90] 

CrF: cross flow, CF: Counterflow, * Constant heat flux, **Constant surface 
temperature. 

Table 4 
Commonly used heat transfer coefficient correlations.  

Type Correlation Ref. 

Wet channel NuWA = 2 + 0.6Re0.5Pr0.33  

Dry channel NuC1 = 6.7932Re0.0324
D AFR− 0.016 

[45] 
Dry channel NuC2 = 8.235 + 0.0364Re Pr(Dh/L)

[58] 
Dry channel 

NuC3 =

[

1.49
( y

DhRePr

)4.5
+ 8.2354.5

]1/4.5  
[42,47–50]  
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Fig. 2. System pictorial view (a) front and side view of the experimental setup and (b) schematic.  
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these systems is subject to addressing certain design limitations [35]. 
These include heat transfer improvement, effective water management, 
operational reliability, and heat transfer wall development [36]. This is 
because, in the typical IEC systems, these issues have been reported to be 
the major design challenges for commercial scale realization. Particu-
larly, the water showering inside the heat exchanger complicates the 
wall development with multi-layers, lowers heat transfer, increases 
maintenance issues, and obstructs water management. 

The current study investigates a novel IEC system that addresses the 
design challenges in conventional IEC systems through the rearrange-
ment and retrofitting of new components in the system. Particularly, the 
study is focused on the development of heat transfer coefficient corre-
lation for the proposed system for accurate heat transfer modeling of the 
system. This is because the earlier studies on IEC use typical heat 
exchanger correlations for the calculation of heat transfer coefficients in 
dry and wet channels. These are based on the concept of airflow between 
parallel plates and the effect of evaporation and outdoor air temperature 
variations is not properly captured in these calculations. Therefore, 

these correlations under/over-estimate the heat transfer area require-
ment misleading the cooling capacity which is critical for large-scale 
systems. A robust experimental-based heat transfer coefficient correla-
tion development is conducted for the IEC systems which was missing 
earlier. For this purpose, a critical review of existing heat transfer cor-
relations is conducted first. It comprehensively summarized the math-
ematical formulation, operational conditions, assumptions, applicability 
ranges, reported values, and characteristics under different operational 
conditions. This is followed by the design and development of an 
experimental test rig based on the proposed operational configuration. 
Then a detailed experimental investigation of the system performance 
under assorted outdoor air temperature and working air flow rate con-
ditions. The experimental data is then used to calculate the overall heat 
transfer coefficient. Then the theoretical model is applied to estimate the 
local dry and wet channel heat transfer coefficients. Finally, the exper-
imental data is used to formulate heat transfer coefficient correlation 
using regression. The proposed correlations showed good agreement 
(±5%) with the experimental data and can be used for commercial scale 
design of IEC systems. 

2. Heat transfer correlations for indirect evaporative coolers 

2.1. Flat plates 

One of the important and frequently adopted formulae was devel-
oped by Ranz and Marshall [37] in 1952 (C-1). They proposed a model 
to calculate the heat transfer from water droplets due to evaporation in 
terms of Reynolds number, and Prandtl number with constants as given 
below. It has been used extensively used in recent studies [38–44]. 

Nu = 2+ 0.6Re0.5Pr0.33 (1) 

Lin et al. [45] developed correlations for the calculation of Nu for dry 
and wet channels and also Sherwood number (Sh) by studying the heat 
and mass transfer process for a dewpoint indirect evaporative cooler. 
They reported the average convection heat and mass transfer co-
efficients as 26.8 to 29.9 W/m2⋅K, and 0.025 to 0.027 m/s, and the Nu 
for the dry and wet side as 8.67 to 9.95, 8.68 to 9.21 and 8.17 to 8.67. 

NuWA = 1.605Re0.0117
D

(
hfg Dva Δρv,sa/kf ΔTdp

)0.1438

(
− 0.800AFR3 + 2.0249AFR2 − 0.9085AFR+ 7.5

) (2)  

ShWA = 16.625Re0.018
D π0.2901 (3) 

Wan et al. [46] developed heat and mass transfer correlations for IEC 
with condensation in the dry channel. The study used the orthogonal test 
method and experimentally validated the CFD model based on COMSOL 
as given below 

hOA = 134.684T0.014
OA,i RH0.023

OA,i V0.013
OA,i L− 0.048 b− 1.001

ch (4)  

hm,OA = 498.132T − 0.727
OA,i RH− 0.950

OA,i V0.112
OA,i T0.442

OA,i RH
0.164
OA,i b− 0.800

ch (5)  

hWA = 85.155T − 0.164
OA,i RH− 0.141

OA,i T0.327
WA,i b− 1.176

ch (6)  

hm,WA = 132.139T 0.127
OA,i RH 0.140

WA,i b − 1.243
ch (7) 

Another correlation was developed by Dowdy and Karabash [47] for 
direct evaporative coolers with the surface covered by a rigid cellulose 
media saturated with water. The correlation is modified in terms of Re, 
Pr, characteristics length, and evaporation surface thickness and is used 
for IEC applications [22,47–52]. 

Nu = 0.1(le/l)0.12Re0.8 Pr0.33 (8) 

In addition to the above-mentioned formulations, some standard 
correlations have also been used for the heat transfer study of IEC sys-
tems. A summary of these correlations is presented in Table 1. 

Fig. 3. Proposed system psychrometric description.  

Table 5 
Summary of geometric and process parameters.  

Parameter Value 

Humidifier dimensions, H × W × L, mm 800 × 400 × 400 
Generic cell dimensions H × W × δ, mm 1100 × 360 × 5 
Aluminum sheet thickness, tAL, mm 0.025 
Number of channels, dry/wet 1/2 
Outdoor air temperature at channel inlet, ◦C 25–50 
Outdoor air humidity, ω, g/kg 10 
Working air humidity at channel inlet, ω, g/kg 18 
Outdoor air velocity, m/s 3 
Air flow rate ratio 0.5–2.0  

Table 6 
Instrumentation details.  

Parameter Sensor specification Accuracy 

Temperature Thermistors ± 0.15 ◦C  
Company: OMEGA   
Measuring range: 0–80 ◦C  

Humidity Wet bulb measuring station ± 0.15 ◦C  
Company: OMEGA Thermistor + Felt + Test tube  

Air velocity Hot wire anemometer ± 0.03 m/s  
Company: Testo (model: 425i)   
Measuring range: 0 to 20 m/s   
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2.2. Enhanced surfaces 

Besides plain surface geometry, enhanced surfaces with patterns, fins, 
and protrusions have also been used in IECs for higher heat transfer rates. 
Therefore, formulations have also been developed to estimate the heat 
transfer characteristics of these surfaces. For instance, Antonellis et al. 
[72] developed the heat transfer correlation (for Aluminum alloy plates 
with surface dimples based on the concepts of enhanced surface heat 
transfer [73,74]. They showed that the most influential parameters 
affecting heat transfer include dimples height, pitch, size, and placement. 
They developed the correlation in terms of Re and Pr with constants. 
Where the values for constants were calculated by minimizing the error in 
dry bulb effectiveness and the results obtained from simulation and ex-
periments. A summary of these correlations is presented in Table 2. 

2.3. Ranges and characteristics of earlier IEC heat transfer coefficients 

The above heat transfer review shows that a variety of correlations 
for Nusselt number/heat transfer coefficient are reported for different 
operating scenarios. However, the actual quantitative values for Nu/h 
are seldom reported because most of the earlier studies report IEC per-
formance in terms of cooling capacity, coefficient of performance, or 

efficiencies. However, the heat transfer coefficients are of paramount 
significance for IEC as these govern the heat transfer process and control 
the area footprints and economics of the system. A higher heat transfer 
coefficient results in a lower heat transfer area and reduced capital cost 
requirements. A comprehensive summary of the reported values for 
Nusselt number, local, and overall heat transfer coefficients alongside 
the geometric and process parameters are presented in Table 3. It shows 
that in most of the studies, the heat transfer coefficient is calculated 
using constant surface temperature or constant surface heat flux 
approach-based correlations. Therefore, the value for Nu varies between 
7 and 8 for constant heat flux and 4–5 for constant surface temperature 
cases thus calculating the heat transfer coefficient 20–30 W/m2K. 
However, it is also important to mention that the heat transfer coeffi-
cient values increase considerably under special working conditions of 
systems. For instance, under condensation in the dry channel conditions, 
the heat transfer coefficient is reported to vary between 180–200 W/ 
m2K. Similarly, under direct–indirect hybrid system operation condi-
tions, the overall heat transfer coefficient is reported to vary between 
100–400 W/m2K. Likewise, the heat transfer coefficient for porous 
ceramic tubular-based IEC system is reported up to 80 W/m2K. 

A detailed investigation of heat transfer coefficient characteristics 
against important geometric and process parameters has been rarely 
conducted. Lin et al. [45] conducted an experiment and CFD-based 
investigation of heat transfer coefficients. For local temperature mea-
surements, the IEC generic cell was equipped with 8 pairs of temperature 
sensors in dry and wet channels along the heat exchanger length. The 
local heat transfer coefficients for dry (hd) and wet (hw) channels were 
reported to be ranging between 25 and 30.3 W/m2K as shown in Fig. A1 
(a). The experimentation also showed minor irregular fluctuations in the 
heat transfer coefficients along the heat exchanger length. A similar 
trend for different outdoor air velocities (Fig. A1 (b)) and outdoor air 
humidity (Fig. A1 (c)) is also reported with small irregular variations in 
the heat transfer coefficient for dry and wet channels. The study also 
concluded that the heat transfer coefficients calculated using constant 
surface temperature and constant heat flux correlations resulted in an 
underestimation of the values. This is because the values calculated from 
experimentation were higher than the theoretically calculated values 
because of better heat transfer characteristics of the naturally formed 
boundary condition than the conventionally considered boundary 
conditions. 

Table 7 
Summary of experimental data.  

AFR 
(%) 

TOA,i 

(◦C) 
TSA,o 

(◦C) 
TWA,i 

(◦C) 
TWA,o 

(◦C) 
LMTD 
(◦C) 

QTotal 

(W) 
QSensible 

(W) 
QLatent 

(W) 
U 
W/(m2.K) 

200 50  25.47  23.86  25.86  8.36  178.46  13.32  165.15  30.31 
45  24.86  23.65  25.19  6.72  147.91  10.27  137.64  31.24 
40  23.86  22.89  24.05  5.42  118.81  7.66  111.16  31.19 
35  22.91  22.02  22.68  4.39  88.41  4.41  84.00  28.57 
30  21.55  20.58  21.26  3.60  62.96  4.51  58.45  24.84 
25  20.52  19.54  20.24  2.40  32.55  4.70  27.85  19.22 

150 50  26.97  23.29  25.69  10.98  167.86  15.98  151.88  21.71 
45  26.99  23.74  25.77  9.03  131.13  13.46  117.67  20.62 
40  26.04  23.87  25.02  6.67  102.02  7.67  94.35  21.73 
35  25.16  23.57  24.17  4.88  72.82  4.02  68.80  21.16 
30  23.52  21.98  22.67  3.70  46.90  4.56  42.35  17.97 
25  21.92  20.85  21.36  2.05  21.33  3.40  17.93  14.76 

100 50  28.08  21.62  29.3  12.24  158.81  50.96  107.85  18.42 
45  27.42  22.08  28.15  10.08  128.61  40.31  88.30  18.10 
40  26.26  22.21  26.71  7.82  100.15  29.83  70.33  18.19 
35  24.86  21.64  25.02  6.10  76.06  22.47  53.59  17.69 
30  22.93  20.60  22.79  4.33  51.41  14.52  36.89  16.86 
25  21.55  19.93  21.30  2.54  25.42  9.13  16.30  14.17 

50 50  32.26  23.20  29.58  14.03  129.53  42.37  87.16  13.11 
45  31.38  23.93  29.10  11.19  99.31  34.36  64.94  12.60 
40  29.78  24.09  27.92  8.49  73.91  25.40  48.51  12.36 
35  28.10  23.94  26.45  6.28  53.23  16.76  36.47  12.04 
30  25.41  22.51  24.48  4.34  37.89  13.10  24.79  12.40 
25  23.17  21.75  22.79  1.98  16.59  6.87  9.73  11.87  

Fig. 4. Energy balance diagram for heat exchanger.  
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Similarly. Wan et al. [46] also investigated the characteristics of dry 
and wet side heat transfer coefficients for a counter-flow IEC. They re-
ported that (refer to Fig. A1: Appendix A) hd remained stagnant at 23.5 
W/m2K and hw decreased from 22 to 20.5 W/m2K when the channel 
length increased from 500 to 2000 mm. While both hd and hm decreased 
from 40 and 70 W/m2K to 20 W/m2K when the channel gap increased 
from 2 to 8. Similarly, with increasing outdoor air temperature from 38 
to 40 ◦C (refer to Fig. A2: Appendix A) and outdoor air humidity 60 to 
90%, the hd remained constant at 20.5 W/m2K, while the hw decreased 

slightly from 23.5-22.5 W/m2K. When the outdoor air velocity increased 
from 0.5 to 5 m/s, the hd increased from 20.5 to 21.5 W/m2K. While hw 
remained almost insensitive to the outdoor air velocity. Meanwhile, 
with the increasing working air temperature from 20 to 26 ◦C, hd 
remained constant at 20.5 W/m2K while hw increased from 22 to 24 W/ 
m2K. While, with increasing working air humidity from 40 to 70%, the 
hd remained constant 20.5 W/m2K while hw decreased from 23 to 22 W/ 
m2K. Similarly, increasing working air velocity from 0.5 to 5 m/s 
increased hw from 22 to 24 W/m2K however, hd remained constant at 

Fig. 5. Cooling capacity variations versus TOA and AFR.  

Fig. 6. Log means temperature difference versus TOA and AFR.  
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Fig. 7. Overall heat transfer coefficient versus TOA and AFR.  

Fig. 8. Overall heat transfer coefficient trends at different TOA and AFR of (a) 50%, (b) 100%, (c) 150%, and (d) 200%.  
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20.5 W/m2K. Another study by Min et al. [83] investigated the dry-side 
heat transfer coefficient under condensation in dry channel conditions. 
They showed that (refer to Fig. A3: Appendix A) The hd increased from 
100 to 270 W/m2K when the velocity increased from 0.5 to 2.5 m/s. 

3. Heat transfer coefficient correlation development 

The methodology adopted here involves extending the existing dry 
channel heat transfer coefficient correlations by incorporating the effect 
of outdoor air temperature and the airflow rate ratio. In this regard, the 
wet side heat transfer coefficient is calculated using the Ranz and 
Marshall [37] correlation (refer to Eq. (1) which is reported to be one of 
the most accurate correlations for estimating heat transfer from water 
droplets as discussed above. While, for the dry side, three commonly 
used correlations (summarized as C1, C2, and C3 in Table 4) are selected 
for comparison with the current experimental findings and the devel-
opment of a new correlation. 

3.1. Theoretical model 

The dimensionless terms in the above correlations including the 
Reynolds, Prandtl, and Nusselt numbers can adequately capture the ef-
fect of geometric parameters and flow velocity to estimate the heat 
transfer in the channels. However, large variations in the outdoor air 
temperature and the airflow rate ratio can boost the heat transfer 
significantly which is not fully incorporated in the traditional correla-
tions. Therefore, these correlations are revisited to capture these addi-
tional effects in the correlation. 

The most important parameter for calculating the overall heat 
transfer coefficient is the total heat transferred or cooling capacity 
which is calculated using temperature drop (ΔT) across outdoor air, flow 
rate (ṁ), and the specific heat (cp) as given below [52]. 

Q̇ = ṁOA cp,OAΔTOA = ṁOA cp,OA
(
TOA,i − TSA,o

)
(9) 

Using log mean temperature difference (ΔTLMTD), heat transfer area 
(A), and cooling capacity (Q̇OA) the overall heat transfer coefficient is 
calculated as [44 91]. 

U =
Q̇

AΔTLMTD
(10)  

ΔTLMTD =

(
TOA,i − TSA,o

)
−
(
TSA,o − TWA,i

)

ln
(
TOA,i − TSA,o
TSA,o − TWA,i

) (11)  

U =
ṁOA cp,OA

(
TOA,i − TSA,o

)

A

⎧
⎨

⎩

(TOA,i − TSA,o)− (TSA,o − TWA,i)

ln

(
TOA,i − TSA,o
TSA,o − TWA,i

)

⎫
⎬

⎭

(12)  

Where the overall heat transfer coefficient is given as the convection 
heat transfer coefficients (hOA, hWA), and the conduction heat transfer 
through the wall is given as [92]. 

1
U

=
1
hOA

+
tplate
kplate

+
1
hWA

(13) 

The wall resistance in the above equation is negligible because of the 
very small wall thickness (0.025 mm) and high thermal conductivity of 
Aluminum (i.e., 235 W/(m.K)). Therefore, the experimentation is 
focused on capturing the overall heat transfer coefficient. Then the 
experimental outdoor air heat transfer coefficient is calculated using the 
above equation. The correlation is then presented in the standard form 
of the Nusselt number which is given as: 

Nu =
hDh

kfluid
(14)  

3.2. Experimentation 

The experimental system considered in the study consists of an 
innovative indirect evaporative cooler as shown in Fig. 2. The two major 
parts of the system include an air humidification (H) section and a 
sensible heat exchanger (SHX). The purpose of the humidification sec-
tion is to supply working air to the heat exchanger at wet bulb tem-
perature and 100% relative humidity. For this purpose, the high- 
temperature outdoor air is passed through the humidifier where it is 
cooled and humidified through continuous water mist showering (1–3). 
The fine mist boosts the air–water interaction mechanism in the hu-
midifier thus producing cold humid air with additional mist particle 
carryover (3). The humidifier consists of a water sump, mist nozzles, a 
water pump, and a supplementary water supply through a float- 
controlled valve to the water sump. While the heat exchanger consists 
of alternative airflow channels dedicated to dry and working air streams. 
The dry air is taken as hot outdoor air in the dry channels which is 
sensibly cooled to the supply air temperature (1–2). While the heat from 
the dry channel is extracted by the working air stream in the wet channel 
(3–4). The mist particles in the working air are evaporated during the 
heat transfer process. Therefore, the mode of heat transfer in the 
working air channels includes both sensible and latent heat transfer. The 
cold dry air is supplied to the room (2) and the hot humid working air is 
rejected by the environment (4). The operational scheme of the system is 
presented on the psychrometric chart in Fig. 3. 

The geometric specification of the system is summarized in Table 5. 
The system is fully instrumented to capture all required data including 
dry bulb temperature, wet bulb temperature, and velocity as presented 
in Table 6. For dry bulb temperature, the OMEGA thermistor probe with 
an accuracy of ± 0.15 ◦C is used. While for wet bulb temperature, the 
customized wet bulb measuring station is used which involves a 
thermistor + Felt + Test tube. The dry and wet bulb temperature mea-
surements are made at the dry channel inlet, dry channel outlet, hu-
midifier inlet, humidifier outlet, wet channel inlet, wet channel outlet, 
and water sump. All the thermistors are connected to Agilent Benchlink 
Data Logger for real-time data monitoring and recording. For air flow 
rate measurement, hot-wire anemometer Testo 405i with an accuracy of 
± 0.03 m/s is used at dry and wet channel outlets. 

The experimentation involved system operation at assorted outdoor 
air and working air conditions to record the supply air temperature. For 
this purpose, the outdoor air and working temperature varied between 
27 and 50 ◦C, and the airflow rate ratio was from 50% to 200%. It covers 
the whole range of outdoor air temperatures to appropriately incorpo-
rate the effect. Since last decade the peak temperature during summer is 

Fig. 9. Heat transfer coefficient comparison between experimental data and 
literature correlations from Table 4 as C1 [45], C2 [58], C3 [42]. 
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> 45 ◦C in most parts of GCC and Asia which are the biggest markets of 
the cooling industry. Moreover, most of the earlier IEC systems are 
tested in labs and onsite testing is seldom seen so they are limited to <
42 ◦C. So, to enhance the applicability of the current study and corre-
lation over a wider range the temperature. Moreover, the evaporative 
cooling system performance is influenced by the outdoor air tempera-
ture, flow velocity, and airflow rate ratio. For each data set the experi-
mental procedure is the same as the system is first operated to achieve 
the required outdoor air temperature at the dry channel inlet and the 
humidifier inlet. Then the water showering in the humidifier starts to 
achieve the wet bulb temperature at the wet channel inlet. Once the 
system temperatures achieve a steady state trend the data is used for 
subsequent calculations like cooling capacity, efficiency, coefficient of 
performance, and the heat transfer coefficient. 

Meanwhile, it is worth mentioning that the data in this study is 
presented against dry bulb temperature because of the extensive appli-
cation of evaporative cooling systems for dry and hot climates. Though 
in IEC systems the supply air humidity is constant as that of the inlet, 

Fig. 10. Thermophysical properties variation with temperature for dry air.  

Fig. 11. Correlation validation with experimental data.  
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under extremely high outdoor humidity conditions the outdoor air needs 
to be dehumidified. This is because the evaporative system performance 
drops under humid conditions and the thermal comfort is not achieved 
with high humidity supply air. In such cases, the IEC system is integrated 
with a dehumidifier (desiccant wheel, microwave, membrane-based, 
etc.). This integration increases the energy consumption of the system; 
however, the overall COP is still higher than MVC systems. It is also 
important to mention that the dehumidification technologies are well 
established and have been extensively used for domestic and industrial 
air treatment. However, the scope of this study is only limited to IEC 
sections. 

4. Results and discussion 

The most important parameters that govern the heat transfer coef-
ficient in the heat exchanger are cooling capacity and log mean tem-
perature difference (LMTD). A comprehensive summary of the 
parameters used in the experimental data is presented in Table 7. The 
uncertainty study is conducted at 45 ◦C using the accuracy of the sensors 
and anemometer. The maximum uncertainty in the estimation of 
different parameters is as follows: cooling capacity ± 2.13, log mean 
temperature difference ± 0.314, and overall heat transfer coefficient ±
1.71. An energy balance diagram of the heat exchanger as presented in 

Fig. 12. Correlation coefficient plot for parameters.  

Fig. 13. Comparison of experimental and proposed correlation heat transfer coefficient values.  
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Fig. 4. It is important to note that the cooling in the dry channel is 
produced by rejecting heat to the wet channel. The heat in the wet 
channel is transferred in sensible and latent forms. However, latent heat 
has a major share in the wet channel because of evaporation. However, 
an increase in the working air temperature shows sensible heat transfer 
as well. The contribution of sensible and latent heat transfer is presented 
in Table 7. 

The effect of outdoor air temperature and airflow rate ratio on the 
cooling capacity calculated experimentally is presented in Fig. 5. It 
shows that the cooling capacity is significantly influenced by outdoor air 
temperature as well as the airflow rate ratio. For instance, a maximum 
cooling capacity of 178 W is achieved at an AFR of 200% and an outdoor 
air temperature of 50 ◦C. While the minimum cooling capacity of 178 W 
is achieved at an AFR of 50% and an outdoor air temperature of 25 ◦C. 
This is because at higher outdoor air temperatures the temperature 
differential across dry and wet channels is considerably high. The 
working air always enters at the wet bulb temperature which boosts the 
heat transfer process and cooling capacity at higher outdoor air tem-
peratures. Similarly, at higher air flow rate ratios, the mist carry-over in 
the working air channels is increased which enhances the evaporation 
and increases the latent heat extraction. Overall, the higher temperature 
and higher air flow rate ratio increase the heat transfer rate. Meanwhile, 
Fig. 6 shows that the maximum LMTD is obtained at higher outdoor 
temperatures and lower air flow rate ratios. This is because at higher 
AFR the latent heat transfer dominates, and the temperature rise in the 
working air outlet stream becomes smaller. The corresponding overall 
heat transfer coefficient values at different outdoor air temperatures and 
AFR are presented in Fig. 7. 

The trends for experimental overall heat transfer coefficients calcu-
lated using cooling capacity and log mean temperature difference are 
presented in Fig. 8. Fig. 8(a) presents the overall heat transfer coefficient 
at different outdoor air conditions for an air flow rate ratio of 50%. It is 
observed that the U value increased by 11% from 11.2 W/m2K to 12.5 
W/m2K when the outdoor air temperature increased from 25 ◦C to 50 ◦C. 
Meanwhile, for AFR of 100% as shown in Fig. 8(b) shows that the U 
value increased by 27.6% from 14.1 W/m2K to 17.92 W/m2K for the 
same outdoor air temperature variation from 25 ◦C to 50 ◦C. Similarly, 
for AFR of 150% the U values increase by 45% from 14.6 W/m2K to 21.3 

W/m2K (refer to Fig. 8(c)) and for 200% (refer to Fig. 8(d)) by 55% from 
20.1 W/m2K to 31.6 W/m2K for the outdoor air temperature varying 
from 25 ◦C to 50 ◦C. It is worth mentioning that the conventional IEC 
system water flows inside the wet channel and the heat transfer coeffi-
cient is majorly governed by the flow rate of air and water. The effect of 
these parameters is incorporated in terms of Reynold number and Pr 
number. In the proposed cooler, fine water droplets are only carried with 
mist and evaporation takes place in the wet channel from these water 
mist particles. The variation in outdoor air temperature enhances the 
temperature differential across the air streams in dry and wet channels. 
It enhances the rate of orthogonal heat transfer between the channels. 
This increase in heat transfer with outdoor air temperature can be seen 
in the cooling capacity which is then used to calculate the heat transfer 
coefficient experimentally. Without incorporating the effect of outdoor 
air temperature, the heat transfer coefficient gives poor estimation 
which is only sufficient for lower operating temperature where the effect 
is insignificant. 

Overall, the heat transfer coefficient is influenced by outdoor air 
temperatures and airflow rate ratio. The variations are significantly 
enhanced at higher values of temperature and airflow rate ratio. These 
variations are because higher outdoor air temperature increases tem-
perature differential and a higher air flow rate ratio boosts evaporation 
which in turn enhances the heat transfer. 

The above analysis shows that the heat transfer coefficient is strongly 
influenced by outdoor air temperature and airflow rate ratio. Therefore, 
the correlations calculating the local heat transfer coefficients are 
required to incorporate the effect of these parameters. Meanwhile, the 
traditional heat transfer coefficient correlations in literature for dry 
channels are based on simple airflow between parallel plates with major 
reliance on Re and Pr numbers as shown in Table 4. These can 
adequately incorporate the effect of geometric parameters, flow pa-
rameters, and thermophysical properties in the respective channel. 
However, the effect of heat transfer enhancement due to variations in 
outdoor air temperature and evaporation (in wet channels) is not 
covered. Therefore, the values of dry side local heat transfer coefficients 
calculated using traditional correlations (presented in Table 4 as C1, C2, 
C3) from literature remain insensitive to the outdoor air temperature 
and airflow rate ratio as shown in Fig. 9. It shows that the hOA values 

Fig. 14. 3D surface distribution of the h values for the experiment and correlation.  
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calculated using these correlations remain almost constant at 22–23 W/ 
m2K for all outdoor air temperatures and airflow rate ratios. On the 
other hand, the experimental values show significant variations from 16 
to 57 W/m2K against TOA and AFR. It implies that the effect of outdoor 
air temperature and airflow rate ratio is not properly captured in 
traditional correlations. This is because the effect of temperature in 
these correlations only occurs in Re and Pr numbers due to thermo-
physical properties like density (ρ), viscosity (μ), thermal conductivity 
(k), specific heat (Cp), etc. Meanwhile, it is important to emphasize that 
these properties are a weak function of temperature with benign vari-
ation over temperature ranging from 25 to 50 ◦C as shown in Fig. 10. 
Therefore, traditional correlation does not incorporate these effects and 
necessitates the development of new correlations addressing these 
limitations. 

A correlation based on new experimental measurements incorpo-
rating the additional effects of air flow rate ratio (AFR) and outdoor air 
temperature (TOA) is proposed for the calculation of the heat transfer 
coefficient. The correlation is formulated in terms of key parameters 
including Reynold number (Re), Prandtl number (Pr) air flow rate ratio 
(AFR), and outdoor air temperature (TOA (K)) normalized by reference 
temperature Tref (K) as given below. 

NuOA =
hOA Dh

k
= 8.235+0.63Re0.047Pr0.89AFR4.29

(
TOA

Tref

)2.61
⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞

Newly introduced terms

(15) 

A regression with these parameters against the experimental results 
is conducted as presented in Fig. 11. It shows a good agreement with R2 

= 0.99 between experimental and calculated (from the proposed cor-
relation) values. A slightly higher discrepancy between experimental 
and correlation values is observed at lower (i.e., 25 ◦C) outdoor air 
temperatures. This is because the system cooling capacity is significantly 
decreased than the designed value at this temperature. Moreover, the 
IEC systems are not generally operated in this temperature range 
because of being in the ASHRAE comfortable zone. Therefore, the pro-
posed correlation can be used with acceptable accuracy for IEC opera-
tion at as high as 50 ◦C temperature. The correlation plot for the 
proposed formulation showing dependency on different parameters is 
presented in Fig. 12. It shows that the most influential parameters are air 
flow rate ratio with a significance level of 0.87, followed by outdoor air 
temperature with 0.23, and then Prandtl number with 0.23 and Reynold 
number with 0.037. It affirms the dependency of correlation on the 
newly added terms. 

Fig. 13 and Fig. 14 show a comparison of the outdoor air heat 
transfer coefficient calculated using the proposed correlation and 
measured experimentally. It shows that the proposed correlation can 
effectively capture the effect of outdoor air temperature and airflow rate 
ratio. Therefore, the calculated values occur within ± 5% of the exper-
imental values. Particularly, at higher outdoor air temperatures and 
higher air flow rate ratios where the effects are dominant, the accuracy 
of the correlation is higher. Moreover, the earlier studies in the literature 
are only limited to a maximum outdoor air temperature of 42 ◦C. While 
the current study incorporates the outdoor air temperature of as high as 
50 ◦C which makes the proposed correlation suitable for IEC system 
design under harsh climatic conditions. 

5. Conclusion 

Indirect evaporative cooling technology is a sustainable alternative 
to conventional cooling systems in hot dry climatic areas. A novel in-
direct evaporative cooler addressing major limitations in the earlier 
systems is proposed and developed in this study. The study is particu-
larly focused on the development of a dry channel heat transfer 

coefficient for the large-scale expansion of these systems. This is because 
the conventional correlations are observed to be insensitive to these 
parameters and give a poor prediction of the heat transfer coeffects. 
Predominantly, at higher values of outdoor air temperature and working 
air flow rate the conventional correlations become inapplicable and 
mislead the calculations. The major findings of this study are summa-
rized below.  

• The proposed system achieved a temperature drop up to 25 ◦C, and a 
cooling capacity of 178 W. The system showed higher performance 
under higher outdoor air temperatures because of a larger temper-
ature differential across channels. 

• The dry side heat transfer was calculated using conventional corre-
lation hover around 22–23 W/m2K for the outdoor air temperatures 
varying between 25 and 50 ◦C and air flow rate ratios of 50% to 
200%.  

• The experimental and proposed correlation heat transfer coefficient 
value varied from 16 to 57 W/m2K when the outdoor air temperature 
increased from 25 to 50 ◦C and the air flow rate ratio increased from 
50 to 200%.  

• The most influential parameters in indirect evaporative cooler design 
are observed to be Reynold number, Prandtl number, air flow rate 
ratio, and outdoor air temperature under hot dry climates.  

• The newly developed heat transfer correlation properly incorporates 
the effect of outdoor air temperature ranging from 25 to 50 ◦C and air 
flow rate ratio ranging from 50 to 200% with an accuracy of ± 5% 
with the experiment. 

Overall, the conventional correlations underpredict the heat transfer 
coefficient values and are unable to track the effect of outdoor air 
temperature and airflow rate ratio. So, the new terms are introduced in 
the proposed correlation that captures the effect of temperature and 
airflow rate ratio. Moreover, the high experimental accuracy makes the 
proposed correlation viable for the future design of IEC systems over 
assorted operating scenarios. 
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Appendix A. Heat transfer coefficient trends from earlier studies 

Heat transfer coefficient characteristics studied by Wan et al. [46]. 
See Figs. A1-A4 
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Fig. A1. Effect of parameters on heat transfer coefficient (a) channel length, (b) supply air temperature, (c) supply air humidity Lin et al. [45].  
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Fig. A2. Heat transfer coefficients against channel length (L) and gap (H) [46].  

Fig. A3. Heat transfer coefficient vs outdoor (primary) and working (secondary) air characteristics [46].  
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