
Energy & Buildings 197 (2019) 120–130 

Contents lists available at ScienceDirect 

Energy & Buildings 

journal homepage: www.elsevier.com/locate/enbuild 

Experimental and numerical investigation of a high-efficiency 

dew-point evaporative cooler 

Yuting Liu 

a , Yousef Golizadeh Akhlaghi b , Xudong Zhao 

b , Junming Li a , ∗

a Key Laboratory for Thermal Science and Power Engineering of Ministry of Education, Department of Energy and Power Engineering, Tsinghua University, 

Beijing 10 0 084, China 
b School of Engineering, University of Hull, HU6 7RX, UK 

a r t i c l e i n f o 

Article history: 

Received 8 February 2019 

Revised 9 May 2019 

Accepted 14 May 2019 

Available online 15 May 2019 

Keywords: 

Dew-point 

Evaporative cooler 

Experimental study 

Numerical study 

Optimization 

a b s t r a c t 

This paper investigated the cooling performance of a high-efficiency dew-point evaporative cooler with 

optimised air and water flow arrangement using the combined experimental and numerical simulation 

method. The experimental results showed that the wet-bulb efficiency of the dew-point evaporative 

cooler was increased by 29.3% and COP was increased by 34.6%, compared to the existing commercial 

dew point air cooler of the same capacity. An improved two-dimensional, multi-factor engaged numerical 

model which can scale up and optimize the size and capacity of the cooler was developed. The numerical 

predictions agreed well with the experimental results, indicating that the cooling rate of the dew-point 

evaporative cooler is influenced by the dew-point evaporative cooler structure. The cooling efficiency of 

the dew-point evaporative cooler with corrugated plates is more than 10% higher than with flat plates 

and the cooling efficiency of the dew-point evaporative cooler with the actual flow arrangement is only 

62%–67% that of a dew-point evaporative cooler with an ideal counter-flow arrangement. The cooling ef- 

ficiency can be improved by increasing the channel length and the air entrance length, and decreasing 

the channel width and channel gap within a reasonable range. 

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Evaporative cooling is an energy-saving and environmentally-

friendly cooling technology where the heat is absorbed and the air

is cooled through water evaporation. Evaporative cooling methods

can be divided into direct evaporative cooling (DEC) and indirect

evaporative cooling (IEC) according to whether or not the product

air is in contact with water. The IEC systems have an additional

sensible heat exchange channel which is called the dry channel

compared to DEC systems which have only a wet channel where

the air contacts the water directly. Therefore, IEC systems have

more applications than DEC systems because the product air (also

called the supply air) is cooled without being added with mois-

tures [1] . The air in the dry channel is called the primary air while

the air in the wet channel is called the secondary air or working

air. The product air can be cooled to the wet-bulb temperature of

the incoming air for an ideal system, but the actual wet-bulb effi-

ciencies of DEC systems are 40–80% and the cooling capacities are

largely dependent on the incoming air properties [2] . The cooling

efficiency can be improved by using dew-point evaporative cooling

(also called M-cycle IEC) that improves the IEC design [3–5] . In this
∗ Corresponding author. 
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esign, the secondary air is first cooled in the dry channel before

ntering the wet channel so that the product air temperature can

e lowered to the dew point of the incoming air for an ideal de-

ign. The wet-bulb efficiencies of M-cycle IEC systems are 10–30%

igher than those of IEC systems [4] . 

The cooling rates and energy efficiencies of M-cycle IEC sys-

ems are influenced by the M-cycle IEC system design, so many

esearchers have proposed various structures for M-cycle IEC sys-

ems. Hsu et al. [6] compared the efficiencies of three different

eat exchanger structures and found that the product air can eas-

ly be cooled to below the wet-bulb temperature of the incoming

ir and can be cooled close to the dew-point temperature of the

ncoming air by optimizing the system design. Lee et al. [7] opti-

ized the dew-point evaporative cooler design and compared the

fficiencies of three types of dew-point evaporative coolers with

ross-flow flat plates, cross-flow corrugated plates and counter-

urrent flow finned channels. Zhan et al. [8] studied the efficien-

ies of cross-flow and counter-flow dew-point evaporative cool-

rs numerically and experimentally. Their results showed that the

ooling capacity of a counter-flow dew-point evaporative cooler is

bout 20% higher than of a cross-flow type for the same operat-

ng conditions and same cooler volume and that the dew-point

nd wet-bulb efficiencies of counter-flow coolers are 15% −23%

igher than those of cross-flow coolers. However, the cross-flow

https://doi.org/10.1016/j.enbuild.2019.05.038
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Nomenclature 

A Wetted surface area (m 

2 ) 

COP Coefficient of performance 

c p Specific heat at constant pressure (kJ/(kg • K)) 

d Humidity (kg/kg) 

D ab Mass diffusivity, (m 

2 /s) 

D e Equivalent diameter (m) 

h Convective heat transfer coefficient (W/(m 

2 • K)) 

h la Latent heat of water evaporation (J/kg) 

h t Overall heat transfer coefficient between the pri- 

mary air and water film (W/(m 

2 • K)) 

h v ( t f ) Specific enthalpy of the water film at temperature t f 
(J/kg) 

h v ( t w 

) Specific enthalpy of working air at temperature t w 

(J/kg) 

h m 

Mass transfer coefficient (kg/(m 

2 • K)) 

k Thermal conductivity (W/(m • K)) 

l c Channel length (m) 

l d Dry channel gap (m) 

l e Characteristic length (m) 

l w 

Wet channel gap (m) 

m f Water mass flow rate (kg/s) 

m a Air mass flow rate (kg/s) 

˙ m w,c Water consumption (kg/s) 

n Number of channels 

Nu Nusselt number 

p Pressure (kPa) 

Pr Prandtl number 

Q coolling Cooling capacity (W) 

Pw Fan and water pump power in the dew-point evap- 

orative cooler 

r Working-to-primary air ratio 

Re Reynolds number 

t Temperature ( ◦C) 

T Temperature (K) 

u Velocity (m/s) 

V volume of wetted media (m 

3 ) 

V h, e Evaporator volumetric air flowrate (m 

3 ) 

W Channel width (m) 

We l Weber number for the liquid phase 

x Vapour fraction 

Greek symbols 

ɛ Cooling efficiency 

� Water mass flow velocity (kg/ (m • s)) 

δ Thickness (m) 

μ Viscosity (kg/(m • s)) 

ν Kinematic viscosity (m2/s) 

ρ Density (kg/m 

3 ) 

ρa, w 

Dry air density of working air in the wet channel 

(kg/m 

3 ) 

φ Heat source for the energy equation (W/m 

3 ) 

φm 

Mass source for the mass equation (kg/m 

3 ) 

Subscripts 

a Air 

d Dry channel air (primary air) 

db Dry-bulb 

dp Dew point 

f Water film 

g Gravity 

in Inlet 

l Liquid phase 
e  
Le Lewis number, k / ( ρc p D ) 

out Outlet 

pl Plate 

po Porous layer 

s Saturation near the water surface 

t Total 

w Wet channel air 

wb Wet-bulb 

ew-point evaporative cooler has a higher energy efficiency COP,

hich is 10% higher than that of a counter-flow type. Riangvi-

aikul et al. [9, 10] measured the performance of a counter-flow

at dew-point evaporative cooler for various incoming air temper-

tures and humidities. Their results showed that the wet-bulb ef-

ciency was between 92% and 114% and the dew-point efficiency

as between 58% and 84%. Kabeel and Abdelgaied [11] experimen-

ally studied a counter-flow dew-point evaporative cooler with a

affle in the dry channel. Lee and Lee [12] experimentally studied

he cooling in a dew-point evaporative cooler with ribs in the wet

nd dry channels. Xu et al. [13] experimentally studied the cool-

ng efficiency and energy efficiency of a high-performance counter-

ow dew-point evaporative cooler for typical meteorological con-

itions of various regions. Their results showed that the wet-bulb

fficiency range was 100–109.8% while the dew-point efficiencies

ere 67–76.3%. Anisimov and his team have optimized the designs

f various dew-point evaporative coolers, including cross-flow and

ounter-flow patterns, designs with various channel structures, and

arious secondary air distribution methods [14–21] . As for the

xisting commercial dew-point evaporative cooler, the Coolerado

ooler TM with a cross-flow configuration, manufactured by Idalex,

as been marketed to the residential and small commercial sector

22,23] . The dew-point evaporative cooler products of the Cooler-

do have developed to M50, C60 from the first product of M30.

ccording to the lab evaluation of the Coolerado, the wet-bulb

fficiency of the cooler ranged from 81% to 91% (averaging 86%)

ith the COP ranging from 9.3 to 40.5. [22,23] .Though many re-

earchers have proposed various dew-point evaporative cooler sys-

ems, the efficiencies of these dew-point evaporative coolers are

till not very high which leads to large, costly designs. Thus, the

ew-point evaporative cooler designs need to be further optimized.

The fabrication of a dew-point evaporative cooler is a com-

licated, time-consuming task, so the influences of various struc-

ures should be studied numerically rather than experimentally

fter the numerical models have been bell verified against exper-

mental data. Zhao et al. [24] numerically studied the influences

f channel length, width and gap on the efficiency of a counter-

ow dew-point evaporative cooler using an algebraic model. Cui

t al. [25,26] improved that model by considering more factors

nd numerically studied the cooling rates of dew-point evapora-

ive coolers with various structures using the Ansys Fluent solver.

in et al. [27,28] proposed an unsteady one-dimensional numeri-

al model to study a dew-point evaporative cooler that neglected

he influence of the water. Many models have been proposed by

arious researchers [29–35] , but those models neglected many fac-

ors such as the influence of the water, the uneven flow of the air

nd conduction along the air flow direction. So, the structure opti-

ization could not be studied using these models. More accurate

odels are needed to effectively optimize dew-point evaporative

oolers. 

Overall, the existing commercial dew-point evaporative cool-

rs are relatively less energy efficient, leading to a large-sized and

igh cost operation because of unreasonable air and water flow

rrangement. On the other side, the dew-point evaporative cool-

rs previously studied in lab have smaller cooling capacities and
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Fig. 1. Corrugated heat plates model (cooling unit model). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Detailed parameters of the dew-point evaporative cooler. 

Parameter Value 

Channel length (m) 1.05 

Channel width W (m) 0.716 

Channel gap (mm) 4.3 

Air entrance length (mm) 175 

Number of dry channels 117 

Number of wet channels 117 
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thus are inappropriate to site application. In this paper, a high-

efficiency dew-point evaporative cooler was designed and estab-

lished with improved air and water flow arrangement where the

primary air and water and secondary air are closer to counter

flow compared to existing commercial dew-point evaporative cool-

ers and aluminum corrugated heat exchange plates and high wet-

tability porous fiber placed on wet channel wall are used to in-

crease the heat and mass transfer area and the channel supports in

channels which can lead to air flow resistance are removed for the

proposed dew-point evaporative cooer. To further enable the large

scale and wide range applications of the dew-point evaporative

coolers in real projects, this research also developed an improved

two-dimensional, multi-factor engaged numerical model which can

scale up and optimize the size and capacity of the unit to meet

various requirements of real projects. The model itself has a few

distinct advantages compared to existing models, namely, the air

momentum equation and water flow equation are included and

solved simultaneously with the air energy and mass transfer equa-

tions, and specific heat and mass transfer correlations for wet air

is adopted in the energy and mass transfer equations. Further, the

model was experimentally validated and refined by using the data

obtained from coolers’ testing by the authors, and thus, can guar-

antee its reliability and accuracy in the prediction and optimiza-

tion. 

2. Dew-point evaporative cooler experimental set-up 

The cooling performance of a dew-point evaporative cooler de-

sign can be improved by (1) enlarging the heat exchanger heat and

mass transfer area, (2) reducing the air flow resistance in the chan-

nel, and (3) making the air flow as close to ideal counter-flow as

possible. These guidelines were used to design a counter-flow dew-

point evaporative cooler with corrugated plates. 

2.1. Dew-point evaporative cooler 

A high wettability porous fiber was placed in the wet channel

wall to enlarge the wetted area with the corrugated plates used to

increase the volumetric heat and mass transfer area. The heat ex-

changer was made of aluminum to reduce the weight and to elim-

inate the channel supports which increase the flow resistance. The

corrugated plate geometry is shown in Fig. 1 and the entire dew-

point evaporative cooler design with the corrugated plates shown

in Fig. 2 . The bottom part of the plate was flat for the air inlet. The

primary air entered the dry channel from the bottom and flowed

along the dry channels while being cooled by the water film flow-

ing down along the plate in the adjacent wet channels. Then, part

of primary air was delivered to the conditioned space from the up-

per end of the dry channel as the product air while the other part

flowed into the adjacent wet channel as the working air through
he interconnecting holes in the upper part of the plate. The wa-

er flowed downwards from the water distributor at the top of the

et channel along the wet surface covered with the porous fiber

here the water contacts and transfers heat and mass with work-

ng air and absorbs the sensible heat from the primary in dry chan-

el through the wall. The enthalpy and humidity of the working air

oth increase until the air is discharged to the outdoors at the bot-

om of the wet channel as exhaust air. The detailed parameters of

he dew-point evaporative cooler are listed in Table 1 . 

.2. Experimental set-up 

A schematic of the testing system is shown in Fig. 3 and the

abricated dew-point evaporative cooler is shown in Fig. 4 . The

ystem was tested in a constant temperature and humidity lab

here the temperature and humidity could be adjusted as re-

uired. The product air and the working air flow rates were con-

rolled by adjusting the supply and exhaust air fan speeds which

ere both backward-curved centrifugal fans located in the product

nd working air outlet ducts. The product and exhaust air flow vol-

mes were calculated by measuring the static pressure drop across

onverging-diverging nozzles. The air flow volumes were then cal-

ulated as: 

 = k ·
√ 

ρs /ρ · �P (1)

here Q is the volumetric air flow rate in m 

3 /h, k is the nozzle

alibration factor which is relevant to the inlet nozzles, �P is the

tatic pressure drop across the nozzle in Pa, ρs is the standard air

ensity of 1.2 kg/m 

3 , and ρ is the actual air density in kg/m 

3 . 

The pressure drops were measured using micro manometers

measurement range: 0–20 0 0 Pa, accuracy: 10 Pa). The exhaust air

as discharged to the outdoor through a duct, which gave an addi-

ional flow resistance. Thus, a variable-speed supplement fan was

nstalled at the duct outlet to maintain the static pressure at room

ressure at the dew-point evaporative cooler outlet. The tempera-

ure and humidity of the incoming air, product air and exhaust air

ere all measured using temperature and humidity sensors (HC2A-

, accuracy: ±0.1 ◦C, ±0.8% RH). The water temperature was mea-

ured using an RTD (accuracy: ±0.2 ◦C). The volumetric water flow

as measured by a water flow meter (measurement range: 12.5–

00 L/h, accuracy ±5%). The power consumption of the fans and

ater pump were measured by power meters (accuracy: ±0.5%). 

.3. Performance parameters 

The cooling of a dew-point evaporative cooler is usually evalu-

ted by the cooling efficiency and the coefficient of performance.

he cooling efficiency can be denoted by the wet-bulb efficiency,

wb , and dew-point efficiency, εdp , with the energy efficiency usu-

lly given by the coefficient of performance (COP). 

 wb = 

t db,in − t db,out 

t db,in − t wb,in 

(2)

 dp = 

t db,in − t db,out 

t db,in − t dp,in 

(3)
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Fig. 2. Dew-point evaporative cooler system design. 
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Q cooling 

Pw 

(4) 

 cooling = m a,in · c p,a (1 − r) ·
(
t db,in − t db,out 

)
(5) 

.4. Uncertainty of the experimental results 

The relative uncertainties of the volumetric air flow rate, cool-

ng capacity, cooling efficiency and COP were calculated from the

easured temperatures and humidities as: 

�y 

y 
= 

√ ∑ 

i 

(
∂y 

∂ x i 
· �x i 

y 

)2 

(6) 

here y is one of the calculated parameters and x represents the

irectly measured values. 

The calculation results showed that the highest relative uncer-

ainty of the product air temperature was ±0.6%, highest relative

ncertainty of the air flow volume was ±6.3%, the highest relative

ncertainty of the cooling capacity was ±6.4%, the relative uncer-

ainty of the COP was ±6.42%, the relative uncertainty of the cool-

ng efficiency was ±1.7%. 

. Numerical model 

.1. Mathematical modeling 

The physical model was based on half of the dry channel and

alf of the wet channel in the x - y plane as shown in Fig. 5 . The

eat transfer in the dry channel and the heat and mass transfer in

he wet channel are related through the energy, momentum and

iffusion equations for the primary air, water and working air. The

odel was based on the following assumptions: 

(a) The heat and mass transfer are at steady state. 

(b) There is no heat transfer to the surroundings from the ex-

changer. 

(c) The wet channel wall is completely wetted by water. 

(d) The air flow in the wet channel is uniform [36] . 
(e) The gravitational terms are negligible in the air momentum

equations. 

For primary air in the dry channel: 

Mass equation: 

d ∇ ·
(−→ 

u d 

)
= 0 (7) 

Momentum equation: 

d 

(−→ 

u d · ∇ 

)−→ 

u d = ∇ ·
[ 
−p d 

−→ 

I + μd 

(
∇ 

−→ 

u d + 

(∇ 

−→ 

u d 

)T 
)] 

(8) 

Energy equation: 

d c p,d 
−→ 

u d · ∇ t d = ∇ · ( k d ∇ t d ) + φd (9)

here, 

d = 2 

h t ( t f − t d ) 

l d 
(10) 

 t is calculated as: 

 t = 

1 

1 
h d 

+ 

δpl 

k pl 
+ 

1 
h f 

(11) 

For water, the momentum and heat transfer equations lead

o [37] : 

f = 

(
3 νf �

ρf g 

)1 / 3 

(12) 

here, 

= 

m f 

(n + 1) W 

(13) 

The heat transfer coefficient for the falling water film is given

y [37] : 

 u f = 

h f δf 

k f 
= 1 . 88 (14)

The energy equation for the water film is: 

f c p. f 

−→ 

u f · ∇ t f = ∇ · ( k f ∇ t f ) + φ f (15)
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Fig. 3. Test system schematic. 
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where, 

φ f = 

h t ( t d − t f ) 

δ f 

+ 

h w 

( t w 

− t f ) 

δ f 

− h m 

( d s − d w 

) ρa,w 

δ f 

h la (16)

where d s (kg/kg) is the humidity of the wet air at the water film

surface where the partial pressure of the water vapour is equal to

the saturation pressure at the water film temperature and can be

calculated as: 

d s = 0 . 622 

p s 

p t −p s 
(17)

where P t is the total pressure of air and P s is the saturation pres-

sure of the water vapour which can be calculated using the corre-

lation proposed by Goff-Gratch [38] , 

log ( p s ) = c1( T ∗ − 1) + c2 log ( T ∗) + c3 

(
10 

c4 ( 1 − 1 
T ∗ ) − 1 

)
+ c5 

(
10 

c6( T ∗−1) − 1 

)
+ c7 (18)

where 

T ∗ = 

373 . 16 

T f 
(19)

c1 = −7.90298, c2 = 5.02808, c3 = −1.3816 × 10 -7 , c4 = 11.344,

c5 = 8.1328 × 10 -3 , c6 = −3.4 914 9, and c7 = log (1013.246) 

For the working air in the wet channel: 

Energy equation: 

ρw 

c p, w 

−→ v w 

· ∇ t w 

= ∇ · ( k w 

∇ t w 

) + φw 

(20)

where, 

φw 

= 2 

h w 

· ( t f − t w 

) 

l w 

− h v ( t w 

) · −→ v w 

∂ d w 

∂y 
· ρa,w 
+ 2 

h m 

( d s − d w 

) · ρa,w 

l w 

· h v ( t f ) (21)

The moisture transport in the air equation is: 
→ v w 

· ∇ d w 

= ∇ · ( D ab ∇ d w 

) + φm 

(22)

here, 

m 

= 2 

h m 

· ( d s − d w 

) 

l w 

(23)

The heat transfer coefficient of the air in the wet channel is

alculated using the equation proposed by Dowdy et al. [39] which

as obtained from the experiment results of evaporative cooling

ith the surface covered by a rigid cellulose media saturated with

ater: 

u = 0 . 1 

(
l e 

δpo 

)0 . 12 

Re 0 . 8 
1 / 3 

Pr (24)

 e = 

V 

A 

(25)

The mass transfer coefficient is then calculated using the Lewis

orrelation as 

h w 

h m 

= c p,w 

L e 2 / 3 (26)

The convective heat transfer coefficient of the primary air in the

ry channel is calculated using the correlation proposed by Awad

40] which applies to high width-to-height square channels which

s widely used in heat and mass exchangers for dew-point evapo-

ative coolers. 

u = 

[ (
1 . 490 · y ∗−1 / 3 

)4 . 5 + 8 . 235 

4 . 5 
] (1 / 4 . 5) 

(27)
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Fig. 4. Dew-point evaporative cooler test system. 

Fig. 5. Physical model of the dew-point evaporative cooler. 
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here y ∗ is the dimensionless length. 

 

∗ = y/ ( DeRePr ) (28) 

.2. Boundary conditions 

Boundary conditions for the primary air in the dry channel: 

Inlet: 

 d = t d,in , u d = u in , v d = 0 (29)

Outlet: 

 = 0 , 
∂ t d 
∂y 

= 0 (30)

The wall is assumed to be adiabatic: 

 = v = 0 , 
∂ t d 
∂x 

= 0 (31)

Boundary conditions for the working air in the wet channel: 
Inlet: 

 w,in = t d,out , d w,in = d d,in (32) 

Outlet: 

∂ t w 

∂y 
= 0 , 

∂ d w 

∂y 
= 0 (33)

The working air flow in the wet channel is assumed to be uni-

orm. 

 w 

= 0 , | v w 

| = 

∣∣−→ 

u d 

∣∣ · r (34)

Boundary conditions for the water flow in the wet channel: 

Inlet: 

 f = t f,in (35) 

Outlet: 

∂ t f 
∂y 

= 0 (36) 

.3. Simulation method 

The governing equations for the primary air, working air and

ater film are coupled, so all the equations were solved simul-

aneously. The primary air flow in the dry channel was assumed

o be laminar flow because of the low Reynolds number. The gov-

rning equations were discretized using the finite element method

nd solved using COMSOL. The mesh was generated in COMSOL

nd the grid independent was checked for each case. One of the

rid independent checks is shown in Fig. 6 . 

. Experimental results and model validation 

.1. Model validation 

The experiments were run for the various operating conditions

isted in Table 2 , where the highest relative uncertainty of the

roduct air temperature was ±0.6%. All the experimental results in

able 2 are compared with the numerical results in Fig. 7 which

hows that the numerical results agreed well with the experi-

ental results for the dew-point evaporative cooler. The numeri-

al model was further validated for various dew-point evaporative

ooler designs against the experimental results of Riangvilaikul and

umar [10] and Duan et al. [41] shown in Figs. 8 and 9 . The rel-

tive error between the numerical and experimental results were

ll within 3%. 
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Table 2 

Experimental data. 

Test 

No 

Incoming air 

tempera- 

ture/relative 

humidity 

°C/% 

Water 

temperature 

°C 

Water volume 

tric flow rate 

L/h 

Primary air 

volumetric flow 

rate 

m 

3 /h 

Working air 

volumetric flow 

rate 

m 

3 /h 

Working-to- 

primary air flow 

ratio 

Product air 

temperature 

°C 

Wet-bulb 

efficiency 

Dew-point 

efficiency 

Cooling 

capacity 

W 

COP 

1 38.3/25.4% 26 960 3153 1272 0.403 23.4 95.5% 64.8% 9534 27.2 

2 38.1/25% 26 960 2928 1279 0.437 23 96.2% 65.1% 8470 27.6 

3 38.1/25% 26 360 2928 1279 0.437 22.5 96.9% 64.7% 8751 30.3 

4 38.1/23.7% 26 384 2972 1323 0.445 22.1 99.4% 66.4% 8975 31 

5 38.4/21.4% 25.2 864 2839 1314 0.463 22.3 95.5% 62.6% 8353 31.4 

6 38.4/20.5% 25.2 768 2788 1263 0.453 21.7 97.7% 63.5% 8664 33.1 

7 38.8/17.7% 24.4 768 2797 1272 0.455 20.7 99.6% 63.3% 9391 35.6 

8 38.6/17% 24 768 2719 1188 0.437 20.4 96.3% 59.3% 9267 36.6 

9 37.6/15.9% 24.5 768 3236 1232 0.381 21.3 89.2% 54.4% 11,108 30.7 

10 37.8/15.9% 23.9 960 2434 1304 0.536 20.2 95.9% 58.7% 8074 31.4 

11 25.4/29% 20 960 2112 974 0.461 17.2 74.9% 42.9% 3173 20 

12 38.4/29.4% 25 960 3182 1150 0.361 24.4 96.6% 71.4% 9676 23.8 

13 38.6/24.6% 25 960 2732 1261 0.462 22.5 100.6% 68.2% 8054 30.5 

14 37.3/34.6% 25 960 2621 1173 0.447 24 103.9% 73.9% 6551 24.8 

15 38.3/33.8% 25 960 2914 1150 0.395 24 107.5% 77.3% 8582 30.1 

16 38.7/33.8% 27 960 3195 1284 0.402 25.4 99.3% 71.5% 8647 24.6 

17 37.6/32.9% 27 960 3285 1286 0.391 25.1 99.3% 71.1% 9181 22.6 

Fig. 7. Comparison of the numerical results with the current experimental data. 
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4.2. Experimental results discussion 

Comparisons of the experimental results of tests 1 and 2, 3 and

4, and 12 and 13 show that the product air temperature decreases

with increasing working-to-primary air ratio. The reason is that

the heat and mass transfer coefficients of the working air increase

with increasing working air flow rate as which can deduced from

Eq. (24) . However, the cooling capacity did not always increase be-

cause reducing the product air flow rate and reducing the product

air temperature cause the cooling capacity to change in opposite

directions. 

Comparisons of the experimental results of tests 2 and 3 and 5

and 6 show that the product air temperature decreases with de-

creasing water volumetric flow rate for a given inlet water temper-

ature. Comparison of the experimental results of tests 6, 7 and 8

shows that the product air temperature decreases with decreasing

water temperature for a given volumetric water flow rate. These

influences of the water on the cooling of dew-point evaporative

coolers agree with the effects seen in the numerical study by Liu

et al. [36] . 
The highest wet-bulb efficiency among the listed tests was

07.5% while the highest dew-point efficiency was 77.3%. The ex-

erimental results show that the cooling efficiency can be im-

roved by decreasing the volumetric water flow rate and the

nlet water temperature and increasing the working-to-primary air

atio. 

During the tests, an interesting phenomenon was found after

he water pump was turned off that the product air temperature

ecreased to a minimum and then increased again. Two sets of

emperature data for the product air, incoming air and water af-

er the water pump was turned off are shown in Figs. 10 and 11

n test 4 with a product air temperature of 22.1 ◦C and a volumet-

ic water flow rate of 384 L/h, after the water pump was turned

ff at time of 09:31, the product air temperature first decreased to

0.9 ◦C and then increased again as the wet surface slowly dried.

fter the water pump was turned on again, the product air tem-

erature again remained constant at 22.3 ◦C (Test 5). The product

ir temperatures again decreased after the water pump was turned

ff after test 5 and test 8. The lowest product air temperature is

7.8 ◦C as shown in Fig. 11 , where the cooling capacity is 10,829 W,

he wet-bulb efficiency is 114%, the dew-point efficiency is 68% and

he COP is 42.8 for the conditions of test 8 which is the design op-

rating conditions. Also, the wet-bulb efficiency can be higher than

38% when the working-to-primary air ratio is 0.7, but the cooling

apacity and COP are both relatively low. 

The product temperature initially decreases after the water

ump is turned off because there is still the water in the porous

ayer of the wet channel surface, and the water film thickness is

ecreasing with time because of the flow and evaporation, which

ill reduce the thermal resistance of the water film. When there

s not enough water to wet the surface, the heat and mass transfer

ill decrease and the product air temperature will rise. So, there

ust be a best water flow volume for a given water temperature

s discussed in [36] . 

.3. Comparison between the existed commercial dew-point 

vaporative cooler and the present one 

The cooling performance of the Coolerado M30 which is ar-

anged as cross flow for air and water was studied in the lab.

he comparison between the M30 and the present prototype is

hown in Table 3 . It is seen that under the similar conditions,

he wet-bulb efficiency and COP are both improved obviously with
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Table 3 

Comparison of the present prototype with the M30. 

Cooler Primary air flow 

rate (m 

3 /h) 

Working air flow 

rate (m 

3 /h) 

Ratio Inlet air dry-bulb 

temperature ( °C) 

Inlet air wet-bulb 

temperature ( °C) 

Product air 

temperature ( °C) 

Cooling capacity 

(kW) 

Wet-bulb 

efficiency 

COP 

M30 4522 2363 0.523 37.78 21.11 22 11.77 94.5% 28.9 

3349 1615 0.482 37.78 18.33 20.94 10.08 88.2% 31.8 

Prototype 2719 1188 0.437 38.6 20.28 17.8 10.83 114% 42.8 

2972 1323 0.445 38.1 22.03 20.9 9.65 107% 33.3 

Fig. 8. Model validation against experimental results from Riangvilaikul and Kumar 

[10] . 

s  

M  

o  

t  

t  

p  

t  

Fig. 9. Model validation against experimental results from Duan et al. [41] . 

Fig. 10. Temperature variations with time after the water pump was turned off af- 

ter test 4. 
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c

imilar cooling capacity for the present prototype compared to the

30 though the primary air flow rate and working air flow rate

f the present prototype are both smaller than of the M30. For

he M30 with cooling capacity 10.08 kW and the present proto-

ype with cooling capacity 10.83 kW, the cooling efficiency of the

resent prototype is improved by 29.3% (from 88.2% to 114%) and

he COP of the present prototype is improved by 34.6% (from 31.8
o 42.8) with smaller air flow rate of the present prototype for the

imilar inlet air parameters. 

. Numerical results and discussion 

The numerical model was verified against the experimental re-

ults from this and other studies. The influence of the structure

n the dew-point evaporative cooler is difficult to study exper-

mentally, but can be easily studied numerically. Therefore, the

ew-point evaporative cooler design was improved to increase the

ooling by using the numerical model to study the influences of

arious design parameters on the dew-point evaporative cooler

ooling capability. 
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Fig. 11. Temperature variations with time after the water pump was turned off af- 

ter test 8. 

Fig. 12. Dew-point evaporative coolers with corrugated and flat plates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Influence of channel length on the cooling efficiency. 

Fig. 14. Influence of channel width on the cooling efficiency. 

I  

i  

n  

s  

t

5

 

d  

e  

t  

i  

fl  

i  

a  

w  

m  

A  

p  

t

5

 

t  

c  

c  

i  
5.1. Comparison between dew-point evaporative coolers with flat 

plates and corrugated plates 

Fig. 12 compares the product air temperatures and wet-bulb ef-

ficiencies of dew-point evaporative coolers with corrugated plates

and with flat plates for various inlet air conditions for an average

primary air velocity of 2 m/s, working-to-primary air ratio of 0.44,

water flow rate of 0.48 L/h per cooling unit and water inlet tem-

perature of 20 ◦C. The wet-bulb efficiency of the cooler with the

corrugated plates is over 10% higher than that with the flat plates.

The corrugated plates improve the cooling efficiency by increas-

ing the cooler surface area and by increasing the heat and mass

transfer coefficients. Thus, the corrugated plates are a simple and

efficient way to improve the cooling capability of the dew-point

evaporative cooler instead of flat plates. 

5.2. Influence of channel length 

The influence of the channel length on the cooling efficiency

of the dew-point evaporative cooler is shown in Fig. 13 for the

same operating conditions as in Section 5.1 . The phenomenon that

the cooling efficiency is improved by increasing the channel length

is easy to understand. A longer channel give more time for heat

and mass transfer in the dew-point evaporative cooler. However, a

longer channel also gives a larger air flow resistance (which leads

to a higher fan power), higher material costs and a larger volume.
n addition, the cooling efficiency improvements brought by the

ncreasing channel length become smaller with increasing chan-

el length as shown in Fig. 13 . Thus, the optimal channel length

hould be chosen based on the specific requirements of the condi-

ioned space. 

.3. Influence of channel width 

The influence of channel width on the cooling efficiency of the

ew-point evaporative cooler is shown in Fig. 14 for the same op-

rating conditions as in Section 5.1 . The channel width influences

he air flow in the dry channel, because the incoming air enters

nto the dew-point evaporative cooler from below the plate and

ows out of the cooler from the top as shown in Fig. 2 . The cool-

ng efficiency increases with decreasing channel width because the

ir flow is more uniform in a dry channel with a smaller channel

idth. However, a smaller channel width means a smaller volu-

etric air flow rate which will leads to a smaller cooling capacity.

lso, the results in Fig. 15 then show that the best working-to-

rimary air ratio that gives the highest cooling capacity varies with

he channel width. 

.4. Influence of channel gap width 

The influence of the channel gap on the cooling efficiency of

he dew-point evaporative cooler shown in Fig. 16 shows that the

ooling efficiency increases with decreasing channel gap. As the

hannel gap width decreases, the volumetric air flow in each cool-

ng unit decreases, so the air temperature decreases when the
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Fig. 15. Influence of working-to-primary air ratio for various channel widths. 

Fig. 16. Influence of channel gap on the cooling efficiency. 
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Fig. 17. Influence of air inlet length on the cooling efficiency. 

Fig. 18. Comparison of various air flow arrangements. 
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otal heat transfer for each cooling unit does not change a lot. But

hen the channel gap width decreases, the same total volumet-

ic air flow of the cooler would then require more plates and the

esulting dew-point evaporative cooler would be heavier. Also, for

hannel gaps smaller than 4 mm, the cooling efficiency increases

ecome quite small as the channel gap further decreases. 

.5. Influence of air inlet arrangement 

For the dew-point evaporative cooler analyzed in this study, the

ncoming air enters the dry channel from the bottom along a flat

late and flows along the dry channels in the corrugated plate, so

he air inlet design strongly influences the air distribution. When

he inlet length is less than 0.6 m, the cooling efficiency increases

s the air inlet length increases as shown in Fig. 17 . Since the air

nlet cannot be arranged exactly at the bottom of the cooler due

o the air and water separation method as shown in Fig. 2 , the

ir flow in the dew-point evaporative cooler is not exactly counter

ow. The cooling efficiency difference between the actual flow and

n ideal counter flow pattern is shown in Fig. 18 which shows that

he cooling efficiency of the dew-point evaporative cooler with

he actual flow arrangement is only 62% −67% of that with the

deal counter-flow arrangement. Thus, the cooling efficiency can

e significantly improved by optimizing the dew-point evaporative

ooler design. 
. Conclusions 

This paper investigated the cooling performance of a high-

fficiency dew-point evaporative cooler using the combined ex-

erimental and numerical simulation method. This cooler, char-

cterized by the enhanced cooling effectiveness and significantly

mproved energy efficiency, can achieve 34.6% higher COP and

9.3% higher wet-bulb efficiency compared to the existing com-

ercial dew-point evaporative cooler of the same capacity. An

mproved two-dimensional, multi-factor engaged numerical model 

here the air momentum equation and water flow equation are

ncluded and solved simultaneously with the air energy and mass

ransfer equations, and specific heat and mass transfer correla-

ions for wet air is adopted in the energy and mass transfer

quations, featured with advantages of improved accuracy and ex-

ended applicability, was developed and verified with experimental

esults and was used to optimize the dew-point evaporative cooler

tructure. 

The testing results showed that the selected experimental dew

oint air cooler can achieve the wet-bulb efficiency of 114% and

ew-point efficiency of 68.4%, cooling capacity of 10,829 W and

aximum COP of 42.8 under the standard operational condition.

he volumetric water flow rate and the inlet water temperature

an be appropriately adjusted to give the best cooling output. 

The numerical results showed that the cooling efficiency of

he dew-point evaporative cooler with corrugated plates is more

han 10% higher than with flat plates. The cooling efficiency of the

ew-point evaporative cooler with the actual flow arrangement is
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only 62% −67% of the dew-point evaporative cooler with an ideal

counter-flow arrangement. The cooling efficiency can be improved

by increasing the channel length and the air inlet length and re-

ducing the channel width and the channel gap within a reasonable

range. The optimal parameters should be chosen based on the spe-

cific requirements of the conditioned space. 
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