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Abstract: Evaporative cooling is an economic and environment-friendly technique for air
cooling. This technique may involve air cooling with humidification (direct evaporative
cooling) or sensible air cooling only (indirect evaporative cooling). In this study, the
saturation efficiency of direct evaporative cooling (DEC) was investigated with rigid media
cellulose (RMC) pads and compared with that of wood straw pads. Face air velocity on
-1
pads was varied between 0.5 and 3.0 m·s . The time change of ambient air dry-and wetbulb temperatures, water temperature, and outlet air dry-bulb temperature were
measured. For cellulosic pad, the experimental data showed that the saturation efficiency
reached 71% of its steady state value in the first 100 seconds of operation and the final
steady state value was reached after 600 seconds. The saturation efficiency decreases
with the increase in the air velocity. It could be shown that the DEC is more efficient with
wood straw pads compared to RMC pads. Predicted data using the published literature
underestimated the saturation efficiency of DEC by about 18%.
Keywords: RMC pads, Wood straw pads, Evaporative cooling, Saturation efficiency,
Adiabatic saturation.

INTRODUCTION
Direct evaporative air coolers are wildly used in dry and hot weather regions because they are simple
in design, saving in power, and friendly to environment. As a result of the remarkable increase in the energy
consumption and the continuous depletion of natural energy recourses, evaporative cooling technique is
considered to be a potential and promising alternative to mechanical-refrigeration air cooling systems. There
are two different techniques for evaporative cooling which are direct and indirect depending on the contact
method between air and water. For the indirect evaporation, the two fluids exchange sensible heat via a heat
exchanger walls without affecting the air moisture content. In direct evaporation cooling, air is cooled by
water evaporation only during a humidification process. The humidification process occurs in a cooling
medium (pad) which provides cross flow passages. Water drops to bottom of the pad due to gravity while air
flow crosses the direction of water flow. The performance of direct evaporative cooling is dependent on
operating and configuration parameters. The operating parameters include the weather condition, water inlet
temperature, and air-water mass flow rate ratio. The configuration parameters may comprise the size,
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geometry, and material of the pad and the cooler case. The effectiveness of DEC is determined
experimentally by the saturation efficiency ε.



Tdb,i  Tdb,o
Tdb,i  Twb,i

.... (1)

Where Tdb,i is the intake air dry-bulb temperature (DBT), Tdb,o is the outlet air DBT, and Twb,i is the air
wet-bulb temperature (WBT) at inlet. The saturation efficiency is dependent on the difference between inlet
DBT and WBT which is defined as the wet-bulb depression. DEC method may not satisfy human thermal
comfort criteria [1] when the wet-bulb depression is relatively small because the performance of DEC is
affected by the weather condition [2]. Evaporative cooling can be also used as a pre-cooler [3], in a hybrid
mode with air conditioning systems [4], and to enhance the condenser performance of refrigeration systems
[5] and air cooled chillers [6].The efficiency of the evaporative cooler is related to the ability of the pads to
absorb water and to provide large contact area for heat and mass transfer between air and water. Thus, the
efficiency of the cooler is mainly dependent on the pad type. Researcher pay considerable efforts to develop
efficient pads made of local materials. Therefore, cooler pads may be fabricated from different materials such
metal, wood straw, plastic [7], PVC sponge mesh [8], and coconut fiber [9]. In the recent years, rigid media
cellulose (RMC) pads have been widely used as a cooling media for evaporation cooling because they are
characterized by regular shape, compactness, wide range of types and geometries. The saturation efficiency
can be also theoretically predicted by [10]



hc A 


 maCp,a 

  1  exp 

.... (2)

where
is the mass flow rate of air, hc is the heat transfer coefficient, A is the wetted surface area, and C p,a
is the specific heat of humid air. For RMC pads, the following correlation can be used to calculate h c [11]

l
hc  0.1( e )0.12 Re0.8 Pr1/ 3 ....(3)
l
where l is the thickness of pad and lc is the characteristic length which is defined by

lc 

V
A

....(4)

and V is the volume of RMC pad.

The objective of the present study is to investigate the performance of a direct evaporative cooler with
RMC pads under normal operating weather condition. The influence of air velocity is taken into
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consideration. The saturation efficiency of DEC with RMC pads is compared with that with wood straw pads
of the same dimensions.

1. EXPERIMENTAL SETUP
The performance of direct evaporative cooler was experimentally measured using the experimental
setup shown in Figure 1 and the experiments were achieved in the laboratories of Engineering
College/Wasit University. This setup is mainly consisted of an evaporative cooler and a measuring system.
3
The evaporative cooler was made of metal sheets in form of small box of size (50×50×52) cm with three
2
removable doors. Each door contains 3cm thickness RMC pad of (32×32) cm face area. The wetted area of
2
pads is 539 m per unit volume and the inclination angle of air passages is about 42º. Figure 2 shows
images for the investigated RMC and wood straw pads. A centrifugal fan was mounted inside the cooler box
to draw ambient air through the RMC pads. For variable air velocity, the fan speed was controlled by a
Pulse-Width-Modulation (PWM) electronic card of 500 Watt maximum power. A small electric submerged
water pump circulates the water from the cooler sump to the upper edge of the pads. This enables cross
contact between dripped water and the drawn air through the pads. A duct of square cross section of
2
(24×24) cm and 100 cm length was installed at the outlet of the cooler. Measured parameters were the DBT
and WBT of air at inlet (ambient air) and at the outlet duct, water temperature of the cooler sump, and air
velocity at the outlet duct. Volumetric water flow rate was kept constant during the experiments. The face air
velocity of pads Uf can be determined by:

A
U f  UD D …. (5)
Af
Where UD is the air velocity in the duct outlet, AD is the cross section area of the duct, and Af is the face area
of pads.
Shielded thermistors NTC 10KΩ were used for temperature measurements. For the WBT, the
thermistor was wrapped by a wetted cotton wick. An electronic sensor was used for air velocity
measurements. This sensor operates with 5 Volts supply voltage while the output voltage of the sensor
represents the air velocity. A formula was provided by the manufacturer to interpret the output voltage into air
velocity. The sensors were installed as shown in Figure 1. A data logger Labjack T7 pro was used for the
data acquisition with a user interface achieved by LabView software student edition 2011. For each
experimental run, the steady state condition was observed. This can be ensured when the water temperature
of the sump is being very close to the WBT of air. After reaching the steady state, 100 samples for each
measured quantity are recorded by the data logger.
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Figure 1: Experimental setup.
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Figure 2: Images of RMC and wood straw pads.

The uncertainty in the saturation efficiency Uε is evaluated using the multi-samples uncertainty analysis
method [12] which depends on the determination of systematic (fixed) and random errors for each measured
quantity (measurand). Accordingly, Uε is determined by the following equation
1/ 2

2
2
n 
n 

 




U    
δT    
δT  
 T j r, j  
  T j f, j 
j 1

 
 j1

….(6)

where δTf,j and δTr,j are systematic and random errors for temperature T j, and n is the number of
temperatures. The saturation efficiency ε can be considered to be a function of temperatures only, see Eq.
(1). Then the sensitivity of ε with respect to Tdb,i, Tdb,o, and Twb,i are expressed by

T
 Twb,i

 db,o
Tdb,i Tdb,i  Twb,i 2

…. (7)


1

…. (8)
Tdb,o Tdb,i  Twb,i
and

T
 Tdb,o

…. (9)
 db,i
Twb,i Tdb,i  Twb,i 2
The random error can be determined for each parameter by the following equation [12]

δTr 

2S
m

….(10)

where S is the standard deviation of the recorded samples and m is the number of samples. For a
confidence level of 95%, the value of m corresponds to 100 samples according to the “t” table. The
systematic error is, equal to 1%, provided by the manufacturer of the thermistors. The uncertainty limit in the
temperature measurements and air velocity were ±0.5°C and ±11.6%, respectively. The saturation efficiency
Page 529

Copyright  2017 Al-Qadisiyah Journal For Engineering Sciences. All rights reserved.

AL-QADISIYAH JOURNAL FOR
ENGINEERING SCIENCES

Vol. 10, No. 4
ISSN: 1998-4456

was very sensitive to the change in the WBT compared to DBT. This can be shown by Eq. (9) where the
WBT exists only in denominator and the difference between DBT and WBT is squared leading to a
significant influence on the results when WBT changes. For the saturation efficiency, the uncertainty limit of
the experimental data was ±4.5%.

2. RESULTS AND DISSCUSION
In this study, the saturation efficiency of DEC was experimentally investigated with RMC pads. Time
change of temperatures for air and water were recorded. The impact of air velocity and wet-bulb depression
on the saturation efficiency was investigated. A comparison was made between experimental and predicted
data. In addition, the saturation efficiency with RMC pads was compared with that of wood straw pads.

Figure 3: Time change of temperatures.

Figure 3 shows the time change of intake (ambient) DBT and WBT (T db,i and Twb,i), water temperature
(Tw), and the outlet DBT (Tdb,o). The water volumetric flow rate and the face air velocity of pads were 1.7
-1
-1
lit·min and is 1.2 m·s respectively. The change in the ambient temperatures was relatively small during
this experiment. The outlet DBT decreases sharply with the time until it approaches the steady state
condition where the change in the temperature with time becomes very small. The water temperature
decreases also with time but with a slower rate than the outlet air. Therefore the time required to reach the
steady state for water (Tw) is longer compared to that for the outlet DBT (T db,o). This time period is dependent
on the water amount in the cooler sump. At steady state, the WBT is higher than the water temperature. This
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may due to the parasitic heat transfer from ambient to wet-bulb sensor which increases the sensor reading
[13]. However, the difference is within the uncertainty limit of the temperate measurements.
The time change of the measured saturation efficiency (ε) is shown in Figure 4.The value of ε was
determined using Eq. (1). At time equals zero, the pad was completely dry. The adiabatic efficiency
increases linearly with time, then the rate of increase slows gradually, and finally reaches to the steady state
condition. The time response of ε is close to the exponential form. The saturation efficiency reached 71% of
the maximum value in 100 seconds and the final steady state saturation efficiency was reached after 600
seconds.

Figure 4: The saturation efficiency as a function of wet-bulb depression.
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The performance of DEC with wood straw and RMC pads was experimentally investigated. Air velocity
-1
in the outlet duct was varied between 2 and 13 m·s . This range corresponds to face velocity on the pads
-1
between 0.5 and 3.0 m·s . The face air velocity is determined using the air volumetric flow rate with the face
area of pads. The ambient DBT was between 35.5 and 33 ºC. During the experiments, the WBT was
between 20ºC and 19.2 ºC. Figure 5 shows a comparison between experimental and predicted saturation
efficiency as a function of air face velocity for RMC pads. The experimental data were determined using Eq.
(1) while the predicted values were based on Eq. (2). The saturation efficiency decreases with the increase
in the air velocity. This may be because of the increase in the inlet mass flow rate of air which results in a
decrease in the moisture fraction in the outlet air, and then increasing the outlet DBT. Experimental data are
higher than predicted one for all experimental runs. This may be a result of assumptions that was previously
made for Eq. (2) that ignored the effect of latent heat of water evaporation. However, Eq. (2) underestimated
the saturation efficiency by about 18% for the measured range of air velocity.

Figure 5: Comparison between experimental and predicted saturation efficiency versus air velocity for RMC
pads.
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Figure 6 shows the saturation efficiency of DEC as a function of face air velocity for RMC and wood
straw pads. The saturation efficiency of DEC with wood straw pads is higher than that with RMC pads for the
-1
air velocity range between 0.5 and 3.0 m·s . For low velocity, the evaporative cooler performance is slightly
affected by the pad type. For all data points, wood straw pads are more efficient than RMC pads. This may
due to differences in material specifications such as the ability of material to absorb water. The effectiveness
of pads is mainly dependent on the ability of pad material to absorb water and to mix both water and air
together for exchanging heat and water vapor. However, this is also affected by the pad’s thickness. For the
present study, the RMC pad thickness is only 3cm which is close to the thickness of wood straw pads.

Figure 6: Experimental saturation efficiency versus air velocity for wood straw and RMC pads.
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CONCLUSIONS
The saturation efficiency of direct evaporative cooling (DEC) was experimentally investigated with
RMC pads and compared with that of wood straw pads. Face air velocity was varied between 0.5 and 3.0
-1
m·s . Transient temperature change and the saturation efficiency were recorded using a data acquisition
system. From this study, it could be shown that the saturation efficiency reached 71% of its steady state
value in the first 100 s and the final steady state value was reached after 600 s. Eq. (2) [10] underestimated
the effectiveness by about 18% for the measured range of air velocity. The saturation efficiency decreases
with the increase in the air velocity. The effectiveness of DEC with wood straw pads was higher than that
with RMC pads of the same dimensions.

LIST OF SYMBLOS
2

A
area, m
-1
-1
Cp
specific heat, kJ·kg ·K
l
pad thickness, m
lc
characteristic length, m
-1

mass flow rate, kg·s
m
Pr
Prandtl number
Re
Reynolds number
S
Standard deviation
T
temperature, K
U
Uncertainty
3
V
pad volume, m
Greek symbols
ε
saturation efficiency
Subscripts
db
dry-bulb
D
duct
f
face area of pads
i
inlet
o
outlet
w
water
wb
wet-bulb
Abbreviations
DEC
Direct Evaporative Cooling
DBT
Dry-Bulb Temperature
RMC
Rigid Media Cellulose
WBT
Wet-Bulb Temperature
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