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ARTICLE INFO ABSTRACT
Keywords: In the present study, an evaporative cooling test system consisting of an elliptical-heat exchanger was examined.
Heat and mass transfer Tests were conducted for various airflow rates of 52, 68, 81, 96 Cubic Meter per Minute (CMM), sprinkler water

Closed-loop cooling system flow rates of 30, 40, 50 Liter per Minute (LPM), and hot water flow rates of 18, 22, 28 LPM. The sprinkle nozzle

types and outside wet-bulb temperatures were also investigated. The convective heat transfer of the sprinkle
water film outside the tubes and the mass transfer between air and water film on tube bundles were probed. The
film thickness and sprinkle water picture were studied using high-speed cameras and image processing tech-
niques. The results show that the mass transfer performance of the evaporative cooler was enhanced with the
growth of the airflow rate. When the sprinkler water flow rate rose to 50 LPM, the heat-mass transfer coefficient
of the evaporative cooler decreased since the water film on the tube was thickened. The low hot water flow rate
at the tube side (18 LPM) resulted in a superior performance due to a high local temperature and improved local
mass transfer. The experimental data were used to obtain empirical correlations for the heat coefficient of the
liquid film and mass transfer.

Elliptic tube heat exchanger
Water sprinkler

mechanisms of sensible heat exchange and latent heat exchange occur.
Sensible heat exchange is the result of the temperature difference be-
tween air and water, and the latent heat exchange (mass transfer phe-
nomenon) is due to the concentration difference. The heat transfer rate
is the sum of the sensible heat exchange capacity and the latent heat
exchange capacity. There are also recent patents on evaporative cooling
systems. For instance, Moses [4] proposed a capable indirect cooling
system for buildings that could link outdoor and indoor intermediate
fluid systems when circumstances allow. Bourgeois [5] invented an
evaporative system that could quickly cool a pot or boiler. Many sci-
entific aspects of evaporative cooling systems, such as the paving ma-
terials [6,7], sub-wet bulb temperature cooling [8], and hybrid
evaporative systems for reduction of water consumption [9], have been
addressed recently. Moreover, various new applications for evaporative
cooling systems have been established recently. The evaporative cooling

1. Introduction

The cooling systems are an essential part of many industrial plants
[1], power systems [2], and water distillation systems [3]. The heat
dissipation mechanism of evaporative cooling technology can be divided
into three parts of the heat and mass transfer characteristics (mass
transfer coefficient) of the liquid-air interface, the heat transfer char-
acteristics of the sprinkle water film outside the pipe (heat transfer co-
efficient of the liquid film), and the heat transfer characteristics of the
internal fluid (convection heat transfer coefficient in the tube). The
evaporative cooling in the present study is a close loop cooling system, in
which the hot water flows inside tubes while the cold water and airflow
pass outside of the tubes.

When air passes through a wet surface and evaporation occurs, two
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Nomenclature

Latin symbols

A, overall area of the tubes array

[ specific heat

d diameter of the tube, differential operator
D the hydraulic diameter of the elliptical tube
f dummy variable

h convective heat transfer coefficient

Rsen sensible convective heat transfer coefficient
i enthalpy

ig saturated air enthalpy

k thermal conductivity

Kn mass transfer coefficient

Ley Lewis number

m mass flow rate

n, number of tubes in each row of the array
Nu Nusselt number

Pr Prandtl number

q heat transfer rate

Qu total absorbed heat by the airflow

Q. cooling capacity

R strain number

Re Reynolds number

T temperature

T average temperature

u velocity

Usitm heat transfer coefficient
w humidity

x independent variables
Greek symbols

a thermal diffusivity

r parameter defined by ZHM—EL[
7 the performance index
u dynamic viscosity

p density

[0} error estimation
Subscripts

f liquid

g vapor

int liquid-gas interface

lat latent heat

m average, mass transfer
] outside, exit

s sprinkle

sen sensible heat

i inside, entrance

h hot water

WB wet-bulb

t tube

w water

max maximum

Table 1

Specifications of evaporative coolers in the present study and the literature works.

Specifications Present study Fang [36] Zheng et al. [27] Niitsu et al. [34] Mizushima et al. [35] Hasan and Sirén [23] Hasan and Sirén [37]
Tube type Elliptical Elliptical Elliptical Circular Circular Circular Circular

Long axis (mm) 20.65 20.65 31.8 16 12.7/19.05/40 10 10

Short axis (mm) 10.2 10.2 21.6 16 12.7/19.05/40 10 10

Length (m) 0.6 0.6 1.2 0.4 0.5 1.2 0.88

Number of columns 12 8 8 8 8 19

Number of tubes in row 12 8 37 20 6 12

Horizontal spacing (mm) 31.2 31.2 44 38.1 25.4/38.1/80 20 28

Vertical spacing (mm) 34.8 34.8 64 37.5 - 60

with forced circulation of coolant for electronic components [8], cooling
tower in underground engineering [10], solar-powered evaporative
cooling storage system for tropical fruits and vegetables [11], and
evaporative cooling of data centers [12] are just a few examples.

Cuce and Riffat [13] performed a comprehensive review of the
evaporative cooling systems for building applications and reported a
large potential to save energy in hot and arid climatic zones by utilizing
evaporative cooling systems. Kojok et al. [14] performed a compre-
hensive review of the hybrid cooling systems. The authors found that
hybrid cooling systems could provide multi advantages, but they should
match the conditions of a climate zone. Sharma and Sharma [15]
explored the literature studies concerning the evaporative condensers
for improving the heat transfer efficacy of domestic air conditioners.
They found that the evaporative systems could improve the COP of air
conditioners. Very recently, Yang et al. [16] reviewed the recent de-
velopments in evaporative cooling systems and enhancement methods.
They reported that employing membranes, desiccants, and the combi-
nation of membranes and desiccants could enhance the evaporative
cooling systems. The novel mechanisms for the improvement of evap-
orative cooling systems could be classified into direct vs. indirect
evaporative cooling [17] and desiccants evaporative cooling [18]. The
energy-water-environment and reduction of water energy consumption

in cooling systems is another important aspect of cooling systems, which
should be taken into account [19-21]. Currently, 15% of global fresh
water was consumed for power generation the water destilation [22].

Considering the evaporative cooling systems, Hasan and Sirén [23]
utilized a closed cooling water tower prototype for cooling an office
building. They installed the cooling unit on the ceiling of the building to
reduce the indoor heat load. The specifications of the prototypes are
summarized in Table 1. The outer diameter of the tubes was 10 mm, and
the length of the tubes was 1.2 m. The cooling system was a 10 kW
nominal power, and the impact of airflow rate and the number of tubes
on the heat transfer and coefficient of performance (COP) was studded.
The results show that the increase of the airflow rate or the number of
tubes increases the heat removal and decreases the COP.

In the closed wet cooling tower systems, the hot working fluid is not
in direct contact with the cooling water and ambient air. Hasan and
Sirén [23] established an experimental test system consisting of three
cycles of air-side circulation, hot water circulation inside the tubes, and
water sprinkle circulation outside the tubes. The cooling water system
sprinkles water on the surface of the heat exchanger tubes through a
nozzle. A fan passes the air over the heat exchanger tubes while the tubes
were supported with 12 fins. The fin thickness and pitch were 0.5 mm
and 12 mm, respectively. In their experiment, the air mass rates were
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Fig. 1. (a) Schematic diagram of the experimental setup and measurement
locations, (b) photo of the experimental setup.

0.0151, 0.0235, and 0.0323 kg/s. Hot water flow in the tube was 0.114
kg/s, and the hot water temperature in the tube was tested at 30, 32, and
34 °C. The results showed a notable improvement in the heat transfer
rate by using the plate-finned tubes. The outcome demonstrated that
sprinkling water over the tubes reduces the fin efficiency compared to a
dry air blow. The authors also found that although fins could improve
the heat transfer rate, they can boost the pressure drop. Hence, the en-
ergy index (the ratio of volumetric thermal conductance to air pressure-
drop per unit length) remained the same for two cases of a finned heat
exchanger and a simple heat exchanger.

Facao and Oliveira [24] proposed a closed wet cooling tower for
chilled ceilings in buildings. They investigated the effect water-sprinkle
flow-rate of the closed-loop evaporative cooling system on the system’s
thermal performance. The results show that the sprinkle flow rate has
minimal influence on tower efficiency. The growth of the sprinkle flow
rate enhances the efficiency up to a certain level, and further raising the
flow rate only slightly contributes to efficiency improvement. Hence,
they concluded that there is an optimum sprinkle flow rate for the best
efficiency. Heyns and Kroger [25] investigated the evaporative cooling
of a closed-loop system consisting of 15 tube rows with eight tubes as
each row. The length of the tubes was 0.65 m, and they were placed in a
triangle arrangement. They measured the water temperatures of the hot
inlet and outlet, the sprinkler, the sprinkler between each array. They
found that a sprinkler flow of 1.7 kg/m?s was required to keep all pipes
uniformly wet. The difference between the sprinkler temperature and

International Communications in Heat and Mass Transfer 127 (2021) 105502

the average sprinkler temperature in all experimental results was less
than 3 °C. Both the liquid film heat transfer coefficient and the mass
transfer coefficient were increased by increasing air and sprinkler flow
rates. In another study, Hasan and Siren [26] tested circular and ellip-
tical tube arrays under the same experimental conditions, and they
investigated the thermal performance of the circular and elliptical tubes.
The average thermal performance for the elliptical tube was 79% of that
for the circular tube. However, the elliptical tubes induce a lower
pressure drop and frictional factor. The overall performance of the
elliptical tubes was 1.93-1.96 times that for the circular tube. Hence, the
elliptical tubes could of practical interest in wet closed-loop cooling
systems. Zheng et al. [27] established an innovative elliptical tube
closed-loop cooling water tower. The temperature of the hot water
pipeline at the entrance of the cooling tower was measured with PT100
sensors, and the flow of hot water and sprinkler water was measured
with an electromagnetic flow meter. The liquid film heat transfer and
mass transfer coefficient of water on the sprinkle side was studied. The
experimental results show that the heat transfer coefficient of the water-
film is a function of the water and air mass flow rates. Here, as a brief
summary of the literature works, the specifications of the previous
studies are summarized in Table 1.

The closed wet cooling tower systems may not be advantageous for
energy saving compared to an open system such as a swamped cooler.
Direct contact between the hot water and the ambient air in an open-
loop cooling water system such as a swamp cooling system could be
much more energy-efficient than a closed wet cooling system. However,
in the current system, the hot liquid is not in direct contact with the
cooling water, and hence, the hot water loop remains clean and closed.
Thus, the closed wet cooling tower systems are of technological interest
where the hot liquid should not be in direct contact with the ambient air.
Therefore, any heat transfer improvement in a closed wet cooling tower
could be of great interest since it can lead to significant water and energy
saving.

Sarker et al. [28] explored the thermal behavior of a closed wet
cooling tower where the cooling tower was made of a copper coil (outer
diameter of 15.88 mm). The coil’s tubes were circular with no fins. The
closed wet cooling towers with circular tubes were also investigated by
Niu et al. [29], Zhu et al. [30], Nugraha [31], and Rashidinejad et al.
[32].

As seen, few studies investigated the thermal behavior of closed-loop
wet cooling systems by using elliptical tubes. The present experiment
aims to address the impact of water sprinkling flow rates, nozzle types,
the hot water flow rate, and outside wet-bulb temperature on the ther-
mal behavior and performance index of a new prototype closed-loop
cooling system made of elliptical tubes.

2. Experimental setup and methods

In a closed system, the hot water circulates inside the elliptical tubes
of the heat exchanger and loses its heat to a spray of cooling water and
airflow, which cools down the external surface of the elliptical tubes.
The details of the experimental setup and methods will be discussed
here.

2.1. Experimental setup

The present experimental setup could be divided into three major
loops of hot water circulation, spray water circulation, and air circula-
tion. The schematic view of the experimental setup is plotted in Fig. 1(a),
while an actual image of the setup is depicted in Fig. 1(b). As seen in
Fig. 1(a), the water was heated in a water tank using a heater, and a
pump circulates the water inside an elliptical-tube heat exchanger to be
cooled down. A sprinkler of cold water drops over the external surface of
the tubes and cools the external surface of the elliptical-tube heat
exchanger. The sprinkled-water then drops to the bottom to be collected
in a water tank.
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Fig. 2. The prototype and its components, (a): a photo of the prototype, (b): interaction between the spraying water and heat exchanger, (c): an array of ellip-

tical tubes.
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Fig. 3. The geometrical specifications of the adopted nozzles.

A pump sinks the water from the collection tanks and sends it to the
top to be sprinkled again. An axial fan was mounted at the top of the
experimental setup, which provides fresh airflow for cooling the sprin-
kling water. This way, the cooling system, which consists of the air

cooling and the sprinkler, was separated from the hot water system. The
water sprinkle, air cooling flow, and hot water tubes were placed inside
a shell, referred to as a prototype. A close view of the prototype is
illustrated in Fig. 2(a). The interaction between the cooling system and
hot water system takes place at an elliptical tube heat-exchanger, as
shown in Fig. 2 (b).

The main components of the prototype are an array of elliptical
tubes, a stainless steel shell, a water sprinkler loop, nozzles, and an axial
flow fan. A photo of the array of elliptical tubes is exhibited in Fig. 2 (c).
As seen, the tubes were connected by using U-shaped elbows and fixed in
their places by stainless steel plates. The details of the tubes and their
arrangements are presented in Table 1. The shell of the prototype was
assembled by using laser-cut stainless steel plates. The plates were made
of #304 stainless steel with a thickness of 1.5 mm. The arrays of tubes,
nozzles, and measurement instruments were placed in the shell. Several
windows were embedded at the sidewalls of the shell. The windows are
covered with transparent acrylic and used for observation purposes. At
the bottom of the prototype, the water tank was equipped with a floating
ball automatic water replenishment device. There were side mainte-
nance hatches, which provide access into the shell for cleaning purposes.
The fan was installed at the top of the prototype for air circulation
purposes.

The water sprinkler system is composed of a pump, pipelines, a
frequency converter, and a proportional three-way valve. The frequency
converter and the proportional valve control the flow rate of water in the
sprinkler system. The pump (model: NM4 25 made by CALPEDA) is a 3
phase 220 V/0.34HP, with a maximum flow rate of 100 LPM and a
minimum head of 3.6 m. A Y-type filter was installed in front of the
suction side to filter impurities in the water and avoid damaging the
pump. For flow control purposes, a proportional three-way valve was
placed at the exit end of the pump. The air-side circulation is composed
of a fan, a prototype, and an air duct. The fan draws waste heat out of the
prototype in the exhaust air and guides it to the outside through the air
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Table 2
Specifications of measuring instruments.
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Measuring instrument Quantity =~ Model Specification

Resistance thermometer 3 Four-wire PT100 Measurement range: —200 °C ~ 200 °C temperature correction range: 20 °C ~ 50 °C accuracy: + 0.046 °C
Thermocouple 3 T-type temperature correction range: 20 °C ~ 35 °C
Temperature and humidity 1 Dwyer Model 657-1  Temperature measurement range: 0— 100 °C Relative humidity measurement range: 0— 100% accuracy:
transmitter accuracy: +£0.5 °C +3%(0-10%, 90-100% RH)
Temperature and humidity 1 TRH300 Temperature measurement range: 0— 100 °C Relative humidity measurement range: 0- 100% accuracy:
transmitter accuracy:+0.3 °C +2%
Turbine flowmeter 2 Hubatype210 Measurement range: 3— 150 LPM accuracy: 1%(full scale)
Pitot tube 10 Dwyer Model Diameter 5/16", length 8”
607-01
Differential pressure gauge 10 Cole-Parmer Measurement range: 0— 1”"WGC, Error 0.4%
68,333-24
Power Analyzer 1 HIOKI/3169-20 measurement range:150- 600 V , 0. 5- 500 A 0.075- 900 kW Accuracy: effective power + 0.2%
Speed Camera 1 MEMRECAM HX-7s 2560 x 1920 pixel @850 fps
1920 x 1080 pixel @2000 fps
Maximum 200,000 fps
Sensitivity ISO 80000 (Mono)
temperature.
Table 3

Test conditions and corresponding Re,, Rey, Rep, for the study of the A when the
sprinkle flow rate of 40 LPM (50 Hz).

Experiment frequency (Hz) 30 40 50 60
Air volume (CMM) 52.74 68.23 81.52 96.20
Re, 5240.05 6788.04 8109.93 9564.76
Sprinkle flow rate (LPM) 40.92 40.80 40.71 40.53
Re,, 119.59 115.64 111.74 109.39
Hot water flow rate (LPM) 27.81 27.90 27.96 27.95
Rep, 5167.08 5034.95 4903.21  4826.07
Outside air wet bulb temperature 23.52 23.38 23.12 23.09
(9]

duct to avoid short-term circulation caused by air remaining inside the
heat exchanger. An inverter was used to control the fan speed and the
airflow rate in the prototype. The blower (manufactured by ZIEHL-
ABEGQG) is a 3-phase 220 V/1 hp. with an airflow rate of 4100 CMH/
static pressurel70 Pa.

The adopted nozzles in the sprinkler system are two types: A nozzle
and B nozzle, which their geometrical specifications are summarized in
Fig. 3. The coverage angle and coverage depth are 36.22-112.74° and
40.99-84.53 mm, respectively, for A nozzle. While for B nozzle, the
coverage angle and coverage depth are 65.17-113.79° and 71.84-85.75
mm, respectively. The operating pressure ranges from 153.7 to 157.6
kPa, .

As seen, the nozzles are flat with large diameters, which could resist
impurities and clogging issues. In the present experiment, a total of four
nozzles with a distance of 20 mm were employed. An image of the
sprinkling behavior of nozzles is depicted in Fig. 2(b). The heating water
tank was applied as a simulated load during the experiment. Five electric
heating tubes were placed inside the water tank. Each element provides
a heating power of 2.6 kW, and hence, the total heating power was 13
kW. The water tank holds a total volume of 96 L of water while and an
automatic float water refilling device.

2.2. Measurements

The measurements include monitoring temperatures at the inlet and
outlet of the hot water loop, air inlet and outlet temperatures and
relative humidity, hot water and sprinkle water flow rates, and power
consumption. A data logger was employed to read and record the
measurements. The hot water inlet and outlet of the prototype were
measured using resistance thermometers (RTD), which were placed at
the inlet and outlet of the hot water pipes. The temperature of the
sprinkler outlet and the average water temperature of the bottom tanks
were also measured using RTDs. Three thermocouples were placed in
the bottom water tank, and the average of them was selected as the tank

The air temperature and humidity of the circulating were measured
at the air inlet and outlet. The temperature and humidity were used to
measure and record the enthalpy variation of the cooling air across the
prototype. The hot water and spray flow rates were monitored using
turbine-type flow meters. The hot water flow meter was installed after
the hot water pump and before the entrance of the elliptical-tube heat
exchanger. The flow meter of the sprinkler loop was installed after the
pump and before the water heater. Before and after the placement of a
flow meter, a certain length of the pipeline was reserved to ensure stable
flow and reduce measurement error. The airflow rate was measured by
using a pitot tube and five-point measurements in the air duct. In this
study, a high-speed camera was used to capture the water sprinkler and
the water film over the tubes. Then, the captured photos were analyzed
by an image analysis software. A computer software, IC Measure, was
adopted to measure the thickness of the liquid film and the sprinkle
characteristics manually. The details of measurement instruments and
their specifications are summarized in Table 2.

2.3. Experimental methods and parameters

The experimental parameters of the present study are the airflow
rate, sprinkle flow rate, hot water flow rate, and outside air wet-bulb
temperature. The experiment was started by inspecting the water tank
at the bottom of the prototype to ensure that it is full of water. Then, the
electric heater in the heating water tank was turned on, and the hot
water circulation was commended by using the pump until the water
temperature in the water tank reached 40 °C. At this stage, the exhaust
fan and the sprinkler pump were turned on. The next stage was an in-
spection of the experimental system and thermal insulations.

During the experiment, it was necessary to check the pipeline and the
prototype for any water leakage. The removable insulations should also
be placed over the prototype to ensure well insulation during the
experiment. After confirming that the experimental system was oper-
ating normally, the data acquisition device was turned on and checked
whether the readings of various measuring instruments are normal.
After that, the experimental parameters such as the air, water, and hot
water flow rates were set. A notable amount of time was required until
the system reaches a steady state. At this stage, the data logger could
record the actual measuring data of the experiment. The data logger
recorded the data every two seconds for two minutes. Hence, there are
60 records in total, and the average of these data was used for the
experimental analyses.

2.4. Experiment procedure

Before starting the experiment, the system must be insulated with



L.-H. Chien et al.

1400 (T
1300 [ ]
1200 [ ]
!I L
N<\5 [ |
S 1100l ]
<’ [ |
1000 [- ]
i —e— Re, = 4826~5167 Re, = 109~119 ]
- --0-- Re, = 4791~5067 Re, = 135~147
00 " " " L 1 " L " 1 " " " n 1 " " I L 1 " L " "
5000 6000 7000 8000 9000 10000
Re,
L L B s S S B S L R B R
028 | ]
L (b) T
024 | 4
T{)\ L
« 020 o
£ I
(®))
k5 I
. I
X 016 | .
- —e— Re, = 4826~5167 Re, = 109~119
[ ¢ --0-- Re, = 4791~5067 Re, = 135~147
" 2 " " 1 " I " I 1 " L " " 1 " " L 1 " " " n

5000 6000 7000 8000 9000

10000
Re,
T T T T
0.52 |- (C) —
0.48 | 4
% -
0.44 | 4
oaol - —e— Re, = 4826~5167 Re, = 109~119
e --o-- Re, = 4791~5067 Re, = 135~147 |
PR SR S R PR PR PR "
5000 6000 7000 8000 9000 10000
Re

a
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transfer coefficient K, and (c) prototype performance index 6.

insulation materials to avoid heat loss in the experiment; when the
experiment is carried out, it is necessary to confirm whether the pipeline
and the prototype have water leakage and other conditions that affect
the experiment. The experiment begins with turning on the experi-
mental system equipment. The first step is to confirm that the heating
tank and the tank at the bottom of the prototype have reached the full
water level. Then, the electric heater and hot water pump turn on. The
pump circulates the hot water until its temperature rises to 40 °C. At this
stage, the exhaust fan and the sprinkle pump turn on cool down the hot
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water.

After confirming that the experimental system is operating normally,
the data capture device and the computer monitor the measured data.
The recorded data should be monitored to ensure that the readings of the
measuring instruments are normal. If there is an abnormality, confirm
whether the circuit is disconnected or whether the measuring instru-
ment is faulty. When the prototype runs normally, the conditions
required for the experiment, such as airflow rate, sprinkling water flow
rate, hot water flow rate, could be adjusted. Then, the stability of the
experimental system should be carefully checked and ensured. Stability
is a crucial task, which can impact the accuracy of the experimental
analysis. After the experimental conditions are set, the system should
continue to operate until the measured values no longer change. After
the system is stable, the data extractor starts to record experimental
data. It is set to record each data every two seconds. The recording time
is two minutes, which leads to a total of 60 records. The average value of
the recordings is used as the data required for analysis.

3. Theoretical analysis of experimental data
3.1. The analysis method

The hot water in the elliptical tube conducts the thermal energy to
the liquid film outside the tube wall. The liquid film absorbs the thermal
energy in the forms of sensible heat and the latent heat of evaporation.
Then, the heated liquid film dissipates its heat to the airflow due to the
temperature difference between the airflow and the liquid film.

The cooling capacity Q. of the prototype was calculated as:

Q. = rity+Cpp (Thi — Tho) (€8]

where 11y, is the mass flow rate of hot water in the pipe, cp, wis the average
specific heat of hot water, and Ty, ; and Ty, , are the inlet and outlet water
temperature of the hot water, respectively. Eventually, the thermal en-
ergy of the hot water in the tube was dissipated to the airside. Hence, by
using the energy conservation of the system, the total absorbed heat by
the airflow (Qp) is computed as:

Oy = 1My (ia.z - ia.l) (2

where m, is the mass flow rate of the air, and i, 1 and i,, 7 are the inlet air
enthalpy and outlet air enthalpy, respectively.

The temperature of the water film outside the tube is T, which is
equal to the average sprinkling temperature, and the heat transfer occurs
at a differential area of dA, on the surface of a tube. Thus, the heat
transfer of the liquid film outside the tube dq can be computed as:

dg = Ugne (T = T ) «dA, 3)

In the above equation, Ugjnpis the heat transfer coefficient calculated
from the hot water side in the tube to the liquid film outside the tube.
Now, in order to compute Ugm, Eq. (3) was integrated on the overall area
of the tubes array (A,), which yields:

1y, *Cp T — Ty
Upin = In| hi= s 4
"=, ”(nﬂ—n> @

The convective heat transfer coefficient hy in the tube is calculated by
the Gnielinski relations, as follows:

f = [1.58In(Re) —3.28] " )
Nu = (f/2)+(Re — 1000)+Pr ©
1.07 + 12.7+/f/2+ (P23 — 1)

Nusk
m="5 @
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Re,= 8109 and Re,, = 111

Re, = 9564 and Re,, = 109

Fig. 5. The sprinkling picture at various upward air Reynolds numbers Re, and sprinkling water Reynolds numbers Re,, for A nozzle.

(b): A nozzle, Re, = 5255 and Re,, =147

Fig. 6. Image of liquid film over tubes for A nozzle.

Table 4
Test conditions and corresponding Re,, Rey, Rep, for the study of the A when the
nozzle sprinkle flow rate of 50 LPM (60 Hz).

Experiment frequency (Hz) 30 40 50 60
Air volume (CMM) 52.86 67.87 82.88 94.83
Req 5255.16  6747.43  8249.98  9445.59
Sprinkle flow rate (LPM) 51.91 52.12 51.68 50.91
Rey, 147.86 144.46 140.14 135.76
Hot water flow rate (LPM) 27.86 27.95 28.00 28.01
Rep 5067.31 4963.77 4868.48 4791.14
Outside air wet bulb temperature 23.10 23.12 22.97 22.88
(9]

where the above relation is valid in in the following range 0.5 < Pr <
2000, 3000 < Re < 5,000,000.

The convective heat transfer coefficient at the liquid film (hs) was
computed using thermal resistance. The thermal resistance from the hot
water side in the tube to the liquid film outside the tube can be expressed
as a series of resistances including, the convective thermal resistance of
the liquid film, the conductive thermal resistance of the tube wall, and

the convective thermal resistance of the hot water in the tube as:

11 dn(d,/d) _d,

% - h: 2k1 dihh

®

And consequently, the convective heat transfer coefficient at the
liquid film is obtained as:

hy=|— - ©

The heat transfer process from the water film outside the tube to the
air was analyzed by assuming a differential element of the water film
outside the tube. The process includes the sensible heat transfer caused
by the temperature difference between the liquid-gas interface and the
air and the liquid-gas interface. The latent heat transfer, which is the
result of the concentration difference from the partial pressure of water
vapor in the air, is:

dq = ridiy = hyen (Toine — To) dA + Ky (Waine — Wa ) ifgwdA (10)

where m, is the air mass flow rate, Ty i is the liquid-gas interface
temperature, Tq is the air temperature, w,, inr the humidity ratio of the
liquid-gas interface, and wy is the humidity ratio of the air. The coeffi-
cient of hye, was computed from the definition of the Lewis factor as he,
= Lef X ¢p, ¢ X Kip. Thus, Eq. (10) can be re-written as:

Tgen .
dg == [cpa(Tajme — Ta) + (Waine — Wa)ifg |dA an

Cpa

Now, by using the definition of the mixed air enthalpy, iy = ig, dary +
Wig v = Cp, aTq + Wig, v, the dq is obtained as:

dg = iy =" (1 — i) dA 12)

Cpa

According to Merkel’s assumption for a wet cooling tower, Lef = 1,
the air-side heat transfer of the prototype can be expressed as:

dq = ringdi, = K,y {z (T) - ia]dA 13)

where i, (i) is the saturated air enthalpy at the average sprinkler
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A nozzle and 50 LPM

Fig. 7. Image of sprinkling picture over tubes for various sprinkling flow rats and two nozzle types.

Table 5
Test conditions and corresponding Re,, Rey, Rey, for the study of the B nozzle
when the sprinkling flow rate is about 40 LPM.

Experiment frequency (Hz) 30 40 50 60
Air volume (CMM) 52.74 68.23 81.52 96.20
Re, 5240.05 6788.04 8109.93  9564.76
Sprinkle flow rate (LPM) 41.51 41.69 41.61 41.50
Re,, 113.08 112.21 109.16 107.39
Hot water flow rate (LPM) 28.02 27.98 27.97 28.00
Rep 5005.10  4959.27  4832.01  4743.52
Outside air wet bulb temperature 21.58 22.65 22.40 22.18
((®)]
Table 6

Test conditions and corresponding Re,, Rey, Rey, for the study of the B nozzle
when the sprinkling flow rate is about 50 LPM.

Experiment frequency (Hz) 30 35 40

Air volume (CMM) 52.74 68.23 81.52
Req 5316.34 6866.17 8228.00
Sprinkle flow rate (LPM) 51.88 52.74 52.46
Rey, 142.04 139.33 135.09
Hot water flow rate (LPM) 27.79 27.86 27.89
Rey, 4979.23 4848.07 4727.93
Outside air wet bulb temperature (°C) 22.70 22.17 21.67

B nozzle and 50 LPM

temperature. Integrating Eq. (13) on the overall area of the tubes (A,),

ma ial (g) - ia.l
K,y = Dapy| e s) " lal 1
v Iy s

where i, 1 and iy, 1 are the enthalpy of the air at the inlet and outlet,
respectively.

The performance index of the prototype () is introduced as a char-
acteristic parameter to judge the performance index of the prototype as
follow:

Thi — Tho

9= b= Tho
Ty — Twa,i

(15)

in which Twg, ; is the wet-bulb temperature of the inlet air. The water
evaporation rate of the prototype was obtained from the specific hu-
midity difference between the inlet and outlet of the air and the air mass
flow rate m, as:

Evaporation rate of sprinkler = rit, (Wq,, — Wa,) (16)

where wg, ,, is the specific humidity of the outlet air, and w, ; is the
specific humidity of the inlet air. Finally, the Reynolds number of the
airside, Reg, is defined as

Rey = p+tpaxsD
”ﬂ

18

where Upg, is the airflow velocity in the channel and, p, is the air
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ficient h;, (b) mass transfer coefficient K,,, and (c) prototype performance
index 6.

density, D is the hydraulic diameter of the elliptical tube, and j, is the
dynamic viscosity of air. The Reynolds number is introduced as:

ar,,
Re,, = —~ (19)
U

W

where 1, is the dynamic viscosity of water, and I',, = Zn'"—wu[ Here, m,, is
the mass flow rate of the sprinkler (kg/s), and L, is the length of the tube

International Communications in Heat and Mass Transfer 127 (2021) 105502

- V ™ b

L [Length: 256 mm |,

(b): B nozzle, Re,= 5316, and Re,, = 142

Fig. 9. Image of liquid film over tubes for B nozzle.

(m). The coefficient of n, is the number of tubes in each row of the array.
Since the array is staggered, it has been multiplied by 2, i.e., 2n,. The
Reynolds number at the hot water side was defined as:

4r
Rey = —" (20)

Ha

where I'y, = 4%2: in which Qy, is the hot water flow rate in the hot tube,
pn is the hot water density, and Dy, is the hot water tube’s diameter.

3.2. Experimental error analysis

Before commencing the measurements, all of the thermocouples and
sensors were calibrated. The error of the thermocouples after calibration
was found less than +0.046 °C. Then the error analysis was calculated
using the following formula [33]:

"
R w(x))\> [0R o(x))> AR w(x,)\>
<‘)X1 R ) +(‘)X2 R ) +m+(07n. R ) @D

where x1, X2 ... X, are the independent variables in the experiment; R is
the strain number; w (R) is the error of R.

The heat transfer coefficient (Ugyy,) in the experiment is affected by
the hot water mass flow rate (1), the hot water inlet temperature (T4, 1),
the hot water outlet temperature (T} 2), and the average temperature of
the sprinkler (T;). The average error of the RTD of the hot water inlet is
0.00121%, the average error of the RTD of the hot water outlet is
0.00387%, and the average error of the sprinkler water RTD is
0.004276%. Substituting various values of errors in Eq. (20) leads to the
thermal heat transfer coefficient (Ugm) with an error of about 3.39%.

The heat exchange errors between the hot water side (Q.) inside the
experimental tube and the air side (Q,) outside the tube were also
computed. The error was within 15%, and the smallest error can reach
1.67%.

o ([R) _
R

3.3. Experimental reproducibility

The experiment’s reproducibility was tested under the experimental
conditions of B nozzle, sprinkle flow 40 LPM, a range of fan frequencies
(30 to 60 Hz), and outside air wet-bulb temperatures. Then, the Uz, and
K, of the three experiments were compared, respectively. The results
confirm that the three experimental curves are all very close, and the
maximum error is 6.9% of K,.

4. Results and discussions
The thermal behavior and performance of the prototype for various

test cases are discussed in this section. The impact of air volume rate,
sprinkle flow rate, nozzle type, environment air conditions, and the hot
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4.1. Airflow rate and sprinkler flow rate

Here, the hot water flow rate and the sprinkle flow rate were kept
constant at 28 LPM and 40 LPM, respectively. The nozzle A was used for
sprinkler, and the outside air wet-bulb temperature was 23 °C. The
experimental conditions and the Re, corresponding to different sprinkle
water Reynolds number Re, and hot water Reynolds number Re, are
summarized in Table 3.

The influence of the air Reynolds number Re, at different sprinkle
water Reynolds number Re,, on the liquid film heat transfer coefficient
h;, the mass transfer coefficient K;,, and the performance index 0 is
presented in Fig. 4. It is clear in Fig. 4(a) that the liquid film heat transfer
coefficient boosts with increasing air Reynolds number Re,. In Fig. 4 (b),
the mass transfer coefficient K, is mainly affected by the air Reynolds
number Re, and the uniformity of the sprinkler on the tube array. When
the air Reynolds number Re, increases, the impact point of the sprinkler
moves upward, which improves the uniformity of the sprinkler on the
tube array. Hence, the airflow could forcefully blow through the water
droplets. This phenomenon has a significant effect on mass transfer,
making the mass transfer coefficient increase sharply with the increase
of the air Reynolds number Re,. Looking at K, alone is not enough to
judge the performance of the prototype; the prototype performance
index 0 defined by Eq. (15) was used as the performance evaluation
standard of the prototype. Fig. 4(c) shows that the increase in air Rey-
nolds number Re, gradually improves the performance index.

The image of water sprinklings for A nozzle is depicted in Fig. 5 for
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various upward air Reynolds numbers Re,. While Fig. 6 illustrates a close
view of the liquid film over the tubes for two different sprinkle water
Reynolds numbers. The impact point of sprinklers is denoted by a circle
in the images for convenience. When airflow rate is low, i.e., Re; = 5240,
the impact point of the sprinklers is toward the bottom, resulting in poor
uniformity of dispersion after the impact. Hence, it results in a smaller
heat transfer coefficient. An increase of the air Reynolds number to Re,
= 6788 shifts the impact point of sprinklers upward, which improves the
sprinkler uniformity. When the air volume reaches high values of Re, =
8109 and Re, = 9564, a further increase in air Reynolds number does not
affect the uniformity of the sprinklers. Here, the hot water flow of rate
was fixed at 28 LPM, and the wet-bulb temperature was fixed at 23 °C,
while nozzle A was used for water sprinkling. The experiment specifi-
cations are summarized in Tables 3 and 4. The results of Tables 3 and 4
were provided with the same conditions but with different sprinkle flow
rates of 40 LPM (50 Hz) and 50 LPM (60 Hz), respectively.

The effects of sprinkle water Reynolds number Re, on the heat
transfer coefficient of the liquid film hs, the mass transfer coefficient K,
and the performance index of the prototype 6 are also presented in
Figs. 4(a), 4(b) and 4(c), respectively. It is clear that the increase of the
sprinkling water Reynolds number reduces the liquid film heat transfer
coefficient. This observation is in agreement with the observations of
Figs. 6 for liquid layer thickness. Besides, the increase of the sprinkling
eater Reynolds number improves the mass transfer coefficient. This is
because the K, is mainly affected by the interaction of airflow and the
liquid film. A higher sprinkle water flow rate, better mixing, and uni-
form liquid film increase the air-liquid interaction, and consequently,
the water evaporation. In Figs. 4(c), the performance index in the case of
a higher sprinkler flow rate of Re,, = 147-135 is better than that of Re,,
=119-109, regardless of the amount of air Reynolds number. Although
a higher sprinkling flow rate increases the thickness of the liquid film
and slightly drops Ugm, the increase of the mass transfer coefficient is
notable. The overall performance index increases by the growth of the
sprinkle flow rate.

4.2. Nozzle type

The effect of nozzle types of A and B on the heat and mass transfer
was investigated for various sprinkling flow rates and airflow rates when
the hot water flow rate was fixed at 28 LPM (hot water pump 30 Hz), and
the outside air wet-bulb temperature of 21-23 °C. The sprinkling flow
rate was investigated in the range of 30, 40, 50 LPM (sprinkler pump 40,
50, 60 Hz). Moreover, the configuration design of the A nozzle was not
suitable for the lower sprinkler flow rate of 30 LPM, and hence, only the
B nozzle test was performed at the sprinkler flow rate of 30 LPM.

The images of the sprinkle pictures for the two nozzles are depicted
in Fig. 7. The size of the spreading area can judge the uniformity of the
sprinkler after the collision. Due to the small internal configuration of
the B nozzle, the water pressure inside the nozzle is relatively large, and
there is a broad watering range. The water spray’s uniformity formed by
the B nozzle at a water flow rate of 40 and 50 LPM is better than A
nozzle. As seen in the case of A nozzle, the sprinkled water cannot cover
a notable number of tubes when the sprinkle flow rate is 30 LPM. The
test specifications of using B nozzle are summarized in Tables 5 and 6 for
the flow rates of 40 and 50 LPM, respectively. The operative condition of
the system can be realized by using the results of these two tables for B
nozzle and Tables 3 and 4 for A nozzle. A comparison between the Re,,
for A nozzle and B nozzle in these tables shows a slight difference be-
tween Reynolds numbers for the same flow rates, while for a constant
flow rate, the same Reynolds numbers could be expected. This slight
difference is because the circulating pump was controlled by the oper-
ating frequency (50 Hz and 60 Hz), and using different nozzles could
lead to slightly different flow rates since the exact flow rates were
measured by turbine-type flow meters. The actual measurements have
been reported in these tables. Thus, the Reynolds numbers are not
identical.
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Fig. 8 shows the influence of the type of nozzles on the heat and mass
transfer under various air Reynolds numbers and sprinkling water
Reynolds numbers. In Fig. 8 (a), the lower hg is noted for B nozzle
relatively to that of A nozzle. This can be made plausible by noting Fig. 9
that the B nozzle with better uniformity forms a thick liquid film, which
results in lower h;. The effects of nozzle type on mass transfer coefficient
and performance index are plotted in Figs. 8 (b) and (c), respectively. It
is noted in Fig. 8 (b) that the mass transfer coefficient K, using the B
nozzle is better than that of A nozzle. This is due to a broader picture of
sprinkle water caused by B nozzle. By using B nozzle under the same
operating conditions, the uniformity of the sprinkler was improved.
However, the performance index of both cases is close to each other. It is
worth noticing that B nozzle is applicable for low flow rates, which is a
practical advantage.

4.3. Impact of outside air wet-bulb temperature

Fig. 10 presents the influence of outside air wet-bulb temperature on
the liquid film heat transfer coefficient hs, the mass transfer coefficient
K, and the prototype performance index 6. The measured results show
that the change of outside air wet-bulb temperature has a slight influ-
ence on the liquid film heat transfer coefficient at low air Reynolds
number. It is clearly can be found in Fig. 10(b) that the increase in
outside wet-bulb temperature promotes the mass transfer coefficient.
The higher the outside air wet-bulb temperature, the larger the saturated
air diffusion coefficient D at the sprinkler temperature around the tube
array. Although the Upm, change at different outside air wet-bulb tem-
peratures is not substantial, a higher outside air wet-bulb temperature
increases the diffusion coefficient D of the saturated air and promotes
K,,. Hence, as seen in Fig. 10 (c), the rise of the outside air wet-bulb
temperature improves the performance index.

4.4. Hot water flow rate

Effects hot water Reynolds number on the liquid film heat transfer
coefficient hg, the mass transfer coefficient K, and the prototype per-
formance index are presented in Fig. 11. The variation of hot water
temperature on liquid film heat transfer was minimal. Fig. 11 (b)
interestingly shows that the mass diffusion coefficient K, is higher when
the hot water Reynolds number is low. This is since, for a low volume
rate of hot water, the first array of elliptical tubes next to the entrance is
hot, and hence, this hot array boosts the evaporation and, consequently,
the mass transfer coefficient. Hence, as depicted in Fig. 11 (c), a lower
hot water Reynolds number leads to a better prototype performance
index.

4.5. Empirical correlations

The following empirical relations for the heat transfer coefficient of
film liquid hs and mass transfer coefficient K;, were obtained using the
experimental data. The empirical relations are a function of the air-side
Reynolds number (Re,), the sprinkle water Reynolds number (Re,,), and
the average sprinkle water temperature (T,).

A nozzle:
hy = 0.1232 x Re,** x Re, "% x T, 0972 (21a)
K, =5.3622 x 1077 x Re,"™7 x Re,*#13* x T, 3908710 (21b)
5240<Re,<9565 , 109<Re,, <148 , 26<T,,<31(°C)s .
B nozzle:
hy = 0.9658 x Re, 7% x Re,,030E=10 5 T, 04884 (22a)
K, = 3.1874 x 1072 x Re,' 7 x Re,9%* x T,,'78 (22b)

5221<Re <9874 , 86<Re,<142 , 21<T,,<31(°C).
The error between most of the experimental values and the empirical
formula is less than 10%.
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4.6. Comparison of experiments and related literature

The experimental results of the liquid film heat transfer coefficient h)
and the mass transfer coefficient Ky, of the current study are compared
with the literature. The specifications of the evaporative cooler in the
related literature were shown in Table 1. The applicable range of
empirical formulas in related literature is consistent with the h; and K,
empirical formulas of Zheng et al. [27] and the h; empirical formulas of
Niitsu et al. [34] and Mizushima et al. [35]. The comparison shows that
the elliptical shape of tubes significantly influences the thermal behavior
of evaporative cooling. A Comparison between the empirical formulas of
Fang [36] with similar dimensions and shapes of elliptical tube rows and
the present study results shows a notable difference. This difference
could be due to the very high Reynolds number of the airside.

Figs. 12(a) and 12 (b) show compassion between hg and K;, obtained
from the present study and the literature results for A nozzle. The results
are presented for the sprinkling flow rates of 40 and 50 LPM and various
values of air Reynolds number. It is clear in Fig. 12 (a) that the experi-
mental values of hs for the A nozzle are quite close to the predicted
empirical formulas. However, there are some differences between the
overall results and the outcomes of the Fang [36]. This difference is due
to the large gap between the tubes, which leads to an excessive differ-
ence in Reynolds number computation and notable error in the pre-
dicted values. However, the trend of the experimental results is similar.
The same trend of behavior can be noted for the mass transfer coefficient
in Fig. 12 (b).

5. Conclusion

The heat transfer behavior and performance index of an evaporative
cooling system (prototype) with an elliptic tube heat exchanger were
investigated experimentally. The impact of air, sprinkle water, hot water
flow rates, the outside wet bulb temperature, and nozzle type on the heat
and mass of the prototype were studied. Empirical corrections for the
liquid film heat transfer coefficient and mass transfer coefficient were
reported, and the results were compared with the literature results. A
good agreement was found with the outcomes of the present study and
the previous works. The major findings of the current experimental
study can be summarized as follows:

1. With a fixed sprinkle flow rate, the rise of the air Reynolds number
improves the sprinkling impact and uniformity of water film over
tubes. The increase in the air Reynolds number also boosts the air-
liquid interaction and mass transfer coefficient. As a result, the
higher the air Reynolds number, the better liquid film heat transfer
coefficient hs, mass transfer coefficient K;, and prototype thermal
performance.

2. The increase of the sprinkle water flow rate improves the uniformity
of water film over the tubes, but it also grows the thickness of water
film over tubes, which eventually reduces the hs. This is while the
increase of sprinkle water flow rate improves the water and air
interaction and boosts the mass transfer coefficient. As a judgment of
improvement of heat transfer, the index of performance was
computed. It was found that the rise of the sprinkle water flow rate
slightly elevates the index performance.

3. The study of nozzle types shows that the nozzle type can induce a
notable influence on the interaction of air and sprinkle water and
liquid film formation. The B nozzle with a smaller inner diameter and
opening produces a more uniform water sprinkler than A nozzle type.
Although the B nozzle type provides a uniform water film and better
air-water interaction and mass transfer coefficient K, it grows the
thickness of the water film and consequently elevates the h;. The
outcomes show that using B nozzle could lead to a slightly better
index of performance. Although the improvement of the index of
performance 6 for the B nozzle is minimal, it could be applied to a
low sprinkle water flow rate of 30 LPM and provides a good sprinkler
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uniformity. Thus, B nozzle has a certain advantage in practical
applications.

. The rise in the wet-bulb temperature of the outside air elevated the

hot water temperature and the and sprinkler temperature. The
growth of the sprinkle water temperature increased the saturated air
diffusion coefficient around the tube array and lead to a better mass
transfer coefficient K. The rise of the wet-bulb temperature
improved the overall performance index 6.

. The better overall performance index was noted for a lower hot water

Reynolds number.
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