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Abstract: To study the heat and mass transfer characteristics of an evaporative cooler for cooling high-
temperature working fluid, an experimental device of the evaporative cooler was built, and a corresponding
test system was constructed. Then, the experimental study was carried out based on the orthogonal test
method, and the law and extent of the influence of water flow in the tube, spray water flow rate, inlet water
temperature in the tube, and air flow rate on heat dissipation, cooling efficiency, and heat and mass transfer
coefficients have been obtained. The correlation equations of the heat and mass transfer coefficients were
obtained by fitting the orthogonal experimental data, and the validity of the correlation equations was
confirmed by the verification experiment.
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equation; experimental verification

1. Introduction

Evaporative coolers have the advantages of water saving[1], energy saving[2], and compact
structure, and have been widely used in industrial cooling[2—4], heat pump systems[5], refrigeration
systems[6], data centers[7], and other fields. To design evaporative coolers reasonably, extensive
research has been carried out on the heat and mass transfer of evaporative coolers.

In terms of experimental research, Facao, and Oliveira[8] studied the evaporative cooler used
for building heat dissipation and gave the correlation equation of heat and mass transfer coefficient.
Hasan and Sirén [9] conducted a comparative study on two evaporative coolers and found that the
heat and mass transfer coefficient of finned tubes is lower than that of bare tubes. Yoo et al. [10]
studied the influence of spray water flow rate on the cooling efficiency and heat dissipation of
evaporative coolers gave the correlation equation of the mass transfer coefficient and carried out
experimental verification. Heyns and Kroger[11] found that the heat transfer coefficient of an
evaporative cooler is a function of airflow velocity, spray water velocity, and spray water
temperature, and the mass transfer coefficient is a function of airflow velocity and spray water
velocity. According to the experimental results, the correlation equations of the heat transfer
coefficient and mass transfer coefficient were established. Zheng et al. [12-14] studied the evaporative
cooler using elliptical tubes, analyzed the influence of the parameters of water in the tube, spray
water, and airflow on the performance of the evaporative cooler, and obtained the correlation
equation of the heat and mass transfer coefficient. Jiang et al.[15] studied the evaporative cooler using
plate-finned tubes and obtained the correlation equation of heat and mass transfer coefficients.

In terms of numerical simulation and algorithm optimization, Stabat and Marchio[16] proposed
a simplified model based on the heat transfer unit number method and analyzed the characteristics
of the heat and mass transfer process of the evaporative cooler. Papaefthimiou et al. [17] evaluated
the sensitivity of the thermal performance characteristics of the evaporative cooler to the inlet air
condition based on a thermodynamic model. The study found that the lower the wet bulb
temperature of the inlet air, the higher the water temperature drop in the pipe and the evaporation
of spray water. Zheng et al. [18] established a mathematical model of the evaporative cooler based
on Matlab software and analyzed the heat and mass transfer mechanism of the circular tube
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evaporative cooler. Nasr et al. developed a rapid design algorithm for evaporative coolers with plain
tubes [19] and twisted tubes[20], giving the relationship between heat transfer coefficient, pressure
drop, heat transfer area, and mass transfer coefficient. Mahdi and Jaffal [21,22] carried out an exergy
analysis on the evaporative cooler and found that the exergy loss is directly proportional to the air
flow rate, the water flow rate in the pipe, the water inlet temperature in the pipe, and wet bulb
temperature at the air inlet, and inversely proportional to the spray water flow. The correlation
equation of the heat and mass transfer coefficients was established. Wei et al. [23] proposed a
simplified calculation method to analyze the performance of two types of evaporative coolers and
found that heat dissipation is mainly determined by the air flow rate and the water flow rate in the
tube. Xie et al.[24-26] carried out numerical simulations on evaporative coolers using plain tubes,
elliptical tubes, and finned tubes, and found that the influences of air flow rate, air inlet temperature,
and spray water temperature on the heat transfer coefficient decreased in turn, and the spray mixing
nanoparticles in water can improve the heat and mass transfer coefficient, and the influence of air
flow rate on heat and mass transfer is higher than that of spray water flow rate. Lee et al. [27]
simulated and experimented with an evaporative cooler using an elliptical tube, mainly studying the
influence of the nozzle angle on the heat transfer coefficient. Based on CFD simulation, Zhu et al. [28]
analyzed the influence of the uncertainty of environmental conditions on the performance of
evaporative coolers and proposed a multi-scale model for optimizing evaporative coolers and their
cooling water systems. Zhao et al. [29] carried out a numerical simulation on the evaporative cooler
using elliptical finned tubes and analyzed the influence of wind speed and spray density on the
performance of evaporative coolers under different structures and found that elliptical finned tubes
can significantly improve the performance of evaporative coolers.

Table 1. Summary of the temperature conditions in the literature.

Water Spray water ~ Dry bulb air =~ Wet bulb air
Authors Year temperafure temperature/°C temperature /°C temperature /°C
in the tube/°C
Facao and Oliveira[8] 2000 15-28 - - 10-20
Hasan and Sirén[9] 2002 21 17 -18 19-20 16
Stabat and
Maschio[16] 2004 23-42 - - 16-24
Nasr and Behfar[19] 2010 15.6 - 10 8.5
Yoo et al.[10] 2010 32-42 - - 27
Hleyns and 2010 - 35-53 16-22 14-18
Kroger[11]
Zheng et al.[12] 2011 13.7 - 36 11-28 4-15 21-96
Zheng et al.[13] 2012 13.7 - 36 11-28 4-15 21-96
Zheng et al.[18] 2012 15-24 15.1-254 13.1-32.5 10.5-19.8
Papactthimiouet ), 35 20 10 - 45 8.1-30.3
al.[17]
Jiang et al.[15] 2013 30.1-36.6 25-26 27.2 20-25
Zheng et al. [14] 2013 13.7 - 55 11-28 - 18- 28
Nasr and Jafarifar[20] 2015 45 13 - -
Mahdi and Jaffal[21] 2016 35-55 - - 7-24
Wei et al.[23] 2017 16 - 37 13.6-18.1 - 10-23
Xie et al.[24] 2017 37 10-35 10- 34 -
Lee et al.[27] 2019 - 25 25 19.5
Zhu et al.[28] 2020 40 - 57 - - -
Zhao et al.[29] 2021 - 35-41 25-37 28

However, the temperature of the medium in the pipe involved in the above research is relatively
lower (temperature range: around 15-60°C), so it is necessary to carry out further research on the
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working condition of the medium in the tube with a high temperature. Therefore, this study focused
on the heat and mass transfer characteristics of the evaporative cooler under the condition of high
temperature of the medium in the tube (temperature range: 70-110°C). First, the experimental device
and test system were constructed, and the performance of the evaporative cooler was experimentally
studied based on the orthogonal experimental scheme. Secondly, through the analysis of the
experimental results, the sensitive factors of the heat transfer coefficient and the heat transfer
coefficient are clarified, and the correlation equations of the heat and mass transfer coefficients are

obtained by fitting the experimental data. Finally, the predictive abilities of the correlation equations
are verified by verification experiments.

2. Experimental Study

2.1. Experimental device

Figure 1(a) and (b) show the schematic diagram of the experimental setup and the tube bundle
diagram of the cooling coil, respectively. The cooling coil bundle has a length of 1020 mm, a width of
610 mm, and a height of 1850 mm. There are two rows of coiled tubes in the tube bundle, each row
of coiled tubes contains twenty copper tubes, and the transverse and longitudinal tube spacings are
60 mm and 20 mm, respectively. The material of the coil is copper, and its specification is $12.0
mmx1.2 mm. The shell of the experimental device adopts a transparent acrylic plate, to observe the
spraying condition and the distribution of the water film outside the tube.
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Figure 1. Evaporative cooler experimental device: (a) the schematic diagram, and (b) the bundle
diagram.

2.2. Test system

Based on the test system shown in Figure 2, the experiment was carried out and completed in
an environment with a dry bulb air temperature of 17.0°C and a wet bulb air temperature of 10.7°C.
In this system, the air flow rate, the spray water flow rate, and the flow rate and the inlet temperature
of the water in the tube can be adjusted. The air flow rate is controlled by a fan speed controller. The
spray water flow rate is regulated by a valve. The flow rate and the inlet temperature of water in the
tube are controlled by a valve and a temperature control unit control, respectively. The temperature
control unit has a maximum heating power of 20 kW. In addition, the test system also monitors the
air outlet temperature and humidity, the outlet temperature of water in the tube, and the inlet and
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outlet temperatures of spray water. Table 2 lists the relevant measuring instruments and their

parameters.
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Figure 2. The schematic diagram of the test system.

Table 2. Measurement instruments and parameters.

Parameter Sensor Accuracy
The spray water flow rate Rotameter (DK800-6) +2L/h
The air flow rate Vane anemometer (GT8907) +0.01 m/s
Ambient temperature and humidity thermometer (VICTOR 231) +0.1°C/+0.1%RH
Outlet air temperature K type thermocouple +0.75% t
Outlet air humidity Humidity Sensor (TH10S-B-1P67) +0.1%RH
The inlet tempertautltglée of water in the The temperature control unit (MAIPT) #0.1°C
Th 1 £ in th
e outlet tempetrzszre of waterin the The temperature control unit (MAIPT) +1°C
The flow rate of water in the tube Rotameter (LZB-25) +10 L/h

2.3. Experimental design

The orthogonal experiment method is used to design the experiment scheme, and the heat
dissipation, cooling efficiency, heat transfer coefficient, and mass transfer coefficient are used as the
investigation indicators. As shown by Table 3, the L25(56) orthogonal table is used to conduct the
orthogonal experiment and to analyze the impact of the four factors of (A) the flow rate of water in
the tube, (B) the spray water flow rate, (C) the inlet temperature of water in the tube and (D) the air
flow rate on each inspection index. Thereby, the primary and secondary influencing factors affecting
each index are screened and obtained. This experiment does not examine the interaction, and the four
influencing factors are arranged in the 24, 3rd, 4t and 5% columns of the L25(56) orthogonal table in
turn, and the 1+t and 6t columns are empty columns for error analysis.

Table 3. Values corresponding to the levels of different influencing factors.

Factor C:
Factor A: Factor B: ] actor Factor D:
The inlet temperature

Level The flow rate of water The spray water flow of water in the tube The air flow rate
in the tube (kg-h) rate (kg-h?) °C) (m3-h1)
1 200 40 70.0 83.25
2 300 45 80.0 99.90
3 400 50 90.0 124.65
4 500 55 100.0 132.30
5 600 60 110.0 146.70
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3. Results and Discussion

This chapter analyzes the influence law and influence degree of various influencing factors on
heat dissipation, cooling efficiency, heat transfer coefficient, and mass transfer coefficient.
Furthermore, according to the analysis results, the main influencing factors of the heat transfer
coefficient and mass transfer coefficient are clarified, and the correlation equations of the heat transfer
coefficient and mass transfer coefficient are obtained by fitting the experimental data.

3.1. Effects of various influencing factors on heat dissipation

The heat dissipation of the evaporative cooler directly reflects its cooling capacity, and the
calculation equation is:

Qc = thp(Tti —T) 1)

where Qy, my, ¢, Ty, and Ty, are heat dissipation (kW), the mass flow rate of water in the tube (kg-s-
1), the heat capacity of water (kJ-kg'-°C), the inlet temperature of water in the tube (°C), and the
outlet temperature of water in the tube (°C), respectively.

Figure 3 shows the relationship between the heat dissipation of the evaporative cooler and
various influencing factors. As shown in Figure 3, with the increase of the levels of various
influencing factors, heat dissipation is on the rise, that is, heat dissipation is positively correlated with
the flow rate of water in the tube, the inlet temperature of water in the tube, the spray water flow
rate, and the air flow rate. To quantitatively analyze the influence of each influencing factor on heat
dissipation, this paper conducts variance analysis on the experimental data, and the results of
variance analysis based on the F test are shown in Table 4. Statistics usually judge the significance of

factors based on a significant level equal to 0.05, so this paper selects a significant level of 0.05 to

distinguish whether the influencing factors are significant.
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Figure 3. Influence of various factors on the heat dissipation: (a) flow rate of water in the tube; (b)
spray water flow rate; (c) inlet temperature of water in the tube; and (d) air flow rate.

Table 4. Variance analysis of heat dissipation.

Factor  Average deviation sum of squares Foos(4,8) Fvalue Significance of difference

Factor A 14.57 3.84 17.43 Significant
Factor B 6.47 3.84 7.74 Significant
Factor C 33.17 3.84 39.68 Significant
Factor D 1.53 3.84 1.82 Not significant

Table 4 shows that the flow rate and the inlet temperature of water in the tube have the most
significant influence on the heat dissipation, followed by the spray water flow rate, and the air flow
rate has no obvious effect. Therefore, to increase the heat dissipation of an evaporative cooler, one
can first consider increasing the flow rate and the inlet temperature of water in the tube and then
consider increasing the spray water flow rate.

3.2. Effects of various influencing factors on cooling efficiency

The limit of the outlet temperature of water in the tube is the ambient wet bulb temperature, and
the cooling efficiency can be used to evaluate the difference between the outlet temperature of water

in the tube and the ambient wet bulb temperature. The formula for calculating the cooling efficiency
is:

T, —T,
e=—1 %100% (2)
Tti_ a,wb

where ¢ is the cooling efficiency and T, ., is the ambient wet bulb temperature (°C).

Figure 4 shows the influence of various influencing factors on cooling efficiency. As shown in
Figure 4(a), the cooling efficiency decreases as the flow rate of water in the tube increases. Figure 4(b)
shows that the cooling efficiency increases with the increase of the spray water flow rate. As shown
in Figure 4(c) and (d), there is no significant change in the cooling efficiency by changing the inlet
temperature of water in the tube and the air flow rate. To quantitatively analyze the influence of
various influencing factors on cooling efficiency, the variance analysis of the experimental data was
conducted. The results of variance analysis based on the F test are shown in Table 5. According to
Table 5, it can be seen that the flow rate of water in the tube has the most significant influence on the
cooling efficiency, followed by the spray water flow rate, while both the inlet temperature of water

in the tube and the air flow rate have no obvious influence on the cooling efficiency.
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Figure 4. Influence of various factors on the cooling efficiency: (a) flow rate of water in the tube; (b)
spray water flow rate; (c) inlet temperature of water in the tube; and (d) air flow rate.

Table 5. Variance analysis of the cooling efficiency.

Factor  Average deviation sum of squares Foos(4,8) F value Significance of difference

Factor A 0.0681 3.84 114.81 Significant
Factor B 0.0068 3.84 11.38 Significant
Factor C 0.0009 3.84 1.51 Not significant
Factor D 0.0022 3.84 3.75 Not significant

3.3. Effects of various influencing factors on the heat transfer coefficient

The heat transfer coefficient is calculated by:
_ Cpmt(Tti —Ty) 3)
A AT,

where K is the heat transfer coefficient (W-m2-°C1), 4, is the external surface area of the tube (m?),
and ATy, is the logarithmic mean temperature difference (°C). ATyis calculated by:
(Tti - Tw) - (Tto B Tw)
ATy = (4)
i (F e
Ty — Ty

where T, isthe water film temperature outside the tube (°C), which is generally taken as the average
value of the inlet and outlet temperatures of the spray water.

Figure 5 shows the relationship between the heat transfer coefficient of the evaporative cooler
and various influencing factors. Figure 5(a) shows that changing the flow rate of water in the tube
has no significant effect on the heat transfer coefficient. As shown in Figure 5(b) and (d), the heat
transfer coefficient increases with the increase of the spray water flow rate and the air flow rate,
indicating that the heat transfer outside the tube is the dominant factor in the heat transfer of the
evaporative cooler. As shown in Figure 5(c), as the inlet temperature of water in the tube increases,
the heat transfer coefficient decreases. To quantitatively analyze the influence of various influencing
factors on cooling efficiency, the variance analysis of the experimental data was conducted. The
results of variance analysis based on the F test are shown in Table 6. It can be seen from Table 6 that
the spray water flow rate has the most significant effect on the heat transfer coefficient, followed by
the inlet temperature of water in the tube and the air flow rate, and the flow rate of water in the tube
has no obvious effect on the heat transfer coefficient.
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Figure 5. Influence of various factors on the heat transfer coefficient: (a) flow rate of water in the tube;
(b) spray water flow rate; (c) inlet temperature of water in the tube; and (d) air flow rate.

Table 6. Variance analysis of heat transfer coefficient.

Factor  Average deviation sum of squares Foos(4,8) F value Significance of difference

Factor A 69.45 3.84 0.51 Not significant
Factor B 4151.75 3.84 30.61 Significant
Factor C 745.17 3.84 5.49 Significant

Factor D 1197.63 3.84 8.83 Significant
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3.4. Effects of various influencing factors on the heat transfer coefficient

The mass transfer coefficient is used to evaluate the mass transfer effect between the air and the
liquid film outside the tube. Based on Merkel’s theory [15,30], the mass transfer coefficient is
calculated by:

hy =2, (M) (5)

Ao lwm — Laj

where hq is the mass transfer coefficient (kg'-m?s1), m, is the air flow rate (kg's?), iy, is the
enthalpy of saturated humid air at the spray water temperature (kJ-kg), i,; and i,, are the
enthalpy of the air inlet and outlet (kJ-kg"), respectively.

Figure 6 shows the relationship between the mass transfer coefficient and various influencing
factors. As shown in Figure 6(a) and (b), the mass transfer coefficient does not change significantly
with the change of the flow rate of water in the tube and the spray water flow rate. As shown in
Figure 6(c) and (d), the greater the inlet temperature of water in the tube and the air flow rate, the
greater the mass transfer coefficient. To quantitatively analyze the influence of various influencing
factors on cooling efficiency, the variance analysis of the experimental data was conducted. The
results of variance analysis based on the F test are shown in Table 7. It can be seen from Table 7 that
the inlet temperature of water in the tube has the most significant effect on the mass transfer
coefficient, followed by the flow rate of water in the tube and the air flow rate on the mass transfer

coefficient, and the spray water flow rate has no obvious effect on the mass transfer coefficient.
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Figure 6. Influence of various factors on the mass transfer coefficient: (a) flow rate of water in the tube;
(b) spray water flow rate; (c) inlet temperature of water in the tube; and (d) air flow rate.
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Table 7. Variance analysis of the mass transfer coefficient.

Factor = Average deviation sum of squares Foos(4,8) F value Significance of difference

Factor A 0.00011 3.84 4.19 Significant
Factor B 0.00006 3.84 212 Not significant
Factor C 0.00064 3.84 24.49 Significant
Factor D 0.00020 3.84 7.78 Significant

3.5. Correlation equations of the heat and mass coefficients

From the analysis of the above experimental results, the significant influencing factors of the
heat transfer coefficient are the spray water flow rate, the air flow rate, and the inlet temperature of
water in the tube, and the influence of the flow rate of water in the tube is not significant. The
significant influencing factors of the mass transfer coefficient are the inlet temperature of water in the
tube, the air flow rate, and the flow rate of water in the tube, but the influence of the spray water flow
rate is not significant. Correlation analysis can be carried out on the heat and mass transfer
coefficients based on significant factors.

To facilitate the correlation analysis, the three influencing factors of the spray water flow rate,
the air flow rate, and the flow rate of water in the tube needs to be fluxed, and the spray water flux,
the air flux, and the flux of water in the tube are obtained, respectively.

The spray water flux is calculated by:

G. = _Mw (6)
W 2N -2L.-d,
where Gw is the spray water flux (kg-s'-m?), N the number of tubes in each row, d, the outer
diameter of the tube (m), and L; the single tube length (m).

The flux of water in the tube is calculated by:

G. = _ M 7)
YU2N 2L - d;
where Gt is the flux of water in the tube (kg-s' m?), and d; is the inner diameter of the tube (m).
The air flux is calculated by:
ma

G =N+ 1/2)5 — (N + Ddy Ly

(8)

where Gais air flux (kg's' m?), and Sris the tube spacing (m).

Referring to the suggestions of Heyns and Krdger[11] and Jiang et al. [15] on the correlation
equations of the heat and mass transfer coefficients, the correlation equations in this paper are in the
form of power functions. Thus, the correlation equation (9) of the heat transfer coefficient and the
correlation equation (10) of the mass transfer coefficient were obtained based on the above-mentioned
orthogonal experimental data fitting, and the fitting situation of the correlation equations to the
orthogonal experimental data are shown in Figure 7.

K =1799.577G2-283G3803T 0272 9)

hq = 0.000332G250°GO173T}116 (10)

1
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Figure 7. Comparisons between the orthogonal experimental data and the fitting values of the
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correlation equation: (a) heat transfer coefficient, and (b) mass transfer coefficient.

To verify the validity of the orthogonal experiment and the correlation equations obtained, 100

sets of verification experiments were further carried out, and the relative errors between the

experimental data and the predicted values of the correlation equations were calculated using Eq.
(11).

X — X
5=| exp pre (11)

Xexp

where § is a relative error, Xy, is experimental value, and x,. is the predicted value of the
correlation equation.

Figure 8 shows the comparisons between the verification experimental value and the predicted
value of the correlation equations, and the relative errors of all data are less than 10%. Among them,
the average relative error of the heat transfer coefficient is 4.25%, and the average relative error of the
mass transfer coefficient is 5.42%. The above verification experiment results show that the correlation

equation can effectively predict the heat and mass transfer coefficients and verify the validity of the
orthogonal experiment.
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Figure 8. Comparisons between the verification experimental data and the predicted values of the
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correlation equation: (a) heat transfer coefficient, and (b) mass transfer coefficient.
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4. Conclusions

To study the heat and mass transfer characteristics of the evaporative cooler in the cooling
process of high-temperature water, an experimental device for evaporative cooling and a test system
were constructed, and the experimental research was carried out based on the orthogonal
experimental method. The main conclusions are as follows:

(1) The flow rate and the inlet temperature of water in the tube have the most significant
influence on the heat dissipation of the evaporative cooler, followed by the spray water flow rate,
and the air flow rate has a weaker effect. If it is necessary to increase the heat dissipation of the
evaporative cooler, the flow rate and the inlet temperature of water in the tube, and the spray water
flow rate can be increased.

(2) The spray water flow rate has the most significant effect on the heat transfer coefficient of the
evaporative cooler, followed by the inlet temperature of water in the tube and the air flow rate, and
the flow rate of water in the tube has no obvious effect on the heat transfer coefficient.

(3) The inlet temperature of water in the tube has the most significant effect on the mass transfer
coefficient of the evaporative cooler, followed by the flow rate of water in the tube and the air flow
rate, and the spray water flow rate has no obvious effect on the mass transfer coefficient.

(4) Under the working conditions of this study, the correlation equations of the heat and mass
transfer coefficients for the evaporative cooler are K = 1799.577G2283G5803T;%%72 and hy =
0.000332G-509G 13T 116, respectively.
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