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The current numerical study aimed for analayzing heat transfer of a spherical
water droplet placed in a rectangular duct. The problem particularly deals with
air-cooling of the droplet. The computational fluid dynamic technique is used
to treat the problem. In order to study the problem, the effect of evaporation

Accepted June 16, 2021 on the droplet's heat transfer is taken into consideration to make the problem
more realistic. Moreover, various parameters like the inlet velocity and the
temperature of the upstream are numerically checked. It is found out that with
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Droplet of the current study offer useful and deep insight into the evaporative cooling

: of a water droplet.
Air-water contact,
Evaporation,
Cooling.

Copyright © 2020 Regional Association for Security and crisis management
and European centre for operational research.
All rights reserved.

Corresponding Author:

Sajjad. Karimnejad,
Mechanical Engineering Department, Shahrood University of Technology, Shahrood, Iran.
Email: karimnejad.sajjad@gmail.com

1. Introduction

The problem of multi-phase flow and particularly an air-water interface is seen in a wide variaty of natutal
and engineering applications ranging from direct evaporative cooler to spray room to printers to human body
(Mahdavi et al., 2020; Abed et al., 2020a, 2020b; Jia & Qiu, 2003; Betelin et al., 2012; Semenov et al., 2011).
More specifically, the presence of a droplet in a surrounding environment with different features is of great
importance (Jia & Qiu, 2003; Semenov et al., 201; Norouzi et al., 2019; Fisenko & Khodyko, 2009), The
problem can be even more complicated with the existence of heat transfer between two lquids and cooling
phenomenon which is somewhat pratical. The driving potential for heat transfer is mainly attributed to the
temperature gradient between the two parts of the environment and the droplet itself (Schlesinger et al., 2016).

Cuck et al. (1987) experimentally studied the thermal condition of a pan of water in a turbulent regime to
measure evaporation rate. Liu et al. (2017) studied moisture and heat transfer of a deep air-buried duct and
investigated charectristics of them along with condensation to shed ligh on underground construction. Pan et
al. (2013) studied the mechanisms of water droplet evaporation in case of hydrophobic and superhydrophobic
condition. In another study, Pan et al. (2014) moved toward surface wettability of the water droplet’s transport
mechanisms. Yang et al. (2014) employed Arbitrary-Lagrangian—Eulerian method to numerically tackle the
evaporation problem of sessile droplet. Chen et al. (2016) numerically assessed the dynamics and evaporative
cooling of a droplet which is impinged to a heated surface. Wei et al. (2017) hired a simplified computational
fluid dynamic model to treat the problem of air-water direct contact.
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In the current study, authors has aimed for cooling a high-temperature spherical water droplet by means of
air. The process takes place as air passess over a stationary droplet (water) located in an enclosure. The
application of such problem can be seen in cooling towers and spraying. The schematic illustration of the
problem and dimensions of the geometry are domenstrated in Figure 1 and Table 1, respectively. The effect of
various parameters like inlet velocity, and upstream temperature on heat transfer is studied. More specifically,
unlike most previous studies, the effect of evaporation is taken into consideration so that one can achieve a
more realstic information for the under-study problem. Sophisticated verification test with previous studies are
done to check the credibility of the results and acceptable agreement is seen. As for the numerical simulation,
computer fluid dynamic (CFD) technique is hired in a three-dimensional problem and simulation is done using
COMSOL software.
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Figure 1. Schematic illustration of the under-study problem

Table 1. Corresponding dimensions of the geometry

L (m) L' (m) H (m) W (m)
0.85 0.68 0.18 0.18

The rest of the paper is organized as follows. Section 2 is responsible for the governing equations, following
which verification test and important results are presented in section 3. Finally, conclusion is stated in section
4,

2. Governing equtions

In this section the important relations and governing equation for the current study are presented. The
turbulent flow, low Reynolds (Re) numbers, and k-¢ interface which can be used for fixed and time-dependent
analyses are hired for studying single-phase and multi-phase flows at high Re numbers. The physics’ interface
is appropriate for incompressible flows, weakly compressible flows, and compressible flows at low Mach
numbers (typically less than 0.3) (Semenov et al., 2011).

pV-u=0, (1)
p(u-VYu=V-[-pl + K| +F, 2)
p(u-Vk=V- [(u + Z—:) Vk] + P, — pe, ?3)
pu e =V [(u+)Ve| + Ca £P — Cap T, @
VG- VG +0,,G(V - VG) = (1 + 20,,)G*, (5)
where
K=+ MZT)(Vu + (V)h), (6)
Ur = pC/L k?fu- )

Py = pr[Vu: (Vu + (Vu)7)], ©))

where in Equations (1)-(8), p stands for density, u is velocity vector, and p refers to pressure. Also, F is
the body force, k is the turbulence kinetic energy (g(UreflT)z), Uy is the reference velocity which is equal
to U, (U, is input velocity). I is the turbulent intensity, w, ur are respectively the dynamic and turbulent
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ct 'L‘—Z), where L. is turbulence length scale,
T

and G is the reciprocal wall distance. The six constants C,, oy, o, 0,,, Ce1, and C, are based on high Reynolds-
number k- models (Fan et al., 1993). The near-wall and low-Reynolds number function f, and f,, depend on
the physical properties and geometry of the problem (Fan et al., 1993; Semenov et al., 2011).

viscosity, and € is dissipation rate of turbulent kinetic energy (

2.1. Heat transfer in moist air

The energy equation is used here for measuring heat transfer and particularly the cooling rate [6, 18].

pCu-VT+V-q =S5, ©)
where
q= kVT, (10)

where C, is the specific heat capacity, and T stands for temperature distribution. k is conductivity tensor,
and S is Heat source.

2.2. Moisture transport in air

To obtain the correct amount of water which is evaporated from the droplet into the air, the moisture
transport in air interface is used (Wei et al., 2017). It should be pointed out that the amount of evaporated water
here is negligible. As a result of that in this study, authors did not consider the volume change. It can be
attributed to the fact that the considered time span is not long enough to make impact.

Mau-Ve,+V-g=G, (11)
where

g= —M,DVc,, (12)

Cy = ¢Csat1 (13)

where c,, is the vapor concentration, c,,; is the saturation concentration of vapor, ¢ is the relative humidity
and D is diffusion coefficient.

3. Mesh independence

In this section, independence of mesh is studied so that one can reach the desirable accuracy and calculation
speed for the study. Table 2 presents the study done on the droplet’s average temperature in various mesh
numbers, 258900, 288800, 342500, and 486280, and corresponding errors. As one can easily deduce,
considering both accuracy and calculation time, choosing mesh number three, 342500, can be satisfactory.

Table 2. Mesh study for the under-study problem

Number of elements 258900 288800 342500 486280

Average dropllet 71.82 73.38 74.79 74.90
temperature (°C)

Error (%) 4.23 2.15 0.27 0.13

4, Results and discussion

In this section the robustness and validity of the obtained data are first checked, then a quite detailed
investigation on the air-cooling of the droplet is done.

In this section, the credibility of the simulation is first investigated with comparing the results with the work
of Abdolnejad et al. (2018). So, the volume fraction of vapor against time step is considered as a verification
test. As can be seen from Fig. 2, there is a good agreement between the results and it seems satisfactory.

A CFD study on the evaporative cooling of a water droplet located in a duct (A. Khorammi)
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Figure 2. The verification test for the under-study problem.

Schematic illustration of the problem is as Fig.1 and the corresponding information related to the geometry
is stated in Table 1.

Figure 3 illustrates average temperature of water against time in two cases with and without evaporation. It

should be mentioned that the upstream temperature (Ty¢) equals 293 K and U, = 2?. As can be seen from

the figure two cases show the similar trend; however, the one with the presence of evaporation shows higher
temperature. The gap between the two cases remains relatively unchanged after the first 5 minutes. Moreover,
evaporation accounts for a decrease of about 13 K at the end of the simulation (see Fig. 3). It can be seen that
the impact of evaporation is not negligible.

Temperature [K]

350 . ‘
— Evaporation accounted

) ---Evaporation neglected

Time [min]

2 [2], Tusper = 293 [K].

Figure 3. Average water temperature with and without evaporation accounted at U, =

Following which, average temperature of droplet when evaporation is taken into consideration for various

values of inlet velocity, namely 1, 2, and 3 m/s, and Ty,,s¢ = 293 K is studied and results are shown in Fig. 4.
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Figure 4. Average water temperature (evaporation accounted) for different value of the inlet
velocity at T, = 293 [K].

Figure 5 shows the concentration and relative humidity at the symmetry plane. Close to the water surface,

the relative humidity is about 100% as expected. One can deduce that due to the high temperature, air can
absorb higher amount of water.
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Figure 5. Concentration distribution and contour lines for the relative humidity.

Average water temperature of the droplet for various upstream temperatures, namely 288, 293, and 298 K,
at U, = 2 m/s is demonstrated in Fig. 6. As one can deduce, with an increase in the upstream temperature, the

average temperature of the droplet also goes up. So, upstream temperature has its own effect on the rate of
cooling.
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Figure 6. Average water temperature (evaporation accounted) for different values of T, at
Up =2 [7].

5. Conclusion

In the current study, computational fluid dynamic technique is hired for studying the evaporative air-cooling
of a Newtonian water drop in a duct. The importance of the problem is clear enough particularly for spraying
applications and cooling towers. The authors tried making the problem more realistic with including the effect
of evaporation. It is seen that through which, the mean temperature of the droplet increases. Also, the effect of
inlet velocity and upstream temperature is investigated. It is seen that with increasing both of them, the average
temperature of the droplet increases and decreases, respectively. The paper is useful for future studies when
the temperature of droplet in the case of evaporation is of great importance.
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