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ABSTRACT

The process of cooling caused by a water droplet contacting a surface has been extensively reported in
the literature; however, the effect of surface wettability on the outcome of the cooling rate has yet to
be analyzed. Due to optical limitations inside a liquid droplet, a three-dimensional (3D) computational
fluid dynamics (CFD) model, including coupling between multiphase flow and the conjugated heat
transfer module was developed to simulate the impact, spreading and transient heat transfer between a
cold-water droplet and a heated surface. The total heat transfer results were calculated for both super-
hydrophobic and hydrophilic surfaces. The Navier-Stokes equation expressing the flow distribution of
the liquid and the gas, coupled with the volume of fluid (VOF) method for tracking the liquid interface,
was solved numerically using the finite volume methodology. The grid dependency test was exam-
ined for the 3D model, even though the convergence of the results was not exact. The 2 mm diameter
water droplet with the Weber numbers 7, 25 and 62, which correspond to non-splashing regimes, were
impinged onto two different surfaces. We showed that spray cooling on a superhydrophobic sub-
strate was capable of improving the efficiency of the cooling process up to 40% compared to that of a
hydrophilic surface. Additionally, the critical Weber regime was obtained for the optimal heat transfer
between the droplet and the two substrates.
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1 INTRODUCTION

The impingement of spraying cold drops onto heated dry walls, and the associated heat trans-
fer mechanism occurs in many engineering applications such as, spray drying [1], internal
combustion engines [2], spray coating [3], and spray cooling processes [4]. Spray cooling is
a technique of increasing interest for cooling of electronic and mechanical elements, and is
characterized by a high rate of heat transfer, uniformity of heat removal, and low droplet
impact velocity. In spray cooling process, spray of small droplets on a heated surface is per-
formed to remove large amounts of energy by taking the advantage of substantial convective
heat transport through impinging droplets [1]. The ability of the liquid coolant to change
phase in constant temperature, and at the same time, to dissipate heat in the form of latent
heat makes the cooling process very interesting.

The fluid dynamics of impinging drops and the liquid film formation is complicated, and
requires fundamental study. In addition, the mechanism by which heat is removed during
spraying are poorly understood, and because of its dependence on many parameters that are
not easily varied dependently, predictive capabilities are quite limited.

In order to overcome aforementioned complications (droplet coalescence, liquid thin film
formation, or phase change due to evaporation), a fundamental study of the spraying process,
which is the impact of a single droplet onto a heated surface under non-fragmentation Weber
threshold is carried out. Experimentally, it is shown that hydrophobic surfaces would have
higher potential for removing thermal energy when are subjected to cooling spray, but not
many detailed study was carried for better understanding the mechanics associated with this
phenomena.
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Figure 1: Schematic of sprayed drops in spray cooling process.

The primary objective of this study is to simulate the impact of a cold-water droplet on two
preheated Aluminum substrates with infinitely thin hydrophilic and superhydrophobic coat-
ing through conjugated temperature gradient platform. We simulated 2.0 mm cold-water
droplet as it impinges on the heated substrate, and measured the amount of thermal energy
absorbed by the droplet after impact. The initial substrate temperature was set at 360°K;
slightly below the boiling temperature to avoid complication associated with the evaporation
or phase change. Impact velocities ranged from 0.5 to 1.5 m.s™! to avoid fragmentation as the
result of impact. Fluid flow and heat transfer during droplet impact were modeled using the
Volume of Fluid (VOF) method.

2 METHODOLOGY
In this paper, a three dimensional (3D), multi-region conjugate heat transfer module is devel-
oped to analyze the mechanism in which heat is transferred between solid and fluid. Separate
governing equations for each region are solved depending on their phase and the boundary
interface.

2.1 Governing equations

In the fluid region, the Navier-Stokes equation expressing the flow distribution of the liquid
and the gas, coupled with the Volume of Fluid (VOF) method for tracking the interface
between the liquid and the gas is solved numerically using finite volume methodology. In
VOF method [5], tracking of the interface is modeled by solving continuity equation for one
of the two phases in each computational cell at every time step. The governing equations for
the mass, momentum and energy balance in each fluid phase and on the interface, can be
expressed as,
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Figure 2: 3D computational domain, cold droplet and the H,=3 mm-thick heated Aluminum
substrate. A &)\, are the coupling interfaces.
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where T is temperature, ¢ is time, V is the velocity vector, p is the pressure, Fb is the body
force, and a is the volume fraction which is used to calculate the viscosity (), density (p),
heat capacity ( Cp ) and thermal conductivity (K) as weighted averages based on the distribu-
tion of o,

p=op;+(-a)pu=au +(1-a)p, 4)
K =aK; +(1-a)K;pC, = ap;Cpr +(1-a)p,C,, (5)

where the subscripts I and g denote the liquid and gas phases, respectively. In VOF method,
the phase fraction scalers tracer o, takes values between 0 and 1. When a cell is empty with
no traced fluid inside, the value of a is zero; when the cell is full, a is equal to 1; and when
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there is a fluid interface in the cell, 0 < o < 1. As the interface deforms with time, The evolu-
tion of fluid is governed by the transport equation,

aa—‘: +(VV)a+V.(V.(V.a(l-a) =0 (6)

where Vr is the vector of relative velocity, and the last term is called artificial compression
term contains the compression velocity, which is computed to avoid smearing of the phase
interface [6].

V. =nmin Cam,max 1ol (7
151 1S 1

where C , n, ¢, and Sf, are the compression coefficient, unit normal flux, face volume flux and
cell face area vector respectively. The interface unit normal 7 is computed by taking the
gradient of smoothed volume fraction o at the cell faces,

q Va

neg=———"—"- (8)
T\ Val+o

where J is a small number to stabilize the calculation in regions outside the transition region
where |§a — 0. In this study, § = 1073 is used for the entire simulations. The main benefit
of such formulation is in the possibility of capturing the sharp interface region. The contin-
uum surface force method [7] is used to model surface tension as a body force Fb that acts
only on interfacial cells,

F=—okVa & k=-V| 2% 9)
|Val

where G is the surface tension, and & is the mean curvature of the free surface.

The pressure-implicit with splitting operators (PISO) scheme in transient flow is used for
the pressure-velocity coupling. The wettability effects on the substrate are taken into account
by implementation of Kistler’s dynamic contact angle model [8].

0, = fulCa+ f'(0e)], (10)

where Ca is the capillary number, f,, the Hoffman’s function,

In the above equation, the equilibrium contact angle 6, is replaced by either the advancing
contact angle, @,, or the receding contact angle, ¢,, depending on the direction of the velocity
vector at the contact line or the static contact angle, HS, if the contact line velocity is zero.
Among no-slip models, Kistler’s correlation [8] have been extensively used to investigate
droplet dynamics, and proven to be in good agreement with the experiment observation [9].
In addition, it is shown that this model is capable to capture the relevant physics of droplet—
substrate interaction and provides good agreement with experiment.

The heat transfer in solid substrate can be modeled by solving the Laplace equation for the
pure conductive heat transfer in a solid substrate:

/A
pscsi}—;ﬂ.(kwvm (1)
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Figure 3: Iterative solution procedure of domains coupling.

Table 1: Material properties.

Lx) (%) elm) 9

Air 1 0.02 1,000 1.78x107
Water 1,000 0.6 4,200 1.0x1076
Alumin 2,700 205 900 -

The lower surface of the substrate is subjected to fixed temperature boundary condition
(360°K). The substrate density, thermal conductivity and heat capacity are given in Table 1.

2.2 Regions coupling

There are two approaches for solving multi-region problems; monolithic and partitioned. The
monolithic approach seeks to define a series of partial differential equations (PDEs) that
govern the entire fluid and solid domain and then discretize the complete domain. While
theoretically simple, this approach is difficult to actually implement due to the differing
mathematical and numerical properties of the two domains. On the other side, the partitioned
approach seeks to utilize existing fluid and solid solutions and couple these solvers at the
interface of the two domains. The fluid solver uses a separate set of equations, variables and
mesh than the solid solver. The coupling happens at the boundary (A,&A\,) where the temper-
ature of the fluid updates the boundary of the solid which is then solved for to determine the
gradient temperature at the interface boundary. This updated boundary is then used to solve
the fluid domain. As this method solves different sets of matrices, parallelism of the compu-
tation is more efficient. In this paper, the portioned coupling method was used to couple solid
and fluid domains. Considering the governing equations for each domain, the temperature
and heat fluxes should be equal at the interface,

T,=T, & K/VT,=K\VT, (12)

where, T, and T, are the temperatures of fluid and solid domains, respectively. Boundary
conditions are applied on boundary patches. Each domain solving module is placed inside a
separate loop to meet the coupled convergence through a global iterative process.

Validation of the solver is performed using one-dimensional, steady state situation where
heat is transferred between gas and wall to ensure the calculation of the coupled interface is
correct [10]. It is basically a wall, with hot and warm air flowing next to it, which results in a
temperature gradient in the wall. In a 1D problem, heat transfer occurs only in one direction.
The results obtained from the model and the analytical study were in close agreement with
less than 1% divergent.
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3 GEOMETRICAL CONFIGURATION AND MESHING

The computational domain size of 16 mm x 20 mm x 14 mm is used for the 3D simula-
tion of the impinging droplet onto heated substrate. The domain is discretized by about 1
million, 2 million, and 3.5 million Hexahedral mesh with adaptive refinement at the inter-
facial cells. The mesh dependency test is performed based on the jumping velocity of a
droplet on superhydrophobic surface. As the change of droplet jumping velocity in 3.5 mil-
lion and 2 million mesh was minimal, the domain composed of 2 million mesh is applied
in this study. The cells are refined so to have 60 cells per diameter of the droplet before
impingement. The substrate thickness of 3 mm is extracted from the domain. The exte-
rior surface of solid region that is in common with fluid is coated with hydrophilic (15°)
and superhydrophobic (180°) materials. The material properties of the substrate are given
in Table 1.

4 RESULTS AND DISCUSSION
In order to study, the effect of surface wettability on the transient heat transfer and total heat
transfer between the droplet and the surface, the impingement of water droplets onto two
surfaces with different wettabilities was carried out.

Figure 4 shows the time lapse of the droplet dynamics during the impingement on
infinitely thin superhydrophobic and hydrophilic coatings on aluminum substrates. We
found that the hydrodynamics of the liquid drop changed depending on the wettability of a
surface. Because of the extremely low-surface energy of the superhydrophobic coating, the
droplet detached a certain amount of time after impingement, called the droplet contact time
[11]. According to Richard [11], the contact time is not a function of impact velocity.
Instead, it is a strong function of the surface energy and directly proportional to the liquid
density, the droplet size and the liquid surface energy. For the sake of simplicity in analysis,
the physical times of all simulations were bounded according to the droplet contact time on
the superhydrophobic surface. Previous research showed that the contact time does not
depend on the Weber number [11]. For droplets as large as 2 mm in diameter, the contact

p*R’

(o)

time scaled with the inertia-capillary timescale | T = , and for high deformation

impact (non-splashing regime) on a superhydrophobic surface, the contact time was approx-
imated as 7, = 2.3%r.

As shown in Fig. 4a, the droplet spread on the hydrophilic substrate and covered a higher
surface area compared to the same size droplet impinging on the superhydrophobic surface.
According to the law of conductive heat transfer, higher surface area contact should result in
a higher heat transfer rate between the two media.

On the superhydrophobic surface, the droplet spread up to its maximum spreading diame-
ter. At the same time, the kinetic energy of the impact transformed into surface energy in the
form of potential energy. At a point in time after this occurred, the droplet released its excess
potential energy and started to recoil. Once the recoiling stage was over, the droplet com-
pletely rebounded and detached from the substrate. The temperature of the droplet and
surface changed according to the heat transfer rate between the two media during the contact
event.

In order to measure and compare the total heat transfer between the hydrophobic and
hydrophilic aluminum surfaces, the total energy of the droplet before and after impact were
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Figure 4: Impact of 2 mm water droplet on (a) hydrophilic and (b) superhydrophobic heated

aluminum substrate, V, =1 m.s".
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Figure 5: Energy in transit between droplet and substrates, V, =1 m.s~.

calculated for both surfaces (Fig. 5). Interestingly, the total energy transferred to the superhy-
drophobic surface was higher than that transferred to the hydrophilic surface, despite the
smaller contact area during the impingement event.

We observed strong mixing on the periphery of the droplet lamella on the superhydro-
phobic surface during its maximum spreading stage (Fig. 6), which resulted in a higher heat
transfer rate between the droplet and the heated aluminum substrate. The lower volume
of droplet lamella that was initially in contact with the heated aluminum was heated by
the surface, and, due to a high intensity of mixing, the upper and lower volumes circulated
until a thermal equilibrium condition was nearly met when the droplet detached from the
substrate.

The dynamics of the droplet on the hydrophilic surface was different. The mixing associ-
ated with the recoiling stage was not observed in the droplet lamella. The droplet spread and
the upper volume of the droplet temperature was raised gradually due to convective heat
transfer with air. Figure 7 shows the total energy enhanced by the droplet at the time of
detachment for various Weber numbers by changing the terminal velocity of the impact.
Although the Weber number was reported not to change the contact time of the droplet on the
superhydrophobic substrate, We found that it can have a significant effect on the mixing
intensity, and consequently the amount of heat transferred between the solid substrate and the
liquid droplet. As the dimensionless Weber number increased, the droplet obtained more
thermal energy from the surface. The total amount of absorbed energy was greater on the
superhydrophobic surface than on the hydrophilic surface. The best cooling performance in
the non-fragmentation regime was observed on the superhydrophobic surface for the Weber
number near the fragmentation threshold.
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Figure 6: High intensity mixing of liquid lamella and higher heat transfer rate of
superhydrophobic comparing hydrophilic surface, V,, =1 m.sl.
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Figure 7: Thermal energy of 2 mm droplet at the time of detachment for three Weber numbers.

5 CONCLUSION

The conjugate temperature gradient multi-phase model was developed to simulate the impact
of a cold-water droplet on a heated aluminum substrate with infinitely thin coatings. We
showed that the spray cooling effect on the superhydrophobic substrate improved the effi-
ciency of the process up to 40% compared with spray cooling on a hydrophilic surface. This
efficiency increase was associated with a high mixing intensity of the liquid inside the droplet
lamella, which increased the heat transfer rate with the substrate. Additionally, we found that
the Weber number has a significant impact on the cooling rate of the surface.
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