Heat and Mass Transfer (2019) 55:1371-1385
https://doi.org/10.1007/500231-018-2520-2

ORIGINAL

@ CrossMark

Modeling of heat transfer through a liquid droplet
Vishakha Baghel' - Basant Singh Sikarwar" - K. Muralidhar?

Received: 11 July 2018 / Accepted: 2 November 2018 /Published online: 14 November 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

In dropwise condensation, the released latent heat passes through the static and sliding droplets to the condensing surface at a rate
limited by various thermal resistances. In the present work, numerical simulation of heat transfer through a droplet is carried for
one under static and sliding condition. 3-D governing equations with appropriate boundary conditions are solved for the surface,
promoter layer and droplet included within the computational domain. Simulations are carried out using an in-house CFD solver.
The simulation results are validated against the available data and are found in good agreement. The observations of the present
work are: (a) heat transfer through the droplet achieves steady state over a timescale of micro-seconds, (b) the heat fluxes of
deformed and equivalent spherical-cap droplet are found to be equal, (c) Marangoni convection is significant for Ma > 2204, (d)
convection is the dominant mode of heat transfer during drop slide-off (e) constriction resistance is insignificant for a copper
surface of thickness <2 mm, (f) average heat flux increases with increasing contact angle, interfacial heat transfer coefficient,
degree of subcooling and Reynolds number; however, it decreases with increasing Prandtl number of the liquid. These results are
useful for sensitivity analysis of various thermal resistances in the mathematical modeling of dropwise condensation underneath
inclined surfaces.

Nomenclature Reap Capillary resistance (K/W)

a Base radius of the droplet (m) Reoat Promoter layer resistance (K/W)

do/dT Surface tension gradient (N/m-K) Reond Conduction resistance (K/W)

(OT/0x;); Temperature gradient vector at the Reonst Constriction resistance (K/W)
condensing surface (K/m) Reony Convection resistance (K/W)

g Gravitational acceleration (m/s%) R Interfacial resistance (K/W)

hy Interfacial heat transfer coefficient (W/m?°K) Riya Marangoni resistance (K/W)

hyy Latent heat of vaporization (J/kg) Ry, Thermal resistance (K/W)

K Thermal conductivity (W/m-K) t Time (sec)

L Height of the droplet (m) T Temperature (K)

M Molecular weight of vapor (kg/mol) Teap Temperature near droplet interface (K)

P, Vapor pressure (Pa) u Fluid velocity in x-direction (m/ %)

q Average heat flux (W/m?) v Fluid velocity in y-direction (m/s”)

q Local heat flux (W/m?) \% Droplet volume (pl)

0 Heat transfer through droplet (W) w Fluid velocity in z-direction (m/s?)

r Radius of the droplet (m) Xz Cartesian Co-ordinate

R Universal gas constant (J/mol-K)

Greek symbols
Thermal diffusivity (m*/s)
Interface location (degree)
T Degree of sub-cooling (K)
Density of condensate (kg/m®)
Contact angle (degrees)
Thickness (m)
Surface tension (N/m)
Condensation coefficient
Dynamic viscosity (kg/m-s)
Shear stress (N/m?).
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Non-dimensional parameters

Bi  Biot Number, h;a/K

Bo Bond Number, Apgr/ o

Ma Marangoni Number, (—=do/dT*ATC,Lp)/K}1
Pr  Prandtl Number, uC/K

Re  Reynolds Number, pul/u

Subscripts

¢ Properties at promoter layer

sat Properties at saturation condition

w  Properties at condensing surface

1 Introduction

Condensation is a phase change process in which vapor con-
denses on the cold condensing substrate either in form of a film
and/or a droplet. It has significant applications in industrial
processes such as distillation, HVAC, desalination, heat ex-
changers, power plants, refrigeration systems and water har-
vesting via dewing [1—4]. Dropwise condensation gained pop-
ularity as compared to filmwise condensation when Schmidt
et al. [5] reported that the heat transfer coefficient of dropwise
condensation is an order higher than filmwise condensation.
This attribute of dropwise condensation make it suitable for
heat transfer enhancement and energy conservation perspec-
tives [6, 7]. In dropwise condensation, heat is transferred from
droplet to condensing surface via three mechanisms [8]. In
these mechanisms, the mechanism of droplet formation at spe-
cific nucleation sites while the area between the growing drops
remains inactive is the most pragmatic mechanism of heat trans-
fer wherein, vapor condense at specific nucleation sites of the
substrate in the form of droplets [9]. Later, these droplets grow
via direct condensation and coalesce with the neighboring drop-
lets till they become large enough to slide-off/fall-off by body
forces [10]. The slide-off/fall-off and coalescence phenomena
cleans the condensing surface and allows re-nucleation. Hence,
dropwise condensation is cyclic in time [10].

In the drop groth via direct condensation, the vapor con-
denses on the droplet interface and latent heat is released [11].
The released latent heat passes through the droplet to condens-
ing surface which is limited by various thermal resistances
[10], as shown in Fig. 1. These are constriction resistance
(Reonst)s drop promoter layer resistance (R.qa¢), conduction re-
sistance (R.onq), interfacial resistance (R;,,) and capillary/
curvature resistance (Rc,p), as shown in Fig. 1 (a). Some re-
searchers [12] showed the presence of Marangoni resistances
(Rma) during heat transfer through a static droplet. However,
some researchers [13] showed convection heat transfer is
dominant mode of heat transfer when droplets slide-off from
the condensing surface. Therefore, Marangoni resistances acts
parallel to the conduction resistance when droplet is static, as
shown in Fig. 1b. Though, Marangoni and convection resis-
tances (R.ony) act parallel to the conduction resistance when
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droplet slide-off, as shown in Fig. 1c. Aforementioned resis-
tances are significant at various stage of droplet evolution in
dropwise condensation. The significance of these thermal re-
sistances is summarized as follow:

Constriction resistance occurs because of non-
homogeneous and finite thermal conductivity of the condens-
ing surface [10]. However, this resistance is neglected in most
of prior studies [14] by assuming uniform temperature distri-
bution on the condensing surface.

Generally, metallic surfaces have high surface energy with
respect to water. Consequently, condensation occurs in these
surface in form of film [15]. In literature [16, 17] special long
chain hydrocarbon on these surfaces are coated to promote
condensation in form of droplets. These coatings have very
low thermal conductivity and they augment a resistance called
drop promoter layer resistance. This resistance is ignored in
most of the prior art due to nano-micro scale roughness of the
drop promoter layer [18-20].

The condensed liquid droplet itself acts as resistance to heat
conduction through the droplet to the condensing surface.
This resistance is called as conduction resistance and most
of the studies [21] showed that it is the most dominant resis-
tance as compared to other resistances during heat transfer
through the droplet in dropwise condensation. Although, it is
dominate resistance, prior studies [22—24] derived it expres-
sion in various ways in the modeling of heat transfer through
the liquid droplet. Le Fevre and Rose [25] derived its expres-
sion by assuming a droplet of hemispherical shape. However,
Sikarwar et al. [26] derived its expression by assuming spher-
ical cap droplet. Kim et al. [27] derived its analytical expres-
sion by considering two neighboring isothermal surfaces close
to condensing surface for droplet of contact angle >90°. Later,
this expression was adopted by many researchers and scien-
tists [28—-32] for developing mathematical model of heat trans-
fer through a single droplet.

Interfacial and capillary resistances act at the droplet interface
because of the finite amount of temperature and pressure differ-
ence at the droplet interface [10]. At interface, there is transport of
molecules crossing the liquid-vapor interface in both direction.
For energy exchange between the incoming and departing mol-
ecules, a sufficiency condition is required. Net condensation will
occur only if a finite temperature difference exists between the
liquid-vapor interface and the solid surface. However, capillary
resistance occurs because of the pressure difference due to drop-
let curvature and causes depression in the equilibrium interface
temperature below the normal saturation temperature at the
liquid-vapor interface [33].

Surface tension gradient leads to thermocapillary
Marangoni convection inside the liquid droplet giving rise to
Marangoni resistance. The spatial variation in surface tension
causes imbalanced shear forces that drive a circulatory flow
inside the droplet, from a region of high surface tension (lower
temperature) to a region of lower surface tension (high
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Fig. 1 Schematic diagram of a thermal resistance network for heat transfer through a single liquid droplet; (a) without Marangoni convection, (b) with

Marangoni convection and (¢) thermal resistances during droplet instability

temperature). The strength of thermocapillary convection is
quantitatively estimated from the non-dimensional
Marangoni number [34]:

B ﬁ » ATC,Lp (1)
dT Ku

Here, do/dT is the surface tension gradient, ‘A7 is tem-
perature difference between the condensing surface and vapor
(degree of sub-cooling), ‘L’ is the height of droplet, considered
as characteristic length, ‘p’, ‘K’ and ‘y’ are density, thermal
conductivity and dynamic viscosity of the liquid droplet
respectively.

Although each of these resistances are substantial during
drop evolution, many prior studies [35, 36] have not consid-
ered all resistances in the mathematical expression for heat
transfer through single droplet to condensing surface.
Chavan et al. [14] performed a 2D axisymmetric numerical
simulation for heat transfer through the droplet by considering
conduction and interfacial resistances alone. Adhikari et al.
[37] considered conduction, interfacial and capillary

Ma =

resistances. Kim et al. [27] and Bahrami et al. [32] considered
interfacial, conduction, capillary and promoter layer resis-
tances. Phadnis et al. [12] considered thermocapillary
Marangoni convection. Sikarwar et al. [13, 26] considered
all the thermal resistances except Marangoni and constriction
resistances. To the knowledge of the authors, there is no work
available in literature that has considered all thermal resis-
tances during heat transfer through single static and sliding
droplet of various shapes and sizes. Negligence of any afore-
mentioned resistances reduces the sensitivity of the mathemat-
ical model of heat transfer through the droplet [38].

Against this background, the heat transfer through single
droplet in static and sliding state is numerically simulated by
considering all the thermal resistances. Unsteady, three dimen-
sional, coupled Navier-Stokes and energy equations are
solved with the condensing surface, promoter layer and the
liquid droplet within the computational domain. At the con-
densing surface, Dirichlet and no-slip boundary conditions are
specified. Robin-Mixed boundary condition and Marangoni
stresses are specified at the droplet interface. A finite

Substrate
/

Insulation — 3

Substrate-promoter layer Substrate

interface

5w — Promoter Layer

Promoter layer

Promoter layer-liquid
interface

(a)

Fig. 2 (a) Schematic diagram of droplet underneath a metallic
condensing surface with a drop promoter layer. The appropriate
boundary conditions are: (i) Dirichlet boundary condition (7'=T,,) and
no-slip at the top of the substrate. (ii) Robin boundary condition (HTC =

Droplet Interface
h,andT,

Marangoni
Convection

cap

h;) with droplet interface temperature (7 = T,,) and Marangoni stresses at
the droplet interface. (b) Exploded view of computation domain meshed
with tetrahedra in the volume and triangular elements over the surfaces
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Table 1 Thermo-physical properties of the condensing surface and drop promoter layer [42, 43]
S.No. Sub-domain Material Density (Kg/m3) Specific heat (J/Kg-K) Thermal conductivity (W/m-K) Thickness
1 Surface Al 2702 879.04 180 1-5 mm
Cu 8933 385 401 1-5 mm
2 Promoter layer long chain hydrocarbon coating 764.64 3100 0.05-0.2 0.1-100 um

volume-based in-house CFD solver is used for solving the
coupled system of partial differential equations. The liquid
droplets considered in the simulation are liquid sodium, water
and ethylene glycol. The choice of these fluids as the working
fluid is motivated by the range of applications where these
fluids are encountered. The simulated results are validated
against the data available in literature [ 14, 27]. Post-validation,
time scale to reach steady state during heat transfer through a
liquid droplet with and without Marangoni is estimated. Heat
fluxes through undeformed and deformed droplets are com-
pared. Further, the effects of various parameters on heat trans-
fer through the single droplet are investigated. The parameters
under consideration are droplet volume, thermophysical prop-
erties of the liquid droplet, contact angle, interfacial heat trans-
fer coefficient, degree of sub-cooling, substrate thickness and
thermal conductivities of the drop promoter layer and the con-

described Section 3. Finally, the conclusions of the study are
reported in Section 4.

2 Mathematical formulation and numerical
solution

In this numerical formulation, the computational domain has
three sub-domains namely condensing surface of thickness 4,
drop promoter layer of thickness d. and a liquid droplet, as
shown in Fig. 2a. The shape and size of spherical cap droplet
is estimated using Egs. (2-6) however, the shape and size of
deformed droplet is estimated using two-circle approximation
[39, 40].

3

densing sqrface. These results'are apphcable'to a droplet en- voTr [2—3cos 0+ cos’ 0] 2)
semble as in a continuous quasi-steady dropwise condensation 3
and for estimating the growth rate of a droplet in a mathemat-
ical model of dropwise condensation underneath inclined — ; _ atanﬁ (3)
surfaces. 2

The text below is arranged in following manner. Section 2
of the paper describes the mathematical formulation and nu- ¢ =7 sin¢ (4)
merical scheme with the details of the implementation of the
all resistances, boundary conditions and initial condition over Ag=m e [I*COS2 9] (5)
the condensing surface and droplet interface. Results and dis-
cussion along with grid independence and code validation are A, = 272 [1—cos0] (6)
Table 2  Thermo-physical properties of liquids studied [10, 38, 44]
Property Sodium Water Water Ethylene glycol
Prandtl number (Pr) 0.006 4.32 7.56 189.52
Saturation temperature, 7y, (K) 500 313 290 295
Wall temperature, Ty (K) 490 303 280 285
Liquid density, p; (Kg/m®) 898 992.1 999 1116.6
Vapor density, p, (Kg/m®) 2.20e-05 1.225 1.225 2.5725
Latent heat of vaporization, 4y, (kJ/Kg) 4470 2406.9 2461.4 858.3
Surface tension, o (N/m) 0.175 0.07 0.0737 0.048
Thermal conductivity, K (W/m-K) 81.503 0.631 0.598 0.25
Molecular weight, M (Kg/Kmol) 23 18.02 18.02 62.07
Dynamic viscosity, j (g/cm-s) 0.00426 0.00653 0.0108 0.202
Condensation coefficient, & 0.6 0.04 0.04 0.17
Specific heat, C, (J/Kg-K) 1230 4179 4184 2345.5
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Fig. 3 Temperature profile at midline of droplet (x-y plane, z=0) with
respect to the vertical coordinate for various grid sizes ranging from 2 x
10° to 7 x 10° representing coarse to fine mesh respectively. Grid
independence test was performed with and without Marangoni
convection inside a single water droplet of contact angle (6) = 140°,
V=40 ul, Ty,,=313 K, AT=10 K, 6 = 0.04, do/dT=-0.13 mN/m-K,
dw=2mm, §.=10 pm, K,=0.2 W/m-K and K, =401 W/m-K

Here, ‘7’ is the radius, ‘L’ is the droplet height, ‘@’ is the
base radius and ‘6’ is the contact angle of liquid droplet.

Figure 2b shows the meshing of computational domain in
which all the sub-domains are subdivided into small number of
tetrahedral elements as control volume in unstructured manner.
These control volumes are smaller near interfaces for preciously
capturing the temperature and velocity gradient at the boundaries.
Commercial software [CEMCFD® is used for discretizing the
computational domain into small control volumes.
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Fig. 4 Average heat flux versus droplet contact angle (f). Validation

carried out for small size droplet (V=2.5E—4 nl) considering AT=
10K, T;, ;=373 K, 6.=0.1 pum, 6 = 0.04 and K.=0.2 W/m-K
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Fig. 5 (a) Interface temperature as a function of various interface
locations (3) for a droplet in the presence of pure vapor with contact
angle (9)=120° & = 0.04, Ty,,=373 K, AT=10 K and various Biot
numbers (0.1 <Bi<100). b Temperature contours at the X-Y plane (Z=
0) of the water droplet shown for Bi=0.1

The study is performed assuming incompressible fluid of
liquid droplet. In addition, the effect of viscous dissipation and
leaching of the promoter layer by wall shear stress at the solid-
liquid interface is neglected. The governing equation in
Cartesian tensor notation are as given in Egs. (7-9). These
equations are solved in Cartesian coordinates using Finite
Volume Method (FVM).

8u,»

o, (7)
au,- 6uju,- o 1 8p 12 814,-

(6t+ 8x_,->_ paxi+p6x%+gi ®

or  ou;T o*r

R ®)

The boundary conditions prescribed at condensing surface
and droplet interface are as follows. At the condensing sur-
face, Dirichlet boundary condition and no-slip condition are
specified for solving governing equations, i.e. u= 0, v= 0,
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Fig. 6 (a) Temperature (K) and (b) Marangoni flow velocity (m/s) for
Phadnis et al. [12] results (left) and present numerical simulation results
(right). The validation study was carried out for a water droplet with
Marangoni convection of contact angle () =90°, r=1 mm, Ty, =
373 K, AT=1K, ¢ = 0.04 and do/dT=-0.03 mN/m-K

w= 0, T=T,, for static droplet. However, u= U is specified
for sliding droplet. Here, U is velocity of condensing surface
which is equal and opposite to the terminal velocity of sliding
droplet [41].

The Marangoni stresses are specified for solving Navier-
Stokes equation at the droplet interface. Here, the normal
stress is assumed equivalent to vapor pressure however, the
shear stresses are estimated using the Eq. (10). The shear stress
is zero when Marangoni convection is neglected.

25
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Time, t(usec)

2'0 4'0 160
Fig. 7 Heat transfer through water droplet with respect to time (¢) for (a)
small droplet (»=1.77 um and V=2.3E —04 nl) and (b) droplet of
maximum possible radius (»=2.5 mm and V=630 ul). The numerical
simulation was performed with and without Marangoni convection inside
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Fig.8 (a) Velocity vector and (b) temperature contours on X-Yplane (Z =
0) inside a water droplet (#=1.77 wm and 6 = 140°) with respect to time
(t). The numerical simulation preformed considering a droplet in presence
of pure vapor with Marangoni convection at 7y, =313 K, do/dT=
—0.13mN/m-K, AT=10 K, ¢ = 0.04, §,,=0.25 um, 6.=0.1 um, K. =
0.2 W/m-K and K, =401 W/m-K
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the droplet of contact angle () = 140°, T,,, =313 K, AT=10K, 6 =0.04,
do/dT=-0.13 mN/m-K, d,, =0.25 um, .= 0.1 um, K. =0.2 W/m-K and
K, =401 W/m-K
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Fig. 9 Schematic diagram of 9 9
deformed and equivalent +
spherical cap droplet with equal red ady (Oadv O“’d) /2
volume and equal average contact
angle
(a) Deformed (b) Spherical

P or temperature of vapor, M is the molecular weight of vapor

T = % <6x> (10) (kg/mol), R is the universal gas constant (J/mol-K) and P, is

Here, 7 is the shear stress (N/m?), do/dT is the surface
tension gradient (N/m-K) and (077/0x;), is the temperature gra-
dient at condensing surface (K/m). For solving energy equa-
tion at the droplet interface, Robin-Mixed boundary condition
is applied, in which constant heat transfer coefficient (%;) and
surrounding vapor temperature is specified. It is assumed that
the vapor close to droplet interface i.e. the surrounding vapor
is at stagnation state and have temperature equal to capillary
temperature (1,,) which is estimated using the capillary resis-
tance of droplet as given in Eq. (11)

20} -

rhyp

Tcap = Tsat|:1

The expression for heat transfer coefficient of condensation
at droplet interface is estimated as [10].

o 2 1/2
no— | 20| (TnAe M D (12)
2—6 Tsut 27RT 44 Ap2hy,

Here, ¢ is the condensation coefficient, it is the fraction of
striking vapor molecules that will actually condense on the
droplet interface, 4y, is the latent heat of vaporization (J/kg),
Ap is change in density (kg/m3), Tya: is the saturation

Table3  Advancing, receding contact angles of spherical and deformed
droplets
S.no. Volume of Contact angle of Shape of deformed droplet

droplet equivalent spherical cap
(ul) droplet 6° Advancing Receding
contact contact angle
angle Hadv ° ercd °
3.59 97 118 75
113 142 84
134 155 114

the vapor pressure (Pascal) at dew point temperature.

The conjugate heat transfer problem coupled with Navier-
stokes equations is solved for three sub-domains using in-
house FVM. The details of this solver are reported by the
authors elsewhere [13]. Here, validation of the FVM code is
discussed against the several experimental and analytical stud-
ies. In this solver, the diffusion term is discretized using
second-order central difference scheme. However, the convec-
tive term is discretized using second-order upwind scheme.
Geometry invariant features of the tetrahedral elements are
(a)

p 3127 3127

. 303.7

-
Moo

(b)
29 T ~O-Deformed
a :
£ 71 —#Spherical cap
.
2 253
S
)
5 B 7
L2 =]
o
S 214
<=
&
o 19 1
b
>
< 17 7T
15 —_—
% 100 110 120 130 140

Contact angle, @ (degrees)

Fig. 10 a Temperature contours on X-Y plane (Z=0) of deformed and
spherical cap droplet of contact angle (6) = 134°. b Average heat flux as a
function of contact angle for deformed and equivalent spherical cap water
droplet; AT=10K, Ty =313 K, 0y =2 mm, 6.=10 um, 6 =0.04, V=
3.59 ul, K. =0.2 W/m-K and K, =401 W/m-K
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used so that the calculation of gradients at the cell faces is
simplified using nodal quantities of a variable. Nodal quanti-
ties, in turn, are calculated as a weighted average of the sur-
rounding cell-centered values. The discretized system of alge-
braic equation is solved by stabilized bi-conjugate gradient
method (biCGStab) with a diagonal precondition. The itera-
tions within the code are executed till an order of conver-
gence = 107 is achieved for all the computing variables.

The thermo-physical properties of condensing surface and
drop promoter layer used in numerical simulation are given in
Table 1. However, Table 2 shows the thermo-physical proper-
ties of fluids of liquid droplet. This simulation study yields the
local wall shear stress and heat flux by knowing the velocity
and temperature field of three sub-domains.

3 Results and discussion

Before presenting the outcomes of the present study, grid in-
dependent test and validation of the in-house FVM solver are
carried out. The simulation is carried out for 2, 4, 5 and 7 lakh
tetrahedral elements on static spherical cap shape liquid drop-
let (f = 140°, V= 40 ul) of Prandtl number 4.32 for examining
the optimal grid size. Figure 3 shows the temperature variation
at the midline of the liquid water droplet (x-y plane, z = 0) with
respect to the vertical coordinate for various grid sizes.
Numerical simulation is carried out for the droplet with and
without Marangoni convection. The results show that a drop-
let with Marangoni convection, the temperature profile at the
midline of the droplet is identical for 5 x 10° and 7 x 10° tet-
rahedral elements. However, there is no significant effect of
consideredgrid size on the temperature profile. Hence, the 5
lakh elements grid is minimum grid size on which solution is
independent of grid and this size of grid is chosen in the
present study.
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20 7 —m— With Marangoni

0 vt Tt T—rrrrmt
1.0E-7 1.0E-5 1.0E-3 1.0E-1

Droplet volume, V' (ul)

Fig. 11 (a) Average heat flux versus droplet volume for droplet with
contact angle = 140° and (b) effect of Marangoni convection on heat
transfer through a droplet. Considering a water droplet with and without
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Fig. 12 Temperature contours at X-Y plane (Z = 0) inside water droplet at
various contact angle; a without and b with Marangoni convection. The
simulation was carried out considering Ty, =313 K, AT=10 K, V=
40 ul, 6y, =2 mm, d.=10 um, K.=0.2 W/m-K, K, =401 W/m-K, do/
dT=-0.13mN/m-K and 6 =0.04

For validating the FVM-CFD solver, simulations of
heat transfer through a droplet have been carried out for
conditions reported in the literature [12, 14, 27]. The re-
sults obtained from the present study are compared against
Kim et al. [27], Chavan et al. [14] and Phadnis et al. [12]
data, as shown in Figs. 4, 5, and 6. Figure 4 shows the
present simulation data are in good agreement with the
results obtained from the analytical model of Kim et al.

65

-0-Kim et al. [27] /O

~B-Present (Without Marangoni) O
/
-O-Present (With Marangoni) Cj
/

Average heat flux, ¢ (kW/m?)
8

- el
./O
wl _o-O
o
20 T
15 t t t t t t t
8§ 95 10 115 12§ 135 145 15§ 165

(b)

Marangoni convection. The study was carried out at operating condition
Tt =313 K, AT=10K, V=40 pl, 6, =2 mm, 6. =10 pm, K.=0.2 W/
m-K, K, =401 W/m-K, 6 =0.04 and do/dT=-0.13mN/m-K

Contact angle, 0 (degrees)



Heat Mass Transfer (2019) 55:1371-1385

1379

155 + -O-Static Droplet
-A-Re=10
e 15T = Re=100 -1
= o
- Re=5 - <
E 15 1 (] 00 /_. L
< 1 -m-Re=1000 _.--
s ] & _
» 95 +
=
=
g 5%
=
)
< 55 :'
o ]
< 35 .:.
15 } } } } } } }
8 95 105 115 125 135 145 155 165

Contact angle, 6 (degrees)

Fig. 13 Variation of average heat flux with respect to droplet contact
angle for static and sliding droplet at various Reynolds number. The
heat transfer through a sliding water droplet (V=40 pl), estimated for
operating conditions Ty, =313 K, AT=10 K, §.=10 um, d,, =2 mm,
K.=0.2W/m-K, K,,=401 W/m-K, 6 = 0.04 and do/dT =—-0.13mN/m-K
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Fig. 14 (a) Fluid flow pattern and (b) temperature contours at X-Y plane
(Z=0) inside a water droplet (V=40 pl, 6 = 140°) for static and sliding
droplet at various values of Reynolds number. Numerical simulation was
performed at Ty, =313 K, AT=10 K, §.=10 um, 6y, =2 mm, K .=
0.2 Wm-K, K, =401 W/m-K, 6 = 0.04 and do/dT=-0.13mN/m-K

[27]. Figure 5 shows good agreement between the present
simulation and Chavan et al. [14] results. Figure 5b shows
the temperature profile over the x-y plane (z=0) of a water
droplet with a contact angle of 120°. This data shows that
the maximum temperature is at the apex of the droplet.
However, the minimum temperature is at the solid-liquid
interface of the droplet which is in accordance with the
literature [14]. Further, the Marangoni convection formu-
lation is validated against the numerical study of Phadnis
et al. [12]. Figure 6 shows the temperature and Marangoni
flow velocity of Phadnis et al. [12] compared with the
present numerical simulation. Validation results show
good agreement between the present simulation and
Phanis et al. [12].

Post-validation, fluid flow and heat transfer simulations for
single droplet in static and sliding state are carried out to inves-
tigate the effect of various parameters on the heat flux and wall
shear stress. The parameters under consideration in this study
are time scale to achieve steady state heat transfer, droplet de-
formation, droplet volume (V=2.2E—-07 ul to 629 ul),
thermo-physical properties of liquid droplet (Pr=0.006 to
189), contact angle (6 =90° to 160°), interfacial heat transfer
coefficient, degree of sub-cooling, thickness and thermal con-
ductivities of the drop promoter layer and condensing surface.

The simulation is carried out to know time-scale to achieve
steady state heat transfer for range of drop volume from drop
nucleation (2.3 E-04 nl) to droplet slide-off/fall-off (630 ul).
Figures 7 and 8 shows time-scale to achieve steady state when
heat is transferred through the liquid droplet of various sizes, with
and without Marangoni convection. Figure 7a shows the varia-
tion of heat transfer rate with respect to the time (#) for small
droplet (#=1.77 pum). However, Fig. 7b shows the variation of
heat transfer rate for maximum possible droplet radius (r=
2.5 mm) on/undereath the condensing surface. Results show
that small droplet reaches steady state in 75 ps whereas, large
droplet reaches steady state in time close to 1 s. Hence, consid-
ering the steady state heat transfer through the droplet on con-
vectional time scale is appropriate and drop achieve steady state
faster when there is Marangoni convection. Figure 8 (a-b) shows
the variation of velocity vectors and temperature contours on X-Y
plane (Z=0) from initial time step (t=0) to the time it reaches
steady state for 1.77 um droplet with Marangoni. It also shows
that there is no qualitative change in velocity vector and temper-
ature contour after 75 ps.

In general, the droplet deforms on or underneath an in-
clined surface due to imbalance in the forces, i.e. when the
gravity force overcomes surface tension at the liquid-vapor
interface to achieve the necessary static balance. To investi-
gate the effect of drop deformation with respect to its equiva-
lent spherical cap drop on heat transfer rate, the simulation is
carried out for a static deformed droplet and its equivalent
spherical cap droplet. Figure 9a and b shows the schematic
diagram of deformed droplet and equivalent spherical cap
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Fig. 15 (a—b) Local wall shear stress and ¢—d local heat flux distribution
at X-Z (Y'=0) plane, parallel to the condensing surface of static and sliding
droplet with contact angle 6= 140° at various Reynolds number.

droplet respectively. The equivalent spherical cap droplet has
volume equal to deformed droplet and contact angle equal to
average of advancing and receding angles of deformed drop-
let. The shape and size of deformed droplet and its equivalent
spherical cap droplet considered in this study are showed in
Table 3. Figure 10a shows that the temperature contours on X-
Y plane of deformed and equivalent spherical cap droplet are
identical. Figure 10b shows the variation of average heat flux
for various shapes of deformed and its equivalent spherical
cap droplet. This shows that the average heat flux is equal
for a deformed droplet and equivalent spherical cap droplet
however, it varies for various contact angle of droplet.
Therefore, considering the spherical cap shape of droplet in
place of deform drop on inclined surface is appropriate in the
modelling of heat transfer through the droplet in dropwise
condensation.

The average heat flux versus droplet volume (V) and the
average heat flux versus droplet contact angle (¢) are plotted
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Numerical simulation was carried out considering 7,,=313 K, AT=
10 K, 6.=10 um, §,,=2 mm, K.=0.2 W/m-K, K, =401 W/m-K, ¢ =
0.04 and do/dT=-0.13mN/m-K

to investigate the significance of Marangoni convection, as
shown in Fig. 11. Figure 11a shows the variation of average
heat flux with respect the droplet volume (V). Results show that
the heat flux increases as the droplet volume decreases.
However, the effect of Marangoni convection dominant for
droplet volume (V)>0.034 ul (Ma>2204). Figure 11b shows
that the average heat flux for a 40 pl droplet with Marangoni
convection is approximately twice as compared to droplet of
same volume without Marangoni convection. This plot also
shows the comparison of Kim et al. [27] with present simulation
data, without Marangoni convection. The constriction resis-
tance (R ons) Was neglected by Kim et al. [27]. However, pres-
ent simulation is performed considering all the thermal resis-
tances. Generally, the heat transfer through liquid droplet de-
creases as the constriction resistance is taken into consideration.
However, there is no significant difference between Kim et al.
[27] and results of present simulation without Marangoni.
Hence, this study also concludes that the effect of constriction
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401 W/m-K and 6 = 0.04

resistance is negligible during heat transfer from water droplet
to the copper condensing surface of thickness <2 mm.

Figure 12a-b shows the temperature contours with and
without Marangoni convection on X-Y plane (Z=0) for
various shapes of 40 ul droplet. The droplet with
Marangoni of various shapes has uniform temperature dis-
tribution which leads to the formation of a recirculating
flow inside the droplet, due to this reason the temperature
gradient at interface is more with Marangoni as compared
to droplet without Marangoni and this leads to enhance
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Fig. 17 (a) Local wall shear stress and (b) local heat flux distribution on
the condensing substrate of droplet with contact angle 6 = 140° for fluids
of various Prandtl numbers (Pr=0.006, 4, 7 and 189). Numerical
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heat transfer rate through liquid droplet with Marangoni
convection as shown in Fig. 11b.

Figures 13, 14, and 15 show the comparison of convection
(sliding spherical cap droplet) and Marangoni convection
(static spherical cap droplet) on the heat flux and wall shear
stress for a liquid droplet (Pr=4.32). The sliding droplet is
considered at various Reynold number (Re)=10, 100, 500
and 1000. However, the volume of sliding and static droplet
is assumed equal in the simulation.

Figure 13 shows variation of average heat flux for a static and
a sliding droplet at various contact angles of droplet. Figure 14
shows the fluid flow pattern and temperature contours at X-Y
plane (Z=0) of the static and sliding liquid droplet. The pattern
of streamlines in droplet that is otherwise stationary is different
when compared to the streamline patterns in a sliding droplet
when Re >10. Increasing Reynolds number is indicative of in-
creasing inertia, a source of nonlinearity that breaks symmetry in
velocity and temperature distribution. In addition, drop shapes
change with drop volume as well as the angle of inclination,
yielding distinct levels of asymmetry. In real terms, the main-
flow velocity within the drop tends to zero as one approach the
condensing surface. However, in this work the frame of reference
is fixed to the liquid droplet and the condensing surface moves
relative to it at constant speed. Reynolds number for given liquid
droplet depends on the velocity of the condensing surface.
Inertia, buoyancy and surface tension gradient forces are respon-
sible for asymmetric circulation of the liquid inside the droplet.
For a static drop (Re =0), inertia force is zero. Therefore, tem-
perature distribution is symmetric with respect to the drop height.
However, surface tension gradient force and inertia force act
simultaneously in a sliding droplet. Hence, the flow is not

07 05 03 01 01 03 05 07
(b) Radial coordiante (mm)

simulation was carried out considering Ty, =313 K, A7=10 K, V=
40 ul, dy, =2 mm, 6. =10 um, K, =0.2 W/m-K, K, =401 W/m-K and &
=0.04
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symmetric with respect to the vertical coordinate. As Re in-
creases, the centroid of flow circulation shifts towards the wall
and flow becomes increasingly unsymmetric due to unequal ad-
vancing and receding angles.

Figure 15 a and ¢ shows the contours for local wall shear
stress and local heat flux on the X-Z plane (¥'=0). However,
Fig. 15b and d shows the variation of local wall shear stress
and local heat flux along the base diameter of the droplet
(radial coordinate). Local wall shear stress and local heat flux
are minimum at the central region of foot-print of solid-liquid
interface. However, their maximum value is at three-phase
contact line. It is observed that the maximum value of local
heat flux and local wall shear stress shift towards left periph-
ery of the solid-liquid interface when droplet slide-off.
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Fig. 19 Average heat flux versus contact angle of a droplet of various
fluids with and without Marangoni convection, considering A7=10 K,
V=40 pl, =2 mm, 6. =10 pm, & =0.04, T, =313 K, K. =0.2 W/m-
K and K, =401 W/m-K
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Figure 15b and d also show that these transport coefficients
increase with increasing Reynolds number.

Figure 16 compares the average heat flux with Marangoni
(white bar) and without Marangoni (gray bar) for liquid drop-
lets with varying thermo-physical properties. These liquids are
sodium (Pr=0.006), water (Pr=4.32 and 7) and ethylene gly-
col (Pr=189). Graph shows that there is negligible effect of
Marangoni in heat transfer through ethylene glycol droplet.
However, the water droplet (Pr=4.32) has maximum effect
of Marangoni convection. Liquid sodium droplet has high
heat transfer rate as compared to other liquids droplet.
Therefore, it can be concluded that the average heat flux in-
creases as the Prandtl number of fluid decreases.

Figure 17a-b shows the local wall shear stress and local
heat flux variation along the droplet base diameter of 40 ul
droplet for various fluids of liquid droplet. The local heat flux
decreases however, the local wall shear stress increases with
increasing Prandtl number of liquid droplet.

Figure 18a-b shows effect of interfacial heat transfer coef-
ficient and degree of sub-cooling on average heat flux. The
average heat flux gradually increases with increase in interfa-
cial heat transfer coefficient due to very small reduction in the
interfacial resistance. However, the average heat flux in-
creases linearly with increasing degree of sub-cooling. The
slop of average heat flux with respect to degree of sub-
cooling is more for droplet with Marangoni convection.

The effect of contact angle, condensing surface and promoter
layer thickness and conductivities on the heat transfer through a
static droplet, for various fluids of liquid droplet is shown in
Figures 19, 20, and 21. Figure 19 shows the variation of average
heat flux with respect to contact angle for a droplet. Results show
that average heat flux is a strong function of contact angle and it
increases as contact angle increases. Hence, super-hydrophobic
surfaces are preferred for enhancing the average heat flux in
dropwise condensation.
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The effect of thermal conductivities and thickness of con-
densing surface on the average heat flux is shown in Fig. 20a-
d. In this study, the condensing surfaces are of Copper
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and d ethylene glycol (Pr=189). Numerical simulation was carried out
considering AT=10K, d.=10 um,  =140°, V=40 pul and 5 = 0.04

(401 W/m-K) and Aluminum (180 W/m-K) with a thickness
ranging from 1 to 5 mm. The results show that average heat
flux increases as the thermal conductivity of the condensing
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promoter layer at 6. = 10 pm and b effect of promoter layer thickness
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surface increases. However, it decreases as thickness of the
condensing surfaces increases. The average heat flux de-
creases at faster rate for liquid sodium and ethylene glycol
droplet as compared water droplet.

Figure 21a-b shows effect of thermal conductivity and
thickness of drop promoter layer on average heat flux.
Results show that average heat flux decreases as the thickness
of promoter layer increases. However, average heat flux in-
creases as the thermal conductivity of promoter layer
increases.

Finally, present simulation study shows that contact angle,
droplet volume, degree of sub-cooling, interfacial heat transfer
coefficient, drop instability, Marangoni convection, thermo-
physical properties of liquid droplet, thickness and thermal
conductivities of drop promoter layer and condensing surface
plays a crucial role in heat transfer through the droplet inter-
face to condensing surface in dropwise condensation.

4 Summary and conclusions

A numerical simulation of heat transfer through a liquid drop-
let, considering all the thermal resistances has been reported.
The resistances considered were interfacial, capillary, conduc-
tion, Marangoni, convection, drop promoter layer and con-
striction resistances. In this study, the coupled 3-D Navier-
Stokes and energy equations were solved for three-sub-
domain simultaneously using in-house FVM solver. The re-
sults obtained from the in-house CFD solver were validated
against data available in the literature which were found in
good agreement. Post-validation, a parametric study was per-
formed to investigate the heat flux and wall shear stress during
heat transfer through a droplet of various Prandtl number flu-
id. Following conclusions have been drawn from the study.

* The heat transfer through droplet to the condensing sur-
face achieves steady state in microsecond time scale.
Therefore, assuming steady state at conventional time
scale is appropriate.

* The heat flux of deformed and equivalent spherical cap
droplet is equal. Therefore, assuming spherical cap droplet
despite deform droplet is appropriate.

* The sliding droplet study concludes that the heat transfer
through a sliding droplet is majorly dominated by convec-
tion mode of heat transfer.

* Marangoni convection significantly enhances the heat
transfer through droplet when Ma > 2204.

* The constriction resistance can be neglected for copper
condensing surface of thickness <2 mm.

* A superhydrophobic metallic surface is an appropriate
substrate for enhancing the heat transfer rate through a
liquid droplet.

@ Springer

» The average heat flux increases as the liquid droplet con-
denses on thin and highly conductive drop promoter layer
and condensing surface in presence of vapor with high
values of saturation temperature and degree of sub-
cooling

* The heat flux increases with increasing Reynolds number
of sliding droplet and decreasing Prandtl number of static
liquid droplet.
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