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ABSTRACT

Dropwise condensation can yield heat fluxes up to an order of magnitude higher than filmwise conden-
sation. Coalescence is the primary mode of growth for condensing droplets above a small threshold size
(e.g., radius r> 2 pm for water at 1 atm), but no prior studies have quantitatively assessed heat transfer
during coalescence. Previous models of dropwise condensation have generally described coalescence as
an instantaneous event, with a step reduction in heat transfer rate. However, coalescence and recovery of
a quasi-steady droplet temperature profile requires a finite time, during which the direct droplet
condensation heat transfer rate gradually decays. Additionally, during this period, the droplet may
oscillate, repeatedly clearing the surrounding surface and resulting in high overall heat fluxes. This study
employs Volume-of-Fluid (VOF) simulations to quantitatively assess these two transient heat transfer
processes during droplet coalescence. It is shown that the direct mechanism of gradual heat transfer
decay can be represented by a decaying exponential function with a time constant 7. Simulations are
performed to determine t(r;,Rt) for (1 pm < r; <25 um; 1 <Rt <4) where r; is the radius of the
smaller droplet and Rt is the radius ratio between the two merging droplets. For water at atmospheric
pressure this spans the range of droplet sizes through which most of the heat transfer occurs on a surface
(~ 80%). A simple correlation is proposed for 7(ry, Rt) for the studied droplet size range, fluid properties,
and surface conditions. These simulations are also employed to determine the order of magnitude of heat
transfer enhancement due to repeated clearing of the surrounding surface as droplets coalesce. Findings
can inform improved models of dropwise condensation that more accurately predict transient heat trans-
fer during coalescence events.

© 2018 Published by Elsevier Ltd.

1. Introduction

Dropwise condensation is a promising high-flux heat transfer
mechanism with applications in power generation [ 1], desalination
[2], and power electronics thermal management [3]|. Dropwise
condensation heat fluxes can be an order of magnitude greater
than in filmwise condensation [4,5]. The dropwise condensation
process initiates at discrete nucleation sites, which are distributed
over a cooled surface [6]. Droplets larger than the smallest thermo-
dynamically viable droplet [7]| grow by condensation and coales-
cence with neighboring droplets until they are large enough to
be removed by body forces. Sliding, merging, and removal of dro-
plets exposes portions of the cooled surface on which new droplets
can nucleate, allowing the dropwise condensation process to con-
tinue in a cyclic steady-state fashion [8].

Beysens and Knobler [9] described three regimes of dropwise
condensation with a 100% relative humidity nitrogen-steam mix-

* Corresponding author at: 236A Reber Building, University Park, PA 16802,
United States.

E-mail address: Alex.Rattner@psu.edu (A.S. Rattner).
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0017-9310/© 2018 Published by Elsevier Ltd.

ture flowing over a cooled surface (vapor temperature
Ty = 23 °C; surface temperature Ts = 21 °C). Initially, in the first
regime, for t < 1, a surface is covered by a homogenous pattern
of small droplets with both r and a smaller than 2 pm (here t is
time, r is the radius of a droplet and a is the distance between
two droplets). The droplets primarily grow by direct condensation
[10]. In the second regime, for 1 <t < 300s and 2 < r < 300 pum,
the droplets primarily grow due to coalescence. In the third regime,
t > 300 s, the droplet size distribution on the surface reaches a
statistically steady state condition, with equilibrium rates of dro-
plet removal, production, and growth. Their finding suggests that
coalescence is the dominant mode of growth for ambient pressure
water droplets with r > 2 um. Following the size distribution model
of Graham and Griffith [6] such droplets would account for 60-70%
of the surface coverage during dropwise condensation, indicating
the importance of understanding the coalescence process.

A number of recent studies have investigated the details of dro-
plet coalescence during dropwise condensation. Chu et al. [11]
have studied the effect of surface wettability and contact angle
hysteresis on droplet coalescence. Sprittles et al. [12,13] have
developed a finite element framework, which considers formation

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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and then gradual disappearance of an internal interface, to study
the coalescence of two merging droplets. Their numerical frame-
work was also used by Enright et al. [14] to model coalescence
induced jumping of droplets on ultra-low adhesion surfaces.
Enright et al. [14] also validated their findings experimentally.
Chen et al. [15] have also conducted experiments on superhy-
drophobic surfaces with hierarchical microscale/nanoscale
roughness to study coalescence induced jumping of droplets.

While many such investigations have advanced understanding
of droplet coalescence hydrodynamics [11-25], limited informa-
tion is available on heat transfer during coalescence. Numerical
simulations have been conducted of the overall dropwise conden-
sation process, tracking growth of individual (ideal hemispherical)
droplets in a Lagrangian sense [26,27]. In these studies, the heat
transfer rate of individual droplets has been modeled in a quasi-
steady function (independent of droplet history), with heat trans-
fer rates depending on current droplet radius, fluid properties,
and operating conditions (surface temperature and saturation tem-
perature) [18]. Such studies have modeled coalescence as an
instantaneous event [26-28]. Typically, in these models, when
two parent droplets overlap at the end of a simulation time-step,
they are replaced with a single larger hemispherical child droplet
(volume conserved) with its center at the volume-weighted mean
of the parent droplet centers. At the next simulation time-step, the
heat transfer rate of the larger droplet corresponds to the quasi-
steady value for its size. However, the actual droplet coalescence
proceeds over a finite time interval, and the resulting child droplet
requires a period of time to recover the quasi-steady temperature
profile and heat transfer rate. Additionally, these models do not
predict the unsteady hydrodynamics of coalescence. Actual dro-
plets can have complex time varying shapes during coalescence,
and the heat transfer rate depends on the shape of the droplet base
[29]. Moreover, coalescing droplets oscillate and sweep the area
around them, repeatedly re-initializing nucleation on the sur-
rounding surface, and potentially increasing the overall heat trans-
fer rate.

It is not yet known what role coalescing droplet transient heat
transfer and hydrodynamics have on the overall dropwise conden-
sation process. Fig. 1 shows a representative time series of the coa-
lescence process with two droplets of equal radii (25 pm), obtained
using the interface tracking (Volume of Fluid - VOF) simulation
approach method presented later in this paper. This study seeks
to provide initial quantitative data on droplet coalescence heat
transfer to inform improved models of dropwise condensation.

Considering the simplified coalescence assumption of prior
modeling studies of dropwise condensation, the present study

(1) Perform interface resolving simulations of droplet coales-
cence to identify heat transfer trends and timescales

(2) Determine the extent to which the instantaneous coales-
cence assumption under-predicts condensing droplet heat
transfer rates

(3) Formulate an analytic model for time-dependent heat trans-
fer after droplet coalescence, which could be incorporated
into Lagrangian simulations of dropwise condensation to
improve heat transfer predictions

(4) Estimate the degree of heat transfer enhancement due to
repeated clearing of droplets from the surrounding wall area
by oscillating coalescing droplets

To achieve these goals, this study performs Volume-of-Fluid
(VOF) simulations of coalescence of pairs of water droplets in sat-
urated steam environment at 100 kPa on a previously character-
ized surface (hydrophobic silane). The VOF approach is validated
using hydrodynamic data from the literature [30] and a set of
conduction-only Finite Element (FEM) heat transfer simulations
(based on the approach given by Adhikari et al. [31]). A parametric
study is performed for varying droplet radii (r € [1,100] um - most
of the heat ~80% is transferred through this range of droplet sizes
[32]) and varying ratios of the merging droplet radii (Rt € [1,4]). It
is shown that transient condensation heat transfer during coales-
cence can represented by an exponential curve with time constant
7. A simple correlation is proposed for 7 for the range of conditions
in this parametric study. A representative coalescence case is
simulated with a subgrid scale model to estimate the heat transfer
enhancement due to an oscillating droplet repeatedly clearing
surrounding microscopic droplets.

2. Modeling approach
2.1. Governing equations

This study employs the Volume of Fluid (VOF) interface tracking
formulation, as implemented in OpenFOAM® [33]. VOF is an inter-
face capturing technique in which the liquid volume fraction in
each computational cell is represented by a scalar field ¢ € [0, 1]
(¢ =0 all vapor in cell, ¢ = 1 all liquid in cell), and a single set of
governing mass, momentum, and thermal energy transport equa-
tions is solved for both phases. The phase fraction field is advected
by the solved velocity field (Eq. (1)). Fluid material properties at
each point are determined as a ¢-weighted average of liquid and
vapor values (Egs. (2) and (3)).

seeks to: % +8%i (i) = e 1)
t =0ps t =10ps t =20ps t =30ps 2
Q=72 pwW Q=71uw Q=72 uw Q =58 pyw =
o mmn 2 P N A
0.5
t =70 ps t =100 ps t =160 ps t =500 ps 0.3
Q =59 uw Q =50 pw Q =49 uyw Q =50 pw -

- A

A

Ir- Tmin

M Tmax B TMin

Fig. 1. Coalescing droplet mid-plane temperature profiles. Both parent droplet radii are 25 pm. The maximum velocity observed during coalescence is Upay ~ 3 ms~'.
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[5 = d’ﬁL + (] - ¢)ﬁv ﬁ € [p7:u'7k] (2)

_ dcpLpL + (1 = P)cpvpy 3
T gp (1 d)py )

Here u; is the velocity vector, ¢, is the volumetric phase fraction
source due to condensation phase change, g represents the fluid
property in a cell and the subscripts L and V represent the liquid
phase and the vapor phase, respectively. p is the density, u is the
viscosity, k is the thermal conductivity, and ¢, is the mass weighted
specific heat capacity in a cell [34-36]. The fluid properties are
assumed constant for the vapor and liquid phases.

The present simulations focus on the period between initiation
of coalescence between two parent droplets and the recovery of a
quasi-steady temperature profile in the child droplet. During this
period, the increase in liquid volume in a droplet due to condensa-
tion is assumed to be small. Additionally, the momentum transfer
from the condensing vapor to the droplets is relatively low. There-
fore, the process can be modeled assuming incompressible flow
(Eq. (4), d)pc = 0) and by using the incompressible Navier-Stokes
equation (Eq. (5)).

ou; _
% =0 (4)

opw) , 9 O T (U O] _ _dp
a0 +6Xj(Pu1uj) % {“<8x;+8xi = axi+pg"+f‘~f (5)

Here, g; is the gravity vector and f; is the surface tension force
(applied on a volumetric basis, described in Section 2.2).

The justification for the incompressible flow assumption is as
follows. The characteristic velocities (V) due to droplet coales-
cence are much greater than the droplet growth rate (£). V. is
defined as the distance moved by the larger of the two droplets
divided by the time it takes for the oscillations to die out. The dro-
plet front velocity due to condensation phase change is ¢ (Egs. (6)
and (7)) [37]. Based on simulation results described later, for a
water droplet with 1 pum diameter on a surface at 99.15°C
(Tsee = 100.15°C) V. ~ 8.3 ms~'. The predicted droplet growth rate

due to condensation is: 4 ~ 8.4 x 107> ms~'. For similar condi-

tions, a 1mm droplet will have V. =~2.4 x 103 ms-! and
& —6x10" ms .

dr AT 1

a:2phw X%+ﬁ

A 2 1/2
hi(26A>*<hLv>*< M ) )
2—-0 TV (48 Zﬂ:RTV

Here, AT is the temperature difference between the cooled surface
and the vapor, k is the thermal conductivity of the liquid, and
f=f(Bi,0) is the coefficient for conduction resistance [31], h; is
the interfacial heat transfer coefficient, 6 (0.03 [37]) is the accom-
modation constant, h;y is the enthalpy of vaporization, Ty is the
ambient temperature, M is the molecular mass of the working fluid,
and R is the specific gas constant. The saturation temperature of the
vapor at the ambient pressure (Ts,) is substituted for Ty in Eq. (7).

Similarly, the relative significance of the momentum imparted
by steam vapor condensing into the interface can be assessed by

(6)

comparing the vapor stagnation pressure (%pv[%(l +pL/pv)]2>

to the capillary pressure (20/r). For these cases, the vapor
stagnation pressure (r=1pum, Ap=5x 10>Pa; r=1mm, Ap=
3 x 1077 Pa) is negligible compared with the capillary pressure
(r=1pum, Ap=1.2 x 10°Pa; r=1mm, Ap=1.2 x 10 Pa). Based
on these arguments, the growth of the interface due to phase

change and condensation of vapor into the interface do not affect
the hydrodynamics of the problem, justifying the incompressible
flow assumption.

Eq. (8) is the thermal energy equation, where k is the thermal
conductivity and g, is the volumetric phase change heat source.
Further details are provided in Section 2.3.
a(pC,T) 0

9 oT .
= T (PGuT) = {(Qk) a—x] — e ®)

2.2. Surface tension model

For the droplets size range of the present study Marangoni
effects can be neglected [38,39]. Therefore, a constant surface
tension value is assumed (¢ = 0.056 N m™'). Surface tension forces
are calculated in each cell using the continuum surface tension
force formulation (Eq. (9)) developed by Brackbill et al. [40].
Resulting momentum fluxes through cell faces are applied as an
explicit source term in the pressure correction process.

Vo

fsi= 0KV ¢; W

Kk=—(V-n); n= (9)
Here, ¢ is the surface tension between the liquid and the vapor
phases, K is the curvature at the interface, and n is the unit normal
into the vapor phase. In the OpenFOAM VOF implementation, the
interface is spread over a few cells; therefore, V¢ is effectively
smoothed delta function which applies the force over the diffuse
interface.

2.3. Phase change model

The phase change model is based on the approach of Rattner
and Garimella [35]. The volumetric heat source g, is applied on
interface cells (Eq. (8)).

 hAAT
qpc— Vcell '

A=|V¢| Ve (10)

Here, h; is the interfacial heat transfer coefficient, A is an approxi-
mation of the area of the interface area contained in a cell, AT is
the difference between the saturation temperature and the local
temperature (AT =Ty —T), and Vy is the volume of the cell.
dpc is solved implicitly as part of the energy equation (Eq. (8)).
The foregoing heat transfer model has been validated by Adhikari
et al. [31].

2.4. Dynamic contact angle model

A static contact angle model is insufficient to predict the
process of coalescence because the three-phase contact line moves
during the process. In general, the advancing contact angle 6y, is
greater than the static contact angle 6y, which is greater than the
receding contact angle 0 (Fig. 2). To model the coalescence accu-
rately, the dynamic contact angle model of Yokoi et al. (Eq. (11))
[41] is used:

1
min |6 + (%)3, ema} ifCa=0

Op = | (11)
max {90 + (%)3, eml} if Ca<0

Here, 0y is the static contact angle, 0p is the dynamic contact angle,
Ca= &Jd is the local capillary number, Uy is the velocity of the mov-
ing contact line which is positive in the direction of the droplet out-
ward normal vector (1) on the condensing surface. k, and k; are
liquid-surface pair dependent constants, 0y, is the limit for advanc-

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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b)

4

amm =) —)
Advancing angle  Receding angle

Fig. 2. Advancing and receding contact angles measured using volume changing
technique (liquid injection or removal from the top of the droplet). (a) Increasing
volume of the drop. (b) Decreasing volume of the drop.

ing contact angle, and 6y, is the limit for receding contact angle. In
the present study parameters for water-silicon (with hydrophobic
silane grafted on it) are used, as listed by Yokoi et al. [41]. The sur-
face parameters are as follows: 0y = 114°, 0, = 52°,0 = 90°;
ke =9 x 107°%; and k; = 9 x 108, The model, as implemented here,
is validated with experimental data from [41] in Section 3.2.

2.5. Solution algorithm

The OpenFOAM® finite volume formulation is applied to
discretize the governing equations, and the solution algorithm is
summarized as a flow chart in Fig. 3. Expanded discussion of the
phase change simulation approach is provided in the study by
Nabil and Rattner [34].

3. Simulation studies
3.1. Studied domain and case setup

Coalescence of two droplets is symmetric along one center
plane. Therefore, the domain only includes half of the droplets
and their surrounding region. Fig. 4 shows the representative
domain with labeled boundaries.

Here,L=6xr +2 xRt xriand W =H=2xr1r,+Rt xr{, 11 1S
the radius of the smaller droplet, and Rt > 1 is the ratio of the two
merging droplets. Table 1 shows the boundary conditions at the
respective boundaries.

Here f,, is the unit normal from the wall pointing into the
domain, 71 is the unit normal from the liquid phase to the vapor
phase, and p is the unit normal to the patch. For wall fi,, = p. The
dynamic contact angle model is applied as a boundary condition
for the phase fraction term ¢. While the no-slip boundary condi-
tion is applied at the wall, in this finite volume formulation, the
mean velocity in cells adjacent to the wall can be non-zero. This
introduces enough numerical slip to eliminate the stress singular-
ity at the three-phase contact line [42].

For the studied case of steam condensing at atmospheric
pressure, >95% of the heat transfer occurs through droplets with
r <100 pm [4,6] - which is the radius of the largest droplet in this
parametric study. Surface tension dominates gravity for such small
droplets; therefore, the droplets can be initialized as truncated
spheres [43].

For the studied range of droplet sizes (1 pm < r < 100 pum) con-
duction is the primary mode of heat transfer [38]. Conduction is a
diffusion process [44], and therefore, the thermal front takes a
finite amount of time to propagate from the base of the droplet
to the liquid vapor interface. An order of magnitude estimate of
the conduction front propagation velocity is (%). This velocity is

Initialize simulation data and
phase change model

For Stability (CFL and
Fourier Conditions)

Update fluid properties

v

Phase equation ¢ sub cycle
v
Form U equation

v

Obtain and correct face volumetric fluxes

0

Solve p-poisson equation

v

CorrectU
PISO Loop ‘
Yes - Number of cycles . Ny is the user specified
<N, number of cycles for the
inner loop
No

Pressure-velocity Loop

Yes Number of cycles . Noy is the user specified
<Ng, number of cycles for the

outer loop
+No

Update phase change model | g, , v, and ¢pc

v

Solve T equation
Yes t<t,?
lNo
End

Fig. 3. Phase change volume-of-fluid solver algorithm flow chart.

Symmetry Plane

|Wa|l (Condensing Surface) |

Fig. 4. Representative domain for the VOF coalescence study. The face showing the
droplets is the symmetry plane; the bottom surface, which is not visible in the
figure, is the condensing surface; and the remaining 4 faces are open atmosphere.

generally much greater than the droplet growth rate (Section 2.1).
For example, for a water droplet with 1 pum diameter on a surface
at 99.15°C (T4 = 100.15°C) the conduction front velocity is

%lexlo” ms~', whereas the droplet growth rate is

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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Table 1
Boundary conditions for the VOF simulation domain. a) ri = 1 10111

Boundary Boundary condition

VT-p=0

Symmetry
Atmosphere VT-

v
v
Wall (condensing surface) T
\Y
U
n

& 8.4 x 10~ ms~. Based on the arguments, a quasi-steady state
internal temperature distribution can be assumed in droplets just
before coalescence begins. Therefore, the droplets are initialized
with a steady-state temperature distribution (Fig. 5), obtained by
solving the steady-state energy equation (Eq. (12)).

0
O0X;0X;

(kT) = Gpc (12)

3.2. Grid resolution, sensitivity study and dynamic contact angle
validation

The mesh resolution must be sufficient to resolve heat transfer
and hydrodynamic effects. Fig. 6 shows the representative droplet
isosurfaces with VOF meshing, for the parametric study. The mesh
is made of cube cells, and extends similarly in the third dimension.

Grid resolution in the domain is defined using n, =
(number of cells)/r;. Conduction grid independence studies are
carried out for the largest and the smallest radii droplets
(r1 =1 pmand r; = 25 pm). n, is varied from 5 to 21, and the heat
transfer rate (Q) through the base of the droplets is evaluated. For
each mesh in the grid sensitivity study, n, is increased by a factor of
1.6 (total number of cells increases by 4x). Q is plotted against n,.
In both the cases, it is observed that Q becomes asymptotic
(Richardson extrapolated values of Q are given in the supplemental
data available publicly [45]) when n, € [13,21] (Fig. 7). The uncer-
tainties for Q in both the cases are less than 0.4%. Therefore, n, = 15
can be assumed the minimum resolution for heat transfer in the
parametric study (Fig. 6¢). As an example, for a droplet of radius
1wum and n, =15, average length of a mesh element
A=6.67x10"°m.

To study hydrodynamic grid independence, and also to verify
the selected dynamic contact angle model, an axisymmetric dro-
plet impact simulation is performed for the case of [41,42]. In
the simulation a 2.28 mm diameter spherical water droplet
impacts a surface with a velocity of 1 ms~!. The surface properties
are given in Section 2.4, and the fluid properties are as follows:

Fig. 5. Steady state temperature distribution on the droplet surfaces before
merging.

Fig. 6. Representative droplet isosurfaces, indicating VOF mesh resolutions for the
droplets from the parametric study. (a) For smaller droplet radius r; = 1 um and
radius ratio Rt = 1. (b) For r; =1 pm and Rt =2. (¢) For r; = 1 um and Rt = 4.

dynamic viscosity liquid g, =1 x 107 kg m~' s ; dynamic vis-
cosity air y, =1.82x10°kgm's!' ; ¢=0072Nm"". n, for
the axisymmetric study is varied from 19 to 55. Fig. 8 presents
the variation of average diameter D (square root of the base area)
of the impacting droplet as a function of time for different grid res-
olutions. Experimental data [41] is also presented. It is observed
that the average absolute deviation (AAD) for D from n, = 38 to
n, = 55 is less than 3%. Since, in the parametric study, the droplets
merge and oscillate together as a larger droplet before settling,
n, = 40 is selected as the minimum resolution for the parametric
study (Fig. 6a), which is a stricter requirement than imposed by
the heat transfer process alone.

4. Validation of results

Response time and spatial resolution requirements make it dif-
ficult to study the process of droplet coalescence experimentally.
For example, in the present study: 1 pm < r < 100 pum, and the
times of coalescence are only 0.5 us <4 x |t| < 1.2 ms. During
the startup of dropwise condensation on a surface, droplets could
be even smaller. Owing to these challenges, there are no experi-
mental or computational studies available to validate the time-
varying heat-transfer during coalescence. However, the steady
state heat transfer results from this simulation (just before and
long after coalescence) can be compared with published steady-
state conduction heat transfer simulation data from Sadhal and
Martin [30] to validate the heat transfer formulation used in the
study.

Steady condensation heat transfer rates for water droplets of
r=1-100 pm radii (the range of sizes studied here) from this sim-
ulation study are compared with results from [30]. The average
absolute deviation (AD) from that study is less than 3%. The com-
parison is given in Fig. 9, where the total heat transferred through
the base of the droplet (Q) is plotted against the Biot number

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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(Bi)) with that of Sadhal and Martin [30], and conduction-only finite element
COMSOL simulations.

(Bi = %) of the droplet. Here h; is the interfacial heat transfer coef-
ficient, r is the radius, and k is the thermal conductivity of the dro-
plet. Bi corresponds directly to r in the simulation as h; and k are
fixed.

A finite element conduction heat transfer analysis is also per-
formed for droplets of r = 1-100 pm to further validate the simula-
tion heat transfer formulation. For the studied range of droplet
sizes Marangoni circulation and other convection effects can be
neglected [38]. Therefore, the finite element analysis reduces to a
simple conduction problem in truncated spheres (Section 3.1).

The droplets are evaluated with 2-D axisymmetric domains
(Fig. 10). A fixed temperature boundary condition is applied on
the base of the axisymmetric droplet domain (1 K below the satu-
ration temperature), representing the cooled condenser surface
temperature. A convection boundary condition is applied to the
liquid-vapor interface to account for interfacial resistance h;. The
conduction studies were performed in COMSOL Multiphysics®
(v. 5.2 [46]).

Grid sensitivity study was performed for each finite element
case where three meshes were utilized to extrapolate the con-
verged value of total heat transfer Q through the base of any dro-
plet. The method is given by Celik et al. [47], and is briefly
described here.

Meshes (Fig. 10) with average element dimensions:
A3 =197 x10° um—-1.99 x 107° pm, A, =5.84 x 107" um—
590x 10 um and A; =148 x 107" um —1.50 x 10°° um_ are
employed. Subscript 3 refers to the coarsest mesh and subscript
1 refers to the finest mesh. The steps are as follows:

&
€32 =03 —Qy; &1 =0Q, - Qy; 5:5gn<$> (13)
A A
Ry = A%; Ry = A% (14)
i (Bmsy o ()
q(p) =In <@>7 p(q) = W (15)
Qexe = (RE,Q1 — Q2)/(R5, — 1) (16)
— 1.25¢2!
el = ’M; GCl = a 17
"~ q R, 1 1
unc = Qy x GCI (18)

The ¢ values are the changes in Q between meshes. R values are
the mesh refinement ratios. p is the empirical convergence rate,
defined implicitly in terms of parameter q. Q. is the extrapolated
value of Q for A — 0 (infinitely fine mesh). e?! is the relative error
between the two finest meshes. GCI is the grid convergence index,
a relative uncertainty estimate for Q.. The absolute uncertainty
unc in Q. is determined from Eq. (18).

All studied cases were found to be monotonically converging
(s = 1) and therefore the grid convergence index (GCI) uncertainty
estimate for Q. was reported (<0.2% uncertainty in all cases).
Fig. 9 shows the comparison with simulation results.

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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avsy|

(a)

Fig. 10. Representative mesh sizes: (a)
Ay =1.48 x 107" um — 1.50 x 107 pm.

coarse

The hydrodynamics (Fig. 8) and steady-state heat transfer rates
(Fig. 7) are both separately validated. This supports the validity of
the simulation approach for predicting transient heat-transfer in
coalescing droplets.

4.1. Results and discussion

Fig. 1 shows a representative time series evolution of surface
temperature profiles as two parent droplets (r; =25 pm; Rt=1)
merge together to form a new child droplet. Heat transfer through
the base of the merging droplets is presented. Initially, the droplets
have quasi-steady temperature profiles, which are disturbed at the
start of coalescence. When the two droplets come in contact, a lig-
uid bridge forms (Fig. 1, 0 ps). The bridge initially has concave cur-
vature, resulting in a local low-pressure zone due to surface
tension forces. Liquid flows from the outer high pressure regions
in the parent droplets toward the low pressure region in the bridge
[48] (0-20 ps). Due to contact angle hysteresis, the outer portion of
the three-phase contact line does not begin to move until well after
the start of coalescence (~25 ps). At this point, the child droplet
begins oscillating on the condensing surface (30-200 us). The
oscillations gradually reduce in intensity due to viscous dissipation
within the droplet. The temperature profile within the droplet also
decays toward a quasi-steady profile (Fig. 1, 500 ps). For these sim-
ulations of water condensing at atmospheric pressure, the oscilla-
tion period and the heat transfer decay period are found to be
approximately equal.

A decaying exponential function, with time constant 7, can be
used to represent the time varying average heat flux through the
child droplet. A parametric study is performed in Section 5.3 to
characterize heat flux trends in coalescing droplets over a range
of sizes (r;) and radius ratios (R; = rp/rq). Table 2 provides the sim-
ulation test matrix and along with the values of 7 obtained from
the simulations. The working fluid is saturated water at atmo-
spheric pressure.

Table 2

Simulation test matrix for the parametric study of coalescing droplets, with varying
smaller radius (r;) and the ratio between the radii of the merging droplets (Rt). Time
constant 7 is obtained from the simulation results.

Droplet Radii [pum] Ratio (Rt = r,/r;) Time constant (7) [ps]

I )

1 1 1 0.129
1 2 2 0.357
1 4 4 0.650
6.25 6.25 1 5.80
6.25 12.5 2 16.1
6.25 25 4 289
25 25 1 65.9
25 50 2 170
25 100 4 287

A3 =197 x10° pm —1.99 x 107° um; (b) fine

Ay =584x10"" um—-590x10° um; (c) finest

The following sections characterize the process of coalescence
and propose trends for the stabilization time of coalescing water
droplets at atmospheric pressure for the studied range of droplet
sizes and surface parameters. The impact of coalescence on con-
densation heat transfer is assessed considering direct heat transfer
through a child droplet (direct mechanism), and repeated clearing
of the surrounding surface as the droplet oscillates (indirect
mechanism).

4.2. Characterizing coalescence

In dropwise condensation, latent heat from the condensation
process transfers through the liquid-vapor interface (interfacial
resistance R;,.) and then conducts through the droplet to the cooled
wall (Reong). Some studies have argued that the overall single dro-
plet heat transfer rate depends on the three-phase contact line
length [49-51], as most of the heat is transferred through the

perimeter of the droplet, near the condenser surface (Fig. 5). This
result applies for droplets with high Bi (Biot number Bi=’L,;’), for
which conduction resistance is much greater than the interfacial
resistance. However, for cases where the conduction resistance is
comparable with the interfacial resistance (low Bi), significant con-
duction occurs through the entire base of the droplet, and not just
the contact-line region. Fig. 11 shows the dependence of heat
transfer on the droplet radius. The working fluid for the figure is
saturated water at atmospheric pressure. The calculations were
based on the heat transfer model of Adhikari et al. [31].

The form of the curve in Fig. 11, for the range

re3x10°,3x10% m (Q e[1 x 107'2,1] W), is approximately

1E+00

1E-02 z

1E-04 ’

1E-06

1E-08 | ’

1E-10 -

Heat Transfer Rate (Q, W)

1E-12 . . :
3E-10 3E-08 3E-06 3E-04

Radius (r, m)

Fig. 11. Total heat transfer rate (Q) vs. droplet radius (r) for water condensation at
atmospheric pressure. The dashed lines indicate the rate of variation of heat
transfer with droplet radius for different size droplets.
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quadratic (i.e., Q o r?). This suggests that for smaller droplets, heat
transfer is proportional to base area.

Fig. 12 compares the time variation of the heat transferred
through two equal size coalescing droplets  with
ry =1y = 6.25 um (Bi ~ 0.3) with the time variation of the base
area of the merging droplets and the perimeter length of the con-
tact line. It is clear from the comparison that heat transfer rate is
proportional to base area during the coalescence of water droplets
of this size range.

A slight increase in the heat transfer is observed shortly after
the beginning of coalescence. This occurs because the total base
area briefly increases while the liquid bridge grows, but the outer
contact line sections are still pinned due to hysteresis. Once the
hysteresis effect is overcome, the droplet base area and heat trans-
fer sharply decrease, and then oscillate in-sync.

A Finite Fourier Transform (FFT) can be applied to transient heat
transfer traces to extract the principal frequencies in the oscillating
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Fig. 12. Comparison of (a) condensing droplet heat transfer rate vs. time, (b) base
area vs. time, and (c) contact line (perimeter) length vs. time for two merging drops
of radii 6.25 pm (Bi ~ 0.3).

—Heat Transfer Rate

255 - -Exponential Function

2.0E-5 : ! . .
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Fig. 13. Decaying exponential function superimposed over Q vs Time plot of two
equal merging drops of radii 6.25 pm each.

coalescence process. As an example, the principal frequency of the
time varying heat transfer through droplets (R; =R, =1 pum) is
1 x 10° Hz. The average heat transfer trend can be approximated
with a decaying exponential function (Fig. 13), neglecting this
oscillatory component.

Fig. 13 presents the best-fit decaying exponential function and
the oscillatory time-varying heat transfer through the base
of two merging droplets (r; =r,=6.25pum; time constant
7 =5.8x 107%5). This heat transfer decay rate could be incorpo-
rated into Lagrangian-type models of the overall dropwise conden-
sation process [8] to more accurately account for transient heat
transfer after coalescence events, rather than assuming a step
change from the quasi-steady heat transfer rate of the two parent
droplets to that of the single child droplet.

4.3. Effect of coalescence on heat transfer

If a dropwise condensation model assumes instantaneous
merging and recovery of quasi-steady heat transfer for a pair of
droplets, it will under-predict the total heat transfer. The resulting
heat transfer deficit is due to a step-change assumption is:

Lcoalesce —L

aedt

Def = | —— Jo -

foma esce ae*fdt + thoalesce

) % 100%. (19)

Here, a is the difference in the steady state heat transfer between
that of the two parent droplets and the child droplet. c is the steady
state heat transfer for the child droplet. The decaying heat transfer
is integrated from time t =0 to t = tcoaesce — the time for the child
droplet to settle to a steady heat transfer rate.

This heat transfer deficit effect is illustrated for two representa-
tive cases: (1) r; =1 pum, Rt =1 and (2) r; =25 um, Rt =4. For
cases 1 and 2, Def; ~ 8% and Def, ~ 5%. This deficit could become
significant if many droplets are coalescing on a surface.

Assuming instantaneous droplet coalescence thus causes a
modest under-prediction of heat transfer by neglecting the thermal
stabilization time of the child droplet. This could be termed as the
direct mechanism of heat transfer enhancement due to coalescence.
However, merging droplet hydrodynamics can cause a second indi-
rect heat transfer enhancement mechanism. As merging droplets
oscillate before stabilizing, they repeatedly clear small droplets
from surrounding surface area, and initiate periodic renucleation
in this swept area. Local condensation heat flux can be very high
right after droplets are cleared from a region. Therefore, this indi-
rect heat transfer enhance mechanism may be even more signifi-
cant than the direct mechanism.

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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Glicksman and Hunt [28] performed a numerical study of the
dropwise condensation process from initialization on a dry surface,
yielding transient heat transfer trends. Data from their study is
adopted here in this paper to estimate the indirect heat transfer
enhancement mechanism (curve fit to their data in Eq. (20)). Their
data are for saturated water at atmospheric pressure
(Tsat = 100 °C) with a condensing surface 0.28 °C below the Tiyt.

Nucleation site density was assumed to be 10° cm~2.

t —0.2356

q4s(t) = (8.379 x 10° W m ?) (E) (20)

Here, t represents the time since the condensing surface was
initially dry. The transient heat flux trend from [28] (q¥.(t)) is
applied as a sub-grid scale model on portions of the wall not cov-
ered by grid scale droplets in the VOF simulation. This heat flux
represents the heat transfer from condensing small droplets
around the studied grid-scale droplets. Here, q{.(t) is evaluated
for every cell face on the wall boundary. A local time (t) is evalu-
ated for each face as the time since it was last covered by a grid-
scale droplet. q{. is set to zero when a wall face is covered by a
grid-scale droplet. Thus, this model captures the effect of merging
droplets periodically sweeping the surface around them and
re-initializing nucleation in the swept area.

t=0s
t=2x10"5s
t=5x10"%s
t=8x10"5s
t=13x10"5s
t=17x10"5s

Dynamic Case

@
® _.

L")
@

Static Case

This sub-grid scale model is evaluated for two cases with
r; = 25 um; Rt = 1. In the first case, two droplets coalesce and
oscillate, as described in Section 5.1. The sub-grid scale heat flux
value on the wall faces is initialized to 0. A second case represents
the results of assuming instantaneous coalescence. Here, a single
stationary droplet (same total liquid volume as in case 1) is placed
in the center of the domain with a quasi-steady temperature distri-
bution. The sub-grid scale heat flux value on the wall is initialized
to 0, except for the area under the two parent droplets, which are
set to t = 0 s. The heat flux in these cells evolves over time accord-
ing to Eq. (20). The difference in heat transfer between the two
cases (oscillating interface tracked droplet coalescence case and
the static case) serves as an estimate of the heat transfer underpre-
diction by assuming instantaneous coalescence. This resulting indi-
rect heat transfer deficit is:

Leoalesce

0
Defindirect = (

" Leoalesce 17
45 _pynamicdt — b 4Scs_staricdt

Lcoalesce 11
o™ Qs staricdt

) x 100%

(21)

Fig. 14 shows the different trends of sub-grid scale heat transfer
between the dynamic case and the static case. Fig. 14a shows the
dynamic case in which the oscillating child droplet repeatedly
clears sections of the wall, reinitializing nucleation and high heat

Ve Ve

0
K3

q sGs

Fig. 14. Differences between subgrid-scale heat transfer due to microscale condensing droplets around two coalescing r = 25 pum droplets: (a) the dynamic coalescence case;
and (b) the static coalescence case. Top-down view snapshots of the droplet shapes, represented in black, are presented. The colored area underneath the droplets shows the

evolution of sub-grid scale heat flux due to small condensing droplets around the primary coalescing droplets (qggs(t) = om

g5 —MiN(qees (0)
(qgs (1)) —min(qgs (6) ) *
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fluxes. For the static case (Fig. 14b), however, g¢(t) is only non-
zero on that exposed area that was previously under the parent
droplets.

The heat transfer trends for the two cases are presented in
Fig. 15. After 350 ps, when the oscillations in the droplet have
almost died out, the heat transfer deficit approaches
Defingirect ~ 11%, which is greater than the direct deficit. Unlike
the direct deficit, the magnitude of this indirect deficit is expected
to increase for larger oscillating droplets.

4.4. Simulation data and proposed correlation for droplet coalescence
time constant

Simulation data for t(r;,Rt) from the parametric study cases
listed in Table 2 were used to form a correlation (Eq. (22)) for T
for coalescence of condensing water droplets at atmospheric pres-
sure on the studied hydrophobic silane surface. T and r; were non-
dimensionalized (t* = tp0?/13; 1] = 6pry/,) using the simula-
tion parameters p, o and p (for water at 1 atm), and a correlation
was formed for t*(rj,Rt). Table 3 lists the constants given in Eq.

4.0E-6
—Dynamic Coalescence

= 3.0E6 | ---Instantaneous Coalescence
g
@
‘% 2.0E-6
c
=
®
o 1.0E-6 [
s

0.0E+0 Zz . L .

0.0E+0 1.0E-4 2.0E-4 3.0E-4
Time (t, us)

Fig. 15. Cumulative heat transfer for an interface tracked dynamic coalescence case
and a static case. Initially, for both cases, both droplets have radius r = 25 um.

Table 3

Constants for the droplet coa-
lescence time constant correla-
tion (Eq. (22)).

Constant Value
a 0.063

1.927
c 1.144

1.0E+08

Simulation
B Rt=1

L Rt=2
1.0E+07 A FRt-4

1.0E+06 |

. Correlation

8 - —- Rt=1

/- <+ Rt=2

™ —— Rt=4
1.0E+04 s =

1.0E+02 1.0E+03 1.0E+04

1.0E+05 |

Dimensionless Time
Constant(t’)

1.0E+05
Dimensionless Smaller Radius (ry)
Fig. 16. Dimensionless time constant (t*) vs. dimensionless smaller droplet radius

(r7) and droplet radius ratio Rt. The curves are generated using the correlation given
in Eq. (22) and the simulation data is represented by the markers.

Table 4
T for representative test cases obtained from best-fit exponential curves to the
experimental data and the proposed correlation (Eq. (22)).

1 [pm] Rt T Simulation [s] T correlation [us] AD (%)
3 1 1.36 1.11 18
12.5 2 53.61 38.34 28

(22). Correlation t* vs. rj curves for varying Rt are compared with
simulation data (markers) in Fig. 16.

T =axrP xRt (22)

The absolute average deviation (AAD) between the correlation
and the data is 14%, and the maximum error is 37%. This represents
reasonable agreement considering the three order of magnitude
range of t* in the study space.

Two additional test cases: (1) r; =3 pum,Rt=1, and (2)
ry = 12.5um, Rt = 2, were simulated to assess the correlation given
in Eq. (22). The comparison is provided in Table 4. The relative
deviation for both cases is less than 30%.

5. Conclusions

In this study, a VOF formulation was proposed and validated for
interface dynamics predictions (droplet impact) and steady state
droplet condensation heat transfer. This method was then applied
to simulate the process of water droplet coalescence during drop-
wise condensation for 9 cases over a range of radii
(1 wm < r < 100 pm) and radius ratios (1 < Rt < 4). Results were
used to determine the time constant for droplet stabilization and
transient heat transfer trends after dropwise condensation. The
working fluid in this study was saturated water at atmospheric
pressure. The surface properties (hydrophobic silane) were
adopted from the study of Yokoi et al. [41].

Two mechanisms (Section 5.2) were identified for heat transfer
enhancement due to droplet coalescence. The direct mechanism is
due to the gradual decay of heat transfer from the quasi-steady
rate for the two parent droplets to that of the larger child droplet.
Instantaneous droplet coalescence models neglect this thermal sta-
bilization time for the child droplet, and therefore under-predict
droplet heat transfer by 5-10% during the period of coalescence.
The indirect mechanism is due to the oscillating child droplet
repeatedly clearing small droplets from the surrounding wall area,
reinitializing nucleation in those areas. For two coalescing droplets
of equal radii (r; = 25 pm), heat transfer enhancement due to the
indirect mechanism is ~11%. This indirect effect may be even
greater in larger droplets that oscillate over larger areas and have
more momentum (longer oscillation periods).

A correlation for t(r1, Rt) was presented for the studied range of
droplet sizes, fluid properties, and surface conditions. Two test
cases (r; =3 um,Rt =1 and r; = 12.5 pum, Rt = 2) were simulated
to test the accuracy of the correlation, and satisfactory agreement
was found.

Prior theoretical and numerical studies of dropwise condensa-
tion have generally assumed droplet coalescence to be instanta-
neous, and that child droplets immediately recover quasi-steady
internal temperature profiles (no history effect) [28,52]. The pre-
sent study used a direct interface tracking simulation technique
to characterize the process of droplet coalescence and post-
coalescence heat transfer trends. Findings suggest that the
assumption of instantaneous coalescence underestimates the total
heat transfer (direct underprediction + indirect underprediction
due to the oscillating child droplet sweeping the area underneath)
in the time shortly after droplet coalescence by 15-20%. Results
from this study provide an improved closure model for droplet

doi.org/10.1016/j.ijheatmasstransfer.2018.07.005
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coalescence that can be incorporated into Lagrangian dropwise
condensation models to improve overall heat transfer predictions.
Such improved dropwise condensation models may provide
insights into the effects of coalescence and oscillating droplet
dynamics on overall surface heat transfer.

Future investigations are warranted to expand results for coa-
lescing droplet dynamics and heat transfer to a broader range of
fluids and surfaces. Investigation of more complex coalescence
dynamics is also needed, such as a cascade of coalescence events
initiated by merging of a single droplet pair. If these complex dro-
plet coalescence processes are better understood, it may be possi-
ble to enhance dropwise condensation heat transfer through
surface engineering. For example, if contact angle hysteresis can
be reduced, the oscillation time and spatial span of coalescing dro-
plets may increase, amplifying the two heat transfer enhancement
mechanisms identified in this study.
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