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Abstract

Nucleate pool boiling is typically characterized by cyclic growth and departure of vapor bubbles from a heated wall. It has been exper-
imentally observed that the contact angle at the bubble base varies during the ebullition cycle. In the present numerical study, a static
contact angle model and dynamic contact angle models based on the contact line velocity and the sign of the contact line velocity have
been used at the base of a vapor bubble growing on a heated wall. The complete Navier-Stokes equations are solved and the liquid-
vapor interface is captured using the level-set technique. The effect of dynamic contact angle on bubble dynamics and vapor volume
growth rate is compared with results obtained with the static contact angle model.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Bubbles nucleate from cavities at the wall during nucle-
ate pool boiling. During their growth period, the bubbles
stay attached to the wall at the base. The bubble base diam-
eter increases initially, then stays constant for a period of
time and finally decreases as the bubble begins to depart.
Intense evaporation is believed to take place near the bub-
ble base that results in very high wall heat flux.

The contact angle made by the liquid—vapor interface at
the bubble base with the wall varies during bubble growth
and departure stages. This dynamic contact angle is differ-
ent from static or equilibrium contact angle, which depends
on the liquid and vapor properties and the material of the
solid surface. The static contact angle does not have a
unique value, as even under equilibrium conditions, the
static advancing contact angle is different (larger) from
the static receding contact angle.
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Fig. 1 shows a nucleating bubble at the wall during
nucleate pool boiling [1]. The frame on the left shows a
bubble growing after its nucleation on the heater surface.
The bubble base is expanding in this case, and the contact
angle at the wall is receding. The frame on the right shows
the same bubble just prior to departure. The bubble base is
contracting in this case and the contact angle is advancing.
It can be seen from these frames that the advancing contact
angle is larger than the receding one.

The surface tension force acting at the bubble base
depends on the dynamic contact angle. This affects the
overall bubble dynamics and the wall heat transfer. The
present numerical calculations are performed to study the
effect of the dynamic contact angle at the bubble base as
compared to a static contact angle.

2. Literature review

Researchers have extensively studied contact angle hys-
teresis for various solid-liquid combinations and surface
conditions. Schulze et al. [2] empirically determined the
equilibrium contact angle for certain low energy solids
and pure liquids. They varied the roughness of the polymer
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Nomenclature

ACA advancing contact angle

C, specific heat at constant pressure

d grid spacing

g gravity vector

H Heaviside function

hgg latent heat of evaporation
thermal conductivity

lo length scale

m mass transfer rate at interface

ms milliseconds

p pressure

r bubble base radius

RCA receding contact angle

Re Reynolds number
temperature

AT temperature difference, Ty, — Tsat

t time

u x direction velocity

U velocity scale

14 contact line velocity at bubble base
v y direction velocity

w z direction velocity

x distance in x direction

y distance in y direction

z distance in z direction

Greek symbols
o thermal diffusivity
P coefficient of thermal expansion

K interfacial curvature
I dynamic viscosity
v kinematic viscosity
o density

a surface tension

T time period

¢ level set function
Q contact angle
Subscripts

a advancing

evp evaporation

1 liquid

lim limiting

r receding

sat saturation

v vapor

w wall

X 0/ox

y o/dy

z 0/0z

Superscripts

* non-dimensional quantity
- vector quantity

Fig. 1. Dynamic contact angle at bubble base during nucleate pool boiling

[1].

solid surfaces and used a sessile drop experiment to mea-
sure the advancing and receding contact angles. The con-
tact angle hysteresis was assumed to be dependent on the
surface roughness and the equilibrium contact angle was
linearly approximated setting the hysteresis to be zero.
Shoji and Zhang [3] experimentally measured contact angle
of water on copper, glass, aluminum and Teflon surfaces.
The receding contact angle was found to decrease with sur-
face roughness while the advancing contact angle remained

almost constant. They also developed a model for evaluat-
ing surface wettability by introducing a surface roughness
parameter and a surface energy parameter. They concluded
that the advancing and receding contact angles are unique
for any liquid—solid combination and the surface condition.

Brandon and Marmur [4] simulated contact angle hys-
teresis for a two-dimensional drop on a chemically hetero-
geneous surface. The intrinsic contact angle was assumed
to vary periodically with distance from the center of the
drop. The changes in free energy of the system, the contact
angle and the size of the base of the drop were calculated
with changes in the volume of the drop. The authors con-
cluded that the quasi-static analysis of the dependence of
the free energy of the system on the drop volume could
explain the contact angle hysteresis measurements. Kandli-
kar and Steinke [5] made photographic observations of
liquid droplets impinging on a heated surface. They studied
the effects of surface roughness and surface temperatures
on the dynamic advancing and receding contact angles.
They found that the equilibrium contact angle first
decreased and then increased with surface roughness. The
dynamic advancing and receding contact angles were found
to be equal for high wall superheats at critical heat flux
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conditions. Lam et al. [6] carried out dynamic one-cycle
and cyclic contact angle measurements for different solids
and liquids. Four different patterns of receding contact
angle were obtained: (a) time dependent receding contact
angle; (b) constant receding contact angle; (c) stick/slip
pattern and (d) no receding contact angle. The authors
identified liquid sorption and retention as the primary
cause of contact angle hysteresis.

Apart from the physical properties and surface condi-
tions of the solid-liquid combination, the contact angle
hysteresis is also believed to be influenced by the liquid-
vapor interface velocity. Ramanujapu and Dhir [7] studied
dynamic contact angle at the base of a vapor bubble during
nucleate pool boiling. A silicon wafer was used as the test
surface with micromachined cavities for nucleation. The
bubble base diameter was measured as a function of time
and the interface velocity was calculated. The results show
that though the contact angle varied during different stages
of bubble growth, it was weakly dependent on the interface
velocity. They concluded that contact angle could be deter-
mined primarily based on the sign of the interface velocity.

Sobolev et al. [8] measured dynamic contact angle of
water in thin quartz capillaries with radii varying from
200 to 40 nm. The value of dynamic contact angle was
found to depend on the degree of surface coverage by the
absorbed water molecules. At velocities less than 5 um/s,
the dynamic contact angle was found to be linearly depen-
dent on the velocity whereas, at higher velocities, it was
found to be rate independent. Barraza et al. [9] determined
advancing contact angle during spontaneous capillary pen-
etration of liquid between two parallel glass plates by mea-
suring the transient height attained by it. The data was
fitted into an averaged Navier—Stokes model integrated
over a cross section away from the liquid front. The calcu-
lated contact angle values failed to predict the dependence
of the dynamic contact angle on velocity as suggested by
classical hydrodynamics and molecular theories in the
non-wetting case. Kandlikar et al. [10] experimentally stud-
ied an evaporating meniscus on a smooth heated rotating
copper surface. They studied the size and shape of the
meniscus and the receding and advancing contact angles
for various surface velocities and wall superheat. Large dif-
ference was observed between the advancing and receding
contact angles. At wall superheat of 102.5 °C, the advanc-
ing and receding contact angles were found to be almost
constant for various surface velocities, but at 105.5 °C the
receding contact angle decreased at higher velocities. At
108 °C wall superheat, both advancing and receding con-
tact angles started to fluctuate with increase in surface
velocity, due interface instabilities caused by high evapora-
tion rate.

Several studies have appeared in the literature on the
effect of contact angle on bubble growth during nucleate
boiling. Kandlikar and Stumm [11] developed a model to
analyze the forces acting on a vapor bubble during sub-
cooled flow boiling. They also measured experimentally
the upstream and downstream contact angles as a function

of flow velocity. They found that the departing bubble size
became smaller and the upstream and downstream contact
angles went through a maxima and minima, respectively,
with increase in flow velocity. Son et al. [12] carried out
complete numerical simulation of a single bubble on a hor-
izontal surface during nucleate pool boiling. They assumed
a static contact angle at the bubble base and accounted for
the microlayer evaporation by including the disjoining
pressure effect. The results showed that the departing bub-
ble became larger with increase in contact angle. Kandlikar
[13] developed a theoretical model of CHF with dynamic
receding contact angle. The model was based on the
assumption that CHF occurs when the force due to the
momentum change pulling the bubble interface into
the liquid along the heated surface exceeds the sum of the
forces from surface tension and gravity holding the bubble.
He assumed the dynamic receding contact angle for various
liquid-solid systems. The model indicated decrease in CHF
with increase in contact angle. Abarajith and Dhir [14]
numerically studied the effect of contact angle on single
bubbles during nucleate pool boiling. The contact angle
was kept fixed throughout the bubble growth and depar-
ture process. The effect of microlayer evaporation was
included in the study. The contact angle was related to
the magnitude of the Hamaker constant, which was found
to change with surface wettability. The bubble departure
diameter and time was found to increase with increase in
contact angle.

Researchers have incorporated different models of
dynamic contact angle during numerical simulations of
droplet motion. Fukai et al. [15] theoretically and experi-
mentally studied deformation of a liquid droplet colliding
and spreading on a flat surface. The wetting effect was
accounted for using constant distinct values of advancing
and receding contact angles during spreading and recoiling
process. The values of the constant dynamic contact angle
used in the mathematical model were obtained experimen-
tally from a droplet sliding freely down an inclined test sur-
face. This was done in spite of the fact that velocity
magnitude of sliding droplet was smaller than impacting
droplet and dynamic contact angle is known to be depen-
dent on the velocity. The numerically obtained droplet
shapes qualitatively agreed with experimental data.

Bussman et al. [16] developed a three-dimensional
numerical model of droplet impact onto asymmetric sur-
faces. Two cases were studied; impact of a droplet on an
incline and onto a sharp edge. The fixed grid Eulerian
model employed first-order accurate Young’s volume
tracking algorithm to track droplet free surface. Two meth-
ods were used to specify the contact angle boundary condi-
tion. In the first method, the advancing and receding
contact angle obtained from experiments was specified only
if the corresponding contact line velocity was greater than
0.1 m/s. At contact line locations with velocity less than
0.1 m/s, the contact angle was specified using linear inter-
polation between the nearest known values at the leading
and trailing edges. In the second method, the contact angle
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was specified as a linear function of contact line velocity
between 0.1 m/s and 0.05 m/s. Above 0.1 m/s constant val-
ues of advancing and receding contact angle was specified
as appropriate whereas below 0.05 m/s a constant equilib-
rium value of contact angle was assumed. Both methods
produced similar results except for some difference in the
equilibrium droplet shapes.

Son and Hur [17] simulated droplet motion on an
inclined wall using level-set method on non-orthogonal
grids. They implemented two different contact angle for-
mulations at the gas-liquid—solid interline. In the first for-
mulation same value of advancing and receding contact
angle was used. In the second formulation different but
constant values of advancing and receding contact angle
was specified. Under conditions of no gravity the shapes
attained by the droplets using both the contact angle for-
mulations matched well with the exact solutions. However,
no validation of the above formulations was presented
under dynamic conditions of droplet motion.

3. Numerical model
3.1. Method

The present study uses the numerical model of Mukher-
jee and Dhir [18] to simulate vapor bubble growth on a
heated wall. The numerical analysis is done by solving
the complete incompressible Navier—Stokes equations
using the SIMPLE method [19], which stands for semi-
implicit method for pressure-linked equations. A pressure
field is extracted from the given velocity field. The continu-
ity equation is turned into an equation for the pressure
correction. During each iteration, the velocities are
corrected using velocity-correction formulas. The “consis-
tent” approximation [20] is used for the velocity correction.
The resulting velocity field exactly satisfies the discretized
continuity equation, irrespective of the fact that the under-
lying pressure corrections are only approximate. The com-
putations proceed to convergence via a series of continuity
satisfying velocity fields. The algebraic equations are solved
using the line-by-line technique, which uses TDMA (tri-
diagonal matrix algorithm) as the basic unit. The speed
of convergence of the line-by-line technique is further
increased by supplementing it with the block-correction
procedure [21]. Multi-grid technique is used to solve the
pressure fields.

Sussman et al. [22] developed a level set approach where
the interface was captured implicitly as the zero level set of
a smooth distance function. The level set function was typ-
ically a smooth function, denoted as ¢. This formulation
eliminated the problems of adding/subtracting points to a
moving grid and automatically took care of merging and
breaking of the interface. The present analysis is done using
this level set technique.

The liquid vapor interface is identified as the zero level
set of a smooth distance function ¢. The level set function
¢ 1is negative inside the bubble and positive outside the

bubble. The interface is located by solving the level set
equation. A fifth-order WENO (weighted, essentially
non-oscillatory) scheme is used for left sided and right
sided discretization of ¢ [23]. While ¢ is initially a distance
function, it will not remain so after solving the level set
equation. Maintaining ¢ as a distance function is essential
for providing the interface with a width fixed in time. This
is achieved by reinitialization of ¢. A modification of
Godunov’s method is used to determine the upwind direc-
tions. The reinitialization equation is solved in fictitious
time after each fully complete time step. With Az :ﬁ,
ten t steps are taken with a third-order TVD (total varia-
tion diminishing) Runge Kutta method.

3.2. Governing equations

Momentum equation

ou . . > Z
p(& +u- Vu) = —Vp+pg — ppr(T — Tsar)g

— 6kVH + V.uVii + V.uVii" (1)
Energy equation

pCp(aT+ﬁ~VT) =V -kVT for ¢ >0

ot (2)
T="Tg for¢<O0
Continuity equation
L m
V-i= ; -Vp (3)
The curvature of the interface is defined as
Vo )
K =V |—== 4
0= (5 @)

The mass transfer rate of liquid evaporating at the interface
VT

m= 5

s (5)

The vapor velocity at the interface due to evaporation

. m  kVT

ey = ==~ (6)
pv pv fg

To prevent instabilities at the interface, the density and vis-
cosity are defined as

p=p,+ (o —p)H (7)
=g+ (i — p)H (8)

H is the Heaviside function

H=1 if ¢ > +1.5d
H=0 if ¢ <—15d
H=0.5+¢/(3d) +sin2np/(3d)]/(2n) if |¢| < 1.5d

9)

where d is the grid spacing.
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Since the vapor is assumed to remain at saturation tem-
perature, the thermal conductivity is given by

k= lH™ (10)
Level set equation is solved as

0

-§+mﬁ+mwyv¢:o (11)

After every time step, the level-set function ¢ is reinitialized
as

op

= = S(d0)(1 - Vg 1)
D(x,0) = ¢o(x)

S is the sign function which is calculated as

S(gg) = 2 (13)

3.3. Computational domain

Fig. 2 shows the computational domain which is
0.99 x 1.98 x 0.99 non-dimensional units in size. Cartesian
coordinates are used with uniform grid. The bottom of the
domain is defined as the wall. The bubble is placed at the
wall. Taking advantage of symmetry, calculations are done
for one quarter of the bubble. The number of computa-
tional cells in the domain are 72 x 144 x 72 i.e. 72 grids
are used per 0.99/). These values are the same as used by
Mukherjee and Dhir [18] to optimize numerical accuracy
and computation time. Experimental validation of the
present numerical code has been provided earlier by Muk-
herjee and Dhir [18].
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Fig. 2. Computational domain.

3.4. Scaling factors

The governing equations are made non-dimensional
using a length scale (/)) and a time scale (#) defined by,
a

"V "

ly
ty = \/; (15)

The characteristic velocity is thus given by,

A

The non-dimensional temperature is defined as,

T*: T_Tsat
TW_Tsat

(17)

with 7 =0 when T= T, and 7" =1 at the wall when
T="T,.

3.5. Initial conditions

A spherical bubble of radius 0.1 non-dimensional length
is placed in the domain on the wall, with the given contact
angle. The initial coordinates for the center of a single bub-
ble would be (0,rcos,0). All initial velocities are set to
zero. The initial thermal boundary layer thickness is calcu-
lated from the correlation for the turbulent natural convec-
tion heat transfer. The initial thickness is given by

5o = 7.14(voy /g AT (18)

The liquid and vapor properties are taken for water at
100 °C. The vapor temperature is set to the saturation tem-
perature i.e. 100 °C. The wall temperature is set to 110 °C
for all cases and this corresponds to the partial nucleate
boiling regime.

3.6. Boundary conditions

The boundary conditions are as follows:
At the wall (y* = 0):

.. 4o
=1, Q- cos @ (19)

uw=v"=w=0;
where ¢ is the contact angle. . i
At the planes of symmetry (x =0, x =1):
w=v=w=7T,=0 (20)
At the planes of symmetry (z° =0, z° = 1):
w=v=w=7=0 (21)
At the top of the domain (y" = 2):

*

Uy

v, =w,=0, T"=0 (22)
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3.7. Microlayer evaporation

Several previous studies [1,12,14,18] of single vapor
bubbles growing on a heated wall have included the effect
of microlayer evaporation. Son et al. [12] reported micro-
layer contribution to be about 20% for a certain set of cal-
culations. The transient conduction due to liquid motion
being major contributor to wall heat transfer in nucleate
boiling, the effect of contact angle on bubble dynamics
is the focus of this work. Since the effect of microlayer
is seen to be small and no reliable experimental data on
microlayer thickness under the bubble is available, the
present simulation is carried out to highlight the effect
of liquid motion and transient conduction around a bub-
ble. Hence the effect of microlayer evaporation at the
bubble base has been excluded in the subsequent cal-
culations.

4. Results
Five different cases have been studied:

Case I: Static contact angle of 54°.

Case 2: Constant advancing contact angle of 61° and con-
stant receding contact angle of 48°.

Case 3: Advancing and receding contact angle as function
of contact line velocity.

Case 4: Constant advancing contact angle of 90° and con-
stant receding contact angle of 54°.

Case 5: Constant advancing contact angle of 54° and con-
stant receding contact angle of 20°.

In Cases 4 and 5 one of the dynamic contact angles is
54° which is same as the static contact angle used in Case
1. The 90° advancing contact angle is chosen in Case 4 to
represent surfaces with low wettability. The 20° receding
contact angle is chosen in Case 5 to represent surfaces with
high wettability with same amount of hysteresis as in Case
4.

Fig. 3 shows the experimental data obtained by Raman-
ujapu and Dhir [7] for variation of contact angle at the base
of a single vapor bubble. They plotted the contact angle as
a function of interface velocity. The plot shows an approx-
imate maximum advancing contact angle of 61° and an
approximate minimum receding contact angle of 48°. The
fitted curve shows a linear variation of contact angle
between limiting interface velocities. The static contact
angle was 54° for the test surface. The data from Fig. 3
has been used in Cases 1-3.

4.1. Case 1 — static contact angle

Numerical simulation of a single bubble has been car-
ried out with a static contact angle of 54°. Fig. 4 plots
the equivalent bubble diameter and the bubble base diam-
eter as a function of time. The bubble equivalent diameter

70
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Fig. 3. Experimental observation of dynamic contact angle at bubble base
during nucleate pool boiling [7].
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Fig. 4. Bubble growth, static contact angle 54°.

is calculated assuming a sphere of equal volume. The bub-
ble base diameter is found to increase initially and stay con-
stant at 1.85mm at around 30 ms. The base diameter
decreases thereafter and becomes zero at 54 ms. This indi-
cates bubble departure with an equivalent diameter of
3.5 mm.

4.2. Case 2 — constant advancing and receding contact angles

Fig. 5 shows the results of numerical calculations with
different advancing and receding contact angles. In this
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Fig. 5. Bubble growth, receding contact angle 48°, advancing contact
angle 61°.

case, the contact angle is specified depending on the sign of
the contact line velocity. Thus, when the bubble base diam-
eter is increasing, the contact angle is specified as 48°
whereas when the bubble base diameter is decreasing, the
contact angle is specified as 61°. The rate of change in bub-
ble base diameter is high initially but slows down around
28 ms. Thereafter, as the base diameter tries to decrease,
the contact angle immediately changes to advancing con-
tact angle and becomes higher. This affects the surface ten-
sion force at the bubble base. The increase in contact angle
decreases the surface tension force that was causing the
bubble base to contract. As a result, the bubble base starts
to expand again after 28 ms at a higher rate. The contact
angle at the bubble base keeps changing in the calculations
depending on whether the base diameter is trying to
increase or decrease. A sudden increase in the rate of
change of the bubble base diameter is again observed at
40 ms. This phenomenon of sudden increase in the rate
of change of bubble base diameter is caused due to specifi-
cation of dynamic contact angle at the bubble base which is
evident from comparing Cases 1 and 2.

The expansion/contraction of the bubble base depends
on force balance parallel to the wall which includes surface
tension, evaporation momentum, inertia and viscous forces.
The surface tension force tries to contract the bubble base
whereas the evaporation momentum force tries to expand
it. When the contact angle increases due to a switch from
receding to advancing, the surface tension force decreases,
causing the evaporation momentum force to dominate.
The inertia imparted to the bubble base due to this sudden
force imbalance causes the bubble base to re-expand even
though the contact angle switches back to a lower (receding)
value. In Case 2, the bubble base ‘sticks’ around 27 ms and
38 ms with the contact line velocity reaching zero as seen in
Fig. 5. Shortly thereafter, the bubble base ‘slips’ with the
contact line accelerating and the bubble base tries to expand
again.

Dussan [24] explains slip/stick behavior as when the
motion of a contact line appears to be unsteady and spas-
matic and it occurs below a certain smallest reported speed.
Above that speed the contact line movement is found to be
very smooth. The slip/stick behavior may occur in a cyclic
pattern as observed by Lam et al. [6] while measuring
dynamic contact angle of a sessile drop of n-pentadecane
on FC-732-coated silicon wafer.

The overall bubble base diameter (Fig. 5) keeps increas-
ing while exhibiting the stick/slip pattern till 44 ms, after
which it decreases till bubble departure. The bubble departs
at 66 ms with a higher equivalent bubble diameter com-
pared to the previous case where a static contact angle
was assumed.

Comparing Figs. 4 and 5, it can be seen that incorporat-
ing different (but constant) advancing and receding contact
angles results in a stick/slip interface movement at the base
during the bubble growth.

4.3. Case 3 — dynamic contact angle as a function of interface
velocity

Numerical calculations are carried out with dynamic
contact angle at the bubble base as obtained from Fig. 3.
The contact angle is specified as follows:

dr
= fi . _Vim
¢ = ¢, lor dt< 1
dr
= fi =W Viim
=g, for o>V (23)
Gy — Py dr (pr+(p'l dr
e A
= (dt) T3 °r 1 :

where % is the rate of change of bubble base radius, Vy, is
the limiting contact line velocity and ¢, =48° and
@. = 61°. It may be noted here that in Fig. 3, the interface
velocity is defined as the rate of change of bubble base
diameter (and not radius) with time.

Fig. 6 shows plot of the bubble and base diameters
against time for this case. Results of two calculations are
presented with Vj;,, = 0.02 m/s and 0.04 m/s. In these cases,
the base contact angle changes dynamically during the bub-
ble growth between the specified limiting advancing and
receding contact angles. For the case with Vj;, = 0.04 m/s,
the rate of change of base diameter does not show any
overall fluctuations. In fact, the variation in the bubble
base diameter is smooth and comparable to the results in
Case 1 with a static contact angle of 54°. However, in the
case of Vi, = 0.02 m/s, the changes in bubble base diame-
ter is comparatively less smooth. Thus, as Vj;,, is decreased,
the behavior of the bubble base approaches the stick/slip
pattern observed in Case 2 and as Vj, is increased, the
behavior of the bubble base approaches static constant
angle pattern of Case 1. In both these cases with dynamic
contact angle as a function of the contact line velocity,
the bubble departure time is around 60 ms which is
comparatively longer than that in Case 1 but less than Case
2.
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Fig. 6. Bubble growth, contact angle between 48° and 61°, as a function of
contact line velocity.

4.4. Case 4 — constant advancing contact angle of 90° and
receding contact angle of 54°

Calculations were performed for a case with constant
advancing contact angle of 90° and constant receding con-
tact angle of 54°, high values of contact angle indicating
that the surface is non-wetting in nature. It has been previ-
ously demonstrated [12] that the bubble departure diameter
increases with increase in contact angle. Thus, a bigger
computation domain of size 1.43 x 2.86 x 1.43 non-dimen-
sional units is used for this case. Fig. 7 shows the bubble
shapes obtained in Case 4. The time corresponding to the
shapes is indicated on each frame. The bubble initially
grows with a spherical shape but gradually turns into a
hemispherical shape due to the effect of high advancing
contact angle. When the bubble departs, the bubble base
forms a neck which is seen in the frame corresponding to
85.5 ms.

Fig. 8 shows the bubble growth rate corresponding to
Case 4. The bubble initially grows similar to Case 1 with
constant receding angle of 54°. At around 32 ms, the rate
of increase of bubble base diameter almost becomes zero
and as the bubble base tries to contract the contact angle
changes to 90°. The bubble base exhibits the stick/slip
behavior and it tries to expand at a faster rate. At around
50 ms, the bubble diameter and base diameter becomes
equal. Between 50 and 65 ms the base diameter remains
almost constant while the bubble equivalent diameter
increases. Thereafter, the bubble base shrinks continuously
and bubble departs at around 88 ms with an equivalent
departure diameter of 5.4 mm.

4.5. Case 5 — constant advancing contact angle of 54° and
receding contact angle of 20°

Calculations were also performed for a case with con-
stant advancing contact angle of 54° and constant receding

Mukherjee & Kandlikar
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Fig. 7. Bubble shapes, receding contact angle 54°, advancing contact
angle 90°.
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contact angle of 20°. Thus, in this case the amount of hys-
teresis is similar to Case 4, however with lower values of
contact angles, i.e. the surface is wetting in nature. Fig. 9
shows the bubble shapes obtained in Case 5. The time cor-
responding to the shapes is indicated on each frame. The
bubble grows with a spherical shape during the entire
growth period. There is no neck formation at the bubble
base when it departs at 42 ms.

Fig. 10 shows the bubble growth rate corresponding to
Case 5. The stick/slip behavior of the bubble base is noted
around 4 ms. The bubble base starts to contract continu-
ously after 25 ms and the bubble departs at around 42 ms
with an equivalent diameter of 3 mm. The stick/slip behav-
ior of the bubble base in this case is limited to only the
early stages of bubble growth whereas in Case 4, the bubble
base exhibited the stick/slip behavior through a significant
part of the bubble growth period. Thus, it can be concluded
that stick/slip behavior of the bubble base due to contact
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Fig. 9. Bubble shapes, receding contact angle 20°, advancing contact
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Fig. 10. Bubble growth, receding contact angle 20°, advancing contact
angle 54°.

angle hysteresis becomes more pronounced as the surface
wettability decreases.

5. Discussion

Fig. 11 compares the vapor volume growth rates for the
five cases. The vapor volume growth rate is calculated by
dividing the bubble departure volume with departure time.
Case 3 represents the simulation of the actual experimental
conditions shown in Fig. 3 with Vj;, = 0.04 m/s.

It can be seen that for the first three cases, there is little
difference between the vapor volume growth rates. There-
fore the effect of contact angle hysteresis on the vapor
removal rate is negligible for these three cases, with Cases
2 and 3 having the same limiting values of advancing and
receding contact angles. In Case 4 with 90° advancing con-
tact angle, the vapor generation rate is more than twice
compared to the previous cases. However, in Case 5,
which has the same amount of hysteresis as Case 4, but
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Fig. 11. Comparison of vapor volume growth rates (Case 3 with
Viim = 0.04 m/s).
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20° receding contact angle, the vapor volume growth rate
is only 25% lower as compared to the first three cases. Two
primary conclusions can be drawn from comparing the
vapor volume growth rates of Cases 2, 4 and 5. First,
the vapor volume growth rate is primarily determined by
the advancing contact angle as compared to the receding
contact angle. Second, the vapor volume growth rate
increases as the surface becomes less wetting. The second
conclusion is consistent with the experimental findings of
Liaw and Dhir [25]. They experimentally studied variation
of wall heat flux for various contact angles at higher end of
nucleate boiling. Their results showed that as the surface
wettability improved i.e. as the contact angle decreased,
a higher superheat was required to attain the same heat
flux.

The vapor volume growth rate depends directly on the
wall heat flux that supplies the latent heat for the phase
change. The reasons for increase in wall heat flux with
increase in contact angle can be determined by looking at
the velocity and temperature fields around the bubble.

Fig. 12 compares the velocity fields near the bubble
base, the bottom frame showing Case 4 and the top frame
showing Case 5. The frames are chosen such that both the
bubbles are in the departing stages with same bubble base
diameters. The shrinking of bubble base creates a clockwise
liquid circulation around it that draws cooler saturated
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liquid towards the wall. However, for the case with large
contact angle this circulation is much more pronounced
with larger velocity vectors and involving a larger amount
of liquid. Thus, as the surface wettability decreases, the
bubble attains a larger departure diameter and creates a
bigger vortex around it when it departs.

Fig. 13 compares the temperature field around the vapor
bubble base prior to departure for Cases 4 and 5. Isotherms
(T") are plotted at intervals of 0.1. The bottom frame
shows that the liquid circulation near the bubble base with
the 90° advancing contact angle has effectively moved lar-
ger amount of superheated liquid away from the wall, as
compared to case with 54° advancing contact angle in the
top frame. Also, as the bubble lifts off, the clockwise vortex
causes the saturated liquid to move down towards the wall
at the edge of the computational domain, which pushes the
thermal boundary layer against the wall. The thermal
boundary layer at the edge of the computational domain
is thinner in the bottom frame (at x” = 1.4) due to the
stronger vortex as compared to the top frame (at
x"=0.99). Thus, the bigger vortex created during bubble
departure on the less wetting surface is more effective in
disturbing the thermal boundary layer around it, thereby
increasing the overall wall heat transfer.

Summarizing the effect of different models of dynamic
contact angle at the bubble base (Cases 1-3) it can be said
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Fig. 12. Velocity field in liquid near the bubble base.

Fig. 13. Temperature field near the bubble base.
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that bubble nucleation simulation is best done with
dynamic contact angle as a function of interface velocity
(Case 3) as it represents the correct motion of the contact
line observed during experiments. However, in the absence
of suitable experimental data, a static contact angle value
may be used (Case 1), but care must be taken to choose
the value of static contact angle. It has been shown that
the advancing contact angle has more influence on the bub-
ble growth than the receding contact angle. Thus, choosing
a mean value of the advancing and receding contact angles
as the static contact angle will under predict the departure
time. Also, with a static contact angle the bubble base var-
iation will be smooth with no slip/stick behavior. On the
other hand, if constant but different values of advancing
and receding contact angles are used at the bubble base
for calculations (Case 2) then it will over predict the depar-
ture time. It will also induce pronounced slip/stick behavior
of the bubble base. However, as mentioned earlier the
model of dynamic contact angle used at the bubble base will
have little effect on the vapor volume growth rate.

6. Conclusions

Numerical simulation is carried out of single nucleating
vapor bubble on a heated wall with different contact angle
models at the bubble base. The following conclusions may
be drawn from the above study:

1. Dynamic contact angle model based on the sign of the
contact line velocity causes the bubble base to exhibit
a stick/slip pattern during bubble growth whereas the
base exhibits a smooth behavior when the static contact
angle model is used.

2. Calculations based on experimental data show that
there is little effect on the vapor volume growth rate
whether a static or dynamic contact angle model is used.

3. The vapor volume growth rate is found to primarily
increase with increase in the advancing contact angle.

4. Decrease in surface wettability results in a bubble with
larger departure diameter which is more effective in dis-
turbing the thermal boundary layer around it and
increases the wall heat transfer, which is consistent with
experimental observations.
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