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Flow boiling through microchannels is characterized by nucleation and growth of vapor bubbles that fill
the entire channel cross-sectional area. As the bubbles nucleate and grow inside the microchannel, a thin
film of liquid or a microlayer gets trapped between the bubbles and the channel walls. The heat transfer
mechanism present at the channel walls during flow boiling is studied numerically. It is then compared
to the heat transfer mechanisms present during nucleate pool boiling and in a moving evaporating
meniscus. Increasing contact angle improved wall heat transfer in case of nucleate boiling and moving
evaporating meniscus but not in the case of flow boiling inside a microchannel. It is shown that the
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Bujéble thermal and the flow fields present inside the microchannel around a bubble are fundamentally different
Flow boiling as compared to nucleate pool boiling or in a moving evaporating meniscus. It is explained why thin-film

Thin-film evaporation evaporation is the dominant heat transfer mechanism and is responsible for creating an apparent

nucleate boiling effect inside a microchannel.
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1. Introduction

Flow boiling inside microchannels is an important area of
research as it is capable of removing large amount of heat over
small areas. Flow boiling through microchannels is fundamentally
different from flow boiling in large diameter channels. In micro-
channels, bubbles get confined by the channel walls and hence the
channel geometry plays an important role in the bubble growth
process. At the same time, since the bubbles occupy the entire
cross-section of the channels, they regulate the liquid flow as well
as the wall heat transfer mechanisms.

It has been observed through several experimental studies that
the average wall heat transfer coefficient is dependant on the wall
heat flux but is independent of the mass flow rate in the micro-
channels. That led many researchers to conclude that the heat
transfer process is dominated by nucleate boiling mechanisms as
opposed to flow boiling mechanisms. Apparently, this seems to be
correct reasoning since the growth of individual bubbles confined
by the channel walls controls both the thermal and the flow fields
inside the microchannels.

It has been long known that a large amount of heat transfer
takes place near the contact region of a bubble and a heated wall. A
thin layer of liquid, commonly known as the ‘microlayer’, is
believed to be present between a bubble and the wall during the
boiling process. In case of boiling process inside a microchannel, the
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definition of a microlayer becomes ambiguous and many
researchers refer to the thin layer of liquid between the bubble and
the channel walls as a ‘thin-film’.

A large number of analytical and experimental studies have
been carried out to quantify the effect of microlayer evaporation on
bubble growth in the macro-scale. However, in case of flow boiling
inside microchannels, very little work has been reported that
quantifies the effect of thin-film evaporation on the bubble growth
and the corresponding wall heat transfer. This is mainly due to the
limitations of carrying out accurate experiments in the microscale
that involves very small length and time scales. Thus, for flow
boiling inside microchannels complete numerical solution is
necessary to accurately predict the temperature and velocity fields
around the growing bubbles and ascertain the effect of thin-film
evaporation on the bubble growth.

2. Background
2.1. Microlayer evaporation

Fig. 1 shows the details of an extended evaporating meniscus on
a heated surface. Three regions have been identified here — 1) Non-
evaporating Adsorbed Thin-film Region - in this region, the liquid is
adsorbed on the heater surface and forms a non-evaporating layer.
The molecular forces have controlling influence and the disjoining
pressure reduces the pressure in the liquid and enables it to reside
in a supersaturated liquid state. 2) Evaporating Thin-film Region -
evaporation occurs at the liquid-vapor interface and liquid is fed
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Nomenclature

A wall area

ACA advancing contact angle

G specific heat at constant pressure

CA contact angle

d grid spacing

g gravity vector

H Heaviside function

h heat transfer coefficient

heg latent heat of evaporation
thermal conductivity

lo length scale

m mass transfer rate at interface

ms milliseconds

Nu Nusselt number

p pressure

RCA receding contact angle

Re Reynolds number

SH superheat

T temperature

AT temperature difference, T,y — Tsat

WV wall velocity

t time

to time scale

u x-direction velocity

Ug velocity scale

v y-direction velocity

w z-direction velocity

X distance in x-direction
y distance in y-direction
z distance in z-direction
Ot coefficient of thermal expansion
K interfacial curvature

w dynamic viscosity

v kinematic viscosity

p density

a surface tension

T time period

¢ level-set function

4] contact angle
Subscripts

evp evaporation

in inlet

1 liquid

sat saturation

Y vapor

w wall

X 0/0x

y a/dy

z 0/0z

Superscripts

* non-dimensional quantity
— vector quantity

from the bulk liquid through the intrinsic meniscus region. Here
both the disjoining pressure and the capillary forces play a role. This
region is often referred to as the ‘microlayer’. 3) Intrinsic Meniscus
Region - the fluid mechanics in this region is governed by the
conventional equation of capillarity.

Derjaguin [1] originally provided the basis of the thin-film
evaporation by showing that the net effect, at the macroscopic
level, of solid-liquid interactions is a reduction of pressure of the
liquid interface relative to the pressure of the equilibrium vapor
phase. According to him, the disjoining action could explain the
deviation from the laws of hydrostatics that exists in the thin
wetting film. Many years later Derjaguin et al. [2] developed an
analytical theory and showed that the rate of evaporation from
a capillary does not depend on the vapor diffusion through the gas
only but also on the transport of liquid through the film caused by
the film thickness gradient.

Potash and Wayner [3] studied the transport processes occur-
ring in a two-dimensional evaporating extended meniscus where
the fluid flow resulted from both capillarity and disjoining pressure.
They calculated the heat flux profile for a given plate superheat and
showed that the heat flux reached a maximum in the evaporating
thin-film portion of the extended meniscus. Later Wayner and his

Intrinsic
. . meniscus region
Non-evaporating Evaporating thin-

adsorbed thin-film

film region
region
Vapor
region

Fig. 1. Details of a stationary evaporating meniscus.

Liquid

region

co-workers [4] analytically calculated the heat transfer coefficient
at the interline of an evaporating wetting film.

Holm and Goplen [5] developed an analytical model to describe
heat transfer in capillary grooves. The maximum heat transfer was
found to occur in the transition region between the evaporating
thin film and the intrinsic meniscus while the evaporating thin-film
region was responsible for only eight percent of the total heat
transfer.

Sujanani and Wayner [6] measured thicknesses of a completely
wetting film on a silicon plate. Their results indicated that the heat
transfer and fluid flow phenomena were coupled in the evaporating
meniscus. The meniscus was found to oscillate at higher tempera-
ture and the oscillations were sensitive to small changes in
temperature and pressure. Dasgupta et al. [ 7] numerically computed
thickness profiles of a Heptane meniscus on silicon and compared
that with the experimental data. They concluded that significant
resistance to heat transfer was present in the contact line region due
to conduction, interfacial forces and viscous stresses. In a subse-
quent work Dasgupta et al. [8] computed the heat flux and the heat
transfer coefficients in an evaporating microfilm.

He and Hallinan [9] developed a particle image velocimetry
technique to measure the velocity field in an evaporating film. They
observed a recirculation zone in the liquid near the contact line
region, which they believed to be due to the thermocapillary
stresses.

Hoffman and Stephan [10] measured temperatures beneath an
evaporating meniscus using thermochromic liquid crystals. A
significant temperature drop was observed near the microregion
due to presence of a high evaporative heat flux. The wall temper-
ature increased to a higher value in the adsorbed film region due to
decreased heat transfer.

Morris [11] analytically calculated heat transfer in an evapo-
rating meniscus of a perfectly wetting fluid. The heat transfer was
found to be more in the outer region of the meniscus where the
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contact angle and hydrostatic pressure determined the shape of the
interface.

2.2. Nucleate boiling

A significant amount of literature is available on the effect of
microlayer evaporation on vapor bubbles during boiling
phenomena and discussion on some of the relevant papers is
presented here.

Labunstov [12] identified evaporation near the bubble base as an
important mechanism for bubble growth during nucleate boiling.
He derived an expression for bubble growth and compared it with
the experimental data.

Stephan and Hammer [13] developed an analytical model to
study microlayer evaporation during nucleate boiling. They
assumed one dimensional heat transfer in the liquid film. The liquid
interface temperature was assumed to be greater than saturation
temperature due to capillary pressure and the disjoining pressure.
One dimensional boundary layer flow was assumed in the film
neglecting the convective terms. The microlayer model was
coupled with a two-dimensional model of the bubble macroregion.
The microregion equations were solved using the Runge Kutta
method whereas the macroregion equations were solved using
a finite element method. The combined model was solved to study
nucleate boiling of refrigerant R-114 on a copper plate. A region of
very high heat transfer was noted in the microlayer. The mean heat
transfer coefficients obtained from the model agreed reasonably
well with the experimental data.

Koffman and Plesset [14] measured microlayer thickness
beneath vapor bubbles during nucleate pool boiling using laser
interferometry. The fluids used were water and ethanol. Extremely
large heat flux of the order of 1000 kW/m? was observed in the
microlayer but it occurred over only very short periods of time and
small areas.

Karthikeyan et al. [15] developed an analytical model of a con-
strained vapor bubble (CVB). They also carried out experiments
with a CVB of pentane on a quartz surface and measured the
temperature at the intermediate section of the bubble. The
analytically obtained profile of the liquid-vapor interface matched
well with the experimental data.

Son et al. [16] developed an analytical model of microlayer
evaporation present under single vapor bubbles during nucleate
pool boiling. They used the lubrication theory to model the fluid
flow and heat transfer in the microlayer and added the effect of
microlayer evaporation to the macromodel of the vapor bubble.
During cyclic growth and departure of the vapor bubbles, the effect
of microlayer evaporation to the total wall heat flux was found to be
around 20 percent.

2.3. Sliding bubbles

It has been experimentally observed that sliding bubbles could
significantly enhance wall heat transfer during nucleate boiling.
Transient conduction and microlayer evaporation are believed to be
primarily responsible for this enhancement in heat transfer.

Sateesh et al. [17] developed an analytical model of sliding
bubbles during nucleate pool boiling. The different heat transfer
mechanisms such as the microlayer evaporation, transient
conduction and the enhanced heat transfer due to sliding bubbles
were quantified and compared with the experimental data. The
effect of microlayer evaporation was found to be important in the
case of organic liquids.

Li et al. [18] made direct measurements of microlayer thick-
nesses below sliding bubbles in FC-87. They quantified a criterion
for development of instabilities in the microlayer based on the

shear stress and surface tension forces. The effect of the microlayer
evaporation on the bubble dynamics was studied and the micro-
layer thickness was correlated with the Reynolds number, Weber
number and the Froude number.

Recently, Li and Dhir [19] numerically studied bubble dynamics
during flow boiling. The effect of microlayer evaporation was
included at the bubble base. However, the study did not quantify
the effect of microlayer evaporation on the overall wall heat
transfer.

2.4. Flow boiling in microchannels

Jacobi and Thome [20] hypothesized that thin-film evaporation
is the dominant heat transfer mechanism during elongated bubble
flow inside microchannels. They developed an analytical heat
transfer model consisting of a pair of liquid slug and a vapor bubble.
Their model correctly predicted the dependence of convection
coefficient on the wall heat flux and liquid mass flux.

Kandlikar [21] identified two new non-dimensional groups K1,
K2 relevant to flow boiling inside microchannels. K1 represents the
ratio of the evaporation momentum force and the inertia force
whereas K2 represents the ratio of the evaporation momentum
force and the surface tension force. According to him periodic flow
of liquid and vapor slugs resulted in a nucleate boiling mechanism
inside the channels diminishing the role of the convective boiling
mechanism.

Thome [22] presented a review of flow boiling in microchannels
and identified some open issues. He argued that currently there is
no definite criterion to identify the threshold between the macro-
and the microscale for flow boiling. The author compared different
two-phase flow studies conducted by other researchers and
showed wide discrepancies in test conditions as well as the results.
In the studies that he presented most researchers argued that the
heat transfer mechanism is nucleate boiling dominated, as the
results show little dependence of the local heat transfer coefficients
on the mass velocity. However, since bulk of the heat removal takes
place in form of latent heat evaporation, the author contended that
thin-film evaporation is the dominant heat transfer mechanism
around the elongated bubbles. He supported his case by comparing
the results from his two-zone thin-film evaporation model with
experimental data.

It is clear from the above literature review that microlayer or
thin-film evaporation can play a significant role during the boiling
process. However, the contribution of microlayer evaporation can
vary significantly depending on the conditions under which the
boiling process is taking place. It is a difficult task to accurately
ascertain the contribution of microlayer evaporation inside
microchannels. A large number of parameters can influence the
formation and evaporation of a microlayer that include the flow
regimes, thermal boundary conditions, conjugate effects at the
walls, dynamic contact angle, channel geometry and the solid,
liquid and vapor properties.

3. Objective

There are three well known high heat flux applications where
evaporation at the three phase contact region plays an important
role. These are nucleate pool boiling, a moving evaporating
meniscus on a heated surface and flow boiling inside micro-
channels. However, fundamental physical differences exist
between the phenomena of flow boiling inside a microchannel as
compared to the other two cases. There is a bulk motion of liquid
associated with flow boiling and at the same time the evaporating
liquid-vapor interface is confined by the microchannel walls. These
factors have significant influence on the shape and motion of the
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three phase contact region in case of flow boiling inside a micro-
channel as compared to the other two cases. In the present study,
we compare and contrast the flow and temperature fields near the
contact region of the liquid-vapor interface during nucleate pool
boiling, evaporation of a moving meniscus and flow boiling inside
a microchannel. In all the presented results, the disjoining pressure
effect on thin-film evaporation has been ignored. The objective is to
qualitatively compare the heat transfer mechanisms in these three
cases and ascertain whether thin-film or the microlayer evapora-
tion is the dominant heat transfer mechanism during flow boiling
inside a microchannel.

4. Numerical method

The following general numerical technique has been used in the
flow boiling simulation results presented in this paper.

The complete incompressible Navier-Stokes equations have
been solved using the SIMPLER method [23], which stands for
Semi-Implicit Method for Pressure-Linked Equations Revised. The
continuity equation is turned into an equation for the pressure
correction. A pressure field is extracted from the given velocity
field. At each iteration, the velocities are corrected using velocity-
correction formulas. The computations 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 [24]. The
multi-grid technique has been employed to solve the pressure
equations.

Sussman et al. [25] developed a level-set approach where the
interface was captured implicitly as the zero level set of a smooth
function. The level-set function was typically 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. Furthermore, the level-set
formulation generalized easily to three dimensions. All the
numerical analyses presented in this paper have been 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 ¢ is negative in
the vapor zone and positive in the liquid zone. 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 ¢ [26]. 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 directions. The reinitialization equation is
solved in fictitious time after each fully complete time step. With
At =d/[2ug, ten 7 steps are taken with a third order TVD (Total
Variation Diminishing) Runge Kutta method.

4.1. Governing equations
The following equations have been solved during the numerical

calculations:
Momentum equation:

-
p(aa—?+ﬁ-vﬁ) = —Vp—0KVH + VUV 4+ V-uvu' (1)

Energy equation:

pcp(%%+ ﬁ.vr) = V-kVT for¢ >0 )
T = Tsar forg <0

Continuity equation:
i
VU = pz-Vp (3)
The curvature of the interface:
Vo )
K = Vel —+ 4
@ = v (54 ()

The mass flux of liquid evaporating at the interface:

— leT
m = —— 5
- (5)

The vapor velocity at the interface due to evaporation:

—

— _ E o kIVT
P Py pvhfg

(6)

To prevent instabilities at the interface, the density and viscosity
are defined as

p = py+(p—pyH (7)

po= iy + (W —iy)H (8)
H is the Heaviside function given by

H=1if¢>+1.5d
H=0if¢<-15d 9)
H = 0.5+ ¢/(3d) + sin[2m$/(3d)]/(2m) if |¢| < 1.5d

where d is the grid spacing
Since the vapor is assumed to remain at saturation temperature,
the thermal conductivity is given by

k = kgH1 (10)
The level-set equation is solved as

0 — —

O (0 + UWeup) 9 = 0 (11)

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

W _ S(0) (1 - 199lug (12)

$(x,0) = ¢o(x)

S is the sign function which is calculated as

Vo5 +

4.2. Scaling factors

S(¢o) =

All the governing equations are made non-dimensional using
a length scale and a time scale. For flow boiling calculations, the
length scale ly given by the channel width (in this case same as the
channel height) and is equal to 200 um. Thus, for water at 100 °C,
and Re =100, the velocity scale ug is calculated as 0.146 m/s. The
corresponding time scale tp is 1.373 ms.
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The non-dimensional temperature is defined as

. T—Te
T = st 14
TW - Tsat ( )

The Nusselt number (Nu) is calculated based on the area-aver-

aged heat transfer coefficient (h) at the wall given by,

A

9

h:z/hm (15)
0

where A is the wall area.
The wall Nusselt number is defined as,

hly
K
The number of computational cells in the flow boiling domain is
320 x 80 x 40, i.e. 80 grids have been used per 0.99ly. The grid size
has been chosen from previous work of Mukherjee and Kandlikar
[27] to minimize numerical error and optimize the computation
time. The time step used varied typically between 1e—4 and 1e-5.
Negligible change in the results is observed when calculations are
carried out with smaller time steps, which ensured that calcula-
tions are time step independent. All physical properties are taken as
constant at 100 °C.

Nu — (16)

5. Results
5.1. Nucleate boiling mechanism during pool boiling

Fig. 2 shows contact angle variation at the base of a vapor bubble
during nucleate pool boiling [28]. As the bubble grows, the bubble
base diameter expands initially, then stays constant for a brief period
of time and finally contracts as the bubble departs from the surface.
The contact angle at the bubble base varies during the bubble growth
period, with the advancing contact angle being greater than the
receding contact angle. It is believed that a thin layer of liquid
present below the bubble results in very high local heat flux at the
wall. However, the liquid motion around the base of the bubble due
to the expansion and contraction of the bubble base plays a very
important role as well in transient conduction from the wall.

The effect of microlayer evaporation is expected to be significant
in case of wetting surfaces where the contact angle is relatively low.
Thus, if microlayer evaporation is to be the dominant heat transfer
mechanism during nucleate pool boiling, boiling on highly wetting
surfaces is expected to remove higher heat flux compared to boiling
on non-wetting surfaces. However, on the contrary, it has been
experimentally observed that for same amount of wall superheat,
heat flux increases with increase in the contact angle [29].

Fig. 2. Dynamic contact angle at bubble base during nucleate pool boiling.

Fig. 3 shows the velocity field around a bubble base during
nucleate pool boiling [30]. Single vapor bubbles with dynamic
contact angle were simulated in that study. The length scale used in
the calculations was 2.5 mm and the wall superheat was 10 K. In
the first frame of Fig. 3 the advancing contact angle is 54° whereas
the receding contact angle is 20°. In the second frame the
advancing contact angle is 90° whereas the receding contact angle
is 54°. In both the frames the bubble bases are contracting and the
bubbles are about to depart at the times shown in the frames. The
reference vector has been indicated in both the frames. It is clearly
seen that there is an intense liquid circulation present around the
bubble base when the contact angle is higher.

Fig. 4 shows the temperature field near the bubble base corre-
sponding to the cases shown in Fig. 3. The thermal boundary layer
is thinner at the wall in case of higher contact angle, indicating
increased heat transfer from the wall. Table 1 shows the vapor
volume growth rates for different values of advancing and receding
contact angles used in the calculations. The vapor volume growth
rate increases with increase in contact angle which confirms higher
rate of heat transfer from the wall. The influence of advancing
contact angle on the wall heat transfer is much more pronounced
compared to the receding contact angle. The transient conduction
mechanism created by the bubble motion plays an important role
as the contact angle is increased. When the contact angle decreases,
the contribution of microlayer evaporation may increase but at the
same time the bubbles become short lived with smaller departure
diameters. The larger bubbles are more effective in disturbing the
thermal boundary layer formed around the bubbles which results
in higher rates of heat transfer.
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Fig. 3. Velocity field in liquid near bubble base during nucleate pool boiling.
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Fig. 4. Temperature field near bubble base during nucleate pool boiling.

5.2. Transient conduction in a moving and evaporating meniscus

Kandlikar et al. [31] experimentally studied heat transfer from
a moving evaporating meniscus. Mukherjee and Kandlikar [32]
developed a numerical model of a moving evaporating meniscus on
a heated surface and computed the local heat transfer along the
base of the meniscus. Fig. 5 shows the numerical model in which
the water enters the liquid column from the top and the heated
bottom wall moves in the positive x-direction. The length scale in
this case is 1 mm. Evaporation takes place at both the advancing
and receding ends of the meniscus due to heat transfer from the
wall into the meniscus.

Fig. 6 shows liquid circulation inside the meniscus due to the
motion of the wall. The advancing and receding contact angles in
this case are 61° and 48°, respectively. The wall superheatis 5 K and
the wall velocity is 0.1 m/s. It is clearly seen that because of the wall
motion, the liquid is dragged along the base of the meniscus
creating a circulation. Large velocity vectors can be seen along the
receding interface of the meniscus in the vapor side, indicating high
rates of evaporation along the receding interface. No such intense

Table 1
Effect of contact angle on vapor volume growth rates.

ACA (°) RCA (°) Vapor volume growth
rate (mm?>/ms)

61 61 0.4

90 54 0.9

54 20 0.3

35|

25

15 :' Water inlet

WVapor

2 % I __ 4

Moving wall

Fig. 5. A moving and evaporating meniscus.

evaporation is observed along the advancing interface of the
meniscus.

Fig. 7 shows the temperature field inside the meniscus corre-
sponding to the conditions shown in Fig. 6. Isotherms have been
plotted for non-dimensional temperature between 0 and 1 at
intervals of 0.1. A zone of superheated liquid can be seen along the
receding meniscus that causes the intense evaporation which was
seen earlier in Fig. 6. The distance between the isotherms along the
meniscus base is found to be thicker below the receding interface
compared to the advancing interface. This indicates higher rate of
heat transfer is occurring at the advancing end of the meniscus base
due to transient conduction. The circulation inside the meniscus is
bringing the cooler liquid down near the advancing interface while
moving the hotter liquid away from the wall along the receding
interface.

Fig. 8 compares the variation of the average heat transfer at the
meniscus base with time for different values of advancing and
receding contact angle. In the first two cases the advancing contact
angle was kept constant whereas the receding contact angle was
increased. In the last two cases the receding contact angle was kept
constant whereas the advancing contact angle was increased. It can

i Unit Vector

Fig. 6. Liquid circulation inside meniscus (ACA - 61°; RCA - 48°; SH - 5K; WV
- 0.1 m/s).
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Fig. 7. Temperature field inside meniscus (ACA-61°; RCA-48°;SH-5 K; WV -0.1 m/s).

be clearly seen that overall heat transfer increased with increase in
the advancing contact angle only. This indicates the transient
conduction present at the advancing contact region is the dominant
heat transfer mechanism below the moving evaporating meniscus.

5.3. Effect of contact angle on bubble growth during flow boiling in
a microchannel

Mukherjee and Kandlikar [33] carried out numerical simulation
of vapor bubbles with static contact angle during flow boiling
inside microchannels. In the present study vapor bubbles are
simulated with constant but different values of advancing and
receding contact angles. The receding contact angle (RCA) values

40

1 RCA - 30, ACA - 61

| = = — RCA-48,ACA-61
5 ——— RCA - 48, ACA - 80

= 20

i — — e
10

b — — —

0 25 50 75 100

Time(ms)

Fig. 8. Comparison of average heat transfer coefficient at the meniscus base as
a function of contact angle (SH - 5 K; WV - 0.1 m/s).

used are 20°, 40° and 60° and advancing contact angle (ACA) values
used are 40°, 60° and 80°. The contact angle is varied linearly
between the upstream and the downstream end of the bubble base
based on the length of the bubble base. The wall superheat is set to
8 K in all the cases and the length scale is 200 pm.

Fig. 9 shows the bubble shapes for the lowest and highest values
of contact angle used in the calculations. The time taken for the
bubbles to grow to that size is shown in the bottom corner of each
frame. It can be seen that the bubble with lower contact angle has
taken less time to grow compared to the bubble with higher contact
angle. Both the bubbles show vapor patches on the side walls which
indicate reduced heat transfer in the areas where the vapor is in
contact with the walls.

RCA -20,ACA -40
0.284 ms

2 RCA -60, ACA -80
X* 0.308 ms

Fig. 9. Comparison of bubble shapes with different contact angle.
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Fig. 10. Comparison of bubble equivalent diameters.

Fig. 10 compares the bubble equivalent diameters for the
different values of advancing and receding contact angles used in
this study. The bubble equivalent diameter is calculated as the
diameter of a sphere of equal volume. The bubble with the lowest
contact angle used in this study is seen to grow the fastest which
indicates higher rate of evaporation around the bubble interface. As
the advancing contact angle is increased keeping the receding
contact angle at 20° the bubble growth rate is found to decrease.
However, when the advancing contact angle is kept constant at 80°
and the receding contact angle is increased, the bubble growth rate
is seen to improve by a small amount. This is probably due to
decrease in the surface tension forces at the receding interface of
the bubble base.

Figs. 11 and 12 compare the area-averaged heat transfer at the
North and South walls, respectively, as a function of time. North
wall is at y* =1 whereas the South wall is at y* =0 of the compu-
tational domain as seen in Fig. 9. The heat transfer at both the walls
is seen to be highest at 0.25 ms for the bubble with the receding
contact angle of 20° and advancing contact angle of 40°. The heat
transfer at the South wall is found to be lower compared to the

50

L] RCA -20, ACA -40
\ — — — RCA-20,ACA-60
i RCA -20, ACA - 80
40 \ — — — RCA-40,ACA -80
~ =~ RCA-60,ACA-80

T T T

AN
- .
£ 30 .
€[
€ i \\\
z e
3 L
Z 20
10f
0 L 1 L L L L I 1 L L L I L 1 1 1 L
0 0.1 0.2 03 04
Time{ms)

Fig. 11. Comparison of heat transfer at the North wall.
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Fig. 12. Comparison of wall heat transfer at the South wall.

North wall as part of the South wall is covered with vapor below the
bubble base.

The heat transfer at the South wall is found to decrease with
time since the bubble base length increases due to the bubble
growth. At any particular time, the heat transfer at the South wall
is found to decrease with increase in both the advancing and the
receding contact angles. However, at the North wall the heat
transfer improves slightly with increase in receding contact angle
for the constant advancing contact angle of 80°. This is due to the
slightly higher bubble growth rate which was seen earlier in
Fig. 10.

Fig. 13 compares the velocity fields around the bubbles for the
lowest and highest contact angle values used in this study. Both
frames are at a time of around 0.28 ms after the bubble nucle-
ation. The reference vector has been indicated in each frame. The
bubble with the lower contact angle is seen to have grown much
bigger comparatively and larger velocity vectors can be seen at
the downstream of the bubble. This indicates that this bubble is
growing faster compared to the bubble with higher contact
angle.

Fig. 14 compares the thermal fields around the bubbles for the
cases shown in Fig. 13. In the case of 20° receding contact angle
a thin layer of liquid is seen at the receding end below the bubble.
The crowding of isotherms in that region indicates a very high rate
of local wall heat transfer. The distance between the isotherms at
the contact region in the upstream end of the bubble is greater
compared to that at the downstream end. This indicates that the
heat transfer below the receding interface at the downstream end
of the bubble is higher compared to the contact region at the
upstream interface.

At the North wall, a thin layer of liquid can be seen between the
bubble and the wall in case of the bubble with 20° receding contact
angle. This thin layer of liquid evaporates as the bubble grows and
results in higher average wall heat transfer at the North wall which
was seen earlier in Fig. 11.

6. Discussion

It can be argued from the above numerical results that flow
boiling inside microchannels involves fundamentally different heat
transfer mechanisms as compared to those present during nucleate
pool boiling or in an evaporating meniscus on a moving heated
surface.
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Fig. 13. Comparison of velocity fields.

6.1. Effect of change in the contact angle on the wall heat transfer

In case of nucleate pool boiling and a moving evaporating
meniscus, the wall heat transfer was found to increase with
increase in the contact angle. However, in case of bubble growth
inside microchannels, the wall heat transfer improved with
decrease in the contact angle. Since thin-film evaporation is
expected to be more effective with decrease in contact angle, this is

the first indication that flow boiling inside microchannels is prob-
ably dominated by thin-film evaporation.

6.2. Comparison of heat transfer below the advancing and receding
interfaces

We have also seen that heat transfer during nucleate pool
boiling improves when the bubble base contracts resulting in

RCA-20,ACA-40
0.284 ms

RCA -60,ACA - 80
0.281 ms

Fig. 14. Comparison of temperature fields.
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intense liquid circulation around the bubble base. The advancing
liquid-vapor interface at the bubble base is primarily responsible
for the improved transient conduction at the wall. In case of the
moving evaporating meniscus, heat transfer is found to be signifi-
cantly greater near the advancing interface as compared to the
receding interface. However, in the case of the bubble growth
inside a microchannel during flow boiling, heat transfer is found to
be significantly higher below the receding liquid-vapor interface as
compared to the advancing contact region due to the presence of an
evaporating liquid layer. This also suggests that the heat transfer
mechanism is likely to be dominated by thin-film evaporation in
the case of flow boiling inside microchannels.

6.3. Absence of liquid circulation

Transient conduction is typically caused by liquid circulation
that moves the liquid away from a heated wall and brings cooler
liquid towards the wall. In the cases of both nucleate pool boiling
and the moving evaporating meniscus, a distinct liquid circulation
is observed near the contact line region. However, no liquid circu-
lation is observed during flow boiling inside a microchannel. This
observation also hints to the fact that transient conduction may not
be a dominant heat transfer mechanism in case of flow boiling
inside microchannels.

6.4. Impression of nucleate boiling mechanism

In case of flow boiling inside microchannels, the velocities
generated by the bubble growth are significantly larger compared
to the typical incoming liquid velocities. This is also evident from
comparing the velocity vectors at the upstream and downstream
ends of the bubble in Fig. 13. The evaporation momentum force at
the advancing interface acts in the opposite direction to the
incoming liquid and thus the flow and thermal field inside the
microchannels are little affected with changes in the incoming
liquid mass flux. The bubble growth depends directly on vapor
addition from the evaporation of the thin film around it. The rate of
this thin-film evaporation increases directly with the wall heat flux.
This explains why the wall heat transfer coefficient has been
experimentally found to be insensitive to the incoming liquid mass
flux but sensitive to the wall heat flux. Thin-film evaporation is
primarily responsible for bubble growth inside microchannels
during flow boiling but the resultant effect of bubble growth gives
rise to an apparent notion of presence of nucleate boiling
mechanism.

7. Conclusions

The bubble growth during flow boiling inside microchannels is
compared to nucleate pool boiling and a moving evaporating
meniscus using numerical computations. It is shown that the
velocity and thermal fields present around bubbles during flow
boiling inside microchannels are fundamentally different than
those present around bubbles during nucleate pool boiling or inside
a moving evaporating meniscus. During flow boiling inside
microchannels, the wall heat transfer is found to improve with
decrease in contact angle and is found to be greater below the
receding bubble interface compared to the advancing bubble
interface. This clearly indicates that thin-film or microlayer evap-
oration around the bubbles is the primary wall heat transfer
mechanism. No liquid circulation is observed inside the micro-
channel that is often associated with transient heat conduction
from a heated surface. It has been explained how thin-film evap-
oration controls the bubble growth and gives rise to an apparent

notion of presence of nucleate boiling mechanism during flow
boiling inside a microchannel.
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