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A study on bubble growth mechanisms and underlying physical phenomena of flow boiling in silicon
nanowire (SiNW) microchannels has been performed and compared these results with plainwall
microchannels. A new approach in studying bubble dynamics and forces acting on liquid–vapor (L–V)
interface of growing bubble has been proposed based on theoretical, experimental and visual studies.
Bubble size, liquid film thickness, interfacial properties are measured and L–V interfaces are detected
from high speed visualization data and results are analyzed by vision-based approach. Force analysis dur-
ing instantaneous bubble growth from bubble nucleation to formation of annular flow regime has been
performed for both the SiNW and plainwall microchannel configurations. Results from force analysis
show the dominance of surface tension at L–V interface of growing bubble which resulted higher heat
transfer contact area, lower thermal resistance and higher thin film evaporation. Whereas, inertia force
is dominant at L–V interface of fully grown bubble and it helps in bubble removal process and rewetting
before flow reversal. Significant differences between SiNW and plainwall microchannels have been
observed in bubble growth mechanism, heat transfer mode and forces acting on L–V interface.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

A novel boiling surface with submicron pores formed by silicon
nanowire (SiNW) bundles and nanoscale pores created by individ-
ual nanowires was developed by our team [1]. Significant enhance-
ment of heat transfer and critical heat flux (CHF) in flow boiling
SiNW microchannels have been achieved owing to SiNW-induced
single annular flow regime and liquid renewal enabled by superhy-
drophilic SiNWs. SiNWs can reduce the transitional flow boiling
regimes (slug, plug, churn, etc.) in two-phase microchannels to a
single annular flow regime starting from onset of boiling (ONB)
to CHF condition by controlling the flow structure in two aspects:
reducing bubble size and transforming the direction of the surface
tension force from the cross-sectional plane to the inner-wall plane
[1–3]. This is a unique flow boiling behavior and the underlying
physical phenomena of this observed behavior are needed to be
investigated. Forces acting on liquid–vapor (L–V) interface play a
significant role to establish different flow boiling regimes in
microchannels. Therefore, the roles and relative effects of these
forces during bubble growth and flow regime establishment in
microchannels are necessary to understand the underlying mecha-
nisms and also to design high performance heat transfer systems.

A number of research efforts on flow boiling in microchannels
were focused on understanding the underlying mechanisms
[4–13]. Zhang et al. [4] investigated the bubble nucleation, flow
patterns, heat transfer and pressure performances in silicon
microchannels by varying surface roughness. They reported that
the phase change mechanism was closely associated with wall sur-
face conditions, and in order to induce and maintain a steady annu-
lar flow for microchannel heat sink applications, the channel wall
must have enough gas-trapping cavities to ensure typical nucle-
ation. Peles et al. [5] developed a one-dimensional model of evap-
orating two phase flow in a triangular microchannel, during
steady-state operation to determine the dry-out length of a self
sustained flow. They simplified the momentum equation as the
contribution of gravity; wall-liquid friction forces and L–V friction
forces were very small and were of order O (10�3). It was shown
that the dry-out length increased as the hydraulic diameter
increased, and decreased as the heat flux increased. A three-zone
flow boiling model was proposed by Thome et al. [6] and validated
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Nomenclature

Ab bubble surface area, m2

Ac channel cross-sectional area, m2

Ai bubble interface area, m2

Apl shear plane area, m2

D bubble diameter, m
Ds Sauter diameter
Dh channel hydraulic diameter, lm
Fb buoyancy force, N
Fi inertia force, N
FM evaporation momentum force, N
Fs surface tension force, N
Fs shear force, N
G mass flux, kg/m2 s
g gravitational acceleration, m/s2

H channel height, lm
h heat transfer coefficient, kW/m2 K
hlv latent heat of vaporization, kJ/kg

q00eff effective heat flux, W/cm2

q00EV evaporative heat flux at the interface, W/cm2

t time, s
U fluid mean velocity, m/s
Vb volume of bubble, m3

xe exit vapor quality

Greek symbols
a void fraction
d film thickness, lm
h contact angle
q fluid average density, kg/m3

ql liquid density, kg/m3

qv vapor density, kg/m3

r surface tension, N/m
l fluid viscosity, kg/ms
u heating surface orientation
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by Dupont et al. [7] to describe the evaporation of elongated bub-
bles in microchannels. This model illustrated the transient varia-
tion in local heat transfer coefficient during the flow boiling
cyclic from liquid slug to evaporating elongated bubble to vapor
slug in microchannels. They also reported that heat transfer in
the thin film evaporation region was typically on the order of sev-
eral times that of the liquid slug while that for the vapor slug was
nearly negligible. Numerical simulation of bubble dynamics and
heat transfer during pool and flow boiling had been carried out
by Dhir et al. [8]. Effects of different parameters on bubble dynam-
ics had been quantified by numerical simulation and validated
with experimental data. Mukherjee et al. [9] also performed a
numerical study of bubble growth mechanism and heat transfer
performance in flow boiling microchannels. They concluded that
surface tension at L–V interface had little influence on bubble
growth and heat transfer. Moreover, the bubble with the lowest
contact angle resulted in the highest wall heat transfer. Studies
have been performed to understand the bubble dynamics in flow
boiling microchannels, however, the underlying mechanisms of
this boiling cycle (formation and impact on heat transfer and pres-
sure drop) have not been discussed yet.

Kandlikar [10] proposed a new method by considering interfa-
cial phenomena to address flow boiling characteristics in
microchannels. He proposed two new non-dimensional group K1

(ratio of evaporation momentum force to inertia force) and K2

(ratio of evaporation momentum force to surface tension force)
and generated a correlation using these two parameters to predict
CHF. He also suggested further investigating the interfacial phe-
nomena for better understandings and validations. Recently, Kand-
likar [11] provided excellent discussion on the effects of different
forces acting on the L–V interface and based on his scaling analysis,
he evaluated the flow pattern transitions and stability for flow
boiling of water and FC-77. He concluded that surface tension
and evaporation momentum forces played a dominant role at
microscale. Miner et al. [12] experimentally investigated the pres-
sure drop in an expanding microchannels array. They discussed the
results in light of a comparative force analysis and linked the
observed behaviors of the pressure drop and heat flux relationship
with the balance of these forces. Liaofei et al. [13] theoretically and
numerically investigated the evaporating momentum force and the
shear force acting on the meniscus of an evaporating and elongat-
ing bubble in flow boiling in a microchannels. They reported that
the evaporating momentum force was relatively small and can
always be neglected in analyzing the bubble elongation process
in microchannels flow boiling, but whether the shear force should
be considered or not was determined by its relative order of mag-
nitude and the particular conditions such as channel dimension
and the operating conditions. Literature review shows that the rel-
ative effects of major forces acting on the L–V interface are still not
well understood and contradict with each others. Therefore, more
studies are needed to advance the understanding of underlying
physical phenomena of flow boiling in microchannels.

Although numerous researches have been focused on the force
analysis of bubble and L–V interface during flow boiling in
microchannels, the investigation on force analysis during transient
bubble growth and flow regime establishment in SiNWmicrochan-
nels are still deficient to the best of the authors’ knowledge. The
objectives of this paper are to understand the bubble dynamics,
significance of forces acting on the growing vapor bubble and L–
V interface during flow boiling in SiNW microchannels based on
theoretical, experimental and visual studies.
2. Experimental study

Experiments have been performed in SiNW and Plainwall micro
devices to investigate the bubble dynamics in flow boiling
microchannels. These micro devices consist of five parallel straight
microchannels and each channel dimension is W: 220 lm X H:
250 lm X L: 10 mm. SiNWs formed by nanowire bundles and sur-
rounded by nanoscale gaps were created over the boiling surface to
fabricate SiNW microchannels. SiNWs are approximately 20 nm in
diameter and 5 lm in length. The design and fabrication of the
microchannel devices were detailed in our previous studies [2].
The difference between the dynamic contact angle and the static
contact angle is small as shown by Kandlikar and Steinke [14].
Hence, due to the difficulty in measuring dynamic contact angle
in flow boiling microchannels, static contact angles were measured
and used in force analysis. Static contact angle over flat silicon is
45.13 ± 0.67� and SiNW is 10.21 ± 2.74� as described in our earlier
study [18]. Experiments were conducted in a forced convection
loop with deionized (DI) water over a range of mass fluxes, 100–
600 kg/m2s and heat fluxes, up to 400W/cm2. The experimental
apparatus including the test module, flow loop, experimental pro-
cedure, and the data reduction method established in our previous
studies are adopted in this study. High speed visualization at a
frame rate 5000 frames per second (fps) has been performed along
with experimental investigations and theoretical analysis to reveal
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the transient bubble dynamics in flow boiling microchannels. Force
analysis of growing bubble at the L–V interface has been performed
based on flow visualization image analysis and theoretical under-
standing. Image analysis has been performed to realize an accurate
and consistent detection of the transient bubble dimension and
motions of the L–V interface.

3. Transient flow visualization image analysis

The methodology for automatic L–V interface detection and
motion estimation of growing bubble consists of three subsequent
steps. First, the L–V interface for every captured visual image frame
is detected; second, volume and surface area of the enclosed
boundary (growing bubble) is estimated; and finally velocity field
between two image frames is estimated.

3.1. Detecting L–V interface

An optical image captures a bubble in the middle of the SiNW
microchannel as shown in Fig. 1a. The first step is to detect the
L–V interface, which is however a non-trivial problem because
there is no clear boundary between the vapor and liquid phases.
By analyzing the intensity distribution of the image, image seg-
mentation is employed to separate the bubble from the back-
ground. Then, canny edge detector [15] was used to detect the
boundary of the bubble. On the resulted edge map (Fig. 1b); image
morphological operations were used to fill gaps in the boundary of
the bubble. However, many irrelevant edges were detected due to
image noise and features inside the bubble as shown in Fig. 1c.
Hence, the primary L–V interface is defined at first, i.e., the bubble
boundary as the longest edge in the image and then finally, the
short edges found inside and outside the primary boundaries are
removed as shown in Fig. 1d.

3.2. Surface area and volume estimation

Considering the detected L–V interface (bubble boundary) as
the cross-section of a symmetric cylindrical object, the surface area
and volume is calculated from the two following equations.

Surface Area ¼
XAll x inside Boundary

xi
2 � p � yi

2
ð1Þ

Volume ¼
XAll x inside Boundary

xi

p � yi
2

� �2
ð2Þ
(a) 

(b) 

(d) 

(c) 

Fig. 1. (a) The original optical image and (b) the corresponding edge map. (c) Edge ma
removing irrelevant edges inside and outside the bubble.
where xi is the pixels along the greater axis, and yi is the width
across the pixel xi (see Fig. 2).

3.3. Estimating velocity field of L–V interface

In the final step, a dense velocity field is estimated for every
pixel along the L–V interface. Specifically, the velocity field is cal-
culated by performing image registration between each pair of
neighboring frames in the high speed video. The method applied
is a non-rigid registration method based on free-form deformation
model with b-splines, which was first proposed by Rueckert et al.
[16] and later adapted by Koelstra et al. [17]. We followed the
adapted version [17] to find the velocity field for the L–V interface.

Let Xt denotes the image at the tth frame, and the intensity
value at a pixel location ðx; yÞ of frame t is represented by
Xtðx; yÞ. If ðx̂; ŷÞ in frame t � 1 is the corresponding location of pixel
ðx; yÞ at frame t, then the velocity at that particular point ðx; yÞ can
be estimated as,

V̂ tðx; yÞ ¼ ½ðx̂Þ; ðŷÞ� � ½x; y� ð3Þ
where V̂ t is the motion vector between the frames t and t � 1.

Based on the free-form deformation, the correspondence
between every pair of pixels is not individually estimated. Instead,
a lattice Ut with control points Utðu;vÞ, which are evenly spaced
with a stride s, are overlaid on the image as shown in Fig. 3. These
control points are then aligned with the corresponding location at

the frame t � 1, such that Ut�1 = Ut + Ud, and then V̂ t is derived by
interpolation from Ud. To estimate Ut�1, sum of Squared Difference
(SSD) is used as the cost function, which is minimized by gradient
descent.

SSDðÛt�1Þ ¼
X
x;y

ðXtðx; yÞ �Xt�1ðx̂;ŷÞÞ2 ð4Þ

B-spline interpolation method is used to estimate V̂ t from Ud.
For a pixel ðx; yÞ, the nearest control point lower and left to ðx; yÞ
is found, i.e., Utðu;vÞ with coordinate ðx0; y0Þ which satisfies

x0 6 x 6 x0 þ s; y0 6 y 6 y0 þ s ð5Þ
In addition, let Udðu;vÞ is the vector that displaces Utðu;vÞ to

Ut�1ðu;vÞ. Then, b-spline interpolation using its 16 closest neigh-
boring control points is used to derive the displacement for any
pixel ðx; yÞ. The following equation gives the estimation of the dis-

placement field V̂ t .
p after morphological operations. (d) Detected L–V interface (bubble boundary) by



Fig. 2. Measurement of bubble dimension (xi is the pixels along the greater axis, and yi is the width across xi).

Fig. 3. Interpolation of V̂ t from Ud , adapted from [17].

Fig. 4. Forces acting on L–V interface of a growing bubble in microchannels cross-
section.

940 T. Alam et al. / International Journal of Heat and Mass Transfer 101 (2016) 937–947
V̂ tðx; yÞ ¼
X3
k¼0

X3
l¼0

BkðdxÞBlðdyÞUdðuþ k� 1;v þ l� 1Þ ð6Þ

Here, dx ¼ x� x0, dy ¼ y� y0 and Bj is the jth basis function of
the uniform cubic b-spline, that is

B0 ¼ ð�a3 þ 3a2 � 3aþ 1Þ=6 ð7Þ

B1 ¼ ð3a3 þ 6a2 þ 4Þ=6 ð8Þ

B2 ¼ ð�3a3 þ 3a2 þ 3aþ 1Þ=6 ð9Þ

B3 ¼ ða3Þ=6 ð10Þ
Initially the control points are sparsely distributed, and in every

iteration of the algorithm more control points are added in the tth

frame. The corresponding locations of the added control points are

first initialized in the ðt � 1Þth frame by b-spline interpolation
method described above and then optimized by minimizing Eq.
(4). The gradual addition of control points with a good initial guess
makes the algorithm much faster and less prone to local optima.

4. Theoretical analysis of different forces acting on the L–V
interface

The relative effects of forces acting on L–V interface play a
major role in establishing different flow regimes in microchannels.
Inertia, surface tension, shear, buoyancy, and evaporation momen-
tum are the five major forces. Understanding the effects of these
forces on nucleating bubble in microchannels, the normalized
forces with respect to channel cross-sectional area were used in
our previous study [18]. In this study, forces acting on L–V inter-
face of elongating bubble have been studied. Forces acting on L–
V interface of a growing/elongating bubble inside the microchan-
nels are schematically shown in Fig. 4.

Definition and influences of forces in flow boiling microchan-
nels are briefly discussed in our previous study [18] and also by
Kandlikar [11]. Properties of elongating bubble are captured from
flow visualization image processing as described earlier. The sur-
face tension force is expressed as,
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Fs ¼ r � cosh � D ð11Þ
where, r is the surface tension, h is the contact angle and D is the
bubble diameter. Static contact angle are used to calculate surface
tension forces. Bubble diameters are measured from flow visualiza-
tion and image analysis in this study. If the bubble size is not spher-
ical, the bubble diameter (D) is substituted by Sauter diameter (DS)
and can be expressed as,

DS ¼ 6Vb

Ab
ð12Þ

where, Vb is the volume of bubble and Ab is the bubble surface area.
Surface tension force per unit area,

F 00
s ¼

r � cosh � D
Ac

ð13Þ

where, Ac is the channel cross-sectional area.
The Inertia force is expressed as,

Fi ¼ q � U2 � Ac ð14Þ
where, Ac is the channel cross-sectional area, U is the fluid mean
velocity, q is the fluid average density, kg/m3 and can be expressed
as, q ¼ a:qv þ ð1� aÞ:ql, where a is the void fraction.

Inertia force per unit area,

F 00
i ¼ q � U2 ð15Þ
Shear force promotes homogenous distribution of liquid and

stabilizes the liquid film flow. The Shear force is expressed as,

Fs ¼ l � U � Apl

d
ð16Þ

where, l is the fluid viscosity, (fluid that is in contact with the chan-
nel wall), U is the fluid velocity, Apl is the area over which force is
acting (shear plane area) and d is the film thickness. d is measured
from flow visualization and image analysis in this study.

Shear force per unit area,

F 00
s ¼

l � U � Apl

d � Ac
ð17Þ

The Buoyancy force is expressed as,

Fb ¼ qv � ql

� � � gcosu � Vb ð18Þ
(a) 200µm 

Fig. 5. Image analysis of growing bubble in (a) SiNW microch
where, Vb is the volume of bubble, u is the heating surface orienta-
tion, qv is the vapor density, ql is the liquid density, and g is the
gravitational acceleration.

Buoyancy force per unit area,

F 00
b ¼ ðqv � qlÞ � gcosu � Vb

Ac
ð19Þ

The Evaporation momentum force is expressed as,

FM ¼ q00
EV

hlv

� �2

� 1
qv

� Ai ð20Þ

where, hlv is the latent heat of vaporization, qv is the vapor density,
q00
EV is the evaporative heat flux at the interface, and Ai is the bubble

interface area.
q00
EV is calculated from flow visualization and image analysis in

this study and can be expressed as,

q00
EV ¼

qv � hlv � dVb
dt

� �
Ab

ð21Þ

Evaporation momentum force per unit area,

F 0
M ¼ q00

EV

hlv

� �2

� 1
qv

� Ai

Ac
ð22Þ

In this study, the relative effects, significances and differences of
these forces acting on L–V interface of growing bubble have been
identified in flow boiling silicon nanowire and plainwall
microchannels.

5. Results and discussion

5.1. Comparison of bubble growth, reverse flow velocity and interfacial
heat transfer mechanism between SiNW and Plainwall microchannels

Image analysis for a bubble growth cycle in flow boiling SiNW
and plainwall microchannels at two different heat fluxes have been
performed and are shown in Figs. 5 and 6. Bubble dimension
(width and length), surface area, volume of bubble and bubble
velocity profile have been acquired from the image analysis. The
velocity and direction of the points along the L–V interface are rep-
resented by an arrow, the magnitude of which represents the
(b) 200µm

annels, (b) Plainwell microchannels at q00
eff = 110 W/cm2.



(b) 200µm(a) 200µm 

Fig. 6. Image analysis of growing bubble in (a) SiNW microchannels, (b) Plainwall microchannels at q00
eff = 155W/cm2.

Fig. 7. Bubble growth mechanism in SiNW and Plainwall microchannels at G = 200 kg/m2 s and q00
eff = 110 W/cm2.
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speed. Velocities of the four points are considered for the bubble
reverse flow analysis. Significant differences in bubble growth
mechanism are observed between SiNW and plainwall microchan-
nels. It can be seen from Fig. 5a that in SiNW microchannels at
110 W/cm2, nucleating bubble first rapidly expands lengthwise
and then gradually expands sidewise to occupy the entire channel.
Liquid layer spreads all over the hydrophilic SiNW surface to main-
tain minimum contact angle and expanding vapor bubble floats
over the liquid layer. Similar phenomena have been observed for
SiNWs at higher heat flux as shown in Fig. 6a. However, in plain-
wall microchannels at 110W/cm2, multiple nucleating bubbles
generate, depart from the nucleation sites, slide along the wall,
merge with other bubbles, grow and occupy the entire channel
width and then start to expand lengthwise as shown in Fig. 5b.
With the increase of heat flux at plainwall microchannels as shown
in Fig. 6b, bubble departure rate from nucleation site decreases,
bubble growth rate and departure diameter increases significantly.
Differences in the bubble growth mechanism between flow
boiling in SiNW and plainwall microchannels are plotted in
Fig. 7. Changes in bubble length with time in the SiNW and plain-
wall microchannels have been presented in Fig. 7a. It can be seen
that bubble expands very quickly along the lengthwise direction
in the SiNW channel whereas, in the plainwall channel, bubble
takes much longer time to grow lengthwise. Changes in bubble
width with time in the SiNW and plainwall microchannels show
a different trend as shown in Fig. 7b. It can be seen from the figure
that bubble grows and occupies the entire channel width much
faster in the plainwall channel than the SiNW. This may prevent
rewetting along sidewalls and introduce channel blockage, local
dryout, and non-uniform wall temperature in the plainwall
microchannels. Heat flux has greater effects on bubble growth in
the plainwall compare to SiNW and bubble grows very quickly
along both lengthwise and sidewise in the plainwall by increasing
heat flux as shown in Fig. 8. Therefore, flow boiling instabilities are



Fig. 8. Bubble growth mechanism in SiNW and Plainwall microchannels at G = 200 kg/m2 s and q00
eff = 155W/cm2.

Fig. 9. Reverse flow velocity of growing bubble in SiNW and Plainwall microchan-
nels at G = 200 kg/m2 s and q00

eff = 110 W/cm2.
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much more prominent in plainwall compared to SiNW and hence,
partial dryout followed by premature CHF occurs in this plainwall
microchannels at a lower heat flux condition.

Bubble reverse flow velocity during instantaneous bubble
growth and rate of evaporation at L–V interface (calculated based
Fig. 10. Rate of evaporation at interface of growing bubble in SiNW and P
on image analysis data) are plotted in Fig. 9. An intense and large
magnitude of bubble reverse flow has been observed in plainwall
microchannels compare to SiNW as shown in the figure. Evapora-
tion heat fluxes at L–V interface for SiNW and plainwall
microchannels have been presented in Fig. 10. Rate of evaporation
for SiNW is higher during bubble nucleation and growth phase at
the beginning compare to plainwall microchannel as shown in
Fig. 10a. Bubble takes much longer time (due to lower evaporation
rate at L–V interface) to grow at heat flux 110 W/cm2 in plainwall
as nucleating bubble detaches from the nucleation site and thermal
resistance increases between bubble and the heating surface. The
detached bubble then merges with other bubbles, grows and occu-
pies the entire channel width, hence thinner thermal boundary
layer is developed which resulted an increased evaporation rate
as time proceed. In SiNW microchannels, nucleating bubble does
not detach from the site and grows lengthwise very quickly; there-
fore larger rate of evaporation is observed at the beginning. How-
ever, as time proceed; elongated bubble maintains a thicker
thermal boundary layer with the channel side wall and rate of
evaporation decreases. At higher heat flux, 155W/cm2, rate of
evaporation in the plainwall is higher than SiNW due to the lack
of bubble detachment and thinner thermal boundary layer in
plainwall as shown in Fig. 6.

Effects on heat flux on bubble growth rate and evaporation heat
flux at L–V interface of growing bubble in SiNW and plainwall
microchannels are shown in Figs. 11 and 12. It can be seen from
lainwall microchannels at G = 200 kg/m2 s and different heat fluxes.



Fig. 11. Effect of heat flux on bubble growth and rate of evaporation at the interface of growing bubble in SiNW microchannels at G = 200 kg/m2 s.

Fig. 12. Effect of heat flux on bubble growth and rate of evaporation at the interface of growing bubble in Plainwall microchannels at G = 200 kg/m2 s.
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Fig. 13. Sequential images in flow boiling SiNW at mass flux, G = 200 kg/m2 s and two different heat fluxes (a) q00
eff = 110 W/cm2, (b) q00

eff = 155 W/cm2.
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Fig. 14. Sequential images in flow boiling Plainwall microchannels at mass flux, G = 200 kg/m2 s and two different heat fluxes (a) q00
eff = 110 W/cm2, (b) q00

eff = 155W/cm2.

Fig. 15. Force analysis during instantaneous bubble growth in flow boiling microchannels at 110 W/cm2 (a) Nanowire, (b) Plainwall.
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Fig. 11 that bubble growth rate and evaporation at L–V interface
increase with the increase of heat flux in SiNW microchannels.
The sequential images of bubble growth in SiNW microchannels
at two different heat flux conditions are presented in Fig. 13.
Nucleating bubble growth period is decreased and thin film evap-
oration period is increased with the increasing heat flux as shown
in these figures. It can be seen from Fig. 12 that bubble growth rate
and evaporation at L–V interface in plainwall microchannels at
heat flux 110W/cm2 is very small. However, bubble growth mech-
anisms are highly influenced by a small increase in heat flux from
110W/cm2 to 155W/cm2; e.g., bubble growth rate and evapora-
tion at L–V interface are sharply increased, whereas bubble growth
period is decreased as shown in Fig. 14. Further increase in heat
flux in plainwall microchannels has small impact in evaporation
at L–V interface. Comparing Figs. 13 and 14, it can be seen that
evaporation is the dominant boiling mechanism for SiNWs,
whereas, nucleate boiling dominates plainwall. In SiNW
microchannels, bubble grows lengthwise at the beginning to main-
tain smaller contact angle, therefore, thicker thermal boundary
layer surrounding the growing bubble resulted the smaller evapo-
ration rate. SiNW enhances rewetting, maintains thin film sur-
rounding the fully grown bubble, pushes the thermal boundary
layer toward the wall and delays dryout. As thin film evaporation
takes place surrounding the fully grown bubble for longer time



Fig. 16. Force analysis during instantaneous bubble growth in flow boiling microchannels at 155 W/cm2 (a) Nanowire, (b) Plainwall.
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period as shown in Fig. 13b, overall system heat transfer perfor-
mances increase. Plainwall microchannel has larger contact angle,
hence bubble expands sidewise and maintains thin thermal
boundary layer. Therefore, high bubble growth rate is observed
in Fig. 12. However, fully grown bubble in plainwall microchannels
cannot maintain thin film, dry patch appears and wall comes in
contact with vapor film. Vapor has much lower thermal conductiv-
ity than thin liquid film, therefore, heat transfer performances
decrease and critical heat flux (CHF) appears.

5.2. Transient force analysis of growing bubble at L–V interface

Based on theoretical analysis and flow visualization image anal-
ysis, force analysis during instantaneous bubble growth at L–V
interface in flow boiling SiNW and plainwall microchannels for dif-
ferent flow boiling conditions have been performed as shown in
Fig. 15 and 16. It can be seen from the figures that evaporation
momentum force is negligible during bubble growth process. Mag-
nitude of buoyancy force is also very small. Surface tension is the
dominant force during bubble growth process and helps to
enhance the system performance, surface rewetting and CHF.
However, vapor inertia and shear force dominate during annular
flow regime. Inertia force is directed downstream before flow
reversal and directed upstream during flow reversal. Hence, high
inertia force is not favorable during flow reversal as it prevents
rewetting, induces high system instabilities and establishes pre-
mature CHF. It can also be seen from the figures that SiNW has
higher magnitude of surface tension than plainwall. Surface ten-
sion force dominates over inertia force in SiNW microchannels
for longer period of time and enhances rewetting whereas, domi-
nating inertia force during reverse flow in plainwall microchannels
prevents rewetting, induces partial dryout and premature CHF.

6. Conclusion

Investigation on forces (surface tension, inertia, shear, buoyancy
and evaporation momentum) acting on L–V interface of bubble
during instantaneous bubble growth and flow regime establish-
ment in SiNW microchannels based on theoretical, experimental
and visualization studies are performed. Bubble growth mecha-
nism, relative effects of these forces on bubble growth have been
performed for SiNW microchannels and compared with plainwall
microchannels. Image analysis shows a significant difference in
bubble growth mechanism for SiNW and plainwall microchannels.
Moreover, a large reverse flow velocity of growing bubble has been
observed for plainwall compare to SiNW microchannels. Force
analyses during instantaneous bubble growth show the dominance
of surface tension at bubble nucleation and slug/transitional flow;
whereas vapor inertia force is dominant at annular flow. Further
studies are needed to be carried out to completely understand
the complex process of bubble growth in flow boiling
microchannels.
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