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In microchannel flow boiling, bubble nucleation, growth and flow regime development are highly influ-
enced by channel cross-section and physical phenomena underlying this flow boiling mechanism are far
from being well-established. Relative effects of different forces acting on wall-liquid and liquid–vapor
interface of a confined bubble play an important role in heat transfer performances. Therefore, funda-
mental investigations are necessary to develop enhanced microchannel heat transfer surfaces. Force anal-
ysis of nucleating bubble and bubble dynamics in flow boiling silicon nanowire microchannels have been
performed based on theoretical, experimental and visualization studies. The relative effects of different
forces on flow regimes, instabilities and heat transfer performances of flow boiling in silicon nanowire
microchannels have been identified. Inertia, surface tension, shear, buoyancy, and evaporation momen-
tum forces have significant importance at liquid–vapor interface as discussed earlier by other research-
ers. However, no comparative study has been done for different surface properties till date. Detail
analyses of these forces including contact angle effect, channel dimension effect, heat flux effect and mass
flux effect in flow boiling microchannels have been conducted in this study. A comparative study
between silicon nanowire and plainwall microchannels has been performed based on force analysis in
the flow boiling microchannels. Compared to plainwall microchannels, enhanced surface rewetting and
CHF are owing to higher surface tension force at liquid–vapor interface and Capillary dominance resulting
from silicon nanowires. Whereas, low Weber number in silicon nanowire helps maintaining uniform and
stable thin film and improves heat transfer performances. Moreover, results from these studies are com-
pared with the literatures and great agreements have been observed.

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

Flow boiling in microchannels is a highly efficient mode of heat
transfer for a variety of applications including cooling high power
microelectronics [1–3], compact heat exchangers, and chemical
reactors [4–7]. In recent years, microscale flow boiling has been
paid extensive attention due to its large surface to volume ratio,
high heat transfer capacity, uniform temperature distribution and
low mass flux requirements [8–10]. In spite of these positive attri-
butes, flow boiling in microchannels encounters some major prob-
lems including flow instabilities, which degrades their reliability
(non-uniform wall temperatures distribution, premature dry out,
critical heat flux limitation and flow reversal) and heavy pressure
drop penalty than its single-phase equivalent [8,11–14]. Flow boil-
ing instabilities can be controlled or mitigated by controlling flow
regime development. A flow boiling cycle includes bubble nucle-
ation, growth, separation, interaction, development of two-phase
flow regimes and rewetting for a given channel geometry and
working conditions; and these are primarily influenced by surface
properties. A number of studies have been performed to enhance
heat transfer in microchannels by controlling bubble nucleation
site density and wettability via changing surface properties
[15–17]. Artificial nucleation cavities were formed on the boiling
surfaces to enhance nucleate boiling by various methods, such as
micromachining [18–21], nanostructured surfaces [22–26], porous
metal coating [27–29], and chemical etching [30,31]. Recently,
nanowires (NWs) [32,33] and carbon nanotubes (CNTs) [34–36]
were used to enhance nucleate pool boiling and convective boiling
in microchannels [23,25,26,34,37,38] and improved heat transfer
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Nomenclature

Ac channel cross-sectional area, m2

Ai bubble interface area, m2

Apl shear plane area, m2

Bo Bond number ((ql–qv)�g�cos u�D2/r�cos h)
Bl Boiling number q00eff=G � hlv

� �
Ca Capillary number (l � U=r � cos h)
D relevant dimension, m
Dh channel hydraulic diameter, lm
d bubble 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/m2s
g gravitational acceleration, m/s2

H channel height, lm
h heat transfer coefficient, kW/m2K
hlv latent heat of vaporization, kJ/kg

q00eff effective heat flux, W/cm2

q00EV evaporative heat flux at the interface, W/cm2

Re Reynolds number (q � U � D=l)
t time, s
U fluid mean velocity, m/s
V volume of bubble, m3

We Weber number ((q�U2�D/r�cos h))
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

Fig. 1. Forces acting on a liquid–vapor interface of a growing bubble in a
microchannel cross-section.
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coefficient and critical heat flux were reported owing to the higher
nucleation site density and enhanced wettability. However, opti-
mization of surface properties to control bubble size, forces acting
on bubble and flow patterns/ regimes has not yet been well
resolved.

Enhanced flow boiling performances and reduced instabilities
can be achieved by controlling flow regime development without
having large pressure drop penalties and introducing complex
geometries as demonstrated in our previous studies [39–41]. A
novel boiling surface with submicron pores formed by NW bundles
and nanoscale pores created by individual NWs were developed by
our team [39]. This silicon nanowire (SiNW) microchannels config-
uration reduced the transitional flow boiling regimes in plainwall
microchannels to a single annular flow starting from onset of
nucleate boiling (ONB) to critical heat flux (CHF) conditions by con-
trolling 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 [39–41]. An enhanced
heat transfer, CHF and reduced pressure drop and instabilities were
observed from these studies. Efforts have been made to understand
the heat transfer mechanisms and other relevant problems includ-
ing flow patterns, instabilities, and CHF etc on flow boiling occur-
ring in SiNW microchannels. However, there are still many
unexplained physical phenomena underlying the observed
behaviors.

Understanding conjugated effects of various forces acting on
bubble and liquid–vapor interface in SiNW microchannels are nec-
essary to understand the flow boiling phenomena inside the chan-
nels and are also a key to develop enhanced heat transfer surfaces.
A number of research efforts on flow boiling in microchannels were
focused on understanding the underlying mechanisms [20,42–47].
Recently, Kandlikar [48] provides excellent discussion on the
effects of different forces acting on liquid–vapor interface and set-
tles on the inertia, surface tension, shear, buoyancy, and evapora-
tion momentum forces as the candidates for significance.
Although there are a number of researches have been focused on
the force analysis of bubble and liquid–vapor interface in
microchannel flow boiling, the investigation of forces in SiNW
microchannels including contact angle, channel dimension and
operating conditions are still deficient to the best of the authors’
knowledge. Moreover, validation of force analysis with the exper-
imental observations and literatures are also unavailable. The
objective of this paper is to study the forces acting on the vapor
bubble and liquid–vapor interface in flow boiling SiNWmicrochan-
nels based on theoretical, experimental and visualization studies.

2. Analysis of forces acting on a liquid–vapor (L–V) interface

Inertia, surface tension, shear, buoyancy, and evaporation
momentum forces are of significant importance at liquid–vapor
interface and their relative effects of these forces play a major role
in establishing different two-phase flow regimes in microchannels.
Forces acting on a liquid–vapor interface of a bubble inside the
microchannel are schematically shown in Fig. 1. The normalized
forces with respect to channel unit cross-sectional area are used
to understand the relative effects of these forces over bubble
behaviors. Adopting simplified equations from Kandlikar [48] and
incorporating static contact angle and heating surface orientation,
forces are calculated in this study.

The surface tension force is expressed as,

Fs ¼ r � cosh � D ð1Þ
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where, r is the surface tension, h is the contact angle and D is the
relevant dimension.Surface tension force per unit area,

F 00
s ¼

r � cosh � D
Ac

ð2Þ

where, Ac is the channel cross-sectional area.
Surface tension force, Fs acts at the liquid–vapor interface across

the channel cross-section and pulls liquid from the wetter to the
dryer end of the channel and helps rewetting. Hence, it increases
the critical heat flux (CHF) limit of the system and is almost always
favorable.

The inertia force is expressed as,

Fi ¼ q � U2 � Ac ð3Þ
where, Ac is the channel cross-sectional area (inertia force acts over
channel cross section), U is the fluid mean velocity, q is the fluid
average density, kg/m3 and can be expressed as, q ¼ a � qvþ
ð1� aÞ � ql, where a is the void fraction.

Inertia force per unit area,

F 00
i ¼ q � U2 ð4Þ
Inertia force, Fi works at the direction of flow before flow rever-

sal and acts over the channel cross-section. Hence, high Fi during
flow reversal is not desirable and prevents rewetting as flow direc-
tion changes to upstream.

The shear force is expressed as,

Fs ¼ l � U � Apl

D
ð5Þ

where l is the fluid viscosity, (fluid in contact with the channel
wall), U is the fluid mean velocity, Apl is the area over which force
is acting (shear plane area) and D is the relevant dimension.

Shear force per unit area,

F 00
s ¼

l � U � Apl

D � Ac
ð6Þ

Shear force acts against the flow direction and resists motions
before flow reversal. However, during flow reversal, it works in
downstream direction of the channel and helps rewetting. Shear
force stabilizes the liquid film flow and promotes homogenous dis-
tribution of liquid.

The Buoyancy force is expressed as,

Fb ¼ ðqv � qlÞ � g cosu � V ð7Þ

where V 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 � g cosu � V

Ac
ð8Þ

Buoyancy force works according to the channel orientation. In a
microchannel, the masses involved are small; however, it may
affect the flow due to the large density difference between liquid
and vapor phase.

The evaporation momentum force is expressed as,

FM ¼ q00
EV

hlv

� �2

� 1
qv

� Ai ð9Þ

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 assumed equal to the effective heat flux, q00

eff in
this study.
Evaporation momentum force per unit area,

F 00
M ¼ q00

EV

hlv

� �2

� 1
qv

� Ai

Ac
ð10Þ

Liquid phase changes into to vapor phase during evaporation
and increases the velocity of vapor phase. This change of momen-
tum due to velocity change exerts a force at liquid–vapor interface
and develops evaporation momentum force. FM always works
against the flow direction. Hence, at high heat flux, high FM pro-
motes reverse flow.

In this study, the relative effects of these forces on flow regimes,
instabilities and heat transfer performances in flow boiling SiNW
microchannels have been identified and validated with the literatures.

3. Experimental study

Experiments were conducted in a forced convection loop with
deionized (DI) water at a mass flux range from 100 kg/m2s to
600 kg/m2s. Micro devices consist of five parallel straight
microchannels and each channel dimension is W: 220 lm � H:
250 lm � L: 10 mm. Both nanowire and plainwall micro devices
were used to investigate the bubble dynamics during flow boiling
in microchannels. The design and fabrication of the microchannel
devices were detailed in our previous studies [40]. In this study,
two different microchannel configurations with same geometry
but different surface conditions were used to investigate the bub-
ble characteristics at liquid–vapor interface. The silicon nanowire
surface was thereby produced in smooth silicon surface by electro-
less electrochemical etching technique with silver nanoparticles
(AgNPs) catalyst. These SiNWs were then naturally oxidized to
make super hydrophilic surface (approximate contact angle 0�)
using the Wenzel effect [32,37]. The Scanning Electron Microscope
(SEM) images of SiNW surfaces and plainwall surfaces are shown
in Fig. 2. SiNWs are approximately 20 nm in diameter and 5 lm
in length and nearly uniformly coated over the heating surface as
can be seen from the figure. The experimental apparatus including
the test module, flow loop, experimental procedure, and the data
reduction method established in our previous studies are adopted
in this study. Along with the extensive experimental investiga-
tions, high speed visualization at a frame rate 5000 fps and theo-
retical analysis have been performed to reveal the bubble
dynamics in flow boiling SiNW microchannels. Force analysis at
liquid–vapor interface of vapor bubble has been performed based
on flow visualization image analysis and theoretical understand-
ing. This force analysis has been used to advance the understand-
ing of unique boiling behaviors in SiNW microchannels.

4. Results and discussion

4.1. Comparative study between silicon nanowire and plainwall
microchannels

The relative importance of inertia, surface tension, shear, buoy-
ancy, and evaporation momentum forces at liquid–vapor interface
of a nucleating bubble in microchannels are studied. Contact angle
is a key parameter affecting the wall-bubble (solid–liquid–vapor
interface) interactions. Wettability of surface is usually character-
ized with a contact angle. Its effect on bubble nucleation, departure
time, departure diameter, heat transfer performance and CHF was
recognized by several investigators [49–51]. The difference
between the dynamic contact angle and the static contact angle
is small as shown by Kandlikar and Steinke [52], hence the static
contact angles are used to calculate surface tension forces. Bubble
static contact angles over flat silicon and silicon nanowire are
measured and presented in Fig. 3. Both SiNW and plainwall
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Fig. 2. Scanning Electron Microscope (SEM) images of (a) SiNW surfaces, (b) plainwall surfaces.

Fig. 3. Static contact angle, h for (a) flat silicon surface and (b) silicon nanowire
surface.

Fig. 4. Magnitude of various forces in silicon nanowire and plainwall
microchannels.
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microchannels have been considered to calculate forces acting on a
bubble using simplified equations developed by Kandlikar [48].

The comparative results are shown in Fig. 4. Forces per unit area
have been plotted against mass flux for nanowire microchannels
with a hydraulic diameter, Dh = 234 lm at atmospheric pressure,
a heat flux of 110 W/cm2 and a range of mass fluxes to demon-
strate the relative importance of forces in microscale domain. Sur-
face tension force for plainwall microchannels (Fs,Plainwall) is also
plotted for comparison. From Fig. 4, shear and evaporation
momentum forces have negligible effects in microchannels and
effect of shear force increases with the increase of mass flux. Buoy-
ancy force is also small; however, its influence is greater than those
of the shear and evaporation momentum forces under the tested
conditions. Therefore, it should be considered in analyzing the
bubble behavior in flow boiling microchannels. The two most dom-
inant forces in flow boiling microchannels are the inertia force and
the surface tension force. Fig. 4 shows that inertia force is low in
magnitude for small mass flux and increases gradually with the
increase of mass flux. At high mass flux, inertia force even over-
comes the surface tension force. Surface tension forces for nano-
wire and plainwall have been calculated based on static contact
angle and it can be seen from the figure that nanowire has higher
magnitude of surface tension than plainwall. Surface tension plays
a dominant role in flow boiling heat transfer performances and
helps to enhance the system performance and CHF. It can also be
seen from the figure that above 500 kg/m2s mass flux, inertia dom-
inates over surface tension force in nanowire microchannels. Iner-
tia force is directed downstream before flow reversal and directed
upstream during flow reversal. Hence, high inertia force is unfavor-
able during flow reversal (prevent rewetting) and induces high sys-
tem instabilities as illustrated in Fig. 5 for nanowire microchannels
at 600 kg/m2s.

Fig. 6 shows the ranges of non-dimensional parameters for flow
boiling in SiNW and plainwall microchannels respectively. Capil-
lary number, Ca is important to flow in microchannels and plotted
against Reynolds number, Re (the ratio of inertia to viscous force)
as shown in Fig. 6a. Ca is the ratio of viscous force to surface ten-
sion force and it controls the film thickness (d) surrounding the
vapor bubble. Film thickness significantly depends on Capillary
number and increasing the Ca, film thickness also increases. It
can be seen from the figure that Ca for plainwall microchannels
is higher compare to nanowire microchannels. Therefore, film
thickness for plainwall microchannels is also higher than nanowire
as can be seen from Fig. 7a. Poor heat transfer performances are
also observed (shown in Fig. 7b) in plainwall due to large film
thickness and consequent high thermal resistance. On the other
hand, nanowire microchannels maintain thinner film thickness
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Fig. 5. Standard deviation of transient data at various mass fluxes (a) pressure drop instabilities and (b) wall temperature instabilities.

Fig. 6. Comparison of non-dimensional Numbers between nanowire and plainwall microchannels.

Fig. 7. Comparison between silicon nanowire and plainwall microchannels.
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and enhance heat transfer performances. Moreover, unique charac-
teristics of nanowires help continuous rewetting for nanowire
microchannels and hence enhance CHF. Weber number, We is
the ratio of inertia force to surface tension force and helpful in ana-
lyzing bubble nucleation and growth rate. If We is high, bubble
removal rate will increase. Therefore, bubble growth rate will also
decrease and formation of stable annular flow regime will take
much longer time. We number is plotted against Re in Fig. 6b. It
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Fig. 9. Effect of contact angle on (a) various forces in microchannels, and (b) heat transfer coefficients.

Fig. 10. Effect of contact angle on (a) various forces in microchannels, and (b) heat transfer coefficients.
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can be seen from the figure that We number for plainwall
microchannels is higher than nanowire microchannels. Hence,
bubble growth takes longer time and bubble growth cycle duration
is much higher in plainwall microchannels compare to nanowire
microchannels as validated in Fig. 8 in our visualization study.
Bond number, Bo is the ratio of buoyancy force to surface tension
force and Bo is plotted as a function of Re as shown in Fig. 6c. It
can be seen from the figure that Bo is higher for plainwall
microchannels compare to nanowire; therefore nanowire is more
gravity insensitive and suitable for practical applications. Boiling
number, Bl represents the ratio of heat flux with mass flux and
latent heat. Bl number is plotted against Re in Fig. 6d and it can
be seen from the figure that Bl decreases with Re for both the nano-
wire and plainwall microchannels.
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4.2. Effect of various parameters on forces acting on liquid–vapor
interface and consequent heat transfer performances

In this section, results from our force analysis have been vali-
dated with the published literatures. New criteria based on the
Fig. 11. Effect of channel dimension on (a) various forces

Fig. 12. Effect of channel dimension on (a) various forces

Fig. 13. Effect of heat flux on (a) various forces in m
forces acting on liquid–vapor interface to predict and understand
the flow boiling mechanism in microscale domain are proposed.
Several methods, i.e., flow regime map based on experimental
and visualization studies, empirical and semi-empirical heat trans-
fer correlations etc. have been proposed to predict the flow boiling
in microchannels, and (b) heat transfer coefficients.

in microchannels, and (b) heat transfer coefficients.

icrochannels, and (b) heat transfer coefficients.
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heat transfer performances in microchannels [53–55]. However,
none of these methods can fully explain the complex flow boiling
behaviors in microchannels and the differences in behaviors differ
from case to case. The reason behind these differences in heat
transfer performances from case to case lies on forces acting on liq-
uid–vapor interface. Forces acting on liquid–vapor interface play
an important role in establishing flow regime and consequently,
determining heat transfer performances. In microchannel flow
boiling, forces acting on liquid–vapor interface are affected by var-
ious parameters: wettability (contact angle), channel dimension,
mass flux, heat flux etc. The role of these parameters on forces act-
ing on liquid–vapor interface and consequent heat transfer perfor-
mances are identified and validated in this section based on
experimental results and prominent published literatures.

4.2.1. Effect of contact angle
Contact angle has a significant effect on flow boiling heat trans-

fer performances as it influences the wettability of the surface.
Effects of contact angle on various forces acting on the liquid–va-
por interface and heat transfer performances in flow boiling
microchannels are plotted in Fig. 9. Forces are calculated for SiNW
microchannels (contact angle, h � 10�) and plainwall microchan-
nels (contact angle, h � 45�). As shown in Fig. 9a that surface
Fig. 14. Effect of heat flux on various forces and heat transfer coefficient in micro
tension force decreases with the increase of contact angle at the
same operating condition and therefore, the wettability of surface
decreases with contact angle. The heat transfer coefficient (HTC) is
plotted against heat flux for both the microchannels in Fig. 9b and
it can be seen from the figure that the surface with lower contact
angle (highly wetted) shows better performance. Similar charac-
teristics have been reported in the literature as shown in Fig. 10
by Phan et al. [50]. Forces have been calculated for different static
contact angles which have been reported by Phan et al. [56] for dif-
ferent surface structures. Force analysis in Fig. 10a shows that the
surface tension force decreases with the increase of contact angle
and therefore, heat transfer performances deteriorates from Ti sur-
face (contact angle, h � 49�) to diamond-like carbon (DLC) surface
(contact angle, h � 63�) as shown in Fig. 10b. From the above dis-
cussion, it can be concluded that surface tension force plays a sig-
nificant role in governing heat transfer performances in
microchannel flow boiling and increasing surface tension force in
a system can enhance heat transfer. High surface tension force
enhances the surface rewetting properties, increases bubble depar-
ture diameter, decreases bubble departure frequency and main-
tains uniform thin film along the liquid–vapor interface, thus,
enhances heat transfer performance and critical heat flux (CHF)
of the flow boiling microchannel systems.
channels (a) Holcomb et al. [57], (b) Kosar et al. [28], and (c) Alam et al. [58].
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4.2.2. Effect of dimension
Microchannel dimension has a significant effect on flow boiling

heat transfer performances due to the transition of flow regimes;
and forces acting on the liquid–vapor interface influence the flow
regime development. Therefore, influences of microchannel
dimension on forces acting on the liquid–vapor interface are neces-
sary to understand the physical phenomena underlying the
observed behaviors. Effects of channel dimension on forces and
consequent heat transfer performances have been plotted in
Figs. 11 and 12. Channel properties and heat transfer data have
been adopted from Holcomb et al. [57] and Alam et al. [58]. It
can be seen from the Figs. 11a and 12a that the surface tension
and shear force decrease and buoyancy force increases with the
increase of channel hydraulic diameter. In addition, heat transfer
performances deteriorate with the increase of channel dimension
as shown in Fig. 11b. An interesting heat transfer coefficient curve
against channel hydraulic diameter has been reported by Alam
et al. [58] as shown in Fig. 12b. It can be seen from the figure that
heat transfer coefficients increase with the increase of channel
dimension and then decrease gradually with the further increment
of channel dimension and then remain insensitive to channel
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dimension. Alam et al. [58] reported that annular flow was the
dominant flow regime in the smallest channel and early partial
dryout occurred due to very thin film thickness. Whereas, increas-
ing channel dimension, flow regime shifted from annular to slug
flow regime for medium channel dimension ranges and slug to
bubbly regime for large channel dimension ranges as reported.
Similar phenomena have been also reported by other researchers
[10,59]. A better prediction and explanation of these results can
be achieved by force analysis at the liquid vapor interface as shown
in Fig. 12a. It can be seen from the figure that surface tension dom-
inates over other forces for small channel dimension (Dh � 160,
200 lm) and HTC increases with the increase of channel diameter
due to delay of partial dryout. Once the inertia force dominates
over surface tension force with hydraulic diameter exceeding Dh -
� 400 lm, HTC starts to decrease due to the shift of flow regime.
Furthermore, with the increase of buoyancy force, HTC becomes
insensitive to channel dimension due to the nucleate boiling dom-
inance and quick removal of nucleating bubble from the surface.
Thus, force analysis can play an important role in predicting heat
transfer performances in flow boiling microchannels and optimiz-
ing system design.
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4.2.3. Effect of heat flux
Effects of heat flux on forces acting on liquid–vapor interface

and consequent heat transfer coefficient have been investigated
and the findings are plotted in Fig. 13. Though the magnitudes of
evaporation momentum force, FM and shear force, Fs are very small
compare to inertia and surface tension force, significant effect and
influence of evaporation momentum and shear force have been
observed over flow boiling heat transfer performances in
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Fig. 17. Effect of mass flux on various forces and heat transfer coefficients in
microchannels as observed in Steinke and Kandlikar [60].

Fig. 18. Effect of mass flux on various forces and heat transfer co
microchannels. It can be seen from Fig. 13a that evaporation
momentum force increases with the increasing heat flux and grad-
ually exceeds shear force and buoyancy force at different mass
fluxes. Furthermore, HTC is observed to decrease with the increase
of heat flux as shown in Fig. 13b. Evaporation momentum force is
caused due to the change in momentum of working fluid as phase
change takes places. FM always works against the flow direction.
Hence, high FM promotes reverse flow and channel blockage
(reduce channel rewetting) at high heat flux. Therefore, local dry-
out approaches and reduces HTC. Similar phenomena have been
observed in the literatures as shown in Fig. 14. Forces have been
calculated and HTCs have been plotted for the data adopted from
Holcomb et al. [57], Kosar et al. [28] and Alam et al. [58]. An
increasing HTC with the increasing heat flux has been observed
from Fig. 14 at low heat flux ranges when shear force dominates
over evaporation momentum force. Since, shear force stabilizes
the liquid thin film flow and promotes homogenous distribution
of liquid; therefore, it may help promoting HTC. However, similar
to our experimental data, once evaporation momentum force dom-
inates over shear force at high heat flux ranges, HTC curves become
insensitive or show decreasing trend with the increasing heat flux
may be due to instabilities and local dryout caused by high flow
reversal, channel blockage and lack of rewetting.

4.2.4. Effect of mass flux
Effects of mass flux on the forces acting on liquid–vapor inter-

face and the consequent HTC for flow boiling nanowire microchan-
nels have been plotted in Fig. 15. A significant effect of mass flux on
inertia and shear force has been observed and these forces increase
as the mass flux increases as shown in Fig. 15a. Surface tension
force dominates over inertia force at low mass flux, however, iner-
tia force exceeds surface tension force in flow boiling nanowire
microchannels at high mass flux. As illustrated in Fig. 15b, as the
mass flux increases, HTC also increases from low to medium range
of mass flux; whereas, HTC curve shows insensitivity or decreasing
trend with the further increase of mass flux. Similar trends have
been observed as plotted in Fig. 16 for the data adopted from Hol-
comb et al. [57] and Kosar et al. [28]. It can be seen from Fig. 16a
that HTC decreases with the increasing mass flux if inertia force
dominates over surface tension force. Flow regime shifts from
annular (thin film evaporation) to nucleate boiling regime at strong
inertia and weak surface tension force due to quick bubble removal
process and small bubble departure diameter and thus deteriorates
HTC. Whereas, HTC increases with the increasing mass flux if sur-
face tension force dominates over inertia forces as can be seen in
Fig. 16b. Flow boiling instabilities and local dryout may appear at
strong surface tension and very weak inertia force due to decreased
bubble departure frequency and increased bubble departure diam-
eter. Increasing mass flux at this condition helps confined bubble
removal process, delays local dryout and reduces flow reversal,
and thus helps to improve HTC. Therefore, prediction of heat trans-
efficients in microchannels as observed in Bertsch et al. [61].
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fer performances can be achieved for different mass fluxes by force
analysis and inertia and surface tension force can be used as the
transition criteria of flow boiling behaviors in microchannels. Sim-
ilar trends are also observed for data presented by Steinke and
Kandlikar [60] and Bertsch et al. [61] as shown in Figs. 17 and 18.

5. Conclusion

The relative effects of different forces on flow regimes, instabil-
ities and heat transfer performances of flow boiling in silicon nano-
wire microchannels and plainwall microchannels have been
identified. Surface tension force is observed to be dominant in flow
boiling microchannels at low to moderate mass fluxes and inertia
force dominates at higher mass fluxes. In addition, enhanced sur-
face rewetting and CHF in nanowire microchannels are owing to
higher surface tension force at liquid–vapor interface and capillary
dominance. Whereas, low Weber number in SiNW helps maintain-
ing uniform and stable thin film and improves heat transfer perfor-
mances. Moreover, results from these studies are compared with
the literatures and excellent agreements have been observed. Thus,
prediction of heat transfer performances in flow boiling
microchannels can be achieved under different operating condi-
tions, channel geometries and surface properties by force analysis
and range of inertia, surface tension, shear, buoyancy and evapora-
tion momentum forces can be used as the transition criteria of flow
boiling behaviors in microchannels.
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