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Abstract

With the rapid development of modern space technologies, heat sinks with high heat flux have become a bottleneck in the
development of high capacity electronic equipment with high power densities. To ensure the stability and security of heat sink
devices, it’s crucial to greatly enhance the heat transfer performance of the heat sink device and flow boiling in microchannels has
attracted more and more attention due to its unique advantages. The objective of this investigation is to study the growth and heat
transfer of single bubble and multiple bubbles during flow boiling in a microchannel using the VOSET method. In order to verify
the accuracy of the numerical model adopted in this paper, the results obtained by the present method were compared with that of
previous experiments and numerical calculations. After that, effects of Re and wall superheat on the bubble morphologies and
heat transfer in a microchannel were studied. Increasing Reynolds number could increase the bubble growth rate and boiling flow
heat transfer. However, there was a slight increase in heat transfer performance with an increase in wall superheat. In addition,
when Re reached a certain value, the elongated bubble zone would appear in the microchannel. Further, the stretching length, the
contact length between the heated wall and the vapour and the second kind of thin liquid layer were analyzed in detail. Finally,
more importantly, the dynamics and heat transfer of multiple bubbles with different bubble waiting time were presented. With a
decrease in bubble waiting time, the heat transfer performance was enhanced significantly.
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Introduction small device area, which greatly increases the heat flux. The

heat flux will be expected to reach 1000 W/cm? in the near

With the rapid development of modern space technologies,
heat sinks with high heat flux have become a bottleneck in
the development of high capacity electronic equipment with
high power densities. The high power is concentrated on the
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future (Krishnan et al. 2007). In order to ensure the stability
and reliability of the heat dissipation device, it is very impor-
tant to improve its heat transfer performance. The
microchannel cooling technology has attracted more and more
attention because of its strong heat transfer performance, com-
pactness, heat transfer uniformity and other advantages. The
microchannel cooling technology can be used in various
fields, such as gas turbine blade cooling, data center cooling,
rocket nozzle cooling, and micro-chemical engineering (Kim
and Mudawar 2014). In the past few years, the single-phase
flow cooling technology in microchannels has been applied in
the market (Hussien et al. 2016). Many data centers have
started to adopt the single-phase flow cooling technology in
microchannels to reduce the operating temperature of devices.
However, the single-phase flow in the microchannel will lead
to the problem of high local temperature, which will cause
greater thermal stress. Based on the phase change heat transfer
mechanism, the microchannel flow boiling cooling can reduce
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the unevenness of temperature distribution and further reduce
the heat transfer resistance. In addition, the averaged mass
flow rate of the microchannel flow boiling system is smaller
than that of the single-phase flow circulation system of the
microchannel, which can greatly reduce the power require-
ment of the driving system. Now, more and more heat ex-
change equipment have restrictions on the friction power,
forcing designers to reduce the mass flow rate.
Microchannels have been also widely used in microgravity
conditions (Arias et al. 2008; Ma et al. 2018). Under the space
microgravity, the buoyancy force caused by gravity disap-
pears, and the flow boiling phenomenon and heat transfer
mechanism in the conventional channel are different from
those on the earth. In the references (Konishi and Mudawar
2015; Dhir et al. 2012), the scholars pointed to the danger of
enormous bubbles due to the absence of an effective force to
make the bubble escape from the heated wall. In microgravity,
there is the danger of unexpected occurrence of CHF at rela-
tively low heat fluxes because of the formation of the enor-
mous bubbles (Wan and Zhao 2008). However, the effect of
the gravity on the bubble growth and heat transfer of the
microchannel is negligible (Baldassari and Marengo 2013).
The microchannel flow boiling cooling technology can avoid
such problem. Therefore, the microchannel flow boiling
cooling technology has attracted more and more attention
due to its unique advantages (Agostini et al. 2007,
Kuznetsov and Shamirzaev 2009; Wu et al. 2015).

In the past few decades, many scholars have made great
progress in studying the boiling flow and heat transfer char-
acteristics in the microchannel by means of experiments and
numerical simulation (Karayiannis and Mahmoud 2017; Guo
et al. 2014; Wang and Wang 2014; Tibirica and Ribatski
2013). Kattan et al. (1998a, 1998b, 1998c) studied flow pat-
terns in conventional channels. They argued that flow patterns
must be considered in order to better understand the
thermophysical processes in the microchannel. However,
Flow patterns that appear in regular channels may not exist
in microchannels. For example, the capillary force in a
microchannel can prevent the emergence of stratified flow,
and the bubble flow in a conventional channel does not exist
in the microchannel if a bubble fills the entire microchannel
section. Therefore, the flow pattern in the microchannel will
be different from that of conventional channel due to the
influence of channel size. Kandlikar (2002) and Thome
(2004) made a good summary of the research on flow boiling
flow patterns in microchannels. They classified the boiling
flow in the microchannel as isolated bubby flow, elongated
bubby/slug flow and annular flow. Thome et al. (2004; Thome
et al. 2004) proposed a three-zone model to predict the heat
transfer in a microchannel based on the premise that the evap-
oration heat transfer of thin liquid film is the main heat transfer
mechanism. The three zones in this model are liquid slug,
evaporating elongated bubble and vapor slug. They
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demonstrated that the high heat flux during boiling in a
microchannel lies in the thin liquid film around the
elongated bubble. Balasubramanian and Kandlikar (2005)
conducted an experimental study on boiling flow in
microchannels. The process of forming a bubble to become
a plug was observed in the experiment. In addition, they pro-
vided pictures of bubbles growing during the experiment, in
which a liquid film formed between the bubbles and the wall
during the growing process.

It can be seen from the above literatures that, the bubbles
in the microchannel will fill the entire channel section after a
certain degree of growth and elongation along the flow di-
rection to form the elongated bubbles due to the influence of
the size of the microchannel. During the stretching process, a
thin liquid film formed between the elongated bubble and the
heating wall surface. Harirchian and Garimalla (2010) be-
lieved that an important mechanism of boiling in the
microchannel was that a thin liquid film would be formed
near the heated wall during stretching of the bubbles.
Mukherjee et al. (2011) also believed that the shape of the
elongated bubbles had an important influence on the heat
transfer characteristics of the microchannel. Therefore, the
study on the growth of the elongated bubbles will help us
better understand the heat transfer mechanism of flow boil-
ing in microchannels. Hub et al. (2007) studied the growth of
the elongated bubbles in microchannels and the influence of
the elongated bubbles on flow boiling using two methods of
numerical calculation and experimental observation. They
believed that the elongated bubble flow is a unique flow
pattern in microchannel flow boiling. The development of
flow patterns and heat transfer characteristics are closely
related to the morphology of the elongated bubbles. The
growth behavior of the elongated bubbles is mainly
dominated by evaporation of thin liquid film. Agostini
etal. (2008) studied the variation of velocity of the elongated
bubbles in microchannels, and proposed the prediction
model. New data obtained by Revellin et al. (2008) showed
that 92% of the data fell within the error band of plus or
minus 20% of the above prediction model. Arcanjo et al.
(2010) presented visual observation on the flow pattern of
the flow boiling in the microchannel and measured the
velocity, frequency and length of the elongated bubbles.
They classified flow patterns as bubbly flow, elongated
bubbles flow, churn flow and annular flow. Besides, they
also found that the velocity of the elongated bubbles was
mainly influenced by the mass velocity, the vapor quality,
and the saturation temperature in the microchannel. The
velocity of the elongated bubbles increases with an
increase in the mass velocity and vapor quality, however
decreases with an increase in the saturation temperature.
Mukherjee and Kandlikar (2005) used the level-set method
to simulate the growth of a single bubble in an overheated
medium in a microchannel. Their results showed that the
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bubble maintains a basically stable growth rate at the initial
stage of growth. However, when the bubble size is almost the
same as the size of the microchannel section, the bubble is
gradually stretched along the axial direction. Besides, a thin
liquid layer between the wall surface and the bubble inter-
faceis formed. They found that there was a large heat transfer
rate in the thin liquid layer near the three-phase contact line
and the growth rate of bubbles increased significantly due to
the existence of thin liquid layer. Then Mukherjee described
this interpretation in more detail in another literature
(Mukherjee 2009). Lee and Son (2008) developed a simpli-
fied model of microlayer and combined level-set method to
conductanumerical simulation study on the boiling flow ofa
single bubble in a rectangular microchannel. When the size
of the channel is smaller than the departure diameter of the
bubble, the growth rate and heat transfer rate of the bubble
increase significantly. Moreover, they found that the
microlayer between the bubble and the channel’s corners
had a significant impact on overall heat transfer perfor-
mance. They also found that as the forward contact angle
and the backward contact angle decreased, the heat transfer
rate increased and the backward contact angle became more
significant. Magnini et al. (2013a, 2013b) simulated the
boiling flow in the cylindrical microchannel with the help
of the commercial software FLUENT. They simulated the
growth of'a single bubble and two bubbles on the central axis
of the channel, and modified the three-region model of
microchannel boiling heat transfer proposed by Thome
et al. (2004) based on the simulation results, and proposed
a new prediction model. Ling et al. (2015) used VOSET
method to conduct numerical simulation on bubble growth
and merge in microchannel boiling flow. When the bubble
grows along the wall, the heat flux is mainly concentrated on
the liquid side near the three-phase contact line. The bubble
merge in the microchannel will temporarily improve the heat
flux of the wall, but the high heat flux of the boiling flow in
the microchannel is mainly attributed to the liquid film near
the three-phase contact line. Jafari and Okutucu-Ozyurt
(2016) simulated the flow boiling in the microchannel using
COMSOL software and Cahn-Hilliard phase field method.
They set up a microcavity near the entrance of the channel,
which continuously produced bubbles. They studied the
nucleation and growth of the bubble, and the distribution
of the velocity, temperature and pressure of the released
bubbles was also obtained. In their results, the heat transfer
rate decreases rapidly along the flow direction because there
is no microlayer between the bubble and the wall. Katiyar
etal. (2016) and Luo etal. (2017) respectively adopted level-
set method and VOF method to analyze the influencing fac-
tors of the single bubble in microchannel boiling flow. They
studied the effects of static contact Angle, surface tension,
wall overheat and Reynolds number on bubble growth and
heat transfer.

Based on the above literature results, the growth of the
elongated bubble has an important influence on the heat trans-
fer characteristics of the flow boiling in microchannels.
However, there is not enough research on the elongated bub-
bles in the flow boiling in the microchannel. In the studies of
Mukherjee and Kandlikar (2005), Lee and Son (2008), Ling
et al. (2015), Jafari and Okutucu-Ozyurt (2016) and Katiyar
et al. (2016), there is no elongated bubble zone mentioned by
Thome (2004) in the microchannel due to the low Reynolds
number. It can be seen that there is a certain condition for the
appearance of the elongated bubble zone. In addition, the for-
mation morphology of the elongated bubble in microchannels
are also different under different Reynolds number and wall
superheat conditions, which will have different effects on heat
transfer. Therefore, it is very important to study the growth of
the elongated bubble under different Reynolds number and
wall superheat conditions. Finally, the dynamics and heat
transfer characteristics of multiple bubbles are different with
that of single bubble and there is less relevant research. Based
on the above considerations, the growth and heat transfer
mechanism of single bubble and multiple bubbles in
microchannels are further analyzed by means of the numerical
calculation method in this paper. The formation conditions of
the elongated bubble zone in the microchannel and the influ-
ence of Reynolds number and wall superheat on the growth
and heat transfer characteristics of the bubble will help us
better understand the mechanism of the flow boiling in the
microchannel. The study on the dynamics and heat transfer
characteristics of multiple bubbles will also provide a refer-
ence for improving the heat transfer performance of
microchannels.

Numerical Modelling
Governing Equation

Due to the existence of the phase change, the expressions of
the two-phase flow governing equations for the boiling are
different from that of single flow, which can be written as:

(1 1
V-u:m(pg—p) (1)

p (%u * ”‘V”) = ~Vp+ V- (V) + (Vi)") ] + pg(1-Br(T-Twa)) + F,
(2)
oT

k
— +uVT = —V*T 3
a2 +u oC, (3)

where p, u, p, 0, g, T, k and C, represent density, velocity,
pressure, viscosity, gravitational acceleration, temperature,
thermal conductivity and specific heat, respectively. 1 denotes
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the mass transfer rate produced by the evaporation on the
phase interface. Oris the coefficient of volumetric expansion,
T, 1s the saturation temperature of the liquid phase, The sur-
face tension term F\ is written as a source term in the momen-
tum equation using CSF model (Brackbill et al. 1992), which
is expressed as

Fy = —0r(9)5(¢)Ve (4)

where o is surface tension coefficient, ¢ is level set function,
k(¢) is interface curvature and &(¢) is Dirac delta function.
k(¢) and 6(¢) can be defined as follows.

0) =¥-() )
0 when |¢] > s
0(9) = % [1 + cos <%¢>} when |¢|<s (6)

where s is the width of smooth areas between both sides of the
phase interface, which is defined as s = 1.5 A. & is grid size.

Solving Governing Equations

The governing equations are discretized by finite volume
method based on collocated grid in the present study. The
convection term adopts QUICK format, the diffusion term
adopts the central difference format, and finally, the discrete
equations are solved by the alternating direction implicit iter-
ation method (ADI method). The unsteady IDEAL algorithm
(Sun et al. 2008) is adopted to deal with the coupling of pres-
sure and velocity.

In this paper, the temperature of the grid unit containing the
phase interface is solved using Ling et al.’s processing method
(Ling etal. 2015), as shown Fig. 1. For a grid unit containing a
phase interface, the temperature is calculated using linear in-
terpolation in the normal direction of the phase interface. If the
center of the grid is located in the gas phase, interpolation

.. interfacial node Q single-phase node

Fig. 1 The method solving the temperature field with an immersed
boundary condition on the interface (Ling et al. 2015)
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point A" is sought along the normal direction of the phase
interface. The distance between point A’ and grid center point
A is 1.5 times grid size. The temperature of grid center point A
is estimated according to the distance between these two
points and the phase interface. If the center of the phase inter-
face grid is located in the liquid phase, the temperature of this
unit center B can be calculated using same method. The tem-
perature at node A and B can be calculated using the following
equation:

TAiTsat |¢A‘

= 7
Ty—Tsu | |pal +d )
T _Tva
B_ sat ‘: |¢B‘ (8)
TB/ Tsat |¢B| +d

where d is 1.5 times grid size. The temperature of the point A" and
B’ are obtained by a bilinear interpolation from nearby cells. ¢4
and ¢p are level set function of the cell A and B. Please see the
literature of Ling et al. (2015) for the temperature solution details
of grid cell containing phase interface.

Solving Interfacial Mass Transfer Rate X

Assuming that dVis the volume of the control unit {2 and dA is
the area of the gas-liquid interface I, the following relation-
ship needs to be satisfied.

. 1.
[mav =~ qdA 9)
0 yr

where + is latent heat of evaporation. ¢ refers to the heat flux
flowing into the interface, as shown:

oT

. oT
p— k -, —_—
1 g Mo

g% (10)

[

In this paper, a normal probe technique proposed by
(Mukherjee etal. 2011) and bilinear interpolation method are used
to calculate the temperature gradient on both sides of the phase
interface. For the detailed solution process, please see the litera-
tures (Ling et al. 2015; Udaykumar et al. 1999). The temperature
gradient on both sides of the phase interface is obtained, then the
mass transfer rate can be calculated by the following formula:

. 1 oT oT
av =~ (k, 2|k
ém 'y<g6ng Yon

I>AA (11)

where AA is the area of the phase interface of grid cell containing
phase interface, which can be obtained by geometric method.

Interface Tracking

The VOSET method, a coupled VOF and Level set method pro-
posed by Sun and Tao (2010), can not only calculate accurately the
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physical quantity near the interface such as surface tension, but
also maintain good conservation of the mass. Compared with the
CLSVOF method, the VOSET method is more concise and easy
to implement. For details of the treatment of the VOSET method,
please refer to the literatures (Sun and Tao 2010; Wang etal. 2014).
Taking the phase change into consideration, the VOF equa-
tion can be written as
oc

m
Ve = — 12
6t+u c he (12)

where the parameter c is the volume fraction of the vapour,
which varies between 0 and 1.

In addition, after obtaining the level set function, the den-
sity p and viscosity 7 are given by:

p(d) = peH () + pi(1-H(9)) (13)
() = 1t (¢) + mi(1-H(9)) (14)

where H(¢) is smooth Heaviside function and can be written
as:

0 when¢ < —s
H(p) = % {1 +f+7lrsin(ﬁs¢>] when|gp| < s (15)
1 when¢ > s

Computational Setup
Description of the Physical Problem

Figure 2 is a schematic of a microchannel. The width and the length
of the channel are equal to 0.2 mm and 3 mm, respectively. The
liquid enters from the left boundary and flows out from the right
boundary. The bubble core is placed on the bottom wall at the initial
moment. Properties of water and vapor at 1 atm were used in our
simulation, as shown in Table 1. The bottom wall of the
microchannel is heated at constant temperature, and the top wall
is adiabatic. The wall contact angle is 40°.

Initial and Boundary Conditions
In order to provide a reasonable initial temperature field and

velocity field, we first calculate the single-phase liquid flow
until it reaches steady state, and then take the temperature field

and velocity field under steady state as the initial conditions
for two-phase flow simulation.

The boundary conditions on the bottom and top wall are no
slip boundary conditions. The bottom wall is explicitly de-
fined at a constant temperature and the top wall is adiabatic.
The conditions are mentioned as follows:

At y =0 (bottom boundary),

u=v=0and7T = Ty + AT gyp
and y = H (top boundary),
u=v=0,k/C,=0.

Outflow condition is incorporated at the right boundary and
velocity inlet condition is incorporated at the left boundary, as
shown the following expresses.

At x =0 (left boundary),

u=uy;v=0;T =Ty
and x =L (right boundary),

w_ov_or_
ox  ox  ox

Grid Independence Study

In order to get reasonable calculation results, the mesh inde-
pendency study is required. Four different grid sizes of
6.67 um, 5 um, 4 um and 3.33 um were adopted to simulate
the growth of a single bubble. Figure 3 shows the terminal
shape of the phase interface obtained under different grid sizes
at 1.5 ms, indicating that the shape of the phase interface has
no significant change when the gird is finer than 4 pm.
Moreover, the difference between the average diameters of
the bubbles with the grid size of 4 um and 3.33 um was less
than 1%. According to the above results, the grid resolution
4 um has the adequate numerical accuracy and is adopted in
the rest of our simulations.

Verification of the Present Numerical Model

The experimental results conducted by Mukherjee et al.
(2011) were used to verify the accuracy of the numerical mod-
el introduced in this paper. Mukherjee et al. (2011) measured

Top wall
Adiabatic condition

outlet

Constant Temperature: AT,

Bottom wall

Fig. 2 Schematic of the computational domain
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Fig. 3 Interface positions 0.2
obtained in different grid sizes g h=6.67 um

£ = h =5 pum

= = h=4um

| e h=333pm

O L L L L
0 0.2 0.4 0.6 0.8 1

the growth rate of a single bubble in a microchannel by ex-
perimental method. A single bubble grows from the bottom
wall of the microchannel until the entire channel is fully filled.
Their experimental conditions are shown including: (1) the
width of the channel is equal to 229 pum; (2) the superheat of
both the initial and inlet temperature is equal to 2 K; (3) the
superheat of the bottom wall is equal to 2.1 K; (4) the wall
contact angle is 30°; (5) the top wall is adiabatic; (6) the
Reynolds number of the inlet liquid is 100.

Figure 4 shows the change of the bubble equivalent diam-
eters over time obtained by our simulations, and also gives the
simulation results of Mukherjee et al. (2011) and Ling et al.
(2015). The three simulation results are compared with the
experimental results of Mukherjee et al. (2011), which indi-
cates that the bubble growth rate calculated by the three sim-
ulations is basically the same as the experimental results and
the calculated results in this paper are more similar to the
experimental results. The comparison demonstrates the reli-
ability of our numerical methods.

Results and Discussion
Effect of Reynolds Number

The position, shape, velocity vector and temperature field dis-
tribution of the bubble at 0.9 ms for the wall superheat of 5 K
are shown in Fig. 5. In Fig. 5, the bubble fills completely the
channel at 0.9 ms when Re = 100, then grows along the axis
direction. The larger the Reynolds number is, the earlier the
bubble fills the entire channel. The morphology of the bubble
will be different with an increase in Reynolds number at the
same time. When Re is small (Re < 600), there is no elongated

Table 1 Properties of liquid and vapor phases of water at 1 atm
Liquid Vapor
Density(kg/m®) 958.0 0.6
Dynamic viscosity(kg/m-s) 2.82x107* 123x10°
Thermal conductivity(W/m-K) 0.683 0.025
Thermal capacity(J/kg-K) 4200.0 2100.0
Surface tension coefficient(N/m) 0.059
Latent heat(J/kg) 2257 % 10°
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L(mm)

bubble zone mentioned by (Thome 2004; Thome et al. 2004).
When Re =600, a thin liquid layer is formed between the
bubble and the wall, and the elongated bubble zone appears.
The dynamics and heat transfer characteristics of the elongat-
ed bubble will be discussed in detail later. As can be seen from
the temperature field distribution in Fig. 5, as the Reynolds
number increases, the thickness of the thermal boundary layer
decreases, leading to an increase in the temperature gradient
near the heated wall. And then the heat flux increases accord-
ing to Fourier law of heat conduction, indicating that the heat
transfer performance can be enhanced with an increase in
Reynolds number.

Figure 6a and b show the effect of Reynolds number on the
bubble growth rate. Figure 6a depicts the effect of Reynolds
number on the bubble volume and Fig. 6b shows the effect of
Reynolds number on the bubble equivalent diameter. There is
a negligible difference in the bubble volume for Re =50 and
Re =100, and so is the bubble equivalent diameter. However,
the bubble growth rate increases with an increase in the
Reynolds number comparing the trends of bubble growth rate
at Re=100, Re =200, Re =400 and Re =600. As known in
Eq. (1), the bubble growth rate represents the intensity of
phase chance. Therefore, increasing Reynolds number can
enhance the intensity of phase chance.

Nug and Nu are the space-averaged Nusselt number of
single-phase flow and boiling flow, respectively. Nu/ Nu,

0.4
) 03}
g
g
g 02f
S
@)
(o]
%‘J Experiment by Mukherjee et al.[17]
4 0lF 7 - Simulation by Mukherjee et al.[17]
< - - - Simulation by Ling et al.[27]
Present simulation
00 1 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (ms)

Fig. 4 Bubble growth rate in different studies and the comparison with
the experimental result by Mukherjee et al. (2011)
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Fig.5 Bubble shapes and temperature contours for a wall superheat of 5 K and different Re at 0.9 ms, fora Re=100 b Re =200 ¢ Re =400 and d Re =
600. The red solid line refers to the interface
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Fig. 6 Effect of Reynolds number on temporal variation of a bubble volume, b bubble equivalent diameter, space averaged ¢ Nusselt Number and d
ANu/Nu, for bottom wall for a wall superheat of 5 K
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Fig. 8 Effect of wall superheat on temporal variation of a bubble equivalent diameter, b upstream and downstream dry zone locations and ¢ space
averaged Nusselt Number; and axial variation of d local heat transfer for bottom wall at 0.6 ms.
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Fig. 9 Interface evolution for Re =600 and different wall superheat of (a) 4 K and (b) 5 K

represents the enhanced heat transfer intensity due to phase
change. Figure 6¢ and d show the effect of Reynolds number
on the space-averaged Nusselt number and Nu/Nu,, for heated
wall during boiling flow in microchannels, respectively. It can
be noted that increasing Reynolds could increase not only the
space-averaged Nusselt number but also Nu/Nu,, indicating
that with the increase in Reynolds number, the convection heat
transfer between the fluids and heated wall and the phase
chance intensity are both enhanced.

Effect of Wall Superheat

The influence of wall superheat on the evolution of the bubble,
velocity field, temperature field and heat transfer characteris-
tics in a microchannel is presented in this section. The wall
superheat plays a very crucial role in determining the dynam-
ics of fluid flow and heat transfer. It affects the quantity of heat
input from the wall and then determines the critical heat flux
(CHF) and boiling instabilities. It is essential to study the
effect of wall superheat on the bubble dynamics and heat
transfer characteristics in order to understand deeply the boil-
ing mechanism in microchannels. Figure 7 displays bubble
shapes, velocity vector and temperature contours for Re =
100 and different wall superheats. With an increase in the wall
superheat, the bubble size and bubble elongation length along
the flow direction increase. The dry zone length (i.e., the con-
tact length between the bubble and the heated wall) also in-
creases with an increase in the wall superheat. Based on the
mass conservation eq. (1), the magnitude of velocity

downstream is higher than that upstream due to the increasing
bubble volume.

Figure 8a shows the effect of wall superheat on temporal
variation of the equivalent bubble diameters. With an increase
in wall superheat, more heat transfers from the heated wall to
the bubble, leading to an increase in the bubble equivalent
diameters and bubble growth rate. The result is clearly pre-
sented in Fig. 8a. Figure 8b depicts the upstream and down-
stream dry zone locations of the vapour bubble with time. The
dotted lines in the figure represent the upstream location of the
bubble dry zone and the solid lines represent the downstream
location of the bubble dry zone. With an increase in wall
superheat, there is a little difference in the upstream location
of the bubble dry zone, however significant difference in the
downstream location of the bubble dry zone is observed. This
is because, with an increase in wall superheat, more heat
through the heated wall cause the larger velocity of down-
stream interface of the bubble.

Figure 8c presents the temporal variation in Nu/Nu, (i.e., the
ratio of the space averaged Nusselt number between boiling and
single liquid flow) at the heated wall. As an increase in wall
superheat from 5 K to 8 K, there is a little increase in Nu/Nug
and no significant difference in Nu/Nug for 8 K and 10 K is
observed. Increasing wall superheat not only produces the
higher heat flux, but also causes larger temperature difference.
The combined effect of the two results led to an insignificant
enhancement of heat transfer. Figure 8d shows the axial
variation of the local heat transfer for heated wall at 0.6 ms.
With an increase in wall superheat, the local heat flux for
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the heated wall along the flow direction at 0.6 ms increases.
Near the upstream and downstream interface, the maximum
heat flux is discovered due to the presence of the thin liquid

film near the triple-phase contact line. The maximum heat flux
increases with an increase in wall superheat because of higher
temperature gradient.

(c)

Fig. 12 Interface evolution for a wall superheat of 5 K, Re =100 and different bubble waiting time of a 0.5 ms, b 0.3 ms and ¢ 0.2 ms.
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Bubble Dynamics at Re = 600

As mentioned above, when Re = 600, the morphology of the bub-
ble is different significantly from that of low Reynolds number.
Figure 9 shows the effect of wall superheat on the interface evo-
lution of the bubble in the microchannel when Re = 600. At the
initial stage of the bubble growth, the bubble grows on the heating
wall and slides downstream along the flow direction. When the
bubble grows to a certain size and then starts to touch the top wall.
The bubble fills the entire channel and begins to stretch along the
axis of the channel. Three zones mentioned by (Thome 2004;
Thome et al. 2004) appear in the microchannel, namely liquid slug
zone, elongated bubble zone and dry zone. As an increase in wall
superheat, the longitudinal elongation of the bubble increases,
however the vapour contact with the heated wall decreases. Two
kinds of thin liquid layers have appeared in the simulation results
in this paper. The first type of thin liquid layer is located near the
three-phase contact line. The second type of thin liquid layer refers
to the liquid area between the phase interface and the wall surface
when the bubble interface is close to the wall surface, as shown in
Fig. 10. Fig. 10 also gives the definition of the stretch length L, the
contact length between the bubble and the bottom wall (i.e., the
dry zone length) L4 and the thickness of the second type of the thin
liquid layer ;. Figure 11 shows the variation of L, Lq and & over
time. In the process of longitudinal elongation of the bubble, the
stretch length L, of the elongated bubble along the flow direction
increases gradually. Because of the continual heat transportation
from the bottom wall, the volume of the bubble increases gradu-
ally and L increases gradually. When the bubble is stretched to a
certain size, there is a trend to break away from the bottom wall,
and then the L4 decreases gradually. In the process of longitudinal
elongation of the bubble, d; is basically unchanged, which is about
26 pm for a wall superheat of 5 K.

(]
w

0.5ms

—0.3ms
0.2ms /"
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Multiple Bubbles Dynamics and Heat Transfer

The bubble waiting time, which refers to the time between the
bubble departing a certain position and the formation of the
next bubble, is one of the most important parameters involved
in bubble dynamics and heat transfer. The effect of bubble
waiting time on bubble dynamics and heat transfer in a
microchannel is presented in this section, which considers
static bubble waiting time of 0.5 ms, 0.3 ms and 0.2 ms.
Figure 12 shows the effect of bubble waiting time on the
interface evolution and velocity vectors throughout the do-
main for a wall superheat of 5 K and Re = 100. It is necessary
to note that Fig. 12 shows only part of the computational
domain, not all of it. At the time of 2.0 ms, when the bubble
waiting time is 0.5 ms, 0.3 ms and 0.2 ms, the number of
bubbles in the microchannel is 3, 4 and 5, respectively. With
a decrease in bubble waiting time, more bubbles are formed in
the same time period, and the flow pattern in the microchannel
is plug flow. When a new bubble is formed, the velocity
downstream of the bubble increases. On the same section of
the microchannel, an increase in the velocity in the liquid
downstream of the bubble can be observed with a decrease
in bubble waiting time.

Figure 13a plots the effect of bubble waiting time on temporal
variation of the space-averaged Nusselt number for the heated wall
with time. As a decrease in bubble waiting time, the space-
averaged Nusselt number for the heated wall increases.
Figure 13b shows the axial variation of local heat flux on the
heated wall for bubble waiting time of 0.5 ms at 2 ms. The inset
figure in Fig. 13b shows the bubble shape and temperature contour
at 2 ms. It can be seen from the figure that the thin film evaporation
of liquid film occurs between the bubble and the heated wall and
the local heat flux of the liquid film takes up a large proportion in

2.0x10°
0.5ms

o 15x10°F
[l 6
= 1.0x10°
8 5.0x10

0.0 L5 At N 1 af T
0.0 0.5 1.0 15 2.0
X (mm)
(b)

Fig. 13 a the effect of bubble wait time on temporal variation of the space averaged Nusselt number for the heated wall; b the axial variation of local heat
flux on the heated wall for bubble waiting time of 0.5 ms at 2 ms. Inset figure in figure (b) shows the bubble shape and temperature contour at 2 ms.
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the total heat flux. This shows that the thin film evaporation of
liquid film is the main heat transfer mechanism of the plug flow.
Due to the influence of the convection evaporation of the liquid
film, the local heat flux for the heated wall between the bubbles
also increases significantly. In addition, as a decrease in bubble
waiting time, the distance between bubbles decreases, while the
local heat flux for the heated wall between bubbles increases more
dramatically. More importantly, with an increase in the number of
bubbles, the number of liquid film between the bubble and the
heated wall increases, which could enhance the total heat flux.

Conclusions

In this paper, the VOSET interface tracking method was used
to simulate the growth and heat transfer characteristics of sin-
gle bubble and multiple bubbles during boiling flow in a
microchannel with heated bottom wall. The following conclu-
sions could be obtained.

(1) The influence of Reynolds number and wall superheat on
the growth and heat transfer characteristics of single bub-
ble was studied. Increasing Reynolds number not only
enhances the convection heat transfer between the fluids
and the wall but also strengthens the phase change inten-
sity. With an increase in wall superheat, bubble growth
rate increases, however there is an insignificant enhance-
ment of heat transfer.

(2) Different Reynolds number of the inlet fluid lead to dif-
ferent morphology of the bubble in the microchannel.
When Re =600, a thin liquid layer was formed between
the bubble and the wall, and obvious elongated bubble
zone appeared. In the elongation process of the elongated
bubble along the axis, the stretching length L, gradually
increases, and the contact length Ly between the bubble
and the heating wall surface presents a trend of first in-
creasing and then decreasing. The thickness of the sec-
ond type of thin liquid layer d; is basically unchanged.

(3) More importantly, the influence of bubble waiting time
on heat transfer characteristics and bubble growth was
established. With a decrease in bubble waiting time,
more bubbles emerge, and the flow pattern in the
microchannel is the plug flow. The decreasing bubble
waiting time increases the number of thin liquid film
between the bubble and the heated wall, leading to a
larger proportion of thin film evaporation in total heat
transfer, which can enhance the heat transfer
performance.
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