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ABSTRACT
Flow Boiling heat transfer within micro-channels has been a subject of extensive investigation during the
last decades. Due to the underlined complexity, the development of comprehensive correlations and/or models
for flow boiling has not been possible so far. However, more recently, numerical simulations have been proven
being capable of reliably predicting bubble dynamics and heat transfer characteristics. Heat transfer and phasechange due to evaporation and/or condensation are coupled with a previously improved and validated, Volume
Of Fluid (VOF) model for adiabatic bubble dynamics. Initially the model is validated with an existing analytical
solution and with literature available experimental results of pool boiling with an excellent degree of
convergence. In the present paper, the proposed VOF model is further applied for 3D numerical simulations of
flow boiling in micro-channels, with single and multiple nucleation sites identifying some interesting
observations regarding the bubble growth and detachment characteristics within the liquid cross-flow as well as
regarding the coalescence of bubbles detaching from different nucleation sites. The analysis of the numerical
results reveals that the proposed numerical model constitutes a quite promising tool for the investigation of the
complex sub-processes which occur during flow boiling in micro-channels.
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INTRODUCTION
Flow boiling within micro-channels constitutes one of the most effective ways of heat dissipation, due to the
high heat transfer coefficients that can be achieved. For this purpose, it widely finds application in cooling
systems of compact electronic components. The two-phase heat transfer characteristics associated with flow
boiling in micro-channels are quite different from the corresponding characteristics in pool boiling heat transfer,
due to the confinement of the generated bubbles by the surrounding wall boundaries as well as due to the
presence of the liquid cross-flow. In the last two decades, many studies were carried out on flow boiling in
micro-channels. However, due to the underlined complexity, the overall physical mechanisms have not been
fully understood until now. Some comprehensive literature reviews on micro-channel flow boiling can be found
in the works by Kandlikar (2002), Thome (2004) and more recently in the work of Baldassari and Marengo
(2012). In general, three major two-phase flow patterns are identified within a micro-channel, the isolated bubby
flow, the elongated bubby/slug flow and the annular flow. The development of the experimental measurement
techniques in the last decades had made possible the conduction of experiments of flow boiling within mini- and
micro-channels (e.g. Lee et al., 2004; Balasubramanian and Kandlikar, 2005; Edel and Mukherjee, 2011).
However, experimental studies on flow boiling within micro-channels are in a way limited due to the difficulties
in micro-scale measurements. With the growing computing capabilities and available computational resources as
well as with the rapid development of modern numerical methods for the simulation of multiphase-phase flows,
the numerical simulation of boiling heat transfer has become possible, for a wide range of applications as well as
spatial and temporal scales. Therefore, the numerical simulation of boiling heat transfer in the near future could
be established as an excellent tool that in conjunction with highly resolved laboratory experiments could provide
significant insight regarding the underlying physical mechanisms. A brief review on available CFD-based
numerical models, for the simulation of boiling heat transfer is included in the introduction section of the paper
Georgoulas and Marengo, 2015. In the same work heat transfer and phase-change due to evaporation and/or
condensation are coupled with a previously improved and validated, Volume Of Fluid (VOF) model for
adiabatic bubble dynamics (Georgoulas et al., 2015) and the model is validated with an existing analytical
solution and with literature available experimental results of pool boiling. The model is then applied for the
conduction of a wide range of parametric numerical experiments of pool boiling.
In the present investigation, the proposed VOF model is further applied for the conduction of various
numerical simulations of flow boiling in micro-channels. The first 3 sets of numerical simulations are focused on
single bubble growth and detachment, examining the effect of fundamental controlling parameters on bubble
growth characteristics, while the last set of numerical simulations examines multiple nucleation sites and events.
The analysis of the overall results reveals some interesting observations regarding the bubble growth and
detachment characteristics within the liquid cross-flow as well as regarding the coalescence of bubbles that have
detached from different nucleation sites. The overall numerical result indicate that the proposed numerical model
constitutes a quite promising tool for the investigation of the complex sub-processes that occur during flow
boiling within micro-channels

.
Fig. 1 Computational domain, mesh and boundary conditions.
NUMERICAL SIMULATIONS
The simulation of pool boiling is here extended to 3 additional series of parametric numerical simulations, in
flow boiling cases within micro-channels, focusing on single bubble growth events. Furthermore two additional
numerical simulations on multiple nucleation events are also conducted, analyzed and discussed. In the case of
micro-channels, where bubbles are generated, grow and detach within a cross-flow, the Initial Thermal Boundary
Layer (ITBL) is developed by running a single-phase transient numerical simulation, until a steady state solution
is reached and the corresponding velocity and thermal boundary layers are fully developed. Therefore, the ITBL
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thickness is not a numerical input anymore as in the pool boiling cases (Georgoulas and Marengo, 2015). Hence,
the main aim of the present parametric numerical simulations is to identify the effects of the triple line contact
angle (Series-A numerical simulations) as well as of wall superheat (Series-B numerical simulations), in the
bubble growth and detachment characteristics, focusing in single nucleation events. Moreover, an additional
series is conducted aiming to investigate the effect of variable fluid properties of the bubble growth and
detachment characteristics (Series-C numerical simulations). Some results are also presented for flow boiling
cases with multiple nucleation events. The purpose of these final simulations is to test the numerical stability of
the developed solver and also to qualitatively explore, the capability of the proposed boiling model in capturing
various more complex processes that take place during more realistic flow boiling cases in micro-channels, such
as the merging (coalescence) of bubbles from the same and different nucleation sites.
Computational Set-up
Since, the process of bubble growth and detachment within a cross-flow in a micro-channel can be
considered to be three-dimensional, a three-dimensional computational domain was constructed. The adopted
computational domain, mesh and boundary conditions are illustrated in Figure 1. As it can be seen, the utilized
computational domain is a micro-channel with a rectangular cross-section. A uniform, structured computational
mesh with a cell size of 2µm, consisting of a total number of 7,723,975 hexahedral cells was constructed. The
overall domain has a length of 1.14mm, a width of 0.201 mm and a height of 0.266 mm. This computational
domain was adopted from previous similar, literature available numerical investigations (Mukherjee and
Kandlikar, 2005; Mukherjee and Kandlikar, 2006; Lee and Son, 2008; Mukherjee et al., 2011; Ling et al., 2015).
At the solid walls, a no-slip velocity boundary condition was used with a fixed flux pressure boundary
condition for the pressure values. Moreover, a constant contact angle is imposed for the volume fraction field.
For the sidewalls, a zero gradient boundary condition was used for the temperature field and a constant
temperature condition was imposed in the bottom wall. At the outlet, a fixed-value pressure boundary condition
and a zero-gradient boundary condition for the volume fraction were used, while for the velocity values a special
(combined) type of boundary condition was used that applies a zero-gradient when the fluid mixture exits the
computational domain and a ﬁxed value condition to the tangential velocity component, in cases that fluid enters
the domain. Finally, a zero gradient boundary condition for the temperature field was also prescribed at the outlet
boundary. For the inlet, a constant uniform velocity value was imposed as well as a fixed flux pressure condition.
The temperature of the liquid at the inlet was fixed at the saturation temperature. The fluid properties and initial
conditions for the base case are summarized in Table 1.
Table 1 Fluid properties and initial conditions (Base case).

Phase properties
(R113 at 1bar)
Tsat = 320.65 K
Initial
Conditions

Density
(kg/m3)

Specific heat
capacity
(J/kgK)

Thermal
conductivit
y
(W/mK)

Kinematic
viscosity
(m2/s)

Liquid

1508.4

940.3

0.064

3.25x10-7

Vapor

7.4

691.3

0.0095

1.39 x10-6

Initial bubble
(seed)
radius (µm)

20

Wall
superheat
(K)
Contact
angle (o)
Simulation
Type

6

Domain
size (Width
x Heightx x
Length)
(mm)
No. of cells

Inlet velocity
(m/s)

0.13

30
3-D

Surfac
e
tension
(N/m)
0.015

Enthalp
y
of
vapor.
(J/kg)
144350

0.201x0.266x1.14

7,723,975

Effect of contact angle
The effect of wettability on the bubble growth and detachment characteristics is investigated. For this
purpose, the reference case of Table 1 is utilized and additional simulations are performed by systematically
varying the value of the contact angle on the bottom, top and sidewalls of the micro-channel. All the other
simulation parameters are kept constant with respect to the base simulation case (Table 1). Details regarding the
overall runs conducted are summarized in Table 2.
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Table 2 Varied parameter in Series-A of parametric numerical simulations.
Run
Contact Angle (o)
A1
10
A2
20
A3 (Base case)
30
A4
40
A5
50
A6
60
As it can be seen, a total of 5 additional simulations are performed, varying the imposed contact angle at the
wall boundaries from 10o up to 60o, by 10o increments. The spatial and temporal evolution of the generated
bubbles for each of the above cases is depicted in Figures 2a and 2b. As it can be observed, for contact angle
values of 10o and 20o there is a negligible effect in the bubble growth and detachment characteristics. In both
cases, the bubble detaches from the heated wall at 0.5 ms and then the liquid cross-flow carries it away
downstream. As the value of the imposed contact angle further increases, the generated bubbles do not detach
but instead they slide along the bottom wall, gradually increasing in size due to evaporation. It is characteristic
that for contact angle values greater than 40o and at t=2ms the generated bubbles have grown significantly,
occupying almost the whole width of the micro-channel, forming vapour patches at the vertical walls.
Effect of wall superheat
The effect of wall superheat on the bubble growth and detachment characteristics is investigated. For this
purpose, the base case of Table 1 is utilized and additional simulations are performed by systematically varying
the value of the bottom wall superheat. All the other simulation parameters are kept constant with respect to the
base simulation case (Table 1). Details regarding the overall runs conducted are summarized in Table 3.
Table 3 Varied parameter in Series-B of parametric numerical simulations.
Run
Wall superheat
B1
2
B2
4
B3 (Base case)
6
B4
8
B5
10
B6
12
As it can be seen, a total of 5 additional simulations are performed, varying the bottom wall superheat from
2 K up to 12 K, by 2 K increments. The spatial and temporal evolution of the generated bubbles for each of the
above cases is depicted in Figures 3a and 3b.
As it can be observed, in general, the bubble growth rate increases with the corresponding increase of the bottom
wall superheat. At the same time instances of the bubble growth process as the wall superheat increases the
bubble volume increases. Up to the simulated time of 2ms, bubble detachment from the wall occurs only in the
cases with a superheat of 2 K and 8 K. In all of the other cases the bubble grows, sliding along the heated wall.
For wall superheat values of 10 K and 12 K, the generated bubbles are growing while they elongate along the
flow direction. In both of these cases the generated bubbles have occupied the whole channel width, as it is
evident from the development of vapour patches at the vertical walls. In the case with 12 K of wall superheat, the
generated bubble almost fills the channel and continue to grow in longitudinal direction, forming liquid regions
at the edges between the top and the side walls as well as between the bottom and the side walls.
Effect of fluid properties
In the current sub-section of the present paper the effect of variable fluid properties on the bubble growth
and detachment characteristics, is investigated. For this purpose, case B1 with R113 properties at atmospheric
pressure and with a bottom wall superheat of 2 K is further modified for the conduction of 3 additional
simulations with diesel fuel properties at three saturation equilibrium points, for pressures 101,325 Pa, 500,000
Pa and 1,000,000 Pa, respectively. The diesel properties at the proposed saturation equilibrium points are taken
from the work of Kolev (2012). Details regarding the fluid properties and the initial conditions of these three
additional runs are summarized in Tables 4-6.
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(a)

(b)
Fig. 2 Spatial and temporal evolution of generated bubbles for each case of Series –A parametric numerical
simulations: (a) contact angles 10o, 20o and 30o, (b) contact angles 40o, 50o and 60o.
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(a)

(b)
Fig. 3 Spatial and temporal evolution of generated bubbles for each case of Series –B parametric numerical
simulations: (a) wall superheats 2, 4 and 6 K, (b) wall superheats 8, 10 and 12 K.
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Table 4 Fluid properties and initial conditions (Diesel case at P=101,325 Pa).
Density
(kg/m3)
Phase
properties
(Diesel at
101,325 Pa)
Tsat = 391 K
Initial
Conditions

Liquid

746.4

Specific heat
capacity
(J/kgK)
2406

Vapor

5.30

1908.64

0.0183

2.36 x10-6

Initial bubble
(seed)
radius (µm)

20

Wall
superheat
(K)
Contact
angle (o)
Simulation
Type

2

Domain
size (Width
x Heightx x
Length)
(mm)
No. of cells

Inlet
(m/s)

velocity

0.13

Thermal
conductivity
(W/mK)
0.1098

Kinematic
viscosity
(m2/s)
1.095x10-6

30
3-D

Surface
tension
(N/m)
0.0181

Enthalpy
of vapor.
(J/kg)
86637

0.201x0.266x1.14

7,723,975

Table 5 Fluid properties and initial conditions (Diesel case at P=500,000 Pa).
Density
(kg/m3)
Phase properties
(Diesel at
500,000 Pa)
Tsat = 492 K

Liquid

618.5

Specific
heat
capacity
(J/kgK)
2597

Vapor

20.78

2300.69

0.030

3.49 x10-7

Initial
Conditions

Initial bubble
(seed)
radius (µm)

20

Wall
superheat
(K)
Contact
angle (o)
Simulation
Type

2

Domain
size (Width
x Heightx x
Length)
(mm)
No. of cells

Inlet velocity
(m/s)

0.13

Thermal
conductivity
(W/mK)

Kinematic
viscosity
(m2/s)

Surface
tension
(N/m)

Enthalpy
of vapor.
(J/kg)

0.088

2.85x10-6

0.0106

67686.5

30
3-D

0.201x0.266x1.14

7,723,975

Table 6 Fluid properties and initial conditions (Diesel case at P=1,000,000 Pa).
Density
(kg/m3)
Phase properties
(Diesel at
1,000,000 Pa)
Tsat = 548 K

Liquid

529.7

Specific
heat
capacity
(J/kgK)
2582

Vapor

37.31

2494.71

0.037

1.64 x10-7

Initial
Conditions

Initial bubble
(seed)
radius (µm)

20

Wall
superheat
(K)
Contact
angle (o)
Simulation
Type

2

Domain
size (Width
x Heightx x
Length)
(mm)
No. of cells

Inlet velocity
(m/s)

0.13

Thermal
conductivity
(W/mK)

Kinematic
viscosity
(m2/s)

Surface
tension
(N/m)

Enthalpy
of vapor.
(J/kg)

0.073

1.45x10-5

0.0069

57179,3

30
3-D

0.201x0.266x1.14

7,723,975

The spatial and temporal evolution of the generated bubbles for each of the three additional cases is depicted
in Figure 4.
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Fig. 4 Spatial and temporal evolution of generated bubbles for Diesel Fuel at 3 different saturation equilibrium
points.
As it can be seen, the bubble growth process differs significantly between the three cases. In more detail, it
is obvious that as the pressure increases and the saturation equilibrium point is shifted, the generated bubble
growth rate decreases significantly and the bubble tends to take a more elongated shape towards the longitudinal
direction, despite the fact that the same amount of superheat is applied at the bottom wall of the micro-channel.
This shows that potential property variations with respect to corresponding significant variations in temperature
and/or pressure during flow boiling, have a strong impact on the bubble growth characteristics and therefore
compressibility effects must be incorporated into numerical solvers in the future, in cases that the
incompressibility assumption does not hold true.
Multiple bubble growth and detachment
In this final sub-section of the present paper two additional 3D simulations of flow boiling of water in the
adopted micro-channel geometry (Figure 1) are performed. The purpose of these simulations is to test the
numerical stability of the developed solver and also to qualitatively explore, the capability of the developed
boiling model in capturing more complex processes (e.g. bubble coalescence) that take place during flow boiling
in micro-channels, in cases that multiple bubbles originated from multiple nucleation sites are generated.
In both of the two simulated cases, water liquid flows within the micro-channel along the X direction, at a
Re number of 100 and at saturation temperature (373.15 K). The bottom wall of the domain is superheated by
2.1 K and a constant static contact angle of 30° is imposed. The rest of the walls are considered adiabatic with an
initially uniform distribution of temperature equal to the saturation value.
At this point it should be mentioned that despite the fact that the liquid flow is laminar, the standard k-ε
turbulence model is applied, since the multiple bubble growth and detachment processes within the initially
laminar liquid cross-flow, is expected to generate some turbulence. The computational procedure consists of
various distinct parts. First a single-phase simulation in performed in order to get a convergent solution, with
fully developed velocity and thermal boundary layers, for both of the simulated cases.
For the first case, in the succeeding parts of the computational procedure initial bubble nucleus are placed at
the central longitudinal axis of the superheated wall, at arbitrary distances from the inlet as well as at arbitrary
times. Furthermore, after a certain waiting time from the first bubble detachment a second and in some cases a
third nucleus is placed at the same locations. The resulted temporal and spatial evolution of the 3D liquid/vapor
interface and the 2D temperature field (at a central vertical section), are depicted in Figures 5, 6 and 7.
As it can be observed after the first nucleation event a bubble grows and eventually detaches from the
superheated wall, which is then advected by the liquid flow further downstream. After the second nucleation
event, a second bubble grows but prior to its detachment it merges with the leading bubble. After the
coalescence, a bigger bubble is formed that continues its path, undergoing various shape oscillations. Following
the third and fourth nucleation events two new successive bubbles grow and detach from the wall following the
leading bubble.
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Fig. 5 Flow boiling of water in the considered micro-channel (1st and 2nd nucleation events).

Fig. 6 Flow boiling of water in the considered micro-channel (3rd and 4th nucleation events)

Fig. 7 Flow boiling of water in the considered micro-channel (5th and 6th nucleation events).
The fifth and sixth nucleation events occur simultaneously, and two new bubbles are growing on the wall.
One of them is merged with one of the already detached bubbles and the other eventually detaches from the wall.
The final temperature and relative pressure distributions within the computational domain are depicted in Figures
8 (a) and 8 (b) respectively, at a central vertical section.
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Fig. 8 Final temperature (a) and relative pressure (b) distribution, at a central vertical section within the
computational domain.
As it can be observed the overall bubbling process significantly distorts the initially developed thermal
boundary layer. Finally, a reasonable pressure distribution is observed, since inside the vapour bubbles a higher
value of pressure is observed with respect to the surrounding liquid, due to the Laplace pressure difference. For
the second case, in the succeeding parts of the computational procedure 6 initial bubble nucleus are placed at
arbitrary positions on the heated wall, using different initial seed radius values, ranging from 10µm up to 25µm.
The resulted temporal and spatial evolution of the 3D liquid/vapor interface, in an isometric, side and top view,
are depicted in Figures 9, 10 and 11, respectively.
As it can be observed from these figures, lateral and longitudinal coalescence of the initial bubble seeds happens
at various stages during their evaporative growth and detachment process, forming at the end two large bubbles
that are carried downstream by the liquid cross-flow. From all the above qualitative observations, it can be
concluded that the developed boiling model successfully captures the various complex transient processes that
usually occur during flow boing in micro-channels, with a great amount of detail.
SUMMARY AND CONCLUSIONS
Summarizing, in the present investigation the already developed and validated against analytical solutions
and experimental data boiling model (Georgoulas and Marengo, 2015) is further applied for the conduction of
various 3D numerical simulations of flow boiling in micro-channels, with single and multiple nucleation sites
identifying some interesting observations regarding the bubble growth and detachment characteristics within the
liquid cross-flow as well as regarding the coalescence of bubbles that have detached from different nucleation
sites. The analysis of the numerical results reveals that the proposed numerical model constitutes an important
tool for the investigation of the complex sub-processes that occur during flow boiling in micro-channels,
providing detailed information for the bubble growth and detachment process. For future developments it would
be necessary for a dynamic mesh refinement technique to be implemented among the current numerical schemes
in order to reduce significantly the computational power that is required for the conduction of the simulations
that are illustrated in the present investigation. Furthermore, compressibility effects must also be implemented, in
order to widen the applicability range of the present CFD-based boiling model.

Fig. 9 3D isometric view of flow boiling of water in the considered micro-channel (multiple arbitrary nucleation
sites).

10

11

Fig. 10 Side view of flow boiling of water in the considered micro-channel (multiple arbitrary nucleation sites).

Fig. 11 Top view of flow boiling of water in the considered micro-channel (multiple arbitrary nucleation sites).
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