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A B S T R A C T   

The spontaneous bubble migration and the active manipulation have widely applications in outer space. In this 
paper, the bubble migration driven by the thermal capillary effect is numerically investigated under variable 
buoyancy. The numerical model is built up through the transient two-dimensional axisymmetric model with a 
level set method. It is found that the magnitude and direction of bubble migration velocity is determined by the 
competition of upward buoyant effect and downward thermal capillary effect. These two effects can be 
controlled by changing the ratios of density, viscosity, thermal conductivity of bubble over surrounding liquid, as 
well as Reynolds number, Froude number, Peclet number and Marangoni number. With increasing Froude 
number or decreasing density ratio, the thermal capillary effect becomes dominant over the buoyant effect, the 
bubble will migrate from upward to downward. The Marangoni number has negligible effect on the bubble 
migration at low Reynolds numbers, while at high Reynolds numbers, increasing Marangoni number can reduce 
the upward migration velocity due to stronger thermal capillary effect. At low Reynolds numbers, with the 
increasing ratios of viscosity and thermal conductivity, the downward driving force is increased, while at high 
Reynolds numbers, the ratios have negligible effect on the bubble migration. These findings may provide the 
guidance for actively manipulating the bubbles under variable buoyancy.   

1. Introduction 

Active manipulation of the bubble/droplet has wide application in 
the outer space, such as material processing in the reduced gravity 
environment, recycling of life-sustaining substances such as water and 
oxygen in long duration space excursions [1]. Thermal capillary effect is 
caused by the uneven distribution of surface tension due to temperature 
gradient. Under normal gravity the thermal capillary force may be 
suppressed by the buoyant force, while under reduced gravity it can be 
comparable with the buoyant force, or even becomes dominant. The 
early development on bubble/droplet migration due to thermal capil
larity under microgravity has been reviewed by Subramanian and 
Balasubramaniam [2]. Young et al. [3] firstly studied the bubble 
migration in the liquid column with applied temperature gradient, and 
they also derived the analytical solution on bubble migration velocity 

under combined thermal capillary and buoyant forces, in which the 
momentum and energy transport were negligible. Balasubramaniam and 
Chai [4] proved that the analytical solution was still applicable under 
any Reynolds number only if Marangoni number is far less than 1. 
Crespo et al. [5] extended the study to large Reynolds number and 
arbitrary Marangoni numbers. Crespo and Jimenez-Fernandez [6] pro
vided the expressions for bubble migration velocity at infinite large 
Reynolds number and Marangoni numbers. 

Through experiment Hadland et al. [7] studied thermal capillary 
migration of bubbles in NASA space shuttle mission. In their experi
ments, air bubbles were injected into a cavity filled with silicone oil, and 
the temperature gradient remained on the opposite wall. The bubbles 
were found to move from the cold plate to the hot plate due to Mar
angoni convection. Szymczyk et al. [8] injected droplets and bubbles 
into silicone oil respectively in their space experiments in NASA Aero
space Laboratory. The migration velocity of bubbles is close to that of 
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numerical simulation. Thompson et al. [9] explored the movement of 
nitrogen bubbles in the falling tower. They studied the thermal capillary 
migration velocity under different temperature gradients in liquid. The 
experimental results are qualitatively consistent with the results, which 
are predicted by the linear theory by ignoring the Reynolds number and 
Marangoni number. Balasumbramaniam et al. [1] studied the motion of 
a single bubble in silicone oil at a given temperature gradient under 
weakened gravity. The experimental results show that the dimensionless 
migration velocity decreases with the increase of the Marangoni number 
and approaches the theoretical solution of the limit of large Marangoni 
numbers. 

Due to the great difficulties of experimental time and cost under 
microgravity, especially for studies at large Reynolds or Marangoni 
numbers, the numerical study provides a cost-effective way for bubble 
migrations. Szymczyk et al. [10] used a two-dimensional model to 
simulate the bubble migration under the conditions of non-zero Re 
number and large Ma number. The numerical simulation study of 
Balasubramaniam and Lavery [11] shows that the scaled migration ve
locity of the bubbles is less affected by the Reynolds number, while it is 
greatly affected by the Marangoni number. Ma et al. [12] found that the 
bubble migration velocity is independent of the Marangoni number at 
fairly large Marangoni number. Zhang et al. [13] adopted the modified 
lattice Boltzmann method to study the bubble migration under micro
gravity, and found that the floating vapor bubble moves towards the hot 
wall due to the Marangoni convection along the liquid-vapor interface. 
Zhao et al. [14] adopted the level-set method and the continuum 
interface model to simulate the thermocapillary migration of a 
deformable droplet, the numerical results agree quite well with the 
experimental data in space. Furthermore, it is found that the terminal 
migration velocity decreases monotonously with the increasing Mar
angoni number, the topological flow structure and temperature fields 
are also obtained. Besides the temperature gradient, the thermal radia
tion can also cause the uneven temperature distribution around the 
bubbles. Zhang et al. [15] studied the thermal capillary migration of 
bubble/droplet under thermal radiation, and obtained the variation of 
bubble/droplet migration velocity under different Reynolds numbers 
and physical properties of bubble/droplet. Tripathi et al. [16] studied 
the bubble motion in a tube with non-uniformly heated walls containing 
self-rewetting fluid, the surface tension of the fluid exhibits a parabolic 

dependence on temperature. It is found that with the buoyance and 
thermal capillary, the bubble can arrive at certain location of the tube. 
Then Balla et al. [17] extended to study the three-dimensional effect of 
the bubble in the self-rewetting fluid in the channel. 

From the literature review above, it can be seen that most of the 
studies are focused on the bubble/droplet migration when the thermal 
capillary effect is dominant over the buoyant effect. In this paper, the 
focus is given to the critical condition when the thermal capillary effect 
and buoyant effect are equivalent. Under this condition the interaction 
between two effects becomes very important, they can determine both 
the magnitude and direction of the migration velocity, hence this is of 
great significance in actively manipulating the bubble migration direc
tion and magnitude. The active manipulation method of bubble migra
tion in the liquid is explored by changing the capillary, viscous, gravity 
and thermal capillary forces as well as the physical properties in terms of 
non-dimensional parameters. 

In the following sections, the physical models and mathematical 
formulation are introduced first. Then the reliability of the numerical 
model is verified by an analytical solution with thermal capillary effect 
and buoyant effect. The numerical simulation is extended to the bubble 
migration under the combined effect of thermal capillarity and buoy
ancy. The effects of density ratio, thermal conductivity ratio and vis
cosity ratio on the migration velocity are studied under different Froude 
numbers at both low and high Reynolds numbers. Finally, some con
clusions are drawn for active manipulation of bubble migration under 
the critical condition when the thermal capillary effect and buoyant 
effect are equivalent. 

2. Physical model and mathematical formulation 

Fig. 1 is the schematic diagram for thermal capillary migration of 
bubble under buoyancy. The downward temperature gradient is 
imposed across the bubble, resulting in the upward thermal capillary 
force along the gas-liquid interface, then the induced pressure drop will 
drive the bubble to move downward. In the meantime, the buoyant force 
will drive the bubble to move upward. The thermal capillary force will 
compete with the buoyant force, and determine the magnitude and di
rection of migration velocity of the bubble. When the thermal capillary 
force is dominant, the bubble will move downward; while when the 

Nomenclature 

Ca Capillary number 
C*

p Non-dimensional specific heat 
F Non-dimensional force 
Fr Froude number 
g Gravitational acceleration 
H Heaviside function 
KIs Multiplier 
Ma Marangoni number 
p Non-dimensional pressure 
Pe Peclet number 
Pr Prandtl number 
r0 Bubble radius 
Rc Ratio of the thermal conductivity, Rc ¼ λl= λg 

RCp Ratio of the specific heat RCp ¼ Cp; l=Cp;g 

Rd Ratio of the density, Rd ¼ ρl=ρg 

Rv Ratio of the dynamic viscosity, Rv ¼ μl=μg 

Re Reynolds number 
t Non-dimensional time 
T Non-dimensional temperature 
u0 Characteristic velocity 

u,v Non-dimensional velocity 
x,y Non-dimensional coordinates 

Greek symbols 
ε Interface thickness 
φ Distance function 
δ Dirac delta function 
κ Non-dimensional curvature 
λ* Non-dimensional thermal conductivity 
μ* Non-dimensional dynamic viscosity 
ρ* Non-dimensional density 
σ0 Surface tension 
σT Variation coefficient of surface tension over temperature 

Subscript 
B Buoyant 
g Gas 
P Pressure 
In Inertial 
l Liquid 
m Migration 
Tc Thermal Capillary 
Vis Viscosity  
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buoyant force is dominant, the bubble will move upward. By adjusting 
the relative magnitude of thermal capillary force and buoyant force, the 
bubble migration can be manipulated. 

The characteristic velocity is defined based on thermal-capillary 
force 

u0¼
σT r0rT

μl
(1) 

The characteristic length is the bubble radius r0, and the character
istic temperature difference is the temperature gradient over the bubble 
radius r0rT. Then the non-dimensional governing equations for bubble 
migration under thermal capillary force and buoyant force are as follows 
[15]: 

The continuity equation 

r ⋅ u!¼ 0 (2) 

The momentum equation 

∂ u!

∂t
þ u!⋅r u!¼ �

1
ρ*rpþ

1
ρ*Re

r⋅
�
μ*�r u!þr u!T��

þ
1 � Ma⋅T
ρ*Re⋅Ca

κ n!δðφÞ

�
Ma

ρ*Re⋅Ca
rsTδðφÞ þ

ðRd � 1Þ
ρ*RdFr2 j!

(3) 

The first term in the source terms is the surface tension in the normal 
direction of the interface, the second term is the thermal capillary force 
in the tangential direction along the interface, and the third term is the 
buoyant force on the bubble. 

The energy equation 

∂T
∂t
þ u! ⋅rT ¼

1
ρ*C*

pRe⋅Pr
r⋅ðλ*rTÞ (4) 

The transient axisymmetric level set method is adopted to capture 
the gas-liquid interface evolution. 

The level set function is solved from the level set convection equation 
to track the interface 

∂φ
∂t
þ u⋅rφ ¼ 0 (5) 

The non-dimensional physical properties are defined based on the 
values of liquid as follows: 

ρ*¼ð1 � HÞ þ H=Rd (6a)  

μ*¼ð1 � HÞ þ H=Rv (6b)  

λ*¼ð1 � HÞ þ H=Rc (6c)  

C*
p¼ð1 � HÞ þ H

.
RCp (6d) 

Here H is the Heaviside function [18]. 

HεðφÞ¼

8
>>><

>>>:

0 φ < � 1:5dx

1
2

�

1þ
φ
ε þ

1
π sin

�πφ
ε

��

jφj � 1:5dx

1 φ > 1:5dx

(7) 

The non-dimensional parameters are based on the physical proper
ties in the liquid region as follows: 

Reynolds number 

Re¼
ρlu0r0

μl
(8a) 

Capillary number 

Ca¼
μlu0

σ0
(8b) 

Froude number 

Fr¼
u0
ffiffiffiffiffiffiffigr0
p (8c) 

Effective Marangoni number 

Ma¼
σT r0rT

σ0
(8d) 

The bubble is assumed as spherical and stationary initially. Due to 
the symmetry for bubble migration in y direction, only the right half of 
the bubble is simulated, the two-dimensional axisymmetric model is 
adopted, which greatly reduces the complexity of numerical simulation. 
The standard project method is adopted to solve the coupling between 

Fig. 1. Schematic diagram of bubble migration under both the thermal capil
lary force and buoyant force. 
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the continuity equation and momentum equation. The Adams-Bashforth 
scheme and Crank-Nicolson schemes are adopted to solve the advection 
term and diffusion term respectively. The central difference scheme is 
adopted to discretize the spatial terms. After sensitivity checking, the 
mesh size is chosen as 101� 301, the computational domain is 4� 12 
and the time step 1� 10� 4. The convergence criterion for each time step 
is that the residues of the continuity equation and the energy equation 
are less than 1� 10� 3. The default settings are Re ¼ 2, Ca ¼ 0:1 , Pr ¼
1:0 and the ratio of physical properties of the outer liquid and inner 
bubble are Rd ¼ Rv ¼ Rc ¼ RCp ¼ 1. 

The left boundary is axisymmetric condition, and the other bound
aries are free boundary condition, as follows: 

Left boundary (x ¼ 0) 

Symmetric: u ¼ 0; ∂v
∂x ¼ 0; ∂T

∂x ¼ 0 

Right boundary (x ¼ 4) 

Free boundary: v ¼ 0; ∂u
∂x ¼ 0; ∂T

∂x ¼ 0 

Lower boundary (y ¼ 0) 

Free boundary: u ¼ 0; ∂v
∂y ¼ 0; ∂T

∂y ¼ 0 

Upper boundary (y ¼ 12) 

Free boundary: u ¼ 0; ∂v
∂y ¼ 0; ∂T

∂y ¼ 0 

3. Results and discussion 

3.1. Numerical validation 

In order to validate the current numerical model, the numerical re
sults are compared with the analytical solution. The analytical solution 
for migration velocity under thermal capillary effect in viscous Stokes 
flow is provided by Young et al. [3]. The characteristic velocity u0 is 
defined based on the thermal capillary force in Eq. (1). After normali
zation, the non-dimensional migration velocity under thermal capillary 
force in viscous flow with downward temperature gradient is as follows: 

um¼
� 2

�

2þ 3 1
Rv

��

2þ 1
Rc

� (9) 

From Eq. (9) it can be seen that the migration velocity under thermal 
capillary effect only depends on the viscosity ratio Rv and thermal 
conductivity ratio Rc. In Fig. 2(a) the numerical results are compared 
with the analytical solutions under different viscosity ratios at thermal 
conductivity ratio Rc ¼ 1 at low Reynolds number Re ¼ 2. It can be seen 
that the numerical results agree quite well with the analytical solutions. 

The migration velocity under buoyant force only is provided by Refs. 
[19–22], considering both the viscous effect and inertial effect. After 
normalization, the migration velocity is as follows: 

um¼
2

3
�

2þ 3 1
Rv

�
Re

Fr2KIs

�

1 �
1

Rd

��

1þ
1
Rv

�

(10) 

Here KIs is the multiplier due to the inertial effect KIs ¼ 1þ
0:15Re0:687. From Eq. (10) it is known that the migration velocity under 
buoyant effect depends on the viscosity ratio Rv and density ratio Rd, as 
well as Reynolds number Re and Froude number Fr. In Fig. 2(b) the 
numerical results are compared with the analytical solutions under 
different Froude numbers at Rv ¼ Rd ¼ 20 and low Reynolds number 
Re ¼ 2. It can be seen that the numerical results agree quite well with the 
analytical solutions. The above comparisons prove the reliability of 

current numerical model. 

3.2. Bubble migration under thermal capillary effect or buoyant effect 
only 

Fig. 3 shows the transient variation of bubble migration velocity 
under thermal capillary effect only at Re ¼ 2 and Rc ¼ 1. At the initial 
time the bubble is stagnant, with downward temperature gradient the 
upward tangential thermal capillary force is generated along the gas- 
liquid interface, because the surface tension decreases linearly with 
the temperature, i.e σT < 0. The force drives the gas from the bottom to 
the top of the bubble along the interface. In order to compensate the 
mass loss at the bottom, the gas will flow from the upper region to the 
lower region along the center of bubble. Therefore, the pressure at the 
higher region is higher than that at the lower region, the pressure drop 
will drive the bubble to move downward. With the increasing convec
tion inside the bubble, the driving pressure drop will increase dramati
cally until the pressure drop is in balance with the viscous force and 

Fig. 2. Comparison of numerical results with analytical solution for bubble 
migration velocity at Re ¼ 2. 
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thermal capillary force, then the bubble will reach the quasi-steady 
migration stage, as seen in Fig. 3. It can also be seen that with the 
increasing viscosity ratio, the magnitude of migration velocity is 
increased. At viscosity ratio Rv ¼ 1, the steady migration velocity is 
� 0.134, quite close to the analytical value of � 0.133. When the viscosity 
ratio is increased to Rv ¼ 20, the steady migration velocity is � 0.311, 
also quite close to the analytical value of � 0.310. 

Fig. 4 shows the transient variation of bubble migration under 
buoyant effect only at Re ¼ 2 and Rv ¼ 20. The buoyant force is 
generated due to the density difference between the outer liquid and 
inner gas, here the density ratio is set at 20. According to the definition 
of Froude number in Eq. (8c), the larger Froude number means the 
smaller buoyant force. At the initial time the bubble is stagnant, then it 
will accelerate upward under the buoyant force. With the increasing 
migration velocity, the viscous force and inertial force will also increase. 
When the buoyant force is in balance with the viscous force and inertial 
force, the bubble will reach the quasi-stage stage. At Fr ¼ 1.0, the steady 
upward migration velocity is 0.49, quite close to the analytical solution 
of 0.50. With the increasing Froude number, the buoyant force is 
decreased, resulting in the lower migration velocity, as seen in Fig. 4. At 
Fr ¼ 10, the steady migration velocity is reduced to 0.005, identical to 
the analytical solution of 0.005. 

As the Reynolds number is defined based on the velocity due to the 
thermal capillary effect in Eq. (1), the Reynolds number will not be very 

high. In the following studies, two typical Reynolds number Re ¼ 2 and 
Re ¼ 50 are adopted, which correspond to the cases when the viscous 
effect is significant and when the inertial effect is significant. 

3.3. The effect of Froude number on bubble migration 

3.3.1. Migration velocity 
In Fig. 5 the effect of Froude number on the bubble migration ve

locity is shown at Re ¼ 2 and Re ¼ 50 respectively, here the density ratio 
and viscosity ratio and Rd ¼ Rv ¼ 20. At low Reynolds number Re ¼ 2, it 
can be seen that the bubble will migrate upward at Fr ¼ 1, while at large 
Froude numbers the bubble will migrate downward. Because at Fr ¼ 1, 
the upward buoyant force is dominant over the thermal capillary force, 
while at high Froude number, the buoyant force is reduced, and the 
downward thermal capillary force becomes dominant, hence the bubble 
will migrate downward. Furthermore, with increasing Froude numbers 
the buoyant effect will be weakened further, leading to higher down
ward migration velocity. Therefore, the bubble migration direction and 
velocity can be directly manipulated by changing the Froude number. 

It is noted that at low Reynolds number Re ¼ 2 and Froude number 

Fig. 3. Variation of migration velocities under thermal-capillary effect only at 
Re ¼ 2. 

Fig. 4. Variation of migration velocities under buoyant effect only at Re ¼ 2.  Fig. 5. Effect of Fr number on migration velocity at Rd ¼ Rv ¼ 20.  
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Fr ¼ 2, the bubble migration velocity is downward at around 0.18, while 
at high Reynolds number Re ¼ 50, the bubble migration velocity is 
upward at around 0.65. It indicates that the Reynolds number has great 
effect on the bubble migration, the magnitude of migration velocity is 
higher at high Reynolds number Re ¼ 50. At Re ¼ 2 the thermal capillary 
effect is dominant, the heat is transferred mainly through heat con
duction, the temperature distribution along the gas-liquid interface is 
quite non-uniform, leading to high thermal capillary force. However, at 
high Reynolds number Re ¼ 50, the convection becomes stronger, the 
temperature distribution along the gas-liquid interface becomes more 
uniform, leading to low thermal capillary force. Because the buoyant 
force is not affected by the temperature, it will become dominant over 
the thermal capillary force, leading to the bubble to migrate upward. 
Therefore, the bubble migration can be manipulated by changing the 
Reynolds number. 

3.3.2. Velocity and temperature field 
Fig. 6 shows the velocity and temperature field under different 

Froude numbers at low Reynolds number Re ¼ 2. It is noted that the 
velocities are all the relative velocities based on the steady bubble 
migration velocity. It can be found that at Fr ¼ 1 the buoyant effect is 
dominant over the thermal capillary effect, the bubble will move up
ward, forming two vortices inside the bubble. In the meanwhile, two 
vortices also exit outside the bubble. Due to the upward bubble migra
tion, the temperature field will deform upward. At Fr ¼ 1.4 the buoyant 
effect is equivalent to the thermal capillary effect, there are still two 
large vortices inside the bubble, but the vortices outside the bubble 
disappear. Although the velocity inside the bubble is still large, the ve
locity far from the bubble is quite low, the temperature gradient is still 
similar to its initial field with the uniform gradient. At Fr ¼ 10, the 
buoyant effect is negligible compared with the thermal capillary effect, 
the tangential velocity near the gas-liquid interface is upward due to the 
thermal capillary effect, while the velocity in the middle region of 
bubble is downward, which drives the bubble to migrate downward. The 
temperature field deforms downward due to the bubble migration. 

3.3.3. Force analysis 
The bubble migration velocity is determined by the inertial force, 

pressure drop, viscous force, thermal capillary force and the buoyant 
force, which are provided as follows: 

F!In¼

Z

Ω

ρ* u!⋅r u!dv (11a)  

F!P¼

Z

S

p n!ds (11b)  

F!Vis¼

Z

S

μ*�r u!þr u!T� ⋅ n!ds (11c)  

F!Tc¼

Z

S

�
1 � MaT

ReCa
κ n!�

Ma
ReCa

rsT
�

ds (11d)  

F!B¼

Z

Ω

ðRd � 1Þ
RdFr2 j!dv (11e) 

Here Ω is the bubble region, S is the gas-liquid interface. Fig. 7 shows 
the transient variations of different forces at Fr ¼ 1, Fr ¼ 1.4 and Fr ¼ 10 
respectively, corresponding to the bubble migration when buoyant force 
is dominant, buoyant force is equivalent with thermal capillary force, 
and thermal capillary force is dominant. 

From Fig. 7(a) it can be seen that upon the imposition of temperature 
gradient, the thermal capillary force, buoyant force and pressure drop 
are generated, the buoyant force is quite larger than the thermal capil
lary force. Then with the increasing bubble migration velocity, the 

Fig. 6. Flow and temperature fields with competing buoyant and thermal 
capillary effect at Re ¼ 2, Rd ¼ 20 and Rv ¼ 20. 
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viscous force is generated, the resultant driving force becomes positive, 
driving the bubble to migrate upward. It is noted that the inertial force is 
negligible because it is viscous flow at low Reynolds numbers. After 
reaching the quasi-steady state, the resulting driving force becomes 
zero, all the forces are in balance, the pressure drop across the bubble is 
almost equivalent with the buoyant force, but in opposite direction, 
which means that the buoyant force is mainly balanced by the pressure 
drop. The pressure drop is mainly caused by the convection inside the 
bubble. 

In Fig. 7(b) the buoyant effect is equivalent with the thermal capil
lary effect at Fr ¼ 1.4, the resulting driving force approaches zero 
quickly, and the bubble reaches the quasi-steady state very soon. When 
Froude number is increased to 10, the thermal capillary effect becomes 
dominant over the buoyant effect, as seen in Fig. 7(c) the resultant 
driving force becomes negative, leading to the downward migration of 
the bubble. It is interesting to note that although the tangential thermal 
capillary force is upward along the interface, the bubble migrates 
downward, the only downward force is the pressure drop, which means 
that the driving force for bubble migration mainly comes from the 
pressure drop generated by the vortices inside the bubble. Due to the 
interaction between the flow field and temperature field, the bubble will 
deform during its migration, hence the forces acting on the bubble will 
fluctuate periodically, especially at high Froude number when the 
thermal capillary force is dominant. 

3.4. Effect of Marangoni number on bubble migration 

Fig. 8 shows the effect of Marangoni number on bubble migration 
velocity under different Froude numbers at Re ¼ 2 and Re ¼ 50 
respectively. It can be seen that at low Reynolds number Re ¼ 2 Mar
angoni number has little effect on bubble migration velocity at fixed 
Froude number. It is known that at Fr ¼ 1 the buoyant effect is dominant 
over the thermal capillary effect, hence the Marangoni number has little 
effect on the bubble migration velocity. Furthermore, the characteristic 
velocity is defined based on the thermal capillary effect, hence even at 
Fr ¼ 2 when the thermal capillary effect is dominant, the bubble 
migration velocity is independent of the Marangoni number, consistent 
with the analytical solution in Eq. (10). However, at high Reynolds 
number at Re ¼ 50, the Marangoni number has significant effect on the 
bubble migration velocity, especially at the later stage of bubble 
migration. It can be found that with the increasing Marangoni number, 
the bubble migration velocities will be decreased. At high Reynolds 
numbers the convection will become stronger, which can transfer heat 
from the hot region to the cool region more effectively, leading to more 
uniform temperature field along the gas-liquid interface. Thus the 
thermal capillary effect will be reduced, the bubble migration velocity 
will be increased. It is noted that at Fr ¼ 2 the bubble migration velocity 
can change from � 0.2 at Re ¼ 2 to 0.5–0.8 at Re ¼ 50, it means that the 
direction and magnitude of bubble migration can be changed by varying 
Reynolds numbers. 

3.5. Effect of Peclet number on migration velocity 

Fig. 9 shows the effect of Peclet numbers on the bubble migration is 
shown at Re ¼ 2 and Rd ¼ Rv ¼ 20. It is expected that with the 
increasing Peclet number, the convective heat transfer inside the bubble 
will become stronger, thus temperature distribution along the interface 
will become more uniform, the resultant thermal capillary effect will be 
weakened. For the buoyancy-dominant bubble migration at Fr ¼ 1, due 
to the decreasing downward thermal-capillary effect, the upward 
migration of bubble will increase, especially after Peclet number is 
larger than 10. While for the thermocapillary-dominant bubble migra
tion at Fr ¼ 2, the downward bubble migration will be decreased. 

Fig. 7. Transient variation of different forces on bubble migration at Re ¼ 2, 
Rd ¼ 20 and Rv ¼ 20. 
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3.6. The effect of density ratio on bubble migration 

The buoyant force is generated due to the density difference between 
the inner gas and the outer liquid, hence the density ratio has great effect 
on the bubble migration velocity. As seen in Fig. 10, at density ratio 
Rd ¼ 1, there is no buoyant force, the bubble migration is driven by the 
thermal capillary effect only, hence Froude number has no effect on the 
bubble migration at Re ¼ 2 and Re ¼ 50. With the density ratio increases, 
the buoyant force will be increased, hence the upward buoyant force will 
overcome the thermal capillary force, the downward migration velocity 
will decrease, and the bubble will migrate upward at large density ratio. 
Due to the strong convective heat transfer at high Reynolds number, the 
thermal capillary effect will be reduced, at Fr ¼ 2 the direction of 
migration velocity will change from the downward at Re ¼ 2 to the 
upward at Re ¼ 50 except at Rd ¼ 1. At Fr ¼ 1, the migration velocity is 
also increased significantly from Re ¼ 2 to Re ¼ 50. 

Fig. 8. Effect of Marangoni number on migration velocity at Rd ¼ 20, Rv ¼

20. 

Fig. 9. Effect of Pe number on migration velocity at Re ¼ 2 and Rd ¼ Rv ¼ 20.  

Fig. 10. Effect of density ratio Rd on migration velocity at Rv ¼ 20.  
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3.7. The effect of viscosity ratio on bubble migration 

From Eq. (9) and Eq. (10) it is known that the viscosity ratio has both 
effects on the buoyancy-induced migration velocity and thermal 
capillarity-induced migration velocity. Fig. 11 shows the effect of vis
cosity ratio on the migration velocity under the combined effects of 
buoyancy and thermal capillarity at Re ¼ 2 and Re ¼ 50. It can be found 
that at low Reynolds number Re ¼ 2, at Fr ¼ 1 the buoyant force is 
dominant, the migration velocities are all upward and they decrease 
with the increasing viscosity ratio. While at Fr ¼ 2, the thermal capillary 
effect is dominant, the migration velocities are all downward, and the 
magnitude of migration velocity increases with the increasing viscosity 
ratio. These results are consistent with the analytical solution in Eq. (9) 
and Eq. (10). However, at high Reynolds number Re ¼ 50, the viscous 
effect becomes negligible compared with the inertial effect, hence the 
viscosity ratio has negligible effect on the migration velocity. Due to the 
weak thermal capillary effect at Re ¼ 50, the directions of migration 
velocity change from downward at Re ¼ 2 to upward, because it is 

mainly driven by the buoyant force. 

3.8. The effect of thermal conductivity ratio on bubble migration 

From Eq. (9) it is found that at low Reynolds number, the ratio of 
thermal conductivity can affect the bubble migration velocity due to 
thermal capillary effect, as seen in Fig. 12. At low Reynolds number 
Re ¼ 2, at Fr ¼ 1 the buoyant force is dominant over the thermal 
capillary force, with the increasing ratio of thermal conductivity, the 
upward migration velocity is decreased; At Fr ¼ 2, the thermal capillary 
force is dominant, with the increasing ratio of thermal conductivity, the 
downward migration velocity is increased. However, at high Reynolds 
number Re ¼ 50, the convective heat transfer becomes stronger than the 
heat conduction, the ratio of thermal conductivity has little effect on 
migration velocity. Due to the weak thermal capillary effect at Re ¼ 50, 
the migration velocities at Fr ¼ 1 and Fr ¼ 2 are all upward, and the 
migration velocities at Fr ¼ 1 are larger than those at Fr ¼ 2 due to larger 
buoyant forces. 

Fig. 11. Effect of dynamic viscosity ratio Rv on migration velocity at Rd ¼ 20.  
Fig. 12. Effect of thermal conductivity ratio Rc on migration velocity at Rd ¼

20, Rv ¼ 20. 
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4. Conclusions 

The active manipulation of bubble can be achieved by the controlling 
the thermal capillarity and buoyancy under the critical condition when 
the thermal capillary effect and buoyant effect are equivalent. In this 
paper, the numerical model with high fidelity is built up with the 
axisymmetric level set method, the migration velocity and direction can 
be manipulated by adjusting the capillary, viscous, inertial and thermal 
capillary forces on the bubbles, as well as the physical properties. The 
following conclusions are drawn:  

1. The direction and velocities of bubble migration is determined by the 
upward buoyant effect and downward thermal capillary effect. At 
low Froude number, the buoyant effect is dominant, leading to the 
upward bubble migration, while at high Froude number, the thermal 
capillary effect is dominant, leading to the downward bubble 
migration.  

2. The Marangoni number has negligible effect on the bubble migration 
at low Reynolds or Peclet numbers. At high Reynolds or Peclet 
numbers, the increased Marangoni number can reduce the upward 
migration velocities due to the enhanced convective heat transfer.  

3. Increasing the density ratio can increase the upward buoyant force 
due to the large density difference between the inner gas and the 
outer liquid.  

4. At low Reynolds numbers, increasing the viscosity ratio and thermal 
conductivity ratio can increase the downward driving force due to 
enhanced thermal capillary effect. While at high Reynolds numbers, 
the above ratios have no effect on the driving force. 
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