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Floating zone method is an important technology for growth of high integrity and 
high uniformity single crystal materials due to its free of crucible contamination. 
However, capillary convection in the melt is a great challenge to floating zone 
crystal growth. In this paper, numerical simulations are performed to investigate 
the coupled solute-thermocapillary convection in SixGe1-x system of the half-zone 
liquid bridge. The impact of aspect ratio, As, is also investigated on stability of 
capillary convection. For As = 0.5, the results show that pure solute capillary con-
vection is very weak, which presents 2-D axisymmetric structure. The temperature 
field is mainly determined by thermal diffusion, while the concentration field is 
dominated by convection and solute diffusion together. Coupled solute-thermo-
capillary convection exhibits 3-D periodic and rotating oscillatory flow with the 
azimuthal wavenumber m = 4, while the pure thermocapillary convection presents 
a 3-D steady non-axisymmetric flow while solute capillary convection is absent. 
This means that instability of convection will increase when two kinds of capil-
lary convection are coupled. When the height of the liquid bridge is changed from  
5 mm to 10 mm with a constant radius of 10 mm, azimuthal wavenumber, m, of 
coupled capillary convection shows a strong dependence on aspect ratio. The re-
lationship between the azimuthal wavenumber and aspect ratio can be written as  
m × As = 2 or m × As = 2.2. Further results indicated that when velocity of the 
monitoring point is large, corresponding concentration is also high at that moment, 
but the phases of concentration and velocity are not completely synchronized.
Key words: numerical simulation, coupled solute-thermocapillary convection, 

aspect ratio, floating zone technique

Introduction

Floating zone method is a promising technique to growth single crystals with the 
advantage of containerless environment, which is widely used for the growth of high precision 
silicon, super alloys and other semiconductor material [1-3]. Marangoni convection driven by 
surface tension gradient has a dramatic effect on distribution of impurity concentration in melt, 
due to existence of free surface in floating zone growth system [4, 5]. Experimental [6-9] and 
theoretical [10-13] researches including linear stability analyses and non-linear direct numeri-
cal simulations have been carried out in depth on stability of pure thermocapillary convection. 
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The results show that Marangoni convection will be unstable and thermal fluid wave instability 
will occur with increasing temperature difference. With the temperature difference further in-
creased, more complex oscillatory flow will appear which is related to Marangoni number. It is 
found that traveling waves will occur in the flow field near critical Marangoni number and flow 
pattern will also change with aspect ratio. The continuously increasing Marangoni number will 
cause the flow to enter chaotic state.

In fact, there is a large concentration gradient in the melt during floating zone growth, 
due to the doping demand of semiconductor crystals, especially alloy materials. This will cause 
strong macrosegregation. Concentration gradient at the surface induces solute capillary convec-
tion, which is coupled with thermocapillary convection generated by temperature gradient to 
form a complex flow. By using linear stability method, Lyubimova et al. [14, 15] analyzed de-
velopment of 3-D thermo-solute coupled convection under different conditions in floating zone 
growth, and obtained characteristics and structural images of non-axisymmetric convection 
evolution with time. They found that existence of weak thermocapillary effect will have a great 
influence on stability of solute convection, and vs. Minakuchi et al. [16] studied thermo-solute 
coupled capillary convection under zero gravity with a full-floating liquid bridge model. It was 
concluded that although the MaC number is larger than MaT number, axial convection intensity 
caused by concentration gradient on the free surface is smaller than thermocapillary convection. 
Later, the research team of Minakuchi et al. [17, 18] further studied the half-floating zone mod-
el. The results show that when solute capillary force and thermal capillary force act together, the 
critical Marangoni number of the coupled capillary convection is larger than that of pure solute 
capillary force. At the same time, when thermo-solute capillary convection coexists, azimuthal 
wavenumber of liquid bridge is significantly affected. Surovovs et al. [19] used open source 
software OpenFOAM to simulate melt flow, temperature and impurity concentration fields, and 
then compared the crystal interface and resistivity distribution of the obtained crystals with the 
experimental results. Furthermore, the influence of Marangoni number on the flow velocity 
field of the melt was analyzed. Zhou and Huai [20] performed numerical analysis on thermo-
capillary convection and solute capillary convection in a liquid bridge with variable interfaces. 
It was found that when MaT/MaC = −1, the free surface is convex at both ends of cold and hot 
and contracted in the middle. In order to understand the characteristics of pure solutocapillary 
flow, Chen et al. [21] performed a series of 3-D numerical simulations in a shallow annular 
pool subjected to a constant radial solutal gradient. Results indicate that solutocapillary flow is 
steady and axisymmetric at a small solutal capillary Reynolds number. With increase of solutal 
capillary Reynolds number, 3-D oscillatory flow is observed. Huang et al. [22] analyzed effect 
of thermocapillary convection in liquid bridge on impurity diffusion. Numerical results show 
that impurity distribution in melt is anisotropic under influence of thermal capillary convection. 
Impurity concentration contour on meridian plane is dumbbell shaped, while concentration 
contour on cross-section is star-shaped. Moreover, radial segregation effect increases with in-
crement of Marangoni number. Mendis et al. [23] found that aspect ratio affects both the critical 
thermal Marangoni number and critical solutal Marangoni number drastically. 

Theoretically, complex flow driven by multi-force coupling in melt belongs to mul-
tiparameter flow instability problem. There are many factors that affect flow structure and its 
stability, and the driving force levels are similar and coupled with each other [24, 25]. Small 
change of some parameters will cause change of flow stability and dissipation structure. So far, 
numerical study focusing on coupled capillary convection is still insufficient, and some results 
are contradictory [14, 15, 17]. In addition, in view of difficulties in theoretical analysis and 
experimental research under high temperature conditions, only a small number of experiments 
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reported adverse effects of solute capillary convection on silicon and germanium (Si-Ge) float-
ing crystal growth [26]. The Si-Ge mixed crystals have a wide range of applications in micro-
electronic and optoelectronic devices such as photo-detectors, solar cells, optical switches, and 
power generators [26, 27]. Moreover, hexagonal Si-Ge alloy embodies an ideal material system 
in which to combine electronic and optoelectronic functionalities on a single chip [28]. In all 
these applications, the compositional uniformity of grown crystals is important. In this paper, 
the half-floating liquid bridge is used to study contribution of thermocapillary force and solute 
capillary force to coupled convection in SixGe1-x system (a mixture of Si-Ge) by numerical 
simulation. Characteristics of various capillary convections and heat and mass transfer in melt 
under different aspect radios are compared and analyzed. 

Mathematical and physical models

In this paper, half-zone liquid bridge in the 
cylindrical co-ordinate system (r, θ, z) is used as 
shown in fig. 1. Under zero gravity, we have not 
taken into account deformation of free surface to 
simplify the model. Under this condition, follow-
ing assumptions are used in the model: 
 – free surface of the liquid bridge remains cylin-

drical, 
 – height of the liquid bridge is L, and the liquid 

bridge is suspended between the disks with 
same radius, R, and 

 – solid-liquid interfaces located at z = L/2 and  
z = –L/2, respectively are simplified to non-slip 
planes, which temperature difference ΔT (ΔT = 
Th – Tc) remains unchanged. 

Assuming that melt is incompressible Newtonian viscous fluid mixture, surface ten-
sion acting on the free surface can be expressed as a linear function of temperature and concen-
tration [20]:

( ) ( )0 T 0 C 0T T C Cσ σ γ γ= + − + − (1)
where

  ( )0 0 0 T C, , ,T C
T C
σ σσ σ γ γ∂ ∂

= = =
∂ ∂

In this study we only consider the case that surface tension decreases with increase of 
temperature and increases with increase of solute concentration. It is assumed that other phys-
ical properties of the fluid do not change with temperature but only change with concentration, 
and show a simple linear mixing law with concentration. 

For incompressible fluid, governing equations in the melting zone can be expressed:
 – Continuity equation

( ) 0
t
ρ ρ∂
+∇ =

∂
V (2)

 – Momentum equation
( ) ( )( ) ( )P

t
ρ

ρ µ
∂

+ ∇ = −∇ +∇ ∇
∂

V
V V V (3)

Figure 1. Physical model
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 – Energy equation
( ) ( )( )

p

T
T T

t c
ρ κρ

 ∂
+ ∇ = ∇ ∇  ∂  

V (4)

 – Concentration equation

( ) 2C C D C
t

∂
+ ∇ = ∇

∂
V (5)

where V, P, T, and C are velocity, pressure, temperature, and silicon concetration, respective-
ly. In addition, ρ is the density, μ – the kinematic viscosity, κ – thermal conductivity, cp – the 
specific heat, and D – diffusion coefficient of Si in Ge, respectively. Assuming that physical 
properties of mixed melt have a simple linear relationship with concentration of Si, they can be 
represented [29]:

 Si Ge Si Ge Si Ge Si Ge(1 ) , (1 ) , (1 ) , (1 )p p pC C C C C C c Cc C cρ ρ ρ µ µ µ κ κ κ= + − = + − = + − = + −

where subscripts of Si and Ge identify silicon and germanium.

Table 1. Physical properties of SixGe1-x melt and other parameters needed

Property Symbol Value
Density [kgm–3] ρSi/ρGe 2.52 ⋅ 103/5.51 ⋅ 103

Dynamic viscosity [kgm–1s–1] μSi/ μGe 7 ⋅ 10–4/7.4 ⋅ 10–4

Thermal conductivity [Wm–1K–1] κSi/ κGe 64/50

Specific heat [Jkg–1K–1] cpSi/cpGe 1 ⋅ 103/0.4 ⋅ 103

Thermal diffusion coefficient [ m2s–1] αSi/αGe 2.54 ⋅ 10–5/2.27 ⋅ 10–5

Surface tension gradient [Nm–1K–1/Nm–1] γT/γC –7 ⋅ 10–5/2.57 ⋅ 10–5

Prandtl number [–] PrSi/PrGe 0.011/0.006

Schmidt number [–] ScSi/ScGe 28/13

Diffusion coefficient [m2s–1] D 1 ⋅ 10–8

Length of float zone [m] L 0.005, 0.0075, 0.01

Radius of float zone [m] R 0.01

Temperature of upper-disc [K] Th 1310 

Temperature of lower-disc [K] Tc 1300

Temperature difference [K] ΔT 10

Si concentration of upper-disc [–] C1 1

Si concentration of lower-disc [–] C0 0

Boundary and initial conditions are set:

1

Upper-disc (  = /2): non-slip and fixed temperature  = , 
and the melt concentration  =  = 1

cz L T T
C C (6a)

0

Lower-disc ( = /2): non-slip and fixed temperature = , 
and the melt concentration = = 0

hz L T T
C C

−
(6b)
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Free surface (r = R): Along the free surface impervious to flow of mass and energy:

  
0T C

r r
∂ ∂

= =
∂ ∂

and following tangential force balance for Marangoni convection:

T CT Cµ γ γ∂
− = ∇ + ∇

∂
V
n

(6c)

where n is unit normal vector of the free surface. 

Initial conditions are expressed as (  = 0): no flow (zero flow velocity) and 
1prescribed constant temperature  =  and constant concentration  = 

2 2

t
TT C∆ (6d)

Prandtl and Schmidt numbers, aspect radio and dimensionless temperature are defined 
as Pr = n/α, Sc = n/D, As = L/R, and T* = (T – Tc)/ΔT. Effects of thermocapillary force and solute 
capillary force are characterized by using thermal Marangoni number MaT = –(γTΔTL)/µα and 
solutal Marangoni number MaC = –(γCΔCL)/µα, respectively. Physical parameters of SixGe1-x 
system [26, 27] and other parameters needed are listed in tab. 1. 

Numerical method

The finite volume method is used to discretize governing equations on structured 
grids. Finer mesh gradation is utilized in the regions near the upper and lower disks, as well 
as the free surface. All numerical results are checked for grid independency. For As = 0.5, grid 
independence verification curve is shown in fig. 2, and corresponding grid amounts are shown 
in tab. 2. Figure 2 suggests little change of the maximum values of dimensionless temperature 

T *max at the monitoring point (r = R, θ = 0, z = 0) in the liquid bridge when the grid amount is 
larger than 2 ⋅ 105. Considering accuracy and efficiency of calculation, the grid of 40r × 80θ × 80z 
is finally selected for numerical calculation with 
a time step of 10–3 seconds. Convection terms, 
diffusion terms and time terms are discretized by 
QUICK scheme, the second-order central differ-
ence and the second-order implicit propulsion 
method, respectively. The PISO algorithm is used 
for pressure-velocity coupling and all simula-
tions are completed by ANSYS FLUENT 19.0. 
The numerical method has been verified by com-
paring the maximum velocity vmax and the maxi-
mum circumferential velocity wmax for Pr = 0.01  
and Re = 3500 from [30] in the same half-liquid 
bridge. Details can be found in literature [31].

Table 2. Grid numbers with different meshes

Mesh 30r × 60θ × 60z 30r × 60θ × 70z 40r × 70θ × 70z 40r × 80θ × 80z 50r × 80θ × 80z 50r × 90θ × 90z

Grid number 1.08 ⋅ 105 1.26 ⋅ 105 1.96 ⋅ 105 2.56 ⋅ 105 3.20 ⋅ 105 4.05 ⋅ 105

Figure 2. Grid independence verification curve
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Results and discussion 

Capillary convection characteristics in the liquid bridge

Temperatures of upper and lower walls are set to Tc = 1300 K and Th = 1310 K  
(ΔT = Th – Tc  = 10 K), respectively. Radius and height of the liquid bridge are set to R = 10 mm 
and L = 5 mm. Surface tension gradient γT = –7 ⋅ 10–5 N/mK and γC = 2.57 ⋅ 10–5 N/m, respec-
tively.

When only pure solute capillary force is considered, convection driven by it flows 
along the free surface from the bottom surface with lower Si concentration the upper surface 
with higher concentration. Therefore, two symmetrical convection vortices are formed in the 
meridional plane, and correspondingly, a pair of back-flow vortices is formed in the central 
region of the liquid bridge. Convection driven by thermocapillary force flows along the free 
surface also from the bottom surface with lower temperature to the upper surface with higher 
temperature. Both solute capillary convection and thermocapillary convection flow along the 
free surface from the bottom to the upper, and the flow are enhanced as they couple.

Figure 3. Time-varying curves of velocity and Si concentration at the monitoring point p;  
(a) flow velocity vs. flow time and (b) Si concentration vs. flow time

Figure 3 shows the time-varying curves of velocity and Si concentration at the moni-
toring point p(r = R, θ = 0, z = 0). It can be seen from fig. 3(a) that velocity of p-point is small 
with value of V1 = 0.21 mm/s when melt is driven only by solute capillary force, while velocity 
of p-point is large with value of V2 = 6.75 mm/s when driven by the thermocapillary force. 
Since solute capillary convection is very weak, intensity of coupled capillary convection and 
that of thermocapillary convection are comparable when two different forms of convection are 
superimposed. However, driven by both solute capillary force and thermocapillary force, melt 
convection presents a 3-D periodic oscillation mode. This indicates that flow stability changes. 
Figure 3(b) exhibits that solute capillary convection has a great influence on concentration at 
the surface. Although intensity of thermocapillary convection is stronger than that of solute cap-
illary convection, concentration of Si at p-point driven by solute capillary convection is much 
lower than that driven by thermocapillary convection. The melt concentration of p-point after 
coupling changes periodically with time. Its average value is contributed by both thermocapillary 
convection and solute capillary convection, respectively. Fourier spectrum analysis shows that 
frequency of solute oscillation is same as that of velocity oscillation with value f  = 0.0302 Hz  
(τ = 33.1 seconds). Velocity exhibits a small oscillation mode, while concentration in the melt 
undergoes a large oscillation. It is predicted that even weak solute convection will cause a large 
change of stability of thermocapillary convection, and steady-state convection will be convert-
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ed into periodic oscillating convection. This conclusion can be verified by Lyubimova et al. 
[14, 15].

Further, fig. 4 shows velocity profile of the middle section z = 0 at a certain instant. 
Convection in the liquid bridge transforms from 2-D axisymmetric flow to 3-D steady-state 
non-axisymmetric flow with azimuthal wavenumber m = 4. Both are driven by solute capillary 
force and thermocapillary force, respectively. Azimuthal wavenumber of capillary convection 
after superposition is also m = 4. It should be mentioned here that concentration on z = 0 has 
similar distribution with that of velocity with same azimuthal wavenumber m = 4.

Figure 4. Velocity distribution [ms–1] of the middle section z = 0 at certain instant;  
(a) solute capillarity convection, (b) thermocapillary convection, and (c) coupled capillary convection

Effect of aspect radio on coupled capillary convection

Radius of the liquid bridge is set to R = 10 mm and kept constant. Height L of the 
liquid bridge is used from 5-10 mm. Thus the value of aspect ratio is in the region from 0.5-1. 
Other parameters of the liquid bridge are kept constant. 

Figure 5. Velocity distribution at z = 0 with different aspect ratio; (a) As = 0.5, (b) As = 0.75, and (c) As = 1

Figure 5 shows velocity distribution at z = 0 with different aspect ratio. As shown in fig. 
5, flow velocity inside the liquid bridge is less than that near the free surface. The maximum ve-
locity appears near the surface, but the minimum velocity does not appear in the center of section. 
Velocity distributions are all central, rotational and symmetrical. The melt flow presents a 3-D 
convection structure with azimuthal wavenumber m change with aspect ratio. When aspect ratio 
are 0.5, 0.75, and 1, respectively, corresponding azimuthal wavenumbers m are 4, 3, and 2. The re-
lationship between azimuthal wave number m and aspect ratio of the liquid bridge can be written:
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2 or 2.2As m As m× ≈ × ≈ (7)
For liquid bridge with As ≤ 1, relationship between aspect ratio and m has same ex-

planation of pure themocapillary convection [32, 33]. Based on idea advanced by Preisser et al. 
[32] that scale of axial mainstream vortex is approximately equal to height of the liquid bridge, 
it is reasonable that size of the azimuthal wave is equal to size of basic flow vortex in the axial 
direction of the liquid bridge. Equation (7) is only an approximate relation. When aspect ratio is 
very small, values of m calculated by eq. (7) do not match well with the calculated result. Thus, 
this explanation needs to be further verified.

Figure 6 shows temperature distribution at z = 0, which are rotational and symmetri-
cal. It is similar to velocity distribution. In the radial direction, temperature is raised, however 
with influence of internal circumfluence the region with the lowest temperature does not lay at 
the center of the section. Temperature difference on the section increases with increase of aspect 
ratio. For the liquid bridge with As = 0.5, four symmetrical hot and cold regions are formed 
on the free surface. For the liquid bridge with As = 0.75, three hot and three cold regions are 
formed on the free surface. For the liquid bridge of As = 1, two hot and cold regions are formed 
on the free surface. Accordingly, the lowest temperature centers are formed in the liquid bridge 
which numbers are 4, 3, and 2. In other words, the azimuthal temperature wavenumbers m are 
4, 3, and 2, respectively. 

Figure 6. Temperature distribution at z = 0 with different aspect ratio; (a) As = 0.5, (b) As = 0.75, and (c) As = 1

Under effect of convection in the liquid bridge, Si concentration distribution in the 
melt is also 3-D. Figure 7 shows that Si concentration distribution is also rotational and sym-
metric, and azimuthal wavenumber of Si concentration is same as velocity azimuthal wave-
number. When aspect ratio increases from 0.5-1, azimuthal wavenumber m of Si concentration 
is 4, 3, and 2 at three different aspect ratios, respectively.

Figure 8 shows velocity streamline distribution on the meridian plane θ = π/2. At  
As = 0.5, a pair of coupled solute-thermocapillary convection vortices are formed in outer 
region of the liquid bridge, and a pair of reverse reflux vortices are formed in inner region. 
When aspect ratio is increased to 0.75, height of the liquid bridge increases and axial scale of 
the coupled capillary convection vortices increases. According to Preisser et al. [32] opinion 
capillary convection vortices should present a round shape on the meridian plane, and then size 
of capillary convection vortices would also increase in the radial direction. This would cause 
the reverse reflux vortex to be squeezed near central axis of the liquid bridge. The result shows 
that development of the reverse reflux vortex inside the liquid bridge is not complete. When 
aspect ratio is 1, the surface tension flow fills entire meridian plane, and the reflux vortex inside 
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the liquid bridge disappears. The numerical results show that the maximum axial velocity of 
the surface is located near the bottom surface of the liquid bridge under three different aspect 
ratios. The distance from the position where the maximum velocity occurs to the bottom surface 
is 30% of height of the liquid bridge. 

Figure 9 indicates temperature distribution on the meridian plane θ = π/2. For low-Pr 
fluids, heat diffusion capacity is larger than that of momentum diffusion, so it can be seen from 
figures that temperature isolines on the meridian plane are generally flat. Near the free surface, 
isotherms are approximately perpendicular to the free surface, while in most areas inside the liq-
uid bridge, temperature isolines are roughly parallel to the bottom surface and upper surface. Hot 
fluid is transported to the cold end along the free surface, and then cold fluid is transported from 
the inside of the melt to the hot end to complete reflux. Therefore, temperature gradient near the 
corners at the bottom is smaller than that near the corners at the upper, meanwhile temperature 
gradient inside the melt near the hot wall at bottom is larger than that near the cold wall at upper. 
This phenomenon is pronounced as aspect ratio increases. It should be noted that since tempera-
ture difference between the upper and lower surfaces of the liquid bridge is the same under differ-
ent aspect ratios. The larger aspect ratio, the smaller average axial temperature gradient.

Figure 9. Temperature distribution on the meridian plane θ = π/2;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1 

Figure 7. The Si concentration distribution at z = 0 with different aspect ratio;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1

Figure 8. Velocity streamline distribution on meridian plane θ = π/2;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1
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The Si concentration distribution on the meridian plane θ = π/2 is different with as-
pect ratio, as shown in fig. 10. In general, Si concentration value in most regions of the melt is 
between 0.4 and 0.5, while concentration gradient near the upper and lower surfaces is larger. 
Comparing with fig. 9, it is found that concentration distribution is closely related to melt ve-
locity and flow direction, and the characteristics of concentration distribution are significantly 
different from that of temperature distribution.

Figure 10. The Si concentration distribution on the meridian plane θ = π/2;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1

As previously mentioned, vortices are formed in both axial and circumferential di-
rections of the liquid bridge after the surface tension flow changes to a 3-D convection model. 
Figure 11 shows tangential velocity distribution on the free surface R = 10 mm, which can be 
seen that the circumferential flow exhibits a convective structure with azimuthal wave number 
m. The azimuthal wavenumber m decreases from 4 to 2 when aspect ratio increases from 0.5-1. 
In addition, tangential velocity isoline on the free surface is substantially parallel to the axial 
direction except the regions near upper and lower surfaces, indicating that convection in the 
liquid bridge presents a 3-D global vortex convection structure.

Figure 11. Tangential velocity distribution on the free surface R = 10 mm;  
(a) As = 0.5 (b) As = 0.75, and (c) As = 1

Figure 12 shows that isotherms are basically parallel on the free surface. The tempera-
ture on the free surface is approximately linearly distributed with the axial height of the liquid 
bridge. This phenomenon is due to the relatively large heat diffusion capacity of the low-Pr 
fluid. Temperature gradient is relatively large in the local regions near the boundary of high 
and low temperature. Since fluid transports from the hot end to the cold end along the free sur-
face, temperature gradient along the fluid-flow decreases slightly on the free surface. Generally 
speaking, azimuthal wavenumber varies with aspect ratio. However, at the same level, there is 
only a slight fluctuation in temperature distribution on the free surface. Heat transport along the 
axis of the liquid bridge is still dominated by thermal diffusion.

Concentration distribution on free surface with R = 10 mm is related to azimuthal 
wavenumber under different aspect ratios. Concentration isolines are wavy lines near the high 
temperature surface. The larger of aspect ratio, the wider of the wavy line region. Concen-
tration isolines exhibit a string of vertical stripes in other regions of free surface. Therefore, 
concentration gradient near the low temperature surface is the largest. The result is shown in 
fig. 13.
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Figure 12. Temperature distribution on the free surface with R =10 mm;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1

Figure 13. Concentration distribution on the free surface with R = 10 mm;  
(a) As = 0.5, (b) As = 0.75, and (c) As = 1

Figure 14 shows time dependency of velocity and concentration for the monitoring 
point p(r = R, θ = 0, z = 0) at different aspect ratios. Velocity and concentration no longer change 
with time after initial short-term oscillation at As = 1, while As < 1, both monitoring point ve-
locity and concentration periodically oscillate with time. Amplitude of the monitoring point at 
As = 0.75 is larger than that at As = 0.5, but frequency is smaller than that at As = 0.5. As aspect 
ratio increases, average velocity of the monitoring points decreases, and corresponding average 
concentration increases conversely. This can be explained by the fact that larger velocity causes 
more melt at a lower concentration delivered, and thus concentration is lowered. 

Figure 14. Time dependency of velocity with time (a) and Si concentration (b) at different aspect ratio 

Figure 15 shows time dependency of velocity and melt concentration and fast Fourier 
transform spectrum analysis at As =  0.75. Oscillation frequency is f = 0.0216 Hz and corre-
sponding period is τ = 46.3 seconds. Oscillation frequency of the monitoring point at As = 0.75 
is lower than that at As = 0.5. It is reasonable to believe that concentration oscillation is caused 
by velocity oscillation. At the same time, change in concentration also causes change of surface 
solute capillary force, thereby changing velocity of the capillary flow. Therefore, changes in 
both concentration and velocity are coupled together. As shown in fig. 15(a), roughly, when 
velocity of the monitoring point is large, corresponding concentration is also high at that mo-
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ment, but the phases of concentration and velocity are not completely synchronized. This phe-
nomenon is different from the conclusion that concentration decreases with increase of velocity 
at different aspect ratios, which again reflects result of coupling of velocity and concentration.

Figure 15. Time dependency of velocity and concentration (a) and frequency spectrum (b) at As = 0.75

Conclusions

Various capillary convection characteristics in a half-floating zone liquid bridge with a 
radius of 10 mm were analyzed and effects of aspect ratio on stability of coupled solute-thermo-
capillary convection and concentration field were also studied. Some results have been found. 

 y For As = 0.5, when pure solute capillary convection with a 2-D axisymmetric structure 
is added to pure thermocapillary convection with a 3-D steady non-axisymmetric model, 
coupled solute-thermocapillary convection exhibits a 3-D periodic and rotating oscillatory 
flow pattern. Weak solute convection causes a large change in stability of thermocapillary 
convection. Further analysis reveals that when velocity of the monitoring point is large, cor-
responding concentration is also high at that moment, but the phases of concentration and 
velocity are not completely synchronized. 

 y For As = 0.75, periodic oscillation frequency of velocity and concentration of the monitoring 
point is 0.0216 Hz which is lower than that at As = 0.5 with value of 0.0302 Hz. But compar-
ing with As = 0.5, amplitude of the monitoring point is larger. After initial short-term irreg-
ular oscillation, velocity and concentration of the monitoring point no longer change with 
time while As = 1. Meanwhile, with increase of aspect ratio, average velocity of monitoring 
point decreases, and corresponding average concentration increases. When values 0.5, 0.75, 
and 1 are employed for aspect ratio, azimuthal wavenumber m is 4, 3, and 2, respectively. 
Product of azimuthal wavenumber and aspect ratio is a value between 2 and 2.2, which is 
similar to the previous results for the case of pure thermal Marangoni convection.
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