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1. Introduction 

In a floating zone (FZ) method under microgravity, which is considered as one of the production methods 

for bulk single crystals that are expected to have higher performance than conventional semiconductor 

materials, Marangoni convection is generated due to temperature difference. This convection is known to 

adversely affect crystal growth. It is therefore essential for the growth of high quality crystals by FZ to have a 

better understanding for the Marangoni convection in the melt, and the precise control of it is necessary. 

Therefore, a large number of literature has contributed to the study of thermal Marangoni convection in FZ 

systems (see, for instance, Refs. 1-2)). For simplicity and to reduce computational cost, a half-zone (HZ) model 

as in Figure 1[a] is often used 3-4). The HZ model is considered as a liquid bridge between two hot and cold 

discs by establishing a temperature gradient along the free surface of the liquid bridge. For small thermal 

Marangoni numbers, the Marangoni convection in the half-zone is steady and axisymmetric. However, at high 

thermal Marangoni numbers the flow in the melt becomes 3-D and asymmetric. The 3-D flows have m-fold 

symmetry of the flow pattern. The symmetry number m (azimuthal wave number) depends strongly on the 

aspect ratio, As (As = height/radius), of the half-zone. In addition, in the growth of alloys such as SixGe1-x, it 

was shown that it is necessary to consider not only the thermal Marangoni convection but also the solutal 

Marangoni convection due to surface tension differences of the components of the alloy 5-9). 

In order to elucidate the convective structure and mechanism of thermo-solutal Marangoni convection 

occurring in the melt of the half-zone of the FZ method. We analyzed models with different aspect ratios by 

setting temperature and concentration differences. 
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2. Numerical Methods  

In this study, we use the half-zone model with radius a and liquid column height L, assuming the upper part 

of the melt in the FZ method, as shown in Figure 1[a]. The arrows represent the direction of Marangoni forces 

by the temperature and concentration gradients along the surface. The half zone model is considered as a 

liquid bridge between the cold and hot discs as shown in Figure 1[a] assuming that (1) the fluid is 

incompressible and Newtonian, (2) the solid/liquid interfaces are flat and (3) the system is under zero gravity. 

The governing equations obtained by the mass, momentum, energy and concentration are: 

 

𝛁𝛁 ⋅ 𝒖𝒖 = 0 (1) 
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The boundary conditions at the free surface, upper disc, and lower disc are： 

Free surface (r=a): 

𝑢𝑢𝑟𝑟 = 0 (5) 
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𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

= 0 (8) 

𝜕𝜕𝐶𝐶
𝜕𝜕𝑟𝑟

= 0 (9) 

 

Upper cold disc (z=L): 

𝑢𝑢𝑟𝑟 = 0,𝑢𝑢𝜃𝜃 = 0,𝑢𝑢𝑧𝑧 = 0,𝑇𝑇 = 𝑇𝑇𝐶𝐶 ,𝐶𝐶 = 𝐶𝐶𝑆𝑆𝑆𝑆 (10)~(14) 

 

Lower hot disc (z=0): 

𝑢𝑢𝑟𝑟 = 0,𝑢𝑢𝜃𝜃 = 0,𝑢𝑢𝑧𝑧 = 0,𝑇𝑇 = 𝑇𝑇ℎ ,𝐶𝐶 = 𝐶𝐶𝐺𝐺𝐺𝐺 (15)~(19) 

 
where, u (ur uθ uz) is the velocity vector, t is the time, p is the pressure, T is the temperature, and C is the silicon 

concentration. ρ is the density, υ(=μ⁄ρ) is the kinematic viscosity, α is the thermal diffusion coefficient, and D 

is the diffusion coefficient. Non-dimensional numbers are:  
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 (20)~(24) 

 

The physical properties of Si/Ge (SixGe1-x) used in this study are listed in Table 1. In addition, As (aspect ratio) 

= 0.417, 0.500, and 0.625 are used as analytical models. Models with arbitrary numbers of radius, circumference, 

and height, as shown in Figure 1[b], are used for the analysis, and the total number of meshes is denoted by 

the number of meshes n. The number of meshes within this study is n=144000 for As=0.417 and 0.500, and 

n=115200 for As=0.625. OpenFOAM, a free and open source CFD software, is used. The governing equations 

(eq. 1-4) are discretized using the finite volume method, and the unsteady algorithm, PISO method, is used. 

 

 

 
Figure 1. Geometry of the analytical liquid bridge[a] and 

mesh geometry of the analytical model at As=0.5[b].  

 

Table 1. Physical properties of SixGe1-x 

Kinematic viscosity 𝝊𝝊 1.4×10-7 [m2/s] 

Thermal Diffusion Coefficient 𝜶𝜶 2.2×10-5 [m2/s] 

Diffusion coefficient 𝑫𝑫 1.0×10-8 [m2/s] 

Prandtl number 𝑷𝑷𝑷𝑷 6.37×10-3 [-] 

Schmidt number 𝑺𝑺𝑺𝑺 14.0 [-] 

 
 
3. Results and discussion 

Figure 2 shows the heightwise flow velocity at the sampling point when the temperature difference between 

the top and bottom surfaces is set to 0 (MaT=0) and the concentration difference is increased by ΔMaC=0.1786/s 

for the model with As=0.5. Figure 3 shows the transition from a two-dimensional axisymmetric steady flow at 

low solutal Marangoni number (MaC=893) to a three-dimensional unsteady flow with azimuthal wave number 

m=4 at high MaC (=1429,1473 and 1518). This indicates that the As=0.5 model reaches a critical value for the 

concentration difference around MaC=1250, and the flow transitions from the axisymmetric steady flow to the 

unsteady flow. The value of MaC=1250 is set as the critical value of the solutal Marangoni number. Under the 

same conditions, for As=0.417 and 0.625, the flow transitions are observed at MaC=1350 and 1400. 

Figure 4 shows the heightwise flow velocity and frequency when the critical value of MaC obtained is fixed 

and the temperature difference is varied with time (ΔMaT=0.357/s). Figure 4[b] shows that the frequency 
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increases as MaT increases for all aspect ratios. Figure 5 shows the azimuthal wave number at each thermal 

Marangoni number (MaT). In the coexistence of thermal and solutal Marangoni convections, the azimuthal 

number increases when the thermal Marangoni number increases. The flow structure transitions show that 

the values of MaT at which the azimuthal wave number changes are close to each other for each aspect ratio. 

Figure 6 shows a plot of the relationship between aspect ratio times azimuthal wave number and frequency 

of flow. The correlation shown in the red box in the figure indicates that there is a certain law for Marangoni 

convection mixed with temperature and concentration differences in the aspect ratio change.  

 

 
Figure 2. The heightwise flow velocity at each the solutal Marangoni number and the sampling point (As=0.5). 

 

 
Figure 3. Transition in concentration distribution at steady to unsteady flow (As=0.5). 
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Figure 4. The heightwise flow velocity [a] and frequency [b] at each the thermal number 

(MaC is fixed at each the critical value). 

 

Figure 5. Concentration distribution [a] and azimuthal wave number [b] at each the thermal Marangoni 

number (MaC is fixed at each the critical value). 
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Figure 5. Correlation between As × m and frequency. 

 

4. Conclusions 

 In this study, the effect of aspect ratio on the thermos-solutal Marangoni convection in the half-zone liquid 

bridge was examined using OpenFOAM led to the following conclusions: 

 The azimuthal wave number m depends not only on the aspect ratio but also on the thermal Marangoni 

number due to the effect of thermo-solutal Marangoni convection on flow patterns. 

 The azimuthal wave number increases almost only with the increase of the thermal Marangoni number. 

 There is a correlation between aspect ratio times azimuthal wave number and frequency. 
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