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Abstract—Numerical parametric study is conducted to study the 

effects of ampoule rotation on the flows and the dopant segregation 
in vertical bridgman (vb) crystal growth. Calculations were 
performed in unsteady state. The extended darcy model, which 
includes the time derivative and coriolis terms, has been employed in 
the momentum equation. It’s found that the convection, and dopant 
segregation can be affected significantly by ampoule rotation, and the 
effect is similar to that by an axial magnetic field. Ampoule rotation 
decreases the intensity of convection and stretches the flow cell 
axially. When the convection is weak, the flow can be suppressed 
almost completely by moderate ampoule rotation and the dopant 
segregation becomes diffusion-controlled. For stronger convection, 
the elongated flow cell by ampoule rotation may bring dopant mixing 
into the bulk melt reducing axial segregation at the early stage of the 
growth. However, if the cellular flow cannot be suppressed 
completely, ampoule rotation may induce larger radial segregation 
due to poor mixing. 

 
Keywords—Numerical Simulation-Heat and mass transfer-

vertical solidification-chemical segregation. 

I. INTRODUCTION 
HE control of melt flow is important in crystal growth. 
Besides eliminating unstable flows that causes growth 

striations it also affects dopant segregation [1]-[3]. However, 
the heat flow and chemical segregation in the process strongly 
depend on ampoule orientation and heating uniformity. To 
minimize the unstable flow and convection, the ampoule is 
usually aligned with the gravity orientation and the melt sits 
upon the growth interface, this the so-called vertical Bridgman 
(VB) configuration. However, perfect alignment and uniform 
heating are hard to obtain in practice. To improve the quality 
of the product obtained, we need to damp the buoyancy 
convection sufficiently to reach the diffusion-controlled limit 
[4]. The most well known approach is the use of magnetic 
damping [5]-[7]. The flow intensity ( )maxψ decreases with the 

increasing magnetic field strength (B or in terms of Hartmann 
number Ha); 2

max Haψ −∼ [8], [9]. However, the hardware 
requirement to provide a sufficient magnetic damping (usually 
in the order of 0.5T) is expensive. An alternative way to 
suppress the flow may be other mechanisms like vibration 
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[10]-[12] as well is the use of steady ampoule rotation. As 
discussed by [13], [14], a moderate rotation rate may affect the 
buoyancy flow significantly for the axisymmetric 
configuration. In addition, its damping effect is similar to that 
due to the magnetic field but less effective; 1

maxψ −Ω∼ [15], 
where Ω  is the rotation speed.  

In the present study, an axisymmetric numerical simulation 
is conducted to investigate the effects of ampoule rotation on 
axisymmetric fluid flow and segregation under perfect growth 
conditions. To further illustrate the feasibility of using 
ampoule rotation for flow damping, different rotation rates 
whose represented by the Reynolds numbers are considered 
and the reduce of buoyancy convection situations, represented 
by the Rayleigh number, and chemical radial segregations are 
discussed. In the next section, the model and its numerical 
simulation are briefly described. Section III is devoted to the 
results and discussion. Finally; we tried to summarize the main 
physical conclusions of this study. 

II. MODEL DESCRIPTION AND MATHEMATICAL FORMULATION 
The schematic of the VB crystal growth used in this study is 

depicted in Fig. 1. The furnace is described by an effective 
heating profile ( ),aT z t , which is assumed linear in this study. 
For unsteady state calculations, the thermal profile is varying 
with time and the ampoule is moved downward at a speed gV . 

 

( ) ( )
, h c

a g h
g

T T
T z t V t T

L
−

= − × × +
                (1) 

 
where hT  and cT are respectively the temperatures of the hot 
and cold zones. gL is the length of the temperature profile 
zone. 
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Fig. 1 Schematic of vertical Bridgman Growth (VG) 
 

The system is assumed to be axisymmetric and the initial 
dopant distribution in the melt is assumed uniform at 0C . The 
flow and solute distribution are represented in a cylindrical 

coordinate system ( ),r z . The melt is assumed incompressible 
and Newtonian, while the flow is laminar. The Boussinesq 
approximation is also adopted for buoyancy forces. The 

stream function ψ  is defined in terms of radial ( )u  and 

axial ( )v  velocities as  
 

,u v
r z r r
ψ ψ∂ ∂

= − =
∂ ∂                              (2) 

 
The unsteady-state governing equations for velocity 

field ( ),u v , temperature ( )T  and dopant concentration ( )C in 
the conservative-law can be expressed by: 

Continuity Equation 
( )1 0
ru v

r r z
∂ ∂

+ =
∂ ∂                            (3) 

Momentum Equation  
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Energy Equation  
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Dopant Equation  
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where ε  is a constant ε  

where ,p T  and C  are the dimensionless pressure, 
temperature and dopant concentration respectively. Pr  is the 

Prandtl number ( )Pr /pCρ ν λ≡
, Sc the Schmidt number 

( )/Sc Dν≡ . ν  is the kinematic viscosity and D  the dopant 
diffusivity in the melt. The Grashof number Gr  and the 
buoyancy ration N  in the source terms of the momentum 
equation are defined as follows:  
 

3 2/TGr g T Rβ ν≡ Δ ,  /C TN C Tβ β≡ Δ Δ  
 

where g  is the gravitational acceleration, h cT T TΔ = − , Tβ  and 
Cβ the thermal and solutal expansion coefficients respectively. 

Other, the centrifugal or rotation-driven flows are generated 
by the ampoule rotation. The flow pattern depen,ds on rotation 
rates, container radius and melts properties. The characteristic 
rotational Reynolds number is the ratio between inertia and 
viscous forces: 
 

2Re /R ν= Ω  
 

where Ω is a characteristic rotation rate of crystal.  
The Stefan number ( )/ pSte H C T≡ Δ Δ  scales the heat 

fusion HΔ released during solidification to the sensible heat in 
the melt. 

As in our previous work [16], to solve the previous 
equations, the solid fraction ( )0 1sf≤ ≤  and boundary 

conditions need to be specified. The no-slip boundary 
condition for velocities is used at solid boundaries. The upper 
melt interface is assumed adiabatic. Compared to the 
nonrotating case, we need to account for an additional velocity 
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component, w  in the azimuthally direction. The only twitch 
will be on the dynamic boundary conditions where ( )0w=  on 

the inner’s wall and ( )1w =  on the lateral surface.  
The solidification model described above has been 

implemented into the open source code of a 2D Navier-Stokes 
solver, where the SIMPLER algorithm with collocated-
variables arrangement is used to calculate the pressure and the 
velocities. The set of equations has been discretized by a finite 
volume method. Time marching with fixed time step was used. 
The maximal number of outer iterations per time step was 
equal to 2000 allowing us to reach residuals of less than 310− . 
Detailed description of the numerical method can be found 
elsewhere [17]. 

III. RESULTS AND DISCUSSION 
The vertical crystal growth system of metallic alloy is used 

here to illustrate the effect of ampoule rotation on the flow and 
dopant segregation. The physical properties and some input 
parameters are listed in Tables I and in II. The mesh used here 
is 90 30× and further mesh refinement does not improve 
accuracy.  

 
TABLE I 

 EXPERIMENTAL INPUT PARAMETERS FOR THE VERTICAL BRIDGMAN SYSTEM 
[18] 

Description Symbol value 
Crystal radius (m) R 5×10-3 
Crystal length (cm) H 70×10-3 

Pulling rate (m/s) Vg 8 ×10-7 

Initial dimensionless concentration 0/C c C=  1 

Difference temperature (K) h cT T TΔ = −  10-103 

Gradient temperature length (m) Lg 0.138 

 
TABLE II 

 THERMO PHYSICAL PROPERTY DATA USED IN ANALYSIS [19] 
 Quantity Symbol Value 

Density (kg/m3) ρ 5.5 ×103 
Kinematic viscosity ( m2/s) ν 1.3×10-7 
Thermal conductivity (W/0C m) λ 27.8 
Specific heat (J/ °C.Kg) cp 390 

Thermal expansion coefficient of (C-1) Tβ  5×10-4 

Solutal expansion coefficient of (C-1) Sβ (mole fraction)-1 -0.3 

Diffusion coefficient (m2/s) D 1.3×10-8 
Partition coefficient kp 0.1 
Latent heat (J/kg) HΔ  460×103 

 
For the cases without ampoule rotation, for ( )0 0.2sf≤ ≤ , 

the results at different convection levels ( )3 510 10Gr≤ ≤ are 

shown at ( )20t =  in Fig. 2. In each plot, the left-hand side 
represents the concentration lines, while the right-hand side 
the stream function contours. For ( )10TΔ = , the convection in 

the melt ( )0sf =  is weak and the flow is monocellular. In this 

case, the dopants profile distribution is diffusive (see Fig. 2 

(a)). In practice, is not real to have a temperature profile of 
( )10TΔ = . However, have a diffusive mass transfer is a 
perfect condition. 

In the second case, as the buoyancy force is considered, at 
( )310TΔ = , a cellular flow upon the growth front is induced 

due to radial thermal gradients. Although the flow intensity is 
low, the local dopant field near the mushy zone is affected 
significantly which can be seen from the distortion of the iso-
concentration lines (see Fig. 2 (b)). As a result, the radial 
dopant segregation increases (Fig. 3). 
 

max0.66 , 0.025minψ ψ= − =  max15.54 , 13.41minψ ψ= − =  

33.6 10 , N 60,Ste 117.9Gr = × = − =

(a) 

53.6 10 , N 0.60 , Ste 1.179Gr = × = − =

(b) 

Fig. 2 Calculated flow patterns and dopant field 
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Fig. 3 Effect of buoyancy convection level on radial segregation 

during solidification 
 

With ampoule rotation case, which the flow generated by 
the Coriolis force is proportional to ( )1Re− , the unsteady state 

results at Re 0.1=  and Re 10=  are shown in Fig. 4. The 
effect of Reynolds number Re is illustrated in Figs. 4-5 for 

53.6 10Gr = ×  where the buoyancy convection is well 
pronounced at the interface. 
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  max29.7 , 103.6minψ ψ= − =       

 
(a) 

3 2
max9 10 , 2.4 10minψ ψ−= − × = ×

 
(b) 

Fig. 4 Calculated flow patterns and dopant fields for:  
(a) Re 0.1= , (b) Re 10=  
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Fig. 5 Effect of rotation rate on radial segregation during 
solidification 

 
At Re 0.1= , the flow generated by the ampoule rotation 

becomes very important in the mushy zone ( )0 1fs≺ ≺   (see 
Fig. 4 (a)). It will induce the redistribution of solute at the 
interface. More importantly, the rotation moves the flow cell 
toward the ampoule wall and stretches it axially. As shown, 
the main flow cell fills almost the whole melt domain. As 
result, the elongated cell brings dopant mixing deeply into the 
bulk melt. Therefore the radial dopant segregation decreases 
due to poorer local mixing near the growth front. This will 
mean that, the suppression of the natural convection at the 
interface by ampoule rotation is effective when the convection 
level is high. The radial dopant segregation is also greatly 
reduced (Fig. 5).  

Although the flow becomes low in liquid and mushy zones 
at Re 10= , but the flow generated by ampoule rotation was 
not sufficient to more reduce the chemical segregations. In 
order that rotation has a positive effect on reducing chemical 
segregation, the flow generated by the ampoule rotation must 
be greater than that generated by the temperature profile. 

IV. CONCLUSION 
The ampoule rotation effect on the flows and dopant 

segregation in vertical Bridgman crystal growth is investigated 
numerically. From the calculated results, it’s clear that a 
moderate ampoule rotation speed can significantly affect the 
flows, solidification fraction and further the dopant mixing. 
Similar to axially magnetic damping, the Coriolis force due to 
ampoule rotation can suppress thermal convection. The flow 
inhibition by ampoule rotation can be regarded as an 
extension of the Taylor-Proudman theorem for inviscid melt. 
In summary, ampoule rotation is believed to have large effects 
on vertical Bridgman crystal growth. However, how to better 
control the melt convection and dopant transport by ampoule 
rotation still requires further study, mainly, through crystal 
growth experiments. 
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