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In this work, we study the influence of molten zone on shape (vapor-liquid and 

solid-liquid interfaces) and internal heat flow field caused by the tilts of CO2 laser heating 

ring and gravity field with space asymmetrical to the molten zone when the source rod and 

seed had slight deviation to the growth axis of LHPG system. The asymmetrical system 

frame of three-dimensional simulation is to add the conditions of diameter reduction ratio and 

laser heating, and modify Lan’s thermocapillary floating numerical mode. In order to enhance 

the degree of simulation and presentation of a more realistic physical meaning we have 

completed the comparison of molten zone shape between the simulation and the experiment. 

Therefore, the conditions of mass and energy conservation are satisfied preliminary. This 

section was published in 2011 ICMAT conference. The simulation result showed that the 

double eddy flow field present tilt in x-y plane at z=0. In addition, the flow field vector and 

equipotential lines of the vertical and horizontal flow field velocities are no longer symmetry 

at the central axial of the molten zone. The flow field mainly affected by the laser heating 

ring deviation and the influence decrease with the source rod scale and diameter reduction 

ratio reducing under setting the deviation parameters of laser heating and gravity field. The 

influence of gravity to the flow field is extremely not obvious. We also simulate the growth 

axis and the gravity field perpendicular to each other under 1000-m-diameter source rod. 

When the surface tension is lowered (~ 500 dyn cm
-1

) vapor-liquid interface drooped in the 

direction of gravity field, leading to tilt in the solid-liquid interface. At this point the 

appropriate heating ring with reverse angle compensation will enable the solid-liquid 

interface to maintain symmetry, and help us to develop LHPG crystal fiber growth with good 

crystal quality along horizontal direction. This manuscript is the authors' original work and 
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1. The shape of molten zone can be affected by laser heating and gravity field with space 

asymmetrical perturbation according to the size of source rod, followed by the laser power level, 

and then followed by the reduction ratio. 

2. We simulate the growth axis and the gravity field perpendicular to each other under 

1000-m-diameter source rod. When the surface tension is lowered (~ 500 dyn cm
-1

) vapor-liquid 

interface drooped in the direction of gravity field, leading to tilt in the solid-liquid interface. 

3. The simulation results will help us to develop the technology of LHPG with horizontal growth. 
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1. Introduction 

 Crystal fiber growth using LHPG method has many advantages, such as crucible free and rapid crystal growth [1]. 

Therefore it widely used in crystal fiber manufacturing process. However, in the preparation process, the relative position of 

source rod and seed easily lead to slight offset or tilt caused by the two rods were manually fixed in the clamps. This situation will 

lead to the CO2 laser heating ring and gravity field deviation. Thus it will affect the shape of the molten zone interface and the 

flow field distribution in the molten zone, further result in the instability of crystal fiber quality. There will be help to develop a 

horizontal manufacturing process of LHPG with proper or symmetrical solid-liquid interface shape through laser heating ring 

deviation to compensate gravity field with larger deviation (close to horizontal direction) or some material with higher surface 

tension during the control of solid-liquid interface. Our simulation analysis is first experimental verification of the molten zone 

shape close agreement to enhance the degree of simulation. Therefore, the conditions of mass and energy conservation are 

satisfied preliminary. This section was published in 2011 ICMAT conference [2]. LHPG symmetrical type on the micro-floating 

zone is discussed in our previous study [ 3-5]. 
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In this paper, we add the conditions of diameter reduction ratio and laser heating, and modify Lan’s thermocapillary floating 

numerical mode [6-8]. The modified model is a calculating system of physical grid through a non-orthogonal body-fitting grid 

transforming and uses the control-volume finite-difference method. The simulation results of the program would be effective in 

the analysis of the shape of the molten zone after changing. In addition, the internal flow field distribution and heat transfer 

properties. 

*Corresponding author. Tel.: +886 2 24622192 6717; fax: +886 2 24634360. 

E-mail address: cylo@mail.ntou.edu.tw (C.-Y. Lo). 

2. Experimental Approach and Mathematical Formulation 

The source rods were 0.5 mol.% doped Cr:YAG that were <111> in crystal orientation and 500×500 m
2
 in cross section. A 

10.6-μm laser system (Synrad Firest V40, 40 W full power) with an attenuator to adjust the laser power was the heat source to 

enter the growth chamber. Inside the chamber, the incident Gaussian laser beam was transformed into a ring-shaped 

semi-Gaussian beam by a reflaxicon. After the 45 degree planar mirror, the parabolidal mirror focuses the beam on the top end of 

the source rod as shown in Fig. 1. After diameter-reduction steps on the LHPG system, the crystal fibers with diameters of less 

than 500 m were obtained. Then, the as-grown fiber was used as the source rod to draw the fiber again through the same LHPG 

system. 

Owing to the heating method of LHPG is based on the CO2 laser beam through a series of optical system frame, and the 

beam final projection to 39 degrees to focus on the center of growth chamber. Therefore, we modified Lan’s three-dimensional 

thermocapillary floating numerical mode in laser heating and diameter reduction type. In the x-y plane, the angle of inclination to 

provide gravity field α = 0 ~ 3 degrees and the heating ring plane tilting angle θ = 0 ~ 3 degrees range as asymmetrical 

perturbation of space for study.The laser intensity profile on the miniature MZ is approximated as an asymmetrical Gaussian 

distribution, 

     
2
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where Aq and 
a  are the amplitude and width  21 e of the Gaussian distribution at z = 0, respectively, and 

a is the 

beam-shape factor [3,4].The physical properties of YAG material and other related input parameters are shown in Table 1 [9]. The 

dimensionless variables are defined by scaling length with the feed rod diameter Df, velocity withαm/Df ; pressure with ρmαm
2
 

m=Df
2
, and temperature with the melting point Tm, where αm is the thermal diffusivity and ρm the melt density. The steady-state 

governing equations describing the convection and heat transport in the melt are required as follows: 
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where v , P and T are the dimensionless velocity, pressure, and temperature, respectively. Also, pr m mv   is the Prandtl 

number, where 
mv  is the kinematic viscosity. The gravity direction 

ge  is the unit vector of gravity, which can be aligned 

 0=0   with or tilted  0=3  and the angle θ between heating ring plane and the horizontal plane
 
can be adjusted from

 

 0=0  to  0=3  (from the growth axis on the x-y plane, as shown in Fig. 1. Furthermore, Tm also serves as a reference 

temperature. The associated dimensionless number in the source term of Eq. (2) is the thermal Rayleigh number, defined as 

follows: 

  3 ,T T m f m mR a g T D v                                                                                 (3) 



where 
T  is the thermal expansion coefficients and g the gravitational acceleration. In the crystal (c) and the feed rod (f) only 

heat transfer needs to be considered: 

  ,  ,i x iv e T k T i c f                                                                             (4) 

where r is  i i mk T  the dimensionless thermal diffusivity of feed and crystal; 
i  is the thermal diffusivity of the feed 

rod  i f  or the crystal  i c . Also, 
xe  is the unit vectors in the axial direction. In addition, most of the oxide crystals are 

often quite transparent to infrared. Therefore, internal radiation cannot be ignored. We have chosen the simplest model, i.e., the 

no-slip Rosseland diffusion model used by Vizman et al., for the crystal. Because the feed rod is usually prepared by sintering, the 

optical distance is small so that opacity is assumed; the melt is assumed to be opaque as well. One may consider a better model for 

the internal radiation, but it requires more computational effort, which is not the major interest of this study. Nevertheless, based 

on the same computer code, we can add a more sophisticated model for radiation if necessary.  

The no-slip condition is used for the velocity at solid boundaries. At the free surface, the shear stress balance is imposed: 

    : n s M a T s                                                                                     (5) 

where : ns  is the shear stress at the n-s plane of the free surface; n  and s  are the unit normal and tangential vectors at the 

free surface, respectively. Also, Ma is the Marangoni number, which is defined as: 

  
m f m m mM a T T D v                                                                                (6) 

where T  is the surface-tension-temperature coefficient of the melt. Two tangential directions need to be considered for the 

stress balance. In addition, the kinematic condition  0n v  at the free surface and the normal stress balance (the 

Young–Laplace equation) are also satisfied, i.e.,  

   0 0: 2nn H B                                                                                      (7) 

where 2H is the mean curvature,  2

0 m fB gD  is the static Bond number; g is the surface tension of the melt. The detailed 

way for calculating the mean curvature can be found elsewhere. Also,
 

0 is a reference head that needs to be determined to satisfy 

the growth angle constraint for the steady growth or the global mass conservation for stationary melting. For the steady growth, 

the growth angle constraint needs to be satisfied at the melt/gas/crystal tri-junction, i.e., 

  
0c o sm cn n                                                                                          (8) 

where 
mn and 

cn are the unit vectors at the melt and crystal surfaces, respectively, at the trijunction line 
0 is the growth angle 

for the growing crystal having a constant local radius. However, the static head
0 is used to satisfy the global mass conservation, 

c c f fAU A U .                                                                                         (9) 

The thermal boundary conditions at the growth and feeding fronts are set by the heat flux balances: 

    0,   ,m i c i xQ Q v e St n i c f                                                                       (10) 

where n is the unit normal vector at the feeding or growth interface pointing to the melt. Q|m, Q|c, and Q|f are the dimensionless 

total heat fluxes at the melt, the crystal, and the feeding sides, respectively. Also, 
c is the density ratio of the crystal to the melt. 

The Stefan number 
mm

St H Cp T   scales the heat of fusion H released during solidification to the sensible heat in the melt; 

Cpm is the specific heat of the melt. The heat transfer between the sample surface and the surrounding is similar to that in the 2D 

case described before. 

The above governing equations and their associated boundary conditions can only be solved numerically. We have developed an 

efficient finite volume method (FVM) scheme using the primitive variable formulation and multigrid acceleration for the free and 

moving boundary problems. In the present study, YAG, steady-state results are always obtained. Two levels of grids are used. The 

overall iteration scheme for getting a steady-state solution is straightforward. Temperature and velocity calculations are placed in 



the inner iterations. After having a number of inner iterations, we find the interface shape by locating the melting point isotherm, 

which also provides the position for the upper and lower tri-junction rims. Then, the meniscus is calculated based on the normal 

stress balance, in which there is an outer iteration loop for moving the local radii and getting the reference pressure to satisfy the 

growth angle or constant mass constraint and the overall mass conservation. The iterations continue until all variables converge. 

Detailed description of the numerical method can be found elsewhere. 

 

3. Results and Discussion 

The main mechanism of heat transfer for the micro-floating zone is thermal conduction. Therefore, the distribution of temperature 

field in the molten zone is basically subject to the heat input position. The temperature distribution is transfer from 

high-temperature isotherm to low-temperature isotherm of both solid crystal ends [3,4]. Laser heating ring deviation will cause the 

destruction of symmetry of temperature field, resulting in solid-liquid interface position is not symmetrical in the central axis [2]. 

The gravity field of the symmetry of the deviation will result in the destruction of symmetry of vapor-liquid interface. Both will 

affect the shape of the molten zone interface, but the mechanism and impact scale were significantly different, and the influence 

for the flow field within the molten zone will be also different. This experimental observation is difficult. We select YAG as a 

simulation material to set laser heating and gravity field deviation 3 degree from symmetry of growth axis. In 0.5 diameter 

reduction ratio with 500-m-diameter source rod as the base we compare flow field influence in the molten zone caused by the 

two parameters perturbations to same diameter reduction ratio with 300-m-diameter source rod and 0.25 diameter reduction ratio 

with same diameter source rod. The flow field distribution in x-y plane at z=0 was shown in Fig. 2, where vector is flow field 

velocity vector. The color bar is divided into 25 equal parts to show the highest and lowest values of axial and horizontal velocity 

component in the plane. When the greater the symmetry, the central axis of the pattern on both sides showed more similarity. In 

comparison Fig.2 (a) with (b), and (c) we can obtain that asymmetry of (a) is mainly from the effects of (b) with asymmetric laser 

heating ring, and slight asymmetry of gravity field has little effect to (c) at different input power level. The vector distribution in 

the insets showed that high laser power will lead to increase the length of the molten zone, and double vorticity has a larger 

deviation at the same time. Therefore it will accelerate the double vorticity tilt to increase unstable molten zone. Fig. 3 shows the 

simulation results with two different diameter reduction ratio and source rod diameter when the laser heating ring deviation 3 

degree, where Fig. 3 (a) is captured Fig. 2 (b). It shows the influence of flow field will decrease with the source rod scale and 

diameter reduction ratio reducing. From the Eqs. (5) and (7), the molten zone of vapor-liquid interface shape can be formed by the 

normal stress of internal flow field, surface tension, and gravity field under equilibrium conditions.The main mechanisms of 

internal flow field stress for the micro-floating zone are mass-transfer convection, natural convection and thermocapillary 

convection on vapor-liquid interface, but the latter is the largest scale and the most significant impact [3,4]. It shows that the 

molten zone shape and flow field are not affected obviously by gravity. In order to reduce internal flow field stress the simulation 

parameter of thermalcapillary coefficient was reduced one order (-0.0035 dyn.cm
-1

.
O
C

-1
) as shown in Fig. 4 (b). It shows that the 

flow field and the shape of molten zone remain symmetry. When the surface tension down to 100 dyn.cm
-1

, the vapor-liquid 

interface has been presented convex asymmetric (the vapor-liquid interface more protruding in the gravity field direction), and 

indirectly affected the symmetry of the solid-liquid interface. But the double vorticity of the internal flow field is still showing 

nearly symmetrical situation.significant difference with double vorticity tilt caused by the slight asymmetry of laser heating ring. 

In other words, under suitable source rod scale and to meet tolerance of the surface tension, LHPG horizontal growth will be 

compensated asymmetry of the solid-liquid interface caused by larger deviation of gravity field when we slightly adjust the 

deviation of laser heating ring. 

 

4. Conclusions 

The main mechanism of heat transfer for the system is thermal conduction. Heat is transfer from the heating spot to the both ends. 



Thermal convection of the molten zone controlled mainly by the thermocapillary convection to form double eddy flow field. The 

shape of molten zone can be affected by laser heating and gravity field with space asymmetrical perturbation according to the size 

of source rod, followed by the laser power level, and then followed by the reduction ratio. Symmetrical flow field of molten zone 

is symmetrical double eddy flow field. When space perturbation takes place, it will induce flow field tilt, leading to the field 

instability. When the size of source rod and the reduction ratio increase, the gravity field and effect of flow field stress will 

increase and perturbation of molten zone also increase. We know from the above analysis, the influence of flow field in the 

molten zone by asymmetry of the laser heating ring is much larger than the gravity field deviation. The simulation results will help 

us to develop the technology of LHPG with horizontal growth. 
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Figure Captions: 

Fig. 1. Three-dimensional view of LHPG method, where Df and Dc are the source rod diameter and seed diameter, respectively. 

 

Fig. 2. The influence of flow field distribution in the molten zone caused by (a) laser heating and gravity field deviation 3
0
, (b) 

laser heating deviation 3
0
, (c) gravity field deviation 3

0 
to the growth axis. The diameter of source rod and reduction ratio 

are 500 m and 0.5, respectively. 

 

Fig. 3. The influence of flow field distribution in the molten zone caused by laser heating deviation 3
0
 to the growth axis under 

different simulation conditions of (a) Df =500 m, r = 0.5, (b) Df =500 m, r = 0.25, (c) Df =300 m, r = 0.5, where r is the 

diameter reduction ratio. 

 

Fig. 4. The influence of flow field distribution in the molten zone caused by gravity field deviation 90
0
 to the growth axis under 

different simulation conditions of (a) = 780,tc= - 0.035 , (b) = 780,tc= - 0.0035 (c) = 100, tc= - 0.035, where and tc are 

surface tension and thermalcapillary coefficient, respectively. The diameter of source rod is 1000 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Table 1. Physical properties of YAG and related input parameters 
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