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Abstract--A computational model has been developed for the Bridgman growth process of fl-NiA1 crystal. 
The model accounts for heat transfer in the whole furnace system, including the encapsulated fluid between 
the heater and the ampoule, conjugate heat transfer around and within the ampoule, and phase change 
dynamics between melt and crystal. To handle the geometrical and physical complexities of the crystal 
growth processes, a two-level approach has been developed. At the global furnace level, combined con- 
vection/conduction/radiation calculations with realistic geometrical and thermal boundary conditions are 
made inside the whole system. Refined calculations are then made within the ampoule, with the boundary 
conditions supplied by the global furnace simulations. The present multi-level model can help improve the 
predictive capabilities for crystal growth techniques by optimizing the use of the computing resources ; it 
allows one to probe the effects of different physical and geometrical variables on the crystal quality. 

Copyright © 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

fl-NiA1 is an intermetallic that is currently being inves- 
tigated as a promising high temperature structural 
material for application in the next generation of air- 
craft engines and structural components. NiA1 is 
especially attractive because of its low density, high 
thermal conductivity, high melting temperature, 
superior isothermal and cyclic oxidation resistance [1]. 
However, it has two major drawbacks ; low toughness 
at room temperatures and low strength at high tem- 
peratures [2]. These deficiencies need to be resolved 
before NiAI can be used in structural applications. 
The current study is part of an ongoing effort to grow 
high purity single crystals of NiA1 with controlled 
compositions and under controlled conditions. This 
would be the starting point in fundamental and 
detailed studies directed towards understanding the 
behavior of this material. 

The Bridgman growth system is one of the direc- 
tional solidification configurations that are useful for 
producing large size single crystals from the melt [3]. 
The advantage of the Bridgman system is that the 
temperature gradients can be controlled, making it 
possible to achieve unidirectional solidification. This 
study is directed towards the prediction of the thermal 
characteristics of a Bridgman growth system that has 
and is currently being used to produce single crystals 
of NiAI. A schematic of the growth system is shown 
in Fig. 1. 

The temperature distribution in crystal growth 

t Author to whom correspondence should be addressed. 

systems, such as the Bridgman system, is highly com- 
plex and is influenced by several factors such as vary- 
ing thermo-physical properties and multiple heat 
transfer modes, namely, conduction, convection and 
radiation. These complications have traditionally 
resulted in simplified analyses carried out under quite 
restrictive assumptions of simplified geometry, 
assumed boundary conditions, constant thermo- 
physical properties and neglecting important con- 
vection modes such as buoyancy driven convection. 
Our general understanding of the transport process 
and macroscopic properties of the crystal growth dur- 
ing the last three decades has improved substantially. 
However, quantitative prediction of the performance 
of specific crystal growth devices is not yet feasible. 
Efforts have been made in the research community 
to develop such predictive capabilities. For  example, 
Brown [4] reviewed calculations, conducted by his 
research group using the finite element method, of the 
temperature field in the melt, crystal, and ampoule, 
the location of melt/crystal and melt/ambient surfaces 
during crystal growth. Shyy [5] previewed many of 
the possible factors that contribute to the solid- 
ification and heat transport, such as natural convec- 
tion, Marangoni convection, solute concentration, 
turbulence and capillarity, at both macroscopic and 
morphological scales. In all these aspects, active inves- 
tigations are being made to address the issues of the 
interfacial dynamics in conjunction with the macro- 
scopic solute segregation and melt oscillation [5-7], 
and microscopic morphological evolution [5, 8-10]. 
In this study we have attempted to realistically model 
the system taking into account complex geometry, 
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NOMENCLATURE 

A permeability coefficient 
C r specific heat 
)c fluid fraction 
.[~ ratio of distances between points E-e 

and between points e-P, used for 
harmonic interpolation 

g gravitational acceleration 
H ampoule position within the furnace 
AH0 latent heat of NiAI 
k thermal conductivity 
P dimensionless pressure 
Pro Prandtl number based on NiAI 

properties at 300 K 
q radiation heat flux between ampoule 

outer wall and heater 
R0 reference length scale based on 

ampoule inner radius 
Rao Rayleigh number based on NiAl 

properties at 300 K 
r dimensionless radial coordinate 
r~, radial position of the ampoule outer 

wall 
rh radial position of the heater 
Sto Stefan number based on NiAI 

properties at 300 K 
Su source term accounting for phase 

change in the radial momentum 
equation 

Sw source term accounting for phase 
change in the axial momentum 
equation 

t dimensionless time 

T dimensionless temperature 
T1 cooler temperature 
T4 heater temperature 
Td temperature of the ampoule outer wall 
Th temperature of the heater, Th = T4 
AT reference temperature scale, 

A T =  T4~T1 
u dimensionless radial velocity 
w dimensionless axial velocity 
: dimensionless axiaJ coordinate. 

Greek symbols 
thermal diffusivity 

[~ thermal expansion coefficient 
~;~, emissivity of the ampoule outer wall 
~:h emissivity of the heater 
[~ viscosity 
Q density 
c~ Stefan-Boltzmann constant, 

5.67×10 S[Wm 2 k 4]. 

Subscripts 
E node index of the east unknown 

control volume E 
P node index of the present unknown 

control volume P 
e east surface of the present control 

volume P 
a ampoule 
h heater 
0 reference scale. 

temperature and phase dependent material properties, 
buoyancy driven convection and its influence on the 
melt/crystal interface and the thermal distribution 
within the crystal. 

In the following, we first formulate the physical 
phenomena that is involved in this Bridgman growth 
process for/3-NiAI, then develop the numerical strat- 
egy to solve this problem, and finally present the simu- 
lation results and the corresponding findings. 

2. FORMULATION AND COMPUTATIONAL 
STRATEGY 

Figure 1 shows the schematic of a practical designed 
vertical Bridgman furnace for growing ~-NiA1 [11] 
that we chose for our current numerical simulation. 
For the purposes of our calculation, the furnace is 
composed of two parts : 

(i) the enclosure, filled with argon, containing the 
heater (T4) and ; 

(ii) the axisymmetric ampoule containing the melt, 
the growing crystal and the cooler (T1). 

The ampoule is made of alumina and rests on a 
copper support. The enclosure stays stationary during 
the growth process and the ampoule is pulled out to 
control the growth speed of the crystal. 

The following phenomena are of key importance 
and need to be resolved adequately : 

• melt/crystal phase change in the ampoule region ; 
• conduction among various components of the fur- 

nace, the alumina wall and the copper base ; 
• convection in the melt and the encapsulated gas 

argon ; 
• radiation between the heater T4 and the ampoule 

wall. 

(i) Governing equations 
To formulate this problem with combined heat 

transfer and phase change in a geometrically complex 



Multi-zone simulation of the Bridgrnan growth process of a fl-NiAl crystal 

T2 

2041 

iO mm 

Centorr furnace 

P=25 KVA 

T4=1730 C, 1 hour 
@ U=6 V, I=1000 A 

~ Water flow: 

ill 
NI-AI !iquid 

T1=5C, T2=20C-, T3=40C+ 

V=8 Gal/min, p=50 psi I ~ ] Moshleld 

Alumina high densill ~ Copper 

Fig. 1. Schematic of vertical Bridgman growth furnace for growing/7-NiAI. 

domain, we have derived and solved a set of unified 
governing equations that describes the conduction, 
convection and phase change phenomena over the 
entire geometry of the system. The dimensionless, axi- 
symmetric, Navier-Stokes and energy equations, 
incorporating variable thermal conductivities and the 
Boussinesq approximation are : 

(i) Continuity equation 

C Q C Q 
(1) 

where u and w are, respectively, the velocity com- 
ponents along the radial and axial direction. 

(ii) Momentum equation 
r-momentum : 

Ot\eo ] ~rt~orUU) + rwu = - r  Q-~ 

IX ~gu c9 Ix tgu Ix u 
+Pr°{~r(~or~r)+~Z(~or~z)}--Pr°(~ofr +Su" 

z-momentum : 

 ,t or" )+ t orWW ) 
IX ~w cgP+ProI~r(~or-~r)+ ~(l'lrt~W)~ r S = -  ~ \ Z  ~ ) j  

+Raoero(~o)(fl) rT+sw 

(2) 

(3) 
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Table i. Thermodynamic and transport properties 

Material ~ (kg m ~) 

NiAI 5950 
Argon 0.487 

Alumina 3975 
Copper 8930 

AHo = 688 kJ kg ~. 
"1" Assigned big values. 

/ z ( k g m ' s  ') k ( W m - I K  - ')  Cp(Jkg ' K  ') 

0.005 75 660 
5.42 x 10 s 0.0427 520 

t ~ 765 
? ~ 386 

++ Varied with temperature (see Fig. 4). 

f l ( K  I) 

1.52 × 10 5 
8.33 × 10 4 

(iii) Energy equation 

Cp 
 .et\eo cT,, r"I) + e--\e,, 

= G < , "  + - -  "~- 
&/ko ~)J '  

1 ? ~ . 
l ~ ( ~ - r l l + i ~ ( o ~  ru/)+~,c(@ rwl)},  (4) 

Sto (c t \~o  ' / 

where the term with Rao in equation (3) comes from 
the Boussinesq approximation for treating the buoy- 
ancy effect, Su, Sw in equations (2) and (3) and the 
terms with fluid fraction f i n  equation (4) are appro- 
priate source terms to account for the phase change, 
~, #, Cp, k and fl are the density, viscosity, specific 
heat, conductivity and coefficient of  thermal expan- 
sion, respectively. Rao, Pro and Sto are the Rayleigh 
number, Prandtl number and Stefan number, respec- 
tively. Their definitions are 

Buoyancy force ~og[3 o A TR i~ 
Rao - 

Viscous force :%/~o (5) 

Kinematic viscosity /*0/Q0 
P r  O ~ 

Heat diffusivity ~,~ (6) 

Sensible heat CP0 AT 
Sto - 

Latent heat AH0 (7) 

where ~0, Q0, /~o, CP0, ko and fl0 are chosen reference 
material properties for nondimensionalization, g is 
gravitational acceleration, AHo is the reference latent 
heat, Ro is the reference length, and zXTis the reference 
temperature. In this study, we chose the properties of  
fl-NiA1 at 300 K as the reference properties, the radius 
of  ampoule inner wall R0 as the reference length and 

the difference between the highest and the lowest tem- 
perature in the furnace, AT = T4-T1, as the reference 
temperature scale. The estimated dimensionless par- 
ameters for our current calculation are 

Rao = 3.2 × 10 4 Pro = 4.4 × 10 2 Sto = 1.7. 

(8) 

Furthermore,  the original parameters of the 
material properties for different material regions, 
which have been listed in Table 1, are converted cor- 
respondingly into dimensionless form as listed in 
Table 2. 

(ii) Two-level modelin9 strateg)" 
It may be observed from Fig. 1 that the combination 

of  the furnace enclosure and the ampoule presents a 
very complicated geometry. To render the com- 
putations tractable and simultaneously obtain 
adequate resolution in the ampoule region, a two- 
level strategy is employed. Level 1 simulates the entire 
domain and is referred to as the global furnace model. 
Level 2 concentrates on the ampoule region and 
obtains its boundary conditions from the level 1 or 
the global simulation. With this two-level strategy, we 
can obtain useful information at the global level and 
yet obtain adequate resolution at the melt/crystal 
interface. Figure 2 demonstrates the application of  the 
two-level strategy to the present simulation. To solve 
the governing equations, the control volume tech- 
nique employing a non-orthogonal  body-fitted coor- 
dinate system has been adopted [5, 12, 13]. A proven 
and robust pressure-based algorithm is then used to 
iterate the discretized form of the governing equations 
to the steady state [12, 14]. 

Table 2. Dimensionless thermodynamic and transport properties 

Material ~o/'Q,~ Pr0(/~//~0) k,ko 

NiAI 1.0 4.4x 10 -' 1.0 
Argon 8.2x10 ~ 4.77x10 s 5.7x10 4 

Alumina 0.67 + 
Copper 1.5 + 

t Assigned big values. 
Varied with temperature (see Fig. 4). 

Raol Pro(fl/ fll,) 
Cp,,'C~o (OIQo) 

1.0 1.4 × l0 ~ 
0.79 6.32 
1.16 
0.58 
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Fig. 2. Layout and boundary conditions for (a) the global furnace model, and (b) the refined ampoule 
model used in the present numerical simulation, where H measures the ampoule position as it is pulled out. 
The total length of the ampoule part, between the top of alumina and the bottom of copper, is L = 

185 mm, while the length of the ampoule is l = 113.5 mm. 

(iii) The treatment of  phase change 
In the modeling of the melt/solid interface region, 

phase change needs to be considered along with the 
coupled mass and heat transport. Special treatment 
thus need to be taken to account for the release of 
latent heat during solidification [5, 15, 16]. As is shown 
in equation (4), an enthalpy based method has been 
adopted in the energy equation through the implemen- 
tation of the fluid fraction f i n  the source term. Here, 
f is defined to be 1 in the region of melt, zero in the 
region of solid, and varies continuously between zero 
and unity when the material undergoes phase change. 
In addition, Su and Sw are included in the momentum 
equations (2) and (3) to enforce the velocity in the 
solid to match the pull rate of the crystal. The 
approach taken here is the inclusion of Darcy-type 
source terms in the momentum equations [5, 15]. Thus 
the phase change material in the solid/melt interface 
region is considered to be a porous medium, with the 
porosity changing from zero to unity as the material 

melts. For  pure materials, the porosity changes 
abruptly as the phase change occurs, but to ensure 
numerical stability, a continuous variation is imposed. 
Here, the source terms have the form: Su = - A u  and 
Sw = - A w ,  where A varies as a function of the fluid 
fraction f from zero in the liquid phase to infinity in 
the solid phase [15, 17]. 

(iv) The interpolation of  material properties 
The calculations conducted in this study take into 

account the variation of material properties with tem- 
perature, such as thermal conductivity, at the ampoule 
walls and at the melt/crystal interface. Abrupt  changes 
in material properties may be expected at the inter- 
faces between two media and the interpolation for the 
material properties must be handled carefully in order 
to obtain numerical solutions. The usual approach 
taken is linear interpolation, 

ko = f~kp + (1 -f~)ke,  (9) 
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where J~ designates the ratio of distances between 
points E-e and between points e-P, with E, P, and e 
representing, respectively, the east-side unknown 
node, the present unknown node, and the east-side 
control surface of the present unknown cell P. Here, 
a standard arithmetic averaging withfc = 0.5 is chosen 
for interpolation within the same material media. 
However, this does not handle abrupt changes at the 
interface between the two media. Hence, following 
Patankar [14], a harmonic interpolation based on a 
one-dimensional flux conservation is used as follows : 

1 
ke - (10) 

(1 - . L ) IG  + L i k E  

This treatment has been compared with the flux 
balance approach [18] and is found to be equally 
robust and accurate ; but simpler to implement. 

(v) Radiation effect 
The radiation heat flux between the heat (T4) and 

the outer wall of the ampoule is handled by the fol- 
lowing simplified treatment [19] : 

,..,-( T~ - T~) 
q -  1 --,t:h " ( 1 1 )  

(l/'%) -~ (~) ( ra / l 'h  ) 

where a = 5.67 x 10 ~ W m 2 K 4 is the Stefan-Boltz- 
mann constant, Td, ra, and q are temperature, radial 
position and emissivity for the ampoule outer wall 
and Th, rh and ~n are the corresponding variables for 
the heater. The heater is considered to be a black 
body, so eh = 1.0. For the alumina wall of the 
ampoule, G = 0.8 and for the copper wall, r, = 0.6. 
The expression for the boundary condition at the 
outer ampoule wall is given by, 

kC~T ~T[ 
= - k~ ,  r + q ,  ( 1 2 )  

- -  ~ ampoule ' largon 

where the left hand side represents the heat flux into 
the ampoule wall and the right hand side represents 
the heat flux due to convection and conduction from 
the encapsulating gas and the radiation from the 
heater. 

3. RESULTS AND DISCUSSION 

In the following, we present the results of steady 
state calculations for the Bridgman growth of NiA1. 
The geometry of the calculation domain is shown in 
Fig. 2a, b. In order to optimize computational costs 
without sacrificing accuracy and resolution in the 
melt/crystal region, the simulation was conducted at 
two levels. Level 1 is the global furnace simulation 
involving the entire domain. Level 2 is a refined 
ampoule simulation and takes its boundary conditions 
based on the global simulation. It will be shown later 
that the global simulation is relatively insensitive to 

the details of the interface morphology. We also try 
to take into account the relative displacement of the 
ampoule as the growing crystal is pulled out of the 
furnace. Therefore, three simulations have been per- 
formed at the global level involving three different 
locations of the ampoule. A multi-zone patched grid 
method has been employed to generate the grid system 
needed for global (furnace) level simulations. Sample 
grid distributions have been shown in Fig. 3a, b for 
H = 40 and 80 mm, where H indicates the position of 
the ampoule within the furnace. The global furnace 
(Level 1) simulations were conducted for three differ- 
ent ampoule positions in order to estimate the effects 
of geometric variations as the crystal is pulled out of 
the furnace. Calculations were conducted for H = 40 
mm (151 x 213 grid), 80 mm ( 151 x 216 grid) and 120 
mm (151 x 219 grid). In all cases, there were 51 x 103 
points in the ampoule region. Based on this resolution, 
the ampoule region is then computed again with a 
better resolution ; the boundary conditions needed for 
this Level 2 simulation are extracted from the results 
obtained from the Level 1 solutions. In the following 
sections, we will first show that consideration of 
realistic material property variation, as, e.g. functions 
of temperature, is essential to obtain a faithful simu- 
lation" we will then discuss the solutions obtained for 
different ampoule locations on both Level 1 and Level 
2. 

( i) The ,qlobal Jhrnace simulation 
Figure 4 shows the variation of thermal con- 

ductivity of alumina and copper with temperature 
[20]. Figures 5 and 6 show the stream function and 
the isotherm distribution, respectively, for each of the 
three ampoule locations. The streamline pattern arises 
as a result of buoyancy driven convection. It may be 
observed that the convection pattern in the encap- 
sulating gas is quite weak and the convective heat 
transfer into the ampoule is negligible compared to 
the radiative effect from the heater. As the ampoule 
translates downward, the convection within the 
ampoule gets slightly weaker and the melt/crystal 
interface becomes convex towards the melt. It is 
difficult to predict the strength and detailed charac- 
teristics of the convective field within the furnace 
because the geometry is complicated and the bound- 
ary conditions vary with the ampoule movement. 
Nevertheless, it is clear that the isotherm pattern chan- 
ges quite significantly as the crystal is drawn down 
and the temperature gradients at the base of the crystal 
decrease in magnitude. To shed some light on the role 
played by the variations of the transport properties, 
with respect to temperature, calculations have also 
been conducted with the material properties held fixed 
to the reference values at 300 K, a practice employed 
in some modeling work. While the general patterns of 
stream functions and isotherms seem insensitive, some 
critical aspects of the solutions are substantially affec- 
ted. As an illustration, Fig. 7 shows the differences in 
the temperature distribution along the centerline and 
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(a) Grid of H=4Omm (b) Grid of H=8Omm 

Fig. 3. Grid distributions for the global furnace model of (a) H = 40 mm (grid size = 151 x 213), and (b) 
H = 80 mm (grid size = 151 x 216). 

the inner  wall of  the ampoule,  between the variable  
propert ies  and  cons tan t  propert ies  simulations.  
Not iceable  differences have been observed ; for exam- 
ple, a 50% difference exists a long the b o t t o m  wall of  

the ampoule.  The differences exhibited in Fig. 7 impact  
the tempera ture  d is t r ibut ion in the crystal  and  its 
accurate  predict ion is necessary to unders t and  its 
implicat ions on crystal quality. 
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Fig. 4. Dependency of thermal conductivities of alumina and copper on temperature (Perry's Chemical 
Engineerings' Handbook, 1984). 

(i) 
Inside the NiAI melt 
Smax=0.0506,AS=0.0053 

Inside the Argon gas 
Smax=O.0239, AS--'0.0053 

(ii) 
Inside the NiAI melt 
Smax--0.0513,AS---0.0054 

Inside the Argon gas 
Smax=0.00243, AS=0.00054 

(iii) 
Inside the NiAI melt 
Smax---0.0532,AS=0.0056 

Inside the Argon gas 
Snukx=0.00196, AS=0.00056 

Fig. 5. Solution characteristics of the global furnace simulation for three different H. (i) H = 40 mm ; (ii) 
H = 80 mm; (iii) H = 120 mm. Stream function. 
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(i) (ii) 
Tmelt=0.95 A T = 0 . 0 2  Tmelt---0.95 AT=0 .02  

(iii) 
Trnel~--'0.95 A T = 0 . 0 2  

Fig. 6. Solution characteristics of  the global furnace simulation for three different H. (i) H = 40 mm ; (ii) 
H = 80 m m  ; (iii) H = 120 mm.  Isotherms. 
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Fig. 7. Compar ison of the temperature profiles of  the global furnace model with variable and constant  
thermal conductivities of  alumina and copper for H = 80 ram. 
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(i) 

Smax=0.0445 
A S = 0 . 0 0 4 8  

(ii) (iii) 

Smax=0.0541 Smax=0.0560 
A S = 0 . 0 0 5 7  A S = 0 . 0 0 5 9  

Fig. 8. Solution characteristics of the refined ampoule simulation for three different H. (i) It = 40 mm: 
(ii) H -  80 mm: (iii) H -  120 mm. Stream function. 

(ii) The refined ampoule simulation 
The refined ampoule (Level 2) simulation was con- 

ducted using the ampoule wall temperature distri- 
bution, obtained from Level 1, as the boundary con- 
dition. The grid resolution within the ampoule has 
been increased to 101 x 154 from 51 x 103 used at 
Level 1. Stream function and isotherm contours are 
presented in Figs. 8 and 9, respectively. Noticeable 
differences may be observed between the convection 
patterns in Fig. 5(i-iii) and Fig. 8(i fii), and more 
significantly, the convection strengths are different, 
especially for H = 40 mm, At this ampoule position, 
the more detailed secondary vortical structure in the 
central region above the solid melt interface can be 
clearly observed from the refined solutions depicted 
in Fig. 8 ; at the global level, as shown in Fig. 5, such 
characteristics are less pronounced. This assessment 
shows that a fine grid is needed to capture convection 
dominated phenomena, thus justifying the two level 
approach taken in this study. 

Figure 10 contrasts the melt/crystal interlace 
obtained from the two level simulation for all three 

ampoule locations. It may be observed that the differ- 
ences between the coarse grid (Level l) and the fine 
grid (Level 2) calculations are most significant when 
the melt volume decreases (as the crystal is pulled out). 
This observation just reinforces the trends exhibited in 
the stream function plots mentioned previously. The 
sensitivity to grid refinement increases as the melt 
volume decreases because of  the constraining effect of  
the top wall. Since the interface positions at the 
ampoule wall are the same between the two grid levels, 
it is significant that the temperature distributions pre- 
dicted on them are different, resulting in different 
melt/crystal curvatures. This aspect impacts on the 
detailed distribution of  temperature gradients in the 
interface region, resulting in a different micro-struc- 
ture of  the crystal. 

To further illustrate the usefulness of  the multi-level 
approach, a fine grid simulation of  the H = 40 mm 
case, corresponding to Fig. 5(i) and Fig. 6(i), was 
carried on a refined grid of  223 × 284 nodes (73 × 154 
nodes in the ampoule region). This represents a sub- 
stantial refinement over the grid system shown in Fig. 
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Fig. 9. Solution characteristics of the refined ampoule simulation for three different H. (i) H = 40 mm ; 
(ii) H 80 mm;  (iii) H = 120 mm. Isotherms. 
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models. 
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U U 
Inside the NiAI melt: Smax=0.0418,AS=0.0044 Tmelt=0.95 AT=0.02 

Inside the Argon gas: Smax=0.0242,AS--0.0044 

Fig. 11. Solution characteristics of the global furnace simulation for H = 40 mm with grid size : 223 x 284. 

3a with 151x213 nodes (51x103 nodes in the 
ampoule region). Figure l l(i) and (ii) show the 
streamfunction and isotherms, respectively, obtained 
on this fine grid system. It can be observed that the fine 
grid solution captures more details of the convection 
pattern within the ampoule. Differences can be noted 
between the solutions presented in Figs. 5 and 6 and 
those presented in Fig. 11 ; more secondary vortical 
structures are captured on the fine grid. The fine grid 
solution is closer to the refined ampoule simulation 
(Figs. 8 and 9) than to the coarse grid solutions from 
the global furnace simulation. The fine grid results of 
the global furnace simulation clearly demonstrate the 
economy of the multi-level approach; instead of 
resorting to a fine grid distribution at the global level, 
carrying out the refined ampoule simulation yields the 
desired accuracy economically. 

Correlations between the thermal characteristics in 
the combined crystal/melt region and the microscopic 
structure of NiAI are not well established at the pre- 
sent time. However, the capability established in this 

work to predict the solidification dynamics and ther- 
mal field will aid the development of such critical 
information. 

4. CONCLUSION 

Accurate and realistic numerical simulations have 
been carried out for a vertical Bridgman crystal 
growth system for the single crystal growth of NiAI. 
All three heat transfer modes---conduction, con- 
vection and radiation--have been taken into account 
with reasonable resolutions. A two-level simulation 
has been performed to simultaneously achieve accu- 
racy as well as computational economy. At the global 
level, the entire system consisting of the enclosure, 
heaters and the ampoule have been considered. How- 
ever, it was desirable to improve the grid resolution 
within the ampoule to capture the dynamics of the 
melt/crystal interface. Thus, a refined ampoule simu- 
lation was performed using the solution from the 
Level 1 simulation as the boundary condition for the 



Multi-zone simulation of the Bridgman growth process of a fl-NiAl crystal 2051 

Level 2 simulation. This enables an accurate treatment 
of the solidification dynamics within the ampoule and 
the heat transfer through the crystal. It is evident that 
this kind of multi-level approach, with appropriate 
matching of boundary  conditions, is necessary to 
achieve accuracy at reasonable computing costs. 

It has also been shown that variations of the 
material properties need to be considered in order to 
achieve a realistic simulation. Significant errors exist 
for simulations carried out assuming constant  
material properties. Accurate property data are not  
readily available in the literature, but  have been shown 
to be necessary to predict the temperature distribution 
within the crystal growth system. 

The predictions reported in the present work are of 
value in improving our understanding of the growth 
process and will be of help in controlling the growth 
parameters in order to achieve the desired melt/crystal 
interface shape which has implications on the com- 
position and quality of the resulting crystal. 
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