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Numerical Analysis of Double-Diffusive Convection/Solidification
Under g-Jitter/Magnetic Fields
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A finite element model is presented for the g-jitter induced double-diffusive convection and solidification phe-
nomena with and without the presence of magnetic fields in an Sn-doped Bi crystal growth system planned for
space experiments. The model is developed based on the deforming finite element formulation with the penalty
formulation for pressure approximation. An isothermal front tracking algorithm is used to predict the solidliquid
interface. Extensive numerical simulations are carried out and parameters studied include the solute concentra-
tion dependent melting temperature and magnetic field strength under both steady state and g-jitter conditions.
Both synthesized g-jitter and real g-jitter data taken from space flights are used. Computed results show that
the concentration effects on interface morphology must be considered for an accurate prediction of solidification
interface morphology, and g-jitter can induce significant convective flows in the liquid pool, which, in turn, cause
solute concentration nonuniformity during the space crystal growth. The use of an applied magnetic field can be
effective in suppressing the deleterious g-jitter induced convection and solute nonuniformity and their effects on

solidification.
Nomenclature R, = radiation number of ampoule
By = magnetic field magnitude R, = lengthscale
o = concentration Sc = Schmidt number
c, = specific heat of Bi Ste = Stefan number
Cy = solute concentrationscale T = temperature
D = solute diffusivity T. = cold zone temperature
dT/dx = temperature gradient T, = hf)t zone temperature
Grg = solutal Grashof number T, = dlme.ns10nless melting point .
Gry = thermal Grashof number Tno = melting temperature of pure Bi
£0 = Earth gravity constant T* = dimensional temperature
H = latent heat of Bi Iy = tlmesc.:ale
Ha = Hartmann number Uo = velocity scale
h(y) = dimensionlessx positionof growth interface U } = yeloc1ty vector
i,J = unit vector of ith, jth component U = 1nterface; VelOClty.
k = thermal conductivity u = x-direction velocity component
ko = segregation coefficient Ve = crystal pulhng spef?d
L = length of three zones v, = dimensionlesspulling speed
L = length of cold zone v = y-direction velocity component
c - . .
L, = length of gradientzone Wi = inner width of ampoule
L, = length of hot zone w, = outer width of ampoule
Ly = dimensionless x position of hot end Bc i S}(l)lutallexpam{(.m Coefg(i:u?nt
L,,L; = dimensionlesslower and upper y positions ﬂTT = thermal expansion coetncient
of ampoule outer surface A - temperature Siale )
L,,L; = dimensionlesslower and upper y position 952 = computationaldomain boundary
of ampoule inner surface € = penalty parameter for pressure
m = slope of solidus curve Eamp = blackbody coefficient of ampoule
7 = unit normal vector K = thermal diffusivity
Pr = Prandtl number v = kinematic viscosity
p = pressure 00 = density of pure Bi at 7,
O = electrical conductivity
Q = computationaldomain
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I. Introduction

IFFUSION-CONTROLLED melting crystal growth is possi-

ble when the intensity of convectionin the liquid pool is neg-
ligible in comparison with atomic diffusion rate. In an idealized
microgravityenvironment (g = 10~g,), thermallyinduced convec-
tion is reduced to the level such that the diffusion-controlledgrowth
is possible. This is indeed supported by some successful exper-
iments on crystal growth in space. However, a majority of space-
flightexperimentssuggestthatspace-growncrystalsare inconsistent
in quality and solute redistribution. Further examination of growth
conditions and readings from accelerometers aboard the space ve-
hicles reveals that the nonuniformity of solute distribution in these
crystals is attributed to perturbed gravity forces, that is, g jitter.

A variety of sources may contribute to the gravity perturbations,
whichincludecrew motions, mechanical vibrations (pumps, motors,
excitations of natural frequencies of spacecraft structures), space-
craftmaneuversand attitude,atmosphericdrag, and the Earth’s grav-
ity gradient.! Signatures from the onboard accelerometersillustrate
that g jitteris randomin nature and varies in both directionand time.
Although small, these perturbed forces can induce thermal convec-
tion that is strong enough to cause an unacceptable level of solute
concentrationnonuniformityin spacegrowncrystals. Detailed stud-
ies have revealed that the g-jitter induced convection in spacecraft
is directly related to the magnitude and frequency of the gravity per-
turbation and to the alignment of the gravity field with respectto the
direction of the temperature gradient. The velocity attains a max-
imum when the gravity vector is perpendicular to the temperature
gradients>~¢

Numerous numerical simulations have been conducted to under-
stand and estimate the adverse effects of time-varying g jitter.>~!°
Both two- and three-dimensional numerical models have been de-
veloped for this purpose*>!! These models have been used to
study the effects associated with both idealized single- and multiple-
frequency g-jitter modulations and real g-jitter data collected by an
accelerometer during actual flight experiments. These studies show
that when the residual accelerations oscillate about the positive and
negative of an axis, the orientation of this direction relative to the
density gradientdetermines a mean flow in the system.'? Sinusoidal
accelerationsinduce an oscillating convective flow, which resultsin
a composition variation in the liquid. Recently, Timchenko et al.’
reported a study on the g-jitter influence of solute transport and
convection together with solidification in a planned space-flight ex-
periment. They used the finite difference approximation for field
calculations and the enthalpy method to model the solid-liquid in-
terface.In their calculations, the melting temperature of the pure sol-
vent was used to determine the solid-liquid interface. They showed
that, for large frequencies, higher amplitude of gravitational accel-
erationis requiredto produce effects on the segregation. Their study
furtherillustratesthat the concentrationvaries appreciablyalong the
solid-liquidinterface,suggestingthatitis necessaryto takeinto con-
sideration the effects of concentration on the melting temperature
to get an accurate estimate of the interface shape.

The use of a magnetic field to control the melt motion during
single crystal growth has been widespread in the semiconductorin-
dustry. Studies on the g-jitter induced melt flows in the systems of
relevance to space crystal growth experiments have been reported
by Ma and Walker'' and Baumgartl and Muller."* The former pre-
sented a semi-analytical model for the magnetic field effects on
g-jitter driven thermal convection, whereas the latter presented a
numerical model of melt flow driven by a single-frequency g-jitter
force parallel to the thermal gradient with either transverse or axial
fieldsimposed. Recently, Li and his coworkers'?'#~!7 have reported
a series of studies, including both analytical solutions and numeri-
cal simulations, on the magnetic field effects on the g-jitterinduced
flows and mass transfer. Their studies used both simulated g-jitter
functions and real g-jitter data taken from typical space flights, with
the latter intended to understand the thermal and flow phenomena
in a realistic g-jitter environment. In space vehicles, g jitter is not
aligned perfectly with the thermal gradient during crystal growth
and the most deleterious flow effects come from the g-jitter compo-
nent that is perpendicularto the thermal gradient.* The melt flow in

microgravityis shown to havea very strong effecton the solute trans-
portin typical space processingsystems for crystal growth where the
Schmidt number is large. Their studies further illustrate that these
deleterious g-jitter effects can be suppressedby the applicationof an
external magnetic field. Thus far, these studies have been primarily
concerned with the convection with or without solute transport in
the presence of magnetic fields, which is an idealized, though rele-
vant, version of a melt growth furnace used for space flights. None
of these studies have considered the solidification, which is a criti-
cal part of a crystal growth process. Nonetheless, these studies have
provided a useful basis on which models incorporating more realis-
tic considerationssuch as solidification and ampoule configuration,
coupled with more realistic thermal boundary conditions,can be de-
rived. These more realistic models will provide a much more useful
tool, not only for enhancing our fundamental understandingof fluid
mechanics and thermal phenomenain space crystal growth systems,
butalsofor developingrational guidelinesfor both space experiment
design and interpretation of experimental measurements.

In the present study, a finite element model is presented for the
heat and mass transfer and solidification phenomenaassociated with
the melt growth of single crystals in microgravity with and with-
out an imposed magnetic field. The analysis is based on a two-
dimensional geometry. Note that the furnace for the melt growth
is of cylindrical geometry, and, under terrestrial conditions, a two-
dimensional axisymmetric condition can be established. In a mi-
crogravity environment, however, such an axisymmetry condition
cannot be maintained because the frequent maneuvering of space
vehicles changes the gravity orientation constantly. Also note that
because of the frequent change in gravity directions, in particular
during the period when g jitter sets in, the flow structure is truly
three-dimensional and three-dimensional models should be devel-
oped to fully appreciate the complex three-dimensional flow struc-
ture. Nonetheless, a two-dimensional analysis will provide some
essential features of g-jitter induced flows and solidification behav-
ior and help to develop fully three-dimensional models. The two-
dimensional analysis presented hereafteris based on the solution of
the transient Navier—Stokes equations for fluid flow, the energy bal-
ance equationfor the temperature distribution,and the mass balance
equation for species transportin an Sn-doped Bi alloy melt. The nu-
merical scheme entails the implementation of a quasi-Lagrangian
deforming finite element approach where the solid-liquid interface
is tracked precisely by deforming the elements associated with the
moving interface. Numerical results include the transientconvective
flows and solute redistribution in the melts and their effects on the
solidification interface morphology under the combined action of
g-jitter and external magnetic fields. Both synthetic g-jitter, which
represents a single component of Fourier synthesis of g-jitter data,
and the real g-jitter data, are used in the analyses.

II. Mathematical Formulation

Figure 1 schematically illustrates the two-dimensional model
used to study the Bridgman Sn-doped Bi crystal growth in micro-
gravity. An external dc magnetic field is applied along the thermal
gradient. The ambient temperature profile 7, consists of a cold
zone T, a linear gradient zone d7'/dx, and a hot zone 7},. The am-
poule translation is simulated by feeding the melt with a uniform
solute concentration Cy into the inlet at the constant velocity V, and
pulling out the crystal from the outlet. The length of the compu-
tation domain is L, the inner width of the ampoule is W;, and the
outer width is W,. The configurationdescribedis similar to the two-
dimensional model used by Yao et al.'® to study the MEPHISTO
Space Flight experiments.

In the preceding system, the time-dependent phenomena of fluid
flow and heat and mass transfer with the presence of an applied mag-
neticfieldis describedby the Navier—Stokes equations with the time-
varying gravity force term and the Lorentz force term. The Boussi-
nesq approximation, p = o1 — B7(T* — T,,0) + Bc(C — Co)], is
used. The nondimensional governing equations are given hereafter.
For the melt,
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Fig. 1 Two-dimensional model for the Bridgman Sn-doped Bi space crystal growth system.
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The real g-jitter perturbation is random both spatially and tempo-
rally. In some cases, to help analyses, g jitter can be represented
by the combination of a series of single-frequency accelerations,as
follows:

N
g) =Y g, sinQrw,) 5)

n=1

Here, g, is the amplitude, and w, is the frequency associated with
the nth component of g jitter. Both the synthetic and real g-jitter
perturbations are considered here.

For the crystal and the ampoule, where a bulk flow is superim-
posed because of the choice of the coordinate system, only heat
transfer analysis is needed. The solute diffusion in crystal is also
ignored. With these simplifications, the governing equations can be
written as follows:

aTt,ry KCW 1 2
” +V, (- VTyy) = ~ —PrV Ty (6)
ATy Kamp 1
a‘“" + V,(éy - Vi) = ;{“" o V2 Tomp @)

In deriving the preceding equations, the following scales are
used: Ry =0.5W,; for length, Uy = v/ R, for velocity, f, = Ré/v for
time, py= poy UO2 for pressure, Cy for concentration, g, for grav-
ity, By for magnetic field, AT = (T, — T,) for temperature where
the nondimensional temperature is (7" —7,)/AT. Note that in-
stead of v, thermal diffusivity may be chosen to nondimensionalize
the equations for this problem. The nondimensional parameters are

defined as

Grr = BrR3gAT [v?,  Grs = B.RigoCo/v?

Pr=v/k, Sc=v/D, R, = sk\]hpaRO(AT)3/k2\lhp
V, =V, /Uy, Ste = H/ATC,,, Ha = ByRy+/ 0,,/ pov

The boundary conditions for the configuration considered are
determined by the physical constraints and are detailed hereafter.
For the melt,atx =Ly and L, <y < L;,

u=Yy

o v=20, T =1
A VC = V,80(C— )i é,) 8)
Ath(y) <x <L, y=Ly,and y=Ls,
u=yV,

P

v =0, VT = (Kunp/ k) - V Tomp)
A-VC=0 )
Atx=h(y)and L, <y < Ls,
A U—-U=h (Usy—U)
i x (U—Ugy) =0, T=T,+mC

A-VC=Sc[a- (U-UNC—i (U —U)Coy] (10)
Along the solid-liquid interface,

(i - VT) = (kery/ ) (i - VToy) = StePrit - (Uey — U*) (1)
For the crystal,at 0 <x <h(y), y=L,,and y= L3,
T = (kamp/ kery) (A + VTomp) (12)

Atx=0,and L, <y <Lj,

T=0 (13)
For the ampoule,atx =Ly, L; <y <L,,and L3 <y <Ly,

T=1 (14)



202 LI, LI, AND DE GROH

At0<x <Ly, y=L;,andy= Ly,
VT = —RaL(T +77) = (Tos + T:)“J (15)
Atx=0,L,<y=<L,,and L; <y <Ly,
T=0 (16)
where T* =T, /AT, Cory =koC, 11 - Uy = V,,, and 71 X Uy = 0.

III. Method of Solution

The governing equations described, along with the boundary
conditions, are solved using the deforming Galerkin finite element

method. When the proceduresin previous studies'®!” are followed,

the governing equations are recast in integral forms:
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Once the forms of shape functions ¢, ¥, and 8 for velocity, pres-
sure, and all remaining scalars are specified, the integrals defined in
the precedingequationscan be expressedin matrix form. Combining
the momentum and energy equations into a single matrix equation
gives rise to the following element stiffness matrix equation,

M 0 0 U
0 Ny 0 T
0 0 Nclle

A(U) +K + ~EM;'E B, B
+ 0° D, (U) + Ly 0
i 0 0 De(U) + Le
(v F
x| T|=|Gr (21)
c Ge

The integrated form of Eq. (11),
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Q Q

__ f 410dS 22)
IQ

is applied as a surface energy source to the total thermal energy bal-
ance equationand added to the right-handside of Eq. (21). Note that
in constructing the preceding element matrix equation, the penalty
formulation has been applied, and P in the momentum equation is
replacedby (1/¢)M,,'E" U. The assembled global matrix equations
are stored in the skyline form and solved using the Gaussian elimi-
nation method. The coefficient matrices of Eq. (21) are calculatedby

M, =/ Yy’ dv,
Q

sz@@TdV,
Q

E; = f i-veyTav,
Q
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A quasi-Lagrangian deforming finite element approach is used
to track the solute concentration dependent solidification interface
accurately. By this method, the region that covers the solidifying
liquid and solid is deformed, and the nodes within the region are
allowed to move in accordance with the interface movement. These
additional velocities that result from the mesh movement are added
to the velocity field. Two basic algorithms can be applied. One treats
the moving interface as a separate variable and the interface thermal
boundarycondition would then be incorporatedinto the global finite
element matrix. The other treats the interface thermal boundary
condition as a separate constraint and is solved separately from the
coupled field equations. Our numerical experience shows that, in
a majority of cases, the incorporation of the isothermal constraint
into the global matrix results in a very unstable nonlinear system.
The whole system is extremely sensitive to boundary perturbations,
more often than not leading to divergence. Separation of the moving
interface boundary coordinates from the global finite element field
variable solutionsrequires the convergenceof bothmoving interface
coordinates and field variables in two related loops. For this case,
the global finite element matrix has a smaller bandwidth and, thus,
requires shorter CPU time for iteration of the field variables, which
takes the majority of the computing time. Our tests further show that
the two methods require approximately the same CPU time, with
the latter being much more robust and numerically stable. Thus,
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the latter has been used in the present study. There are also two
differentmethodsused to track the liquid—solidinterface, which give
the same results within the machine accuracy. One method entails
the use of the weighted residual method to integrate the interface
thermal boundary condition, T = T, + mC, whereas the other uses
a directional search of the melting temperature after the coupled
thermal, solute, and fluid flowfield calculationshave converged.The
latter is adopted in the present study.

In summary, our interface tracking strategy used in the present
studyinvolvesan iterative procedure thatentails applying the energy
balance equation along the interface as a surface source and search-
ing for the interface position coordinates based on each converged
field calculation. The updated interface positions are then fed back
to the field calculationsuntil both the interface position coordinates
and field variables have converged to within a preset criterion.

IV. Results and Discussion

The finite element model described enables the prediction of
steady and transientfluid flow, heat, and mass transferand the solid—
liquid interface morphology in single crystal growth systems under
both terrestrial and microgravity conditions with and without the
presence of a magnetic field in the axial direction. The model de-
velopment was based on the modification of the finite element code
that has been reported in early studies,'>'*~!7 which includes both
code developmentand benchmark testing for thermal and fluid flow
calculations. The code for solidification and moving interface cal-
culations was validated using both analytical solutions and experi-
mental data, which will be in a future publication. The thermophys-
ical properties and geometric dimensions for the study are givenin
Table 1. It is noted that Ky = 0.29 at%/at% was used here to lessen
the effects of solute at the interface and improve numerical stabil-
ity. The results presented below used 2968 nine-node elements with
an increasing mesh distribution near the interface. Tests were con-
ducted to ensure that the numerical results are mesh-independentto
within a tolerance of less than 1% (relative error) between two con-
secutivelyrefined (node points doubled) meshes. Both the interface
position and field variables have converged within a preset relative
tolerance of 1 x 10~*. Numerical simulations were carried out for
a wide range of conditions,and a selection of the computed results
is presented hereafter.

A. Steady Microgravity Condition

When the space vehicle follows the orbit without disturbances,
an idealized microgravity condition exists, which gives a gravity
level of 10~°g,. Numerical simulations were carried out for this
condition without an imposed magnetic field. The results are use-
ful in helping to gain physical insight into the steady-state behav-
ior of the system, and they also provide the initial condition for
the dynamic behavior of the system when g-jitter effects set in.
The simulations were based on the direct numerical solution to the
steady-state governingequationsobtained by droppingout the time-
dependent terms in the model equations described in Sec. II while
keeping all of the mutually coupled terms. For this case, the grav-
ity orientation is assumed to be perpendicular to the temperature
gradient, which represents the worst-case scenario. The computed
results show that the temperature distribution in the melt is mainly
controlled by the thermal conduction. This is a directresult of small
Prandtl number for the system being studied. Thus, the tempera-
ture distribution study is ignored thereafter. The thermal and solutal
gradient induced flow is weak, and the flowfield is nearly domi-
nated by the crystal growth velocity. The maximum velocity of the
flowfield is 5.6 x 1072, which is slightly higher than the crystal
pulling velocity of 5.5 x 1072, These results are qualitatively con-
sistent with those obtained from a simplified crystal growth system
where solidification was notconsidered.!” The interface position, the
melting temperature, and the solute concentrationdistributionalong
the interface are shown in Fig. 2. Clearly, the interface is concave
into the solid phase, which is expected as the crystal loses heat
through the two sides. Because of its dependency on solute concen-
tration, the melting temperatureis no longerconstantalong the inter-
face, whichresultsin a noticeableshiftof the interfaceposition. With

Table1 Parameters used for calculations

Parameter Value

Physics properties

Tro 544 K
00 10,070 kg m 3
C, 14487 T kg 'K~
v 1.837x 1077 m? s~!
D 27x 1079 m?s~!
Co 1 at%
Br 1.25%x 1074 K~!
Be 0.3049 (volume fraction) ™!
ko 0.29 at%|at%
m 2.32 Klat%
20 9.8 ms—2
H 5.25x 10* Tkg™!
k 124 Wm™! K!
Kery 6.5Wm~! K™!
Kamp 2.0l Wm~! K™!
K 8.5x107°m?s~!
Kery 4.5x 107 m?s™!
Kamp 8.7x 1077 m2s!
Eamp 0.8
System parameters
w; 6.0x1073m
w, 1.0x1072m
L 42x107%m
Ly 495%x 1073 m
L. 495%x 1073 m
Jiy: 321x107%2m
dT/dx 2.0 x 10* Km™!
T 973 K
T. 323K
V, —3.34x 107% ms™!
By 05T
Scale parameters

Uy 6.12x 107> ms~!
AT 650 K
Ro 3x1073 m
fo 4905

Nondimensional parameters
vy —0.055
T* 0.497
Pr 0.0215
Sc 68.0
Grr 6.37 x 10
Grs 1.957 x 10*
Ra 0.01859
T, 0.34
Ste 0.558

a concave interface and with an absence of convection, the solute
concentrationalong the interface would be nonuniformwith a maxi-
mum at the center of the interface.'®>° The effect of the tiny buoyant
and solutal convection induced by microgravity is to skew this pro-
file slightly toward y =2. The solute concentration nonuniformity
at the interface is about 7.1%, measured by (Crax — Crnin)/ Caverage
along the growth interface. This, together with other computed re-
sults, suggeststhat the dependency of melting temperature on solute
concentrationneeds to be considered to predictthe solidification in-
terface positions accurately.

B. Single-Frequency g Jitter: Frequency Effects

Crystal growth experiments during space flights show that the
frequency of g jitter has an important effect on the convection, so-
lidification interface morphology, and the solute concentration in
the melt pool. To investigate this effect, three g-jitter perturbation
frequencies (0.01,0.1, and 1 Hz) were studied, which cover the fre-
quency range of practical importance to melt processing systems
designed for space applications*>!7 The same gravity magnitude
(1073g,) is used for all cases. The calculations were transient with
the g-jitter force assuming a sinusoidal variation, and started from
the steady-state conditions presented earlier as an initial condition.
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Fig. 2 Solute concentration dependent a) interface position and b)
melting temperature, and c) solute concentration distribution at the
interface.

These were intended to simulate the situation in which a steady-
state space growth condition is perturbed by gravity perturbations.
The typical time evolutions of the field variables (#, v and C) near
the solidification front are plotted in Fig. 3 for an elapse of 20 cy-
cle periods of the corresponding g-jitter perturbations for all three
different frequencies. It can be seen that, for all cases, the field
variables oscillate at the same frequency of the driving g-jitter per-
turbations,and the oscillationseventuallyevolve to a time-harmonic
quasisteady state. Examinationsof detailed velocity field evolutions
reveal that the convection loop in the melt pool oscillates and re-
verses its rotating direction at approximately the same frequency
of the driving g-jitter force when the time harmonic quasi steady
state is reached. The convection sweeps back and forth along the
growth front and induces the solute concentration oscillation at the
interface. Note that the oscillation magnitudes for the three cases
are considerably different, although the same amplitude of the g-
jitter perturbations was used for computations. The amplitudes of
the velocity oscillation decrease dramatically, hence, the solute con-
centration oscillation, with an increase in frequency. Also, note that
in Fig. 3c, the velocity oscillations experience approximately five
irregular periods before reaching the quasi steady state, whereas
those in Figs. 3a and 3b almost reach the quasi steady state over
the first period. The solute concentration variations with time cor-
respondingto the flow evolutions are also shown in Fig. 3. Clearly,
as the frequency increases, the concentration variation decreases in
response to the flow changes. For the present cases considered, at a
frequency of 1 Hz, the concentrationvariationexperiencesan abrupt
change over the transient period during which the flow reaches the
quasi steady state. This is in contrast with the case at lower frequen-
cies, say f =0.01 and 0.1 Hz. The solute concentration continues
to evolve after the flow reaches the quasi steady state for the three
cases studied.

The flow oscillations have a significant influence on the solute
concentration distribution, hence, the interface morphology. This
is evident from Fig. 4, in which the interface shapes at the end of
the same number of oscillation periods are depicted for the three
cases considered. Clearly the strongest influence comes from the
lower-frequency component, producing a significant deviation from
the initial steady state. The deviation becomes smaller as the fre-
quency increases. In particular, at f =1 Hz, the interface shape
remains basically unchanged. One of the important measures of
single crystal qualities is the solute nonuniformity along the solid—
liquid interface. Under g-jitter conditions, the solute concentra-
tion varies as a function of time. Figure 5 plots the time evolu-
tions of the solute concentration nonuniformity, measured using
[C (D) max — C()minl/ C (t)ayerage along the interface. It can be seen
that for low-frequency component (f =0.01 Hz), right after the
g-jitter perturbations set in, the solute concentration nonuniformity
increases significantly and oscillates with time. In fact, for the case
considered, a sudden increase of about 40% in nonuniformity is
initially observed, and this change gradually decreases, with the os-
cillation frequency nearly doubled at the end of 20 time periods.
The effects become weaker with higher-frequencycomponents. For
the three cases studied, the nonuniformities are about 5-15% for
f=0.01 Hz and 8.7% for f=0.1 Hz at the end of the 20 os-
cillation periods, respectively. The solute nonuniformity remains
relatively unchanged with f =1 Hz over the period of 20 cycles,
with a concentration nonuniformity being around 7.1%. In com-
bination with the results shown in Fig. 3, it is clear that the so-
lute transport in the system is essentially convection dominant in
that a strong oscillating convective flow near the solidification front
causes a large nonuniformity in concentration. For the cases stud-
ied, such strong convection is attributed to the lower-frequency
g-jitter perturbations, and, thus, eliminating this detrimental ef-
fect is crucial to produce crystals of desirable quality in space
environments.

C. Combined Action of Single-Frequency g Jitter
and Magnetic Fields

The idea of the use of magnetic fields to suppress the melt con-
vection comes from an opposing Lorentz force arising from the
interaction of the melt flow and an applied magnetic field. In the
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Fig. 4 Comparison of the interface positions at the same time period
caused by the single-frequency g-jitter perturbations with f =0.01, 0.1,
and 1 Hz, respectively.

present study, the applied uniform dc magnetic field is aligned with
the temperaturegradientto suppressthe flow alongthe interface.The
applied magnetic field strengthsare 0.1 (Ha =7.7),0.3 (Ha=23.2)
and 0.5 T (Ha =38.7). The single-frequency (0.1-Hz) g-jitter per-
turbation is used here. The calculations assumed that the magnetic
field is switched on at the same time g jitter sets in. The com-
puted results for the time development of the field variables (u,
v, and C) are plotted in Fig. 6. Figure 6 shows that the magnetic
fields can effectively reduce the magnitudes of the field variable

variations, and the magnetic damping effect becomes stronger with
an increase in the applied magnetic field strength. However, the
magnetic fields do not affect the frequency of the field variable os-
cillations. Further examination of the flowfields shows that with a
moderate magnetic strength (0.5 T, Ha =38.7), a factor of four in
velocity reduction is achieved for the present system and the con-
vection cell is limited in the central region of the liquid pool. For
example,attime? =4.0902, the maximum velocities of the flowfield
are Upx =0.616 (Ha =0), Uy =0.560 (Ha=17.7), Uy =0.406
(Ha=123.2), and Upnx = 0.160 (Ha = 38.7), respectively.

Figure 7 illustrates the interface morphology and the solute con-
centration distributions along the interface at t =4.0902. It can be
seen that, with an applied magnetic field, the g-jitter induced inter-
face deviation from that of the steady microgravity case is reduced
significantly, and so is the solute concentrationnonuniformityalong
the interface, as a result of reduction in convectionin the melt. With
a magnetic field strength of 0.5 T (Ha =38.7), the deviation be-
tween the interface shape affected by the g-jitter perturbation and
the steady microgravity conditionis suppressed almost completely.
This is also consistent with the reduction of the solute concentra-
tion nonuniformity along the interface in the presence of the mag-
netic fields, as depicted in Fig. 7c. Here, it is clear that the solute
concentration nonuniformities decrease dramatically with the in-
creasing magnetic field strength. With a magnetic field strength of
0.5 T (Ha=38.7), the solute concentration nonuniformity caused
by the g-jitter perturbationis smoothed out almost entirely. Numeri-
cal calculations were also done with other frequencies and the same
conclusions held. The results suggest that a strong magnetic field
can be used to effectively suppress the detrimental effects caused
by the g-jitter induced convection on the solute distribution in the
space-grown crystals.
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Fig. 9 Effects of the magnetic field intensities on a) the interface
positions, b) the solute concentration distributions at the interface
at t=1.6932, and c) the time evolutions of the solute concentration
nonuniformity measured by [C(t)max — C(©)minJ/C(¢)average at the inter-
face caused by the real g-jitter perturbation.

D. Combined Action of Real g Jitter and Magnetic Fields

Although the studies on the single-frequency effects are of great
importance in helping to understand the fundamentals governing
the thermally induced oscillating flows in space, information on
the heat and mass transfer in a real space environment is of both
theoretical and practical significance. Numerical simulations were
carried out using the real g-jitter perturbation taken from the ac-
celerometers aboard on a space flight. The data were given in an
earlier publication'” and are therefore, omitted here. Here again,
the computations assume that the magnetic fields are switched on
when the g jitter becomes effective. Figure 8 compares the time
evolutions of field variables (¢, v, and C) in the melt induced by
g-jitter signatures with and without the applied magnetic fields. It
can be seen that the velocity oscillations are random in amplitude
with time. The variation patterns are very similar to those of the
real g-jitter perturbation.In all cases, the three main velocity spikes
are caused by the sudden amplitude increases of the g-jitter pertur-
bation. These spikes are responsible for the large amplitude jumps
in the time evolution of the solute concentration (Fig. 8c), whence
the defects are incorporated into the crystals in a random fashion.
Figure 8 also clearly indicates that the magnetic fields can effec-
tively suppress the velocity variationsin a real g-jitter environment,
especially for those large-amplitude velocity spikes. With a mag-
netic field strength of 0.5 T (Ha =38.7), the solute concentration
spikes due to g-jitter induced convections are eliminated almost
entirely (Fig. 8c). The effects of the magnetic field intensities on
the interface shapes and the solute concentration distribution at the
interface at the time (f =1.6932) when the highest velocity spike
appears are shown in Figs. 9a and 9b. Note that the magnetic fields
reduce the solute concentrationdeviation from that of the steady mi-
crogravity case. The effects of the magnetic field intensities on the
time variations of the solute concentrationnonuniformitiesalong the
interface are shown in Fig. 9c. Inspection of these results indicates
that the real g-jitter perturbationcan significantly increase the solute
concentration nonuniformity and that this sharp rise in concentra-
tion nonuniformity can be substantially suppressed by an applied
magneticfield. Note that with a moderate magnetic field (0.5 T), the
extrasolute concentrationnon-uniformity caused by the real g-jitter
perturbationis almost entirely smoothed out. These results demon-
strate that an appropriate magnetic field can be applied to control
effectively the field variations and solute concentration nonunifor-
mity caused by g-jitter perturbationsin space processing systems.

V. Conclusions

A transienttwo-dimensionalnumerical model has been presented
for convection and solidification under the combined influence of
g-jitter perturbations and an applied magnetic field. The model has
been developed based on the solution of transient magnetohydro-
dynmaic equations with allowance for both heat and mass transfer
and with the deforming finite element methodology to track the
moving solid-liquid interface. The model is capable of predicting
the phenomena of steady-state and transientheat and mass transfer,
solute distribution, and the solidification interface associated with
the crystal growth in microgravity with and withoutan applied mag-
netic field. Numerical simulations were carried out under the ideal-
ized microgravity condition, the synthesized g-jitter perturbations,
and real g-jitter perturbationstaken by onboard accelerometers dur-
ing a space flight. Computed results demonstrate that g jitter can
cause significant convective flows in the liquid pool, which, in turn,
induce large solute concentration nonuniformity during the melt
growth of single crystals in space. An applied magnetic field can
be very effective in suppressing the detrimental effects on convec-
tion and solute concentration nonuniformity caused by the g-jitter
perturbations.Consequently,a diffusion-controlledgrowth environ-
ment is possible with a combination of microgravity and an applied
magnetic field.
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