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Numerical Simulation of g-jitter Effects on Half Floating Zone
Convection Under Microgravity Environment

H. Tang, Z.M. Tang, W.R. Hu, G. Chen, and B. Roux

The g-jirter effects on the thermocapillary convection in liquid
bridge of floating half zone were studied by numerical simula-
tion for unsteady and axi -symmetric model in the cylindrical
coordinate system. The g-jitter Sfield was given by sready
microgravity field in addition 1o an oscillatory low-grarity
field, and the effects on the Sow: field. temperature distribu-
tion and free surface deformation were analyzed numerically-.

I Introduction

Many programmes paid attention to measure the residual
acceleration of micro- or low-gravity environment on board
spacecraft in near earth orbit. Results of space experiments
show that the residual acceleration or g-jiter may have
serious influence on the experimental process. The proper-
ties and influence of residual gravity have been studied
extensively in recent years (see, for example. the reviews [1.
2]). Many Russian scientists discussed the so-called ther-
movibrational convection by time-averaged method, which
can only be applied to study the phenomena of high fre-
quency g-jitiers, see for example [3). To study directly the
response of a sinuous g-jitter field, the numerical simulation
method for the complete problem should be used.

In addition to the real time measurements of the micro-
gravity environment in the spacecraft. the theoretical esti-
mation of g-jitter effects have been discussed. Usually. the
numerical simulations have been applied to calculate the
response of g-jitter field on a special process. The g-jitter
field was often assumed in the numerical simulation to
oscillate with a relative higher frequency. and then, the free
surface or interface was assumed to be undeformable [4-6].
Briskman [4] discussed the problem about vibrational ther-
mocapillary convection and stability. In his work, the sys-
tem of equations and boundary conditions are formulated
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for high frequency approximation. Many studies concen-
trate especially to the process associated with crystal
growth, and analyze the influence of a typical residual
acceleration of spacecraft on the solidification [7, 8).

The ground-based experiments were performed to simu-
late the effect of g-jitter by fixing a system of half floating
zone convection on a vibrating table [9-11). Experimental
results show that there are a steady component and an
oscillatory component of the velocity field and the tempera-
ture field as response to the simulated g-jitter field in the
frequency range from 0.1 Hz to 100 Hz, and the free surface
is deformed obviously in the lower frequency range. In the
present paper. the numerical simulation of unsteady
Navier—Stokes equations was completed to study the non-
linear process of g-jitter effect on half floating zone convec-
tion including the deformation of free surface. The results
may be applied to study not only the response to high
frequency but also 10 low frequency gjitter fields. The
results of the present paper show that the flow will be
retarded and the temperature gradient will be decreased in
vibration environment.

2 Description of the Mode]

An axi-symmetric floating half zone is contained between
two parallel coaxial circular rigid disks with R, in radius.
The 10 ¢St siticon oil liquid bridge is held between the disks

“by surface tension as shown in fig. 1. The free surface of the

liquid bridge is a gas liquid interface and is deformable. Each
disk is maintained at a constant temperature and the temper-
ature at the upper rod is higher. The residual acceleration s
parallel to the cylinder axis (c-axis). the axi-symmetric
mould is adopted. The dynamic behaviour of the fiuid in the
liquid bridge is governed by incompressible continuing equa-
tion, Navier-Stokes equation. and energy equation under
the associated initial and boundary conditions.

For convenience. the height L of the liquid bridge is
adopted as the characteristic length. The typical velocity
U, =06 [8T"| = AT'[(ov} is introduced from the balance of
the tangential shear siresses at the free surface. 17 =
75— T, is the typical temperature which is the applied
temperature difference between the top and the botiom
rods. The dimensionless quantities may be defingd as fol-
lows:
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Fig. 1. Scheme of the liquid bridge
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where superscript prime expresses a dimensional quantity
(for example (x’, 0, v’) is the dimensional velocity vector).
o. . v. k. Ccf0T’, and g, are, respectively, the surface
tension, thermal expansion coefficient, kinematic viscosity,
thermal conductivity coefficient, differentiation of surface-
tension with respect to temperature. and the steady part of
gravity. The non-dimensional parameter Bo is the static
Bond number. Gr the Grashof number, Re the Reynolds
number based on the typical velocity U,, and Pr = v/k the
Prandd number. Marangoni number, Reynolds number
and Prandt] number are connected by the relation Ma =
Re - Pr.

The Boussinesq approximation for incompressible fluid
is used. Navier-Stokes equation and energy equation de-
scribed by dimensionless vorticity o, stream function ¥ and
temperature 7 are applied for the convection and heat
transfer processes in the liquid bridge.

We introduce, respectively. the stream function ¥ and
vorticity w, in non-dimensional cylindrical coordinates. as
follows:
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Then, the dimensionless equations for . w, and temper-
ature 7 may be written as follows:
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where the subscripts x and y denote differentiation with
respect to x and y. ¢, ., and ¢, are respectively the stream
function values at the distance Ax from the rods. The
equation of free surface is described as

Y= H(_\‘)_ R (13]

Eqs. {(11) and (12) represent the force balance condition
along the free surface. In eq. (9), the vorticity at the free
surface is given by the equilibrium condition of tangential
stresses (eq. (11)). Then, the problem is reduced to solve
eqs. (3)—(5) under boundary conditions (6) (12} for cer-
tain parameter values.



3 Numerical Simulation

In the present problem the direct simulation of equations
and boundaries mentioned above is carried out, the type of
basic equations is convection-diffusion under microgravity
condition. The hybrid method of fractional steps with the
modified characteristic procedure for convection operator
and the lumping finite element method for diffusion term is
used in the present programme. The liquid bridge is divided
into 306 triangular elements with 209 nodes. The linear
interpolation and Galerkin technique are used for the discre-
tion of the differential equation.

The height L and the diameter 2R, of the liquid bridge are
adopted as 30 mm and 30 mm respectively, the temperature
difference AT" is 40 K. The liquid bridge volume is an
important factor influencing the half floating zone convec-
tion. The ratio of the liquid bridge volume ¥, to the cylinder
volume V; is fixed in the present paper and adopted as
Vi1V =0.8. The body force is represented in the form

g =gi+gsin 2nf + do)  a(t) =§ sin (2nf7 + &,), (14)
i

where g, is a steady axial acceleration acting along the
negative z-direction under microgravity. g, is the amplitude
of the applied acceleration.

The steady solutions of (i, w,, To) corresponding to
& =10"%g, and g, =0 (before subject to periodical vibra-

tions) were adopted as the initial value, where g, is the steady -

earth gravitational acceleration. Fig. 2 shows the initial
isotherms and streamlines in steady state.
The periodical vibration g, sin (2nft + &,) is applied af-

terwards, where g, =10">g,. The system response to the .

periodical vibration was studied after the time evolution.
For unsteady calculation of the periodical vibration, the size
of time step was determined by stability condition. In this
programme, each non-dimensional time equals to 0.119s
(real time) and every time step is about 0.013 non-dimen-
sional time. The free surface shape which is calculated for
every 5 time steps is obtained by the normal stress equi-
librium condition.

Using the linear interpolation method, 3 fixed points
(p1, p2, p3) were chosen in the liquid bridge to illustrate the
temperature response. Point p4 is on the free surface
(x =0.17) and its position will change during the computa-
tional process.
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Fig. 2 Steady state isotherms (a) and streamlines (b) for
g, =10"%g,. g,=0, L =30mm, R,= 15num, and AT = 40 K

Fig. 3 shows the evolution of maximum stream functions
at different vibration frequency (a) /=1 Hg, (b) f=2Hz,
(¢} f=4Hz, (d) f = 10 Hz. It shows that in addition to its
periodical oscillation as response to the applied vibration,
the maximum stream function will decrease and attain a
steady value after some elapsed time. The steady value will
depend on the frequency of the applied vibration and be
affected by the frequency adversely (lower with higher
frequency). The characteristic time for the maximum stream
function to reach a steady value also depends on the vibra-
tion frequency, for example, the characteristic time is about
40 on the non-dimensional time scale for =10 Hz and 80
for f=2 Hz.

Fig. 4 shows the temperature response of the fixed points
(p1,p2, p3) and the free surface point p4 as a function of
the non-dimensional time with different vibration frequency
and same vibration amplitude 10~% go, where (a) f =1 Hz,
(b) f=2Hz, (c) f=4Hz (d) f=10Hz, (e) f=30Hz It
can be seen that the temperature oscillates as response to
the applied vibration. The mean part of the temperature
response will gradually increase and ultimately attain a
steady value after an elapsed time. [t seems that this steady

~ value and the elapsed time depend on the vibration fre-

quency. When the frequency is higher, the elapsed time is
less and the steady value is higher. For example, the elapsed
time is 40 on the non-dimensional time scale for f=10Hz
and 80 for f=2 Hz. These elapsed times for temperature
response are almost the same as those for the maximum
stream function; it seems that the flow and the temperature
field attain their harmonic oscillation state simultaneously.
Here we can also find that the frequency of the temperature
response equals to the vibration frequency. but the phase of
the temperature response opposes the phase of vibration.
Point p4 changes during the compurational process. It may
be the reason why its temperature does not have significant
fluctuation.

Fig. 5 shows the relation between the mean part of the
temperature oscillation and the frequency f of the applied
vibration. We can see that the mean part of the temperature
response not only increases with vibration environment but
also increases with the increasing of the applied frequency
at a fixed vibration amplitude. .

Fig. 6 shows the evolution of isotherms (a-d) and
streamlines (e-h) during 1 period (1s) for /=1 Hz and
& =10"%g, at the non-dimensional time ¢ = 84. At this
time, the flow and the temperature field is oscillating har-
monically with the applied periodical vibration. Here we
can see that the structure of the flow pattern and the
thermal field are significantly changed compared with the
steady state condition. The vortex cell becomes small and is
closer to the hot rod. The motion of the fluid is retarded
and the intensity of the flow is smaller. Corresponding to
the change of the flow pattern, the temperature field grows
smoothly. In fact. as the intensity of the flow decreases. the
thermal transfer in the liquid bridge goes down. maybe it is
the reason why the temperature gradient nearby the free
surface is attenuated.

Fig. 7 shows the isotherm difference (a-d) and stream-
line (e-h) difference which are the results of isotherins and
streamlines (fig. 3) in unsteady state condition sublracting
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T slight periodical changes of the isotherms and the streamlines

0.6 have the same frequency as the applied acceleration.
0.5 - . Figs. 8 and 9 show the isotherms. streamlines (fig. 8) and
0 3 10 15 20 25 30 lhe corresponding isptherm c_lifference. as well us‘s[rcamline
difference (fig. 9) during 1 period (1 s} at the non-dimensional

Fig. 3. The relation hetween the mean part of the temperamure  Ume ¢ = 84, where the amplitude of vibration increases to

response and the frequency [ of the applied cibration

g-=5"-10"7g,. Here we can see that the isotherms become
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smoother and the intensity of the flow tends to be lower
when the amplitude of vibration increases. -

Fig. 10 shows the free surface configuration at (a)
g:=10""g, and (b) g,=5-10"%g,. We can see that the
magnitude of the free surface change will increase with
increasing vibration. At g, = 10-3 g,, the ratio of the maxi-
mum free surface change 4H,,,. to radius R is 1.6 %. When
the vibration g, is increased to 5-1073g,, 4H,,. /R, is
7.8 %.

Fig. 11 shows the variation of 2 fixed points (a) x =9.17
and (b) x =0.83 at the free surface in response to the
vibration. It seems that the frequency of the free surface
response tends to the frequency of the applied acceleration
(for g,=5-10"3g,).
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4 Conclusion and Discussion

This paper studies the influence of gravity vibration on
thermocapillary convection numerically; and the de-
formable free surface is taken into account. A variable grid
with time is used successfully. The numerical programme is
applied firstly to calculate the thermocapillary convection
problem, which has an analytical solution, and the numeri-
cal results agree well with the analytical one. The program
has also checked with other programs, where similar con-
clusions were obtained.

The present calculation shows that in addition to its
periodical oscillation as response to the applied vibration,
the stream function will gradually decay and reach a lower
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steady value after an elapsed time. This elapsed time will
decrease as the vibration frequency is higher. For example.
when the frequency increases from 2 Hz w0 10 Hz, the
elapsed non-dimensional time will decrease from 80 to 40.
The mean part of the temperature response has a little rise
in the vibration environment, it will keep on a higher steady
value after the characteristic time.

The intensity of the flow is lower and the flow is re-
tarded, the temperature distribution is smoother. As the
amplitude of the vibration increases, such modulated action
on the flow and the temperature field tend 10 be more
obvious.

The results of our simulation are interesting because
when the vibration frequency increases. the amplitude of
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the time varying part of the temperature response keeps
almost constant. At the same time. the magnitude of jhe
free surface change is not sensitive 10 increasing vibration
frequency. It means that the effects of surface tension keeps
balance against total pressure difference. The shape of the
free surface is decided mainly by the pressure difference
across the surface. No matter how the pressure is. the
response of the free surface is very quick.

It has been shown by Briskman’s work [4] that vibra-
tions increase efficiently the Marangoni stability. and that
the amplitude of velocity decreases with increased vibra-
tional parameter. These results are qualitatively consistent
with ours and give the possibilities of vibrational con-
trolling of thermocapillary convection.
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