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Thermal Convection in an Enclosure Due to
Vibrations Aboard Spacecraft

Y. Kamotani,* A. Prasad,f and S. Ostrachf
Case Western Reserve University, Cleveland, Ohio

This paper discusses thermal convection in an enclosure induced by spacecraft vibrations (g-jitter). Under
normal circumstances (no maneuvers, no intentional spinning of the spacecraft) the g-jitter generates
predominantly oscillatory velocity and temperature fields with zero time-mean values. The g-jitter can also
generate secondary flows with nonzero mean, but they are of much smaller order. Some implications of the g-

Jitter on materials processing in space are discussed.

Introduction

NE of the primary advantages foreseen for processing of

materials in space is the reduction of natural convection
associated with the Earth’s gravity. However, there have been
some indications (e.g., Apollo 14 experiments!-?) that
spacecraft vibrations might cause appreciable thermal con-
vection. Such convection may be important in fluids ex-
periments and also affect the quality of crystals grown in
space. Therefore, to study the effectiveness of spacecraft
vibrations in generating fluid flows, the present work
theoretically investigates a case in which a fluid-filled con-
tainer with differentially heated walls is subjected to
spacecraft vibrations. Implications of the results for space
processing are discussed.

In an attempt to evaluate the effects of g-jitter on fluid
motions Spradley el al.? made a numerical analysis for
various configurations. They considered three g-jitter
profiles, sinusoidal, absolute sinusoidal and saw tooth, and
compared the flowfields with that for constant g level. They
found that if the g-jitter is decomposed into a time mean part
and an oscillatory part, the mean part is more important than
the oscillatory part in determining the flowfield and heat-
transfer rate. A somewhat related work has been done by
Forbes* where the effect of sinusoidal vibrations on natural
convective heat transfer in a rectangular enclosure is studied
experimentally as well as numerically under 1-g conditions.
The results indicate that the vibrations have very little effect
on the heat transfer when the flow is laminar.

The present study is more comprehensive than the work by
Spradley et al.,? and is meant to give a better physical insight
into the g-jitter in space. Some of the material presented
herein is taken from the work by Prasad and Ostrach.?

Formulation of the Problem

g-Jitter

Consider an experimental setup which is in a spaceship
orbiting the Earth (Fig. 1). The coordinates (X,,Y,,Z,;) are
fixed at the center of the Earth with origin 0 (fixed frame of
reference), and the coordinates (X', Y’,Z") are attached to the
spacecraft with origin 0’ at its center of mass. The coor-
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dinates (x,y,z) are attached to the experiment. We suppose
that the coordinates (X’,Y’,Z’) are rotating with angular
velocity @ about the origin 0’. Then the absolute acceleration
of a moving fluid element in the experiment is given by

Du dQ
=—+20Xu+— X (R’ +r
a="pp TAXut G X (R4

+OX (X (R’ +7)) +g+a,+F/M 1)

where u and r are the velocity and location, respectively, of
the element with respect to (x,y,2), a, is the acceleration of 0’
with respect to (X, Y, Z,) caused by centrifugal and
aerodynamic forces on the spacecraft, g is the gravitational
acceleration which acts toward 0, and F denotes forces ap-
plied to the spacecraft whose mass is M. :

When u, @, and F are zero, then the force per unit mass
acting on the fluid element is given as

Ag=g+a

where |Agl is called the reduced-gravity level whose value
varies depending on the position in the spacecraft. Because of
such variation of Ag inside the spacecraft, the spacecraft
generally spins slowly around its center of mass, and thruster
engines are used to correct its attitude. Other possible sources
of external forces are crew motions and onboard machine
vibrations. When forces act on the spacecraft, the moving
fluid element experiences a body force per unit mass ac-
cording to Eq. (1) i

f=29xu+c;—{: X (R’ +r)

+OX (XX (R’ +1)) +g+a,+F/M @

in addition to the real acceleration Du/D¢ in the moving
frame. |f! is termed g-jitter level.

For the spacecraft to remain in orbit (no maneuvers) it is
necessary that the time-average of the forces F must vanish. In
the present study the situation in which the spacecraft is in-
tentionally spinning is not considered so that the time-average
of @ is also taken to be zero herein. The third term on the
right-hand side of Eq. (2) represents the centrifugal force due
to spacecraft oscillations and it has been shown in Ref. 6 to be
negligible under normal circumstances.

" In view of all the above contributions to the body force, Eq.
(2), except for the reduced gravity terms must be of an
oscillatory nature. Since the reduced gravity level is usually
between 10 -7 to 10-° g,, where g, is the gravitational ac-
celeration on the surface of the Earth, and at any instant of
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time the oscillatory part of the g-jitter can be as great as 10 -3
8o (Ref. 2), the latter contributes most to the g-jitter. In reality
the g-jitter vector f changes randomly with time. However, in
the present work the g-jitter level is simulated by a sinusoidal
function of time superposed on a constant reduced gravity
level.

Basic Equations

Consider a rectangular container filled with fluid (Fig. 2).
Plate 1 is maintained at temperature ,, and plate 2 at 8,, and
the other walls are thermally insulated. The basic equations
with respect to the coordinate system (x,y,z) are as follows.

Continuity equation:

dp _
E+V-(pu)—0 3)

Momentum equation:

Du R
— = U+ — Vv (V-u) - 4
Y VPtV iut =V (V- u)-of @
Energy equation:
Do
C,—+ =kv?20 5
*Cr 5 | &)

In general the body force due to g-jitter can act in any
direction. However, at first, it is assumed that the g-jitter acts
only in the x direction, normal to the imposed temperature
gradient, and thus the flow is considered to be uniform in the
z direction (two-dimensional flow). We consider the g-jitter
which is expressed as

Sy=A'F(t)+F,, f,=f,=0

where A’ is the amplitude of the oscillatory part and F,, is the
mean g-jitter level. If the oscillatory part is caused by a
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periodic vibration of amplitude ¢ and frequency w, then
A’ =aw?.

The boundary conditions are the no-slip conditions on the
wall surfaces for velocities and specified temperatures at
plates 1 and 2 and insulated conditions on the other walls.

Equations (3-5) are nondimensionalized by introducing the
following:

X=x/Lx, Y=y/Ly, 7=wt, U=u/aw,
V=(v/aw)L,/L, P=(p/p(aw)?)a/L,,
T=(0-0,)/(8,—0,)=(6—0,)/AT

The characteristic velocity aw in the x direction is obtained by
equating the dominant body force term and the unsteady term
in the x-direction momentum equation, since those are two
dominant terms in the equation as long as the Reynolds
number is much larger than unity as shown below.

If the pressure in the container is constant (by means of
bleed openings), variation of density with temperaturé is
expressedas

p=p,(1-B(60—0,))=p,(1-BAT(T~T,)) )

where 6, is a reference temperature. The coefficient of
volumetric expansion S is, in general, on the order of 10-2-
10 -* (1/°C), and thus BAT is considered to be small. As in
natural convection problems,’ the dependent variables in
Egs. (3-5) are expanded in terms of e=BAT, namely

U=U,+eU, 4 (7a)
V=V,+eV, (7b)
T=T,+e(a/L)T, ‘ (70
P=P,+¢P, 7d)

Substitution of Eq. (7) into Egs. (3-5), followed by the
formal process of equating terms of like power in ¢, yields a
set of differential equations for each power in e.

It can be shown? that the zeroth order solution is simply a
hydrostatic balance, namely U, = V,, =0. This means that the
whole fluid moves as a bulk with the container to this order of
approximation. The fact that there is no fluid motion in this
order of approximation was shown in the drop-tower tests
reported by Prasad and Ostrach.5 The zeroth-order tem-
perature distribution is described by conduction,

aT, _ v _I_[32T0+(LX)2BZT0] ®
a1~ wLo PrLax? "\L,/ 3y2
where Pris the Prandtl number. Under steady conditions T, is
simply expressed as Ty =Y.

Therefore, as in natural convection problems, the most
important equations are on the order of e¢. The first-order
equations are as follows:

U, av,
ot R 9
ax "oy ®

DU, P, v _,

=-=1 U
Dr ax T wL 2 v
a F
+(T,,+eL—xT,) (F(T)+ ﬁ;) (10)

DYy (Leyidby,

— 2V 11
Dr L,/ 3y wszV ! (1

y



APRIL 1981

DT, v 1 aT,
= viT, -V, —
Dr wL, Pr ] Y

(12)

where D/Dr=3/3r+ea/L,(U,3/0X+V,3/3Y) and V2 =
82/8X%+ (L,/L,)?8%/8Y2,
The boundary and initial conditions are;

U (X071 =U(X,L,1)=U;(0,Y,7)=U,(L,Y,7) =0

Vi X0n)=V (X, ,1)=V, (0,Y, )=V, (LY, 1) =

TI (Xoxr) =T1 (X)I)T) =o
aT,(0,Y,7)/0X =0T, (1,Y,7) /X =0

U, (X.Y,0)=V,(X,Y,0)=T,(X,Y,0)=0

The following significant dimensionless parameters in the
problem appear in Egs. (10-12): wL,2/v=Re=Reynolds
number, ratio of viscous diffusion time to period of
oscillation; Pr=Prandtl number; L,/L,=Ar=aspect ratio;
€a/L,=eA =relative amplitude of fluid oscillation; and
F,,/aw? =ratio of mean g-jitter level to oscillatory level.

The values of Pr for liquid metals are on the order of 10 -2,
and for water Pr is about 10. This is the range of Pr studied
herein. In space flight w is typically 0.1-10 rad/s (Ref. 6) and
the values of » for liquids, gases, and liquid metals are on the
order of 10-%-10 -7 m2/s. Therefore Re is considered to be
larger than unity unless one has a very small scale setup

<1 c¢cm). The aspect ratio is considered to be unity in
the foﬁowmg analysis, but other aspect ratios are also studied
in some cases. The present analysis deals mainly with
predominantly oscillatory disturbances which persist more
than 3 to 4 cycles. Such disturbances are caused by crew
motions, intermittent thruster firings for attitude control and
on-board machine vibrations. Typically aw? is on the order
10-3-10-% g, and F,, 10-7-10-% g,. Therefore the ratio
F,/aw? is typically less than 10-2, The parameter eA is
considered to much smaller than unity. When A (=a/L) <1,
then e4 <e so that the terms of order eA in Eqgs. (10-12) are at
most one order of magnitude smaller than other terms, and
thus those terms are considered to be negligible in the present
analysis. On the other hand when A > 1, then e<eA <1 so that
the terms of order eA4 are retained as correction terms.

Analysis

Steady-State Analysis
Steady-state solutions are studled first. It is convenient to

decompose the velocities, temperature and pressure into the
oscillatory parts and the mean parts as follows:

U,=Uj+eAD, (13a)
V,=Vi+eAV, (13b)-

=T} +¢AT, 130)
P,=P]+eAP, (13d)

The overbar denotes time averages. The equations for the
fluctuating and mean flowfields are obtained by substituting
Eq. (13) into Egs. (9-12), and following the procedures used to
study turbulent flows. The following equations are obtained
by noting that under steady-state conditions T,=Y, and
neglecting small order terms.

For the fluctuating flowfield,

oU; OV _
ax | aY

14
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a7~ ax " Re 1 ) as
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o422 T g2y
a7 T3y +Rev Vi s
aT; 5
_-— T/_ ’
ar Pe’ 1 Vi a7
where Pe=RePr.
For the mean ﬂowfield.
20, oV, _, 5
axX Y _( )
1 9P, U, U} ——_ 1 F
— v, -2 =U; L +V; =L -T;F(r) - — —=
Re Y Uimox =Vigg *Vigy ~TiF(D - 3 27
19)
1 oP, 3V, _ av;
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—v27T,=U, vi—L4p, 21
Pe VT =U ax TVigy T @n

Since eA4 is considered to be smaller than unity, the
oscillatory flow is dominant over the mean flowfield ac-
cording to Eq. (13) so that the former is studied first.
Analytical solutions to Eqs. (14-16) are difficult to obtain.
Since Re is large, the inviscid solution to Egs. (14-16) may give
us some important information on the velocity field. In-
troducing the stream function y; such that U;=4ay;/dY,
Vi= —0y;/0X and setting F(7) =cosr, the inviscid solution
is given as

Y, =A2¥(X,Y)sinr 22)

where

4 @x©
V(X Y)=1/2X(%-X)— — v

n=0

(—1)"cos((2n+1)m(X—1/2))cosh{((2n+1)nw(Y—1/2)/Ar)

{

(2n+ 1)3cosh((2n+1)7/2/Ar)

According to Eq. (22) y; is characterized by ¥(X,Y)
spacewise, and by sin7 timewise. The function ¥ is plotted in
Fig. 3 for Ar=1. As seen in the figure, the fluid motion is
unicellular spacewise.

To obtain the complete solutions, the set of Egs. (14-21)
were solved numerically. Since they are linear systems, the
numerical procedures are simpler than those required to solve
the complete equations (9-12). Equations (14-16) were solved
first. The latter equations were put into the form of vorticity
equation, which was then written in a finite difference form
(forward-time and centered-space approximation). Since the
vorticity equation is linear, the finite difference equations
were quite adequately solved by the standard ADI method. 3
After U; and ¥ were computed at each time step, T; was
computed using the same method. As for the mean flowfield,
its driving forces are given by the time averaged inertia,
convection, and body force terms associated with the fluc-
tuating flowfield. To compare the driving forces terms such
as U;0U;/dX are approximated by Uj (U}, ;—Uj._;)
/(2AX), and their time average values were computed after
each cycle. After about 3 to 4 cycles those averages were
found to become independent of the integration time. Once
the driving forces were determined, the mean velocity and

}
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Fig.4 Velocity oscillation level for Ar=1.

temperature fields were computed using the successive over-
relaxation method. The problem was studied in the ranges
Re< 1000, 0.01 =Pr=10 and Ar=1. F(r) was taken as cosr.
After some computation at 11 x 11 grid system for Re<200
and 16x 16 for Re>200 were found to be adequate. As for
the time step size 32 steps per cycle were found to give stable
solutions for all the ranges of the parameters studied herein.
Using the numerical results several aspects of the problem are
discussed below. The magnitudes of the oscillatory fluid
velocities U; and V¥, stream function y; and temperature 77
are represented herein by the maximum values in the con-
tainer, namely |Uj,maxl, |V;maxl, |Y;maxi, and
|7} ,maxl.

Figure 4 shows the values of 1U;,max| and ly;,max| for
various values of Re and Ar=1. Both increase with Re, and
approach those for -the above inviscid solution. Beyond
Re=1000 those values do not change appreciably. Figure 5
shows the values of |U],maxl, 1V}, max!| for various values
of Ar calculated from the inviscid solution. All the values
increase with Ar.

One important effect of viscosity is that it gives rise to
phase shifts in the velocity oscillations. Figure 6 shows the
velocity changes with time at different Y locations at X =0.5.
As seen in the figure the fluid particles at different Y locations
are not oscillating synchronously. The phase shift becomes
more noticeable towards the wall.

The temperature distribution depends on Pr as well as Re.
Figure 7 shows the values of |177,max! for various values of
Pr and Re. As seen in Eq. (17) when Pe is very large,
71 = V1. According to Fig. 7 that happens in the region
Pe=500 for Ar=1. Below Pe=500 the temperature fluc-
tuation level becomes smaller as Pr decreases for a given value
of Re.

As explained above if e<ed <1 or if the reduced gravity
level is important, there are corrections to the above velocity

Fig.5 Inviscid velocity oscillation levels as function of Ar.

R,=100 , A=l

-2

Fig. 6 Phase shifts in velocity oscillations.

field. Those corrections result in the mean velocity field. The
mean flowfield is discussed using the numerical results. If the
reduced gravity level F,, is on the order of 10-7-10-° g,,, aw?
10-3-10 % g, and eA4 about 0.1, then (1/eA) F,,/aw? <10 2
so that the term was considered to be negligible in the
numerical analysis. According to Eq. (19) the mean flowfield
is caused by the inertia terms of the fluctuating-velocity field
and by the body force associated with the fluctuating-
temperature field. As discussed above when Pr is much less
than unity, the temperature oscillation is much smaller than
the velocity oscillation so that in that case the mean flowfield
is mainly caused by the inertia terms. This kind of mean fluid
motion is generally called streaming motion.® A typical
streaming motion in the present problem is presented in Fig.
8, where y, is defined such that U,=4ay,/3Y, V,=
—317/, /0X. The flow pattern is such that the fluid is pushed
out from the corners along the walls, and for Ar=1, as seen in
Fig. 8, a pair of counter-rotating eddies in one quadrant are
symmetric. For later use we denote ¥, ; and ¥, , for the values
of ¥, at the center of the eddies (Fig. 8). As Pr becomes large
the temperature oscillations become important. It was found
that as Pr increases the mean flowfield changes in such a way
that the value of ¥, ; becomes larger than ¥, ,, and eventually
the eddies associated with ¥ 1.2 disappear. A typical example is
shown in Fig. 9. The values of ¥, , and ¥, , for various values
of Re and Pr are plotted in Fig. 10. For Pr=0.01 the asym-
metry appears around Re =300, and for Pr=1 ¢ 1,2 disappears
around Re = 100. _

As for the mean temperature field the ratio of T, to T, is
(e4) 2 so that T, has to be very large to modify T, and thus to
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Fig. 10 Magnitude of secondary flow.

change the heat transfer rates at the walls. An inspection of
Eq. (21) reveals that the value of T, increases with Pr and Re.
According to the present numerical calculations the heat
transfer rate changes only about 2% from that of conduction
at Pr=1 and Re=500. Therefore for the ranges of the
parameters studied herein the effect of T, on T, is considered
to be very small.

Other Aspects of the Problem

In the above analysis both the temperature distribution
(T,) and g jitter (f,) were assumed to be in steady states.
The situations where either one is in a transient state are
discussed below.

In the case where the heating starts at 1=0 we set T, =0
everywhere for 1<0, and T,=1 at Y=1 for ¢=0. Then the
solution to Eq. (8) using ¢ instead of ris given as

2n+1+Y

% 2n+l-Y z"': e 2n At Y
Nat/L,

= fo'———— — 23
T, ,,Z;OCICZ\/&?/LY 23)

n=0

where « is thermal diffusivity and ozt/Li is dimensionless
temperature diffusion time. Figure 11 shows the changes of
{U,,max|, |T,max| and |y, maxl with time as T,
develops. The profiles of T, at several times are also shown.
As seen in the figure, the stream function increases
monotonically with time, indicating that the flow as a whole
increases its strength with time. The changes of U, and T,
with time indicate that locally the velocity and temperature
oscillation levels go slightly above the steady-state levels. The
same trends were found for other values of Pr and Re.

Another transient case is when T, is steady but f, starts at
t=0. An accurate treatment of this case is rather complex
because in general f, does not necessairly start as a well
defined sinusoidal function. The profiles of f, during the
adjustment period depend on how the external forces are
applied to the spacecraft. However, barring some large peaks
in f, during the period, the velocity and temperature
oscillation levels are expected to be of the same orders as those
for the steady state.

Another aspect of the problem is the effect of the g-jitter
acting parallel to the imposed temperature gradient. Suppose
S, is expressed as f, =a,w?F(7) (both « and F(r) are con-
sidered to be approximately the same as those for f,), then
eliminating the pressure terms from Egs. (10) and (11), the
body force term in the resulting vorticity equation is given as
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(F,, is considered to be negligible as before)

a, T,

20 peq—L_
" ‘L, ax

aT, aT
2 0 1
A'[BY Yy

]F(r)k

The last term in the parentheses is the contribution from the
parallel component. As in the case of ea/L,, ea,/L, is in
general considered to be much less than unity. Therefore, the
main-body force is still 87,/dYF(7), that is, the oscillatory
field is unaffected by the parallel component. On the other
hand the mean flowfield is affected by it unless the ratio
a,L,/aL, is small.

Probably a more important effect of the parallel com-
ponent is that it may cause a thermally unstable condition
(due to heating from below). Although the critical condition
for the onset of thermal instability is known for constant
gravity, the critical conditions for oscillatory body forces
have not been studied except for the work by Gresho and
Sani,!® in which they studied the critical conditions for
constant gravity superimposed by a small oscillatory body-
force field. The results of the work are not applicable to the
present work in which the g-jitter is assumed to be
predominantly oscillatory. The stability aspect is left for
future work.

Implications for Materials Processing in Space

Although the effects of the g-jitter on materials processing
in space depend on the specific nature of the process, some
general implications are discussed below.

It is important to note that thermal convection in an en-
closure associated with spacecraft vibration is predominantly
oscillatory. The magnitude of fluid particle displacement is ea
and thus ea/L, is the magnitude relative to the dimension of
the container. Since in general ea/L, is much less than unity,
the fluid particles oscillate in a relatively small region. This
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and the fact that for materials processing the orders of Pr and
Schmidt number are less than ten result in the situation where
heat and mass transfer are predominantly governed by
conduction and diffusion, respectively, as explained in the
previous section. One thing which may be important in
materials ‘processing is the temperature oscillation in the
container. The order of temperature oscillation is eAAT or
relative to the imposed temperature difference is eA.
Although this value is small, it may influence the dynamics of
the growth front. The same is true for concentration
oscillations if impurities are present.

Conclusions

The effects of g-jitter on laminar fluid motions in an en-
closure whose two opposing walls are at unequal temperatures
were investigated. The following conclusions are drawn from
the present work.

1) The important dimensionless parameters in the problem
are Re, Pr, Ar, €A, and Fm/aw?. The first-order oscillatory
velocity and temperature fields are characterized by Re, Pr,
and Ar. The parameters e4A and Fm/aw? are generally much
less than unity, and their effects appear in the second- and
higher-order solutions.

2) The component of g-jitter normal to the imposed
temperature gradient is most important in generating thermal
convection. It produces a unicellular oscillatory fluid motion.
The oscillatory velocity level increases with Re for given Ar,
and is of the order of eaw. The temperature oscillation level
increases with Re and Pr, and is of the order of e4AAT.

3) If e<ed <1, the oscillatory g-jitter generates a mean
secondary flow which is superposed on the oscillatory flow.
The secondary flow velocity is of the order of e2 Aaw.

4) The g-jitter component parallel to the imposed tem-
perature gradient does not cause appreciable changes in the
oscillatory flowfield except possibly when the fluid becomes
thermally unstable.
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