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Transient Convection caused by
Acceleration Disturbances®

Transient convection caused by acceleration disturbances is
investigated in a fluid-filled cylinder differentially heated at
its end walls. The influence of the fluid properties is consid-
ered by using silicon, air, water and glycerin as test fluids,
thus a range of Prandtl numbers of four decades from 102 to
107 is covered. A three-dimensional numerical code was de-
veloped, by this means the effects of the angle between the
temperature gradient in the cylinder and the gravity vector
could be investigated. The initial conditions in the liquid are
no motion due to low gravity, and a linear temperature profile
between the heated bottom and the cooled top walls of the
enclosure caused by pure conduction is supposed. Several
acceleration disturbances, such as step pulse, single rectangu-
lar and sinusoidal pulse and series of pulses of various ampli-
tude, shape, and duration expressed by modified Rayleigh and
Fourier numbers (Ra* and Fo*) were examined. For the test
of the numerical code, the Rayleigh-Bénard problem was
studied for cylinders of various aspect ratios. With these

results general statements can be made about the influence of

acceleration disturbances on convection for material process-
ing under microgravity, and this may help to interpret inho-
mogeneities in performed experiments and to avoid them in
Sfuture, as well.

1 Introduction

Since material science experiments have been performed in
a microgravity environment, a lively discussion about the
influence of acceleration disturbances on material speci-
mens has come up, and is still going on. Such interferences
of the microgravity environment induce convection in lig-
uids, when they are differentially heated in their process
containers. This convection might, in turn, cause inhomo-
geneities in the solid material or in the crystal structure, if
such g-jitter perturbations occur during the solidification
process. On the earth the influence of such disturbances
cannot be studied, because an experimental simulation of a
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low gravity environment is only possible in space vehicles,
or for a short period of time, in sounding rockets. There-
fore the onset of convection and the development of the
transient flow field under g-jitter disturbances can only be
studied by means of numerical simulations, which may help
to interpret and plan space experiments, although no predic-
tion of the inhomogeneities to be expected in the solid
material can be made. For the simulation of the effects of
g-jitter disturbances in liquids, we developed a numerical
code to calculate three-dimensional laminar natural convec-
tion in a cylinder differentially heated at its end walls using
the experience of many years in numerically solving thermo-
fluid-dynamic problems [1-4]. In former papers [5, 6] we
reported in excerpts about this study, which was conclu-
ded in 1990 [7], whereas a summary of the most important
aspects of g-jitter effects is presented in this paper.

In [5] and [6], and in detail in [7], a review is given on
former works on this problem [8—14]. Most of these papers
contain analytical solutions or two-dimensional approxima-
tions, in which the influence of the cylinder’s angle of
inclination towards the gravity vector could not be consid-
ered. Due to the lack of space here, we refer to the literature
for a complete overview.

2 Acceleration Disturbances

Before the numerical analysis is presented, the question of
the gravity disturbances to be expected during a space
mission is discussed. A general analysis of the microgravity
environment of an earth-orbiting system was presented by
Hamacher et al. [15], while the characteristic features of
gravity interferences recorded during the D1-mission are
carefully evaluated by Hamacher et al. [16], and are well-
known from our own observations and recordings on
MEDEA HPT during this mission.

Both external and internal forces may give rise to accel-
eration disturbances. The external forces are caused by
operational activities, such as thruster firings for altitude
control. The main direction of such disturbances is along
the axis of the orbiter vehicle with highest spikes of
60 - 10~* g,. The internal forces result from mass allocation
inside the space vehicle due to mechanical motions of
experimental facilities and crew activities. Impulses caused
by these internal forces are always compensated by im-
pulses of the same size in opposite direction with a time
delay corresponding to the resonant frequency of the ex-
perimental module overlapped by the natural frequency of
the Spacelab module in its suspension. Typical spikes have
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amplitudes of less than 10-1073g,, but they are often
random in their direction. In quiet phases, peaks of the
resulting gravity vector are recorded to be 0.2 - 1073 g, in
maximum.

Considering the above facts, it is obvious that a general
prediction of the influence of gravity disturbances cannot be
given. Firstly, they depend on the space vehicle and the
mission itself; most of the disturbances are random in
direction, amplitude, and time of their occurring. For special
sensitive experiments, quiet phases can be arranged, how-
ever, not for the complete period of a manned mission.
Secondly, the experiment itself, the geometry, the size of the
temperature gradient in the liquid, the direction of the
acceleration vector with respect to the temperature gradient,
and the properties of the fluid are of considerable impor-
tance. For each sensitive experiment, a separate analysis
should therefore be made taking into account all the influ-
ence factors mentioned. Here a more general study is pre-
sented, in which the shape, the amplitude, the frequency and
the direction of the acceleration pulses, the properties of the
liquid, and the aspect ratio of the cylindrical enclosure are
considered as parameters.

3 Theoretical Approach
3.1 Physical and Mathematical Models

The problem under consideration is sketched in fig. 1.
The transient three-dimensional buoyancy-driven flow in a
cylindrical enclosure filled with gas or liquid is governed by
the following equations, when work of compression and
viscous dissipation are neglected:

o Equation of continuity:

Do

==V (1)

o Equation of motion:

Do -
g-a——Vp—%Vr—l-gg 2)
e Equation of energy:
T
gcp-@=vu vT) (3)

The following differential operators are employed:

2 0 0 v, 0 0
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\% —;E.r—F;%-i—E- (4)
We assume no-slip conditions at all rigid walls:
v|wall = 0 (5)

The thermal boundary conditions are isothermal top and
bottom walls:

T(rs @, O) = Thnn
T(ra @, H) = Tculd' (6)
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at all walls:
V=V, =V, =0

Fig. 1. Schematic diagram of the enclosure with boundary conditions
and gravity vector

Furthermore, a perfectly insulated lateral wall is assumed:
oT
ar r=R

=0. (7

For gases the equation of state for an ideal gas applies:

p

o) =57 ®
while the density of the liquids is calculated from:
oT) = ——22 ©)

14+ B,(T—T,)

The aspect ratio of height to diameter A4, the inclination
angle o of the cylinder’s axis towards the direction of the
gravity field, the Prandtl and Rayleigh numbers can inde-
pendently be varied. The following scales for obtaining
dimensionless quantities are employed:

® Rayleigh number:

DX(T,,, —
Ra — gﬂp (Thot Tcu[d) ( 10)
va
® Modified Rayleigh number of pulse amplitude:
* 3 .
Ra* — g BpD (7‘[1()’ Tco[d) (1 1)
va
e Prandtl number:
Pr=" (12)
a
e Fourier number:
ta
Fo = Y (13)

o Modified Fourier number of pulse duration or oscillation
period:

1
Fo* = D—“2 (14)
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@ Dimensionless velocity:

v* = oD (15)
a

e Dimensionless frequency:
D2

= (16

3.2 Method of Solution

For the study of transient laminar natural convection in a
cylinder by a three-dimensional calculation, the numerical
code is based upon a finite-volume method with explicit
time steps and a sémi-iterative pressure-velocity correction
(SIMPLE) [17]. The conservation equations for mass, mo-
mentum, and energy (1)—(3) are discretized by using an
equidistant mesh (4r = const., Ap = const., Az = const.).

The algebraic equations are formulated in terms of
primitive variables (v,, v,, v, p, T). Temperature and pres-
sure are defined in the center of the finite volumes. The
velocities are calculated for points on the faces of the
control volumes by employing a “staggered grid”. All
properties are constant, except density, which is assumed
to depend on temperature only. The density of air is calcu-
lated from eq. (8), while the density of the liquids is
indirectly proportional to their temperature in eq. (9). Fur-
ther computational details are given in [5-7].

For every time-step, the flow field is calculated, and the
maximum velocity is determined in order to describe the
intensity of the fluid motion. Even if location and direc-
tion of the maximum velocity vary, its magnitude is an
upper limit for all velocities in the fluid, and it is used
in the graphs to characterize the intensity of the flow. In
a horizontal cylinder the fluid moves upward at the hot
wall to stream down again at the cold wall forming a
single roll. For a cylinder of 4 =1, the velocities in the
vicinity of the hot and cold walls are of the same magni-
tude as the ones adjacent to the lateral wall. Thus, even if
the maximum velocity is observed adjacent to the lateral
wall, it describes the velocities near the hot and cold walls,
as well.

3.3 Fluid Properties

To consider the influence of the properties, four different
fluids are used for the calculation: silicon, air, water, and
glycerin. The properties are given in table 1. In ther-
mofluid-dynamic problems, the Prandtl number is an im-
portant property, which is varied with the selected fluids
over about four decades from 10-2 to 102 It should be
mentioned that for the low-Prandtl number fluid silicon,
the calculation consumes much more CPU time than for
the other fluids.

4 Results
4.1 Rayleigh-Bénard Problem for Various Aspect Ratios

To test the sensitivity of the numerical code, the unstable
density stratification was examined in a Rayleigh-Bénard
problem. Moreover, the critical Rayleigh number was de-
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Table 1. Properties of the investigated fluids

fluid silicon |air (p =1 bar)| water | glycerin
Pr 0.023 0.71 7.0 134.9
v [107°m?s~] 0.3 15.1 1.0 11.9
a[107°m2s~'] 13.0 21.3 0.14 0.088
¢, [Tkg ' K-'] | 1,047.96 1,005 4,183 | 2,430
' [ké m~3] 2,500 1.2045 998.2 | 1,260.4
T, [K] 1,690 293 293 293
B, [107* K™ 1.43 34.13 1.8 4.9

termined for various aspect ratios A4 of a cylinder filled with
air as test fluid. To obtain the critical Rayleigh number, the
onset of convection was initiated by a small temporary
perturbation. The initial conditions for this case were no
motion in the fluid, a linear temperature distribution from
bottom to top with the higher temperature at the bottom,
and a hydrostatic pressure profile according to earth gravity
along the vertical z-axis. The perturbation was activated by
inclining the cylinder for the duration of one time step by
an angle of only 0.1° from the vertical position for aspect
ratios 4 > 1. For aspect ratios 4 < 1/2, the disturbance was
brought about by an initial hot spot in the center of the
bottom wall during the first time step of the calculation. By
this method, stable flow modes were induced, which was for
A =1 the non-axisymmetric roll mode with fluid moving
upward on one side and flowing downward on the other
one; for 4 <1/2 an axisymmetric toroidal flow mode pre-
vailed, despite the non-axisymmetric activation. Using this
technique, it could be guaranteed that the stable flow modes
were activated.

It is interesting to note that our computer code com-
prises all the physics necessary to fully describe the stability
of the flow (fig. 2). If Ra < Ra,,,, the initial flow is damped
out after its activation by the perturbation. However, if
Ra > Ra,,;,, the maximum velocity in the flow field in-

\ —— Ra> Racit _
1.4 ‘\ —  RamRau 7
L -—- Ra <Raei -7
T 12
fs
H
& 1.0

0.02 0.04 0.06 0.08 0.10

Fig. 2. Transient development of the maximum axial velocity after
an initial perturbation in the Rayleigh-Bénard problem

29



J. Straub and S. Schneider: Transient Convection

108

10

Charlson and Sani
Buell and Catton
Mueller et al.
Weber

Edwards

own calculation

Racm

104

o QO <o D

10% 1 3 4 5 6

A=H/D
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Fig. 4. Intensity of the flow field v}¥,. (a) and averaged Nusselt
number Nu (b) dependent on the dimensionless time Fo for different
angles on inclination for air (Ra* = 5,000)
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creases again, after the initial flow due to the perturbation
has faded away, and reaches a finite steady-state value after
some time. Only for the case of the critical Rayleigh num-
ber, a steady flow develops after the decay of the initial
disturbance with small velocities and the characteristic
dv*/dFo =0. In fig. 3 the calculated critical Rayleigh num-
bers are compared with the theoretical results of Charlson
and Sani [18], Buell and Catton [19], and Edwards [20], and
with the experimental results of Mueller et al. [21], and
Weber [22]. For A -0, the critical Rayleigh number ap-
proaches the classical value of Ra,, = 1707.8 for the infi-
nite horizontal fluid layer.

4.2 Direction of the Gravity Vector

The influence of the angle o between the temperature gradi-
ent and the gravity vector is an important parameter for the
onset of convection, and is investigated for a cylinder of
A =1. The initial conditions are a linear temperature
profile in axial direction and no motion in the fluid corre-
sponding to g =0 and Ra =0, respectively. For t =0 or
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Fig. 5. Transient development of the maximum velocity for the
liquids investigated (a), using a different time scale (b) (@ = 90°,
Ra* = 5,000)
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Fig. 6. Transient development of the flow field (a) and the heat
transfer (b) for different amplitudes Ra* of the step pulse (x = 9(°,
air)

Fo =0, a sudden change of the gravity level to g*, charac-
terized by Ra* = 5,000, was induced. This value was kept
constant, until steady-state flow was established. The angle
o = 0° represents a gravity vector of the same orientation as
the temperature gradient. The density stratification is un-
stable for o > 0°, because the bottom is heated, whereas
o = 180° describes a stable stratification resulting only from
heat conduction.

The calculations were performed for air, water, glycerin,
and silicon, although only few results are presented here.
In fig. 4a the development of the maximum dimension-
less velocity is plotted versus the dimensionless time, the
Fourier number. For small angles of inclination, the reac-
tion of the flow is slow, increasing with « and overshooting
at higher angles. Maximum flow and heat transfer (fig. 4)
are achieved for o =45°. It is remarkable that, in the
beginning, the maximum velocity is identical for both the
inclinations a and 180° — a. The development of the flow
and the heat transfer is similar for water, glycerin, and
silicon. For silicon, with its low Prandtl number, both the
maximum velocity and the heat transfer are shifted to an
angle between 60° and 75°. The steady-state averaged Nus-
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selt number for Ra* = 5,000 is increased from unity, repre-
senting pure heat conduction, to 1.7 for air, 1.6 for water,
and 1.21 for silicon.

In fig. 5a the onset of convection is sketched for the
investigated liquids for « = 90° and a gravity step of infinite
duration Fo* and of amplitude Ra* =5,000. The over-
shooting of the maximum velocity declines with decreasing
Prandtl number. Glycerin, water, and air obtain a steady-
state flow within a time of Fo < 0.1. The flow field of silicon
reacts with some delay, no overshooting is observed, and
steady-state conditions are reached one order of the dimen-
sionless time later than with the other fluids. If Fo - Pr =
t-v/D?is used as a new dimensionless time scale in fig. 5b,
the initial maximum velocities coincide with each other on
one curve for the four liquids investigated. This means that,
in the early stage, the development of the flow is dominated
by the fluid’s viscosity. ‘

The influence of the gravity step, expressed by the Ray-
leigh number, is demonstrated in fig. 6 for air and o =90°.
With an increasing Rayleigh number, the flow reacts faster,
the maximum velocity, the overshooting, and the Nusselt
number increase. The peak value of the velocities v, e
which is illustrated as a dashed line, is proportional to
approximately Fo ~'%2.

A comparison between water, air, and silicon for gravity
steps of Ra* =5,000 and Ra* = 20,000 is given in fig. 7.
The steady-state velocity (Fo > 0.1) and the overshooting
increase with both the Prandtl and Rayleigh numbers.

4.3 Single Rectangular Pulse

Single rectangular pulses of various amplitude and different
duration, expressed by the modified Rayleigh number Ra*
and the modified Fourier number Fo*, respectively, are
applied perpendicular to the temperature gradient to an
air-filled (Pr = 0.7) cylinder (o = 90°). The initial conditions
are the same as above, no motion due to low gravity, and a
linear temperature profile between the differentially heated

60
‘U.mu /’ ‘\
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’ \_ water, Ra® = 20000
40 ll \‘/ a
‘' sair, Ra* = 20000
30 /
water, Ra® = 5000
20 air, Ra® = 5000
------ silicon, Ra® = 20000
10 e T
[ .=~ silicon, Ra® = 5000
bl : |
10—4 1073 10-2 10-! 10°
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Fig. 7. Comparison of the behaviour of the investigated fluids to-
wards step pulses of different amplitude Ra* (o = 90°)
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Fig. 8. Maximum velocity v},. vs dimensionless time Fo for rec-
tangular pulses of different amplitude Ra* (o =90, air,
Fo*=55-1073)

end walls. In fig. 8 the increase of the dimensionless maxi-
mum velocity is shown for the duration of the gravity pulse
of Fo* = 5.5 - 1073. The peak velocity depends on the inten-
sity Ra*, and the duration Fo* of the pulse, and on the
aspect ratio 4. The ratio of the peak velocity to the ampli-
tude of the pulse is constant for a certain aspect ratio:

U*

max, peak

Ra*
Thus all graphs of fig. 8 coincide on one curve, if this ratio
is used for the ordinate. The convective flow fades away
exponentially and independently of the amplitude Ra*,
after the pulse has been applied:

Fo* — Fo
T

= const.

(17)

*

U max
——— =€xp

(18)
vmax,peak
The decay constant t depends, as shown in table 2, only on
the aspect ratio 4, and not on the amplitude or duration of

the pulse.

), for Fo > Fo*.

Table 2. Decay constant t in eq. (14)

A T

0.5 0.020
1.0 0.038
2.0 0.053
5.0 0.061

4.4 Single Sinusoidal Pulse

A sinusoidal gravity pulse of one period duration is exerted
perpendicular to the temperature gradient of the cylindrical
enclosure. The time-dependency of gravity is obtained
from:

32

g(t) =g* -sin (2nf - 1). (19)

The amplitude of the pulse is described as before by Ra*,

and its period by Fo* and by the dimensionless frequency:
1

*

/ Fo*

A cycle of oscillation comprises a positive and a negative

amplitude of the same size. The dimensionless amplitude
can also be expressed as a function of time:

(20)

Ra(Fo) = Ra* - sin <27r : ﬁ) (21)

Fo*
Fig. 9 shows the maximum velocity for water (Pr = 7.0)
and an aspect ratio of 4 =1 for different amplitudes Ra*.
The maximum velocity depends on the amplitude Ra*, and
decreases rapidly after a certain cut-off frequency of
f* =70 has been exceeded. It is interesting that an over-
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_e--o---o; .,

6-06---0% o, p
10! A A Ra'=20000

100

10~
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I3
Fig. 9. Maximum velocity v},. vs dimensionless frequency f* for
sinusoidal pulses of different amplitude Ra* (o = 90°, water)
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Fig. 10. Comparison of the maximum velocity v}, of different fluids

with f*|Pr as a new time scale for sinusoidal pulses of Ra* = 5,000
(2 = 90°)
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shooting of the velocity appears at higher amplitudes for
frequencies /* > 1. The overshooting can be explained as a
resonance between the excitation and the fluid motion.

The decay rate of the velocity with increasing frequency
is independent of the fluid, and one curve is obtained for
the different fluids, if /*/Pr is chosen for the abscissa in fig.
10. Furthermore, the magnitude of the velocities at very low
frequencies seems to be independent of the fluid for Pr > 1
and lower values of Ra*, while it is significantly smaller for
silicon. The value for the cut-off frequency depends linearly
on the Prandtl number, and is f/*/Pr = 10.

4.5 Periodical Rectangular Pulse

As before, the gravity pulses are applied perpendicular to
the temperature gradient (« = 90°), and the frequency f* is
defined as in eq. (20) for the case of the single sinusoidal
pulse with positive and negative amplitude; its shape is,
however, rectangular. The maximum velocities are regis-
tered, as soon as a steady-state oscillation has been
achieved.

For low frequencies, steady-state velocities are obtained
after each reversal of the gravity step, they are approxi-
mately the same as for the single step described in sect. 4.3.
For higher frequencies, the velocities are about 50 %
smaller than in the case of the single pulse of equivalent
duration. This is obvious, because after each step the flow is
Jjust in opposite direction to the excited new pulse, and the
inertia of the flow must first be overcome, before the flow is
converted in the direction of the new pulse. The velocity is
decreasing for higher frequencies, while the cut-off fre-
quency is approximately the same one as mentioned before.
If the ratio of the frequency to the Prandtl number is
employed, the decay of the maximum velocity coincides on
one curve for the various fluids as in sect. 4.4. (fig. 11).

The ratio

* D?
f_ el (22)
Pr v
" ¢ 5B Ee ¢ glycerin
10 water
. air
v max
10°
107! °
‘o
10° 10 102 10° 10
ft/Pr
Fig. 11. Comparison of the maximum velocity v}, of different fluids

with f*|Pr as a new time scale for periodical rectangular pulses of
Ra* = 5,000 (o = 90°)
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represents a dimensionless frequency, now defined with the
kinematic viscosity v instead of the thermal diffusivity a in
€q. (16). That means that for /*/Pr > 10, only the viscous
forces dominate the flow, while the velocity still depends on
the amplitude Ra* for lower frequencies.

5 Conclusion

In this numerical study the transient convective flow caused
by various gravity perturbations is investigated in a cylin-
drical enclosure differentially heated at its end walls. The
initial conditions are a linear temperature profile between
bottom and top walls, no motion in the fluid corresponding
to low gravity, and a constant pressure distribution. In
terms of the dimensionless numbers Ra*, Fo, Pr, and the
dimensionless velocity v}, and frequency f*, general re-
sults are presented. With our three-dimensional code, the
influence of the angle of inclination « between the gravity
vector and the temperature gradient could be examined.

Although these results are strictly valid only in the range of

the investigated parameters, more general conclusions can

be drawn, if convection in a microgravity environment
caused by g-jitter perturbations is to be avoided:

® Accelerations perpendicular to the temperature gradient
induce greater velocities than those in parallel direction,
and the reaction is much faster. Experimental facilities in
an orbital lab should be orientated in a way that the
expected transient accelerations are parallel to the tem-
perature gradient in the fluid.

o The effects of residual acceleration can be reduced, if the
experimental set-up is aligned in such a manner that the
acceleration vector acts in opposite direction of the tem-
perature gradient.

e Disturbances of high frequency are insignificant.

® The maximum velocities are proportional to the Ray-
leigh number, ie. the velocities increase for a given
acceleration with the third power of the dimension in the
direction of the acceleration vector.

e Fluids with a small Prandtl number Pr « 1 (e.g. liquid
silicon) are less sensitive to disturbances than fluids with
higher Prandtl numbers Pr.

® In the range of frequencies below the cut-off frequency
S*|Pr ~ 10, a strong overshooting of the velocity occurs
with increasing amplitudes Ra* and increasing Prandtl
number.

® A periodical series of positive and negative accelerations
induce lower velocities than a single pulse of the same
duration for /*/Pr > 10.

® The geometrical shape, the aspect ratio, and the thermal
boundary condition on the lateral wall of the cylinder are
not as significant to acceleration disturbances as might
be supposed.

o Characteristic features of the transient flow can be stud-
ied by examining the flow caused by a single acceleration
pulse.

® The velocities caused by superimposed acceleration
pulses can be estimated by overlapping different velocity
graphs, as the velocities are directly proportional to the
amplitude of the interference.
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