%} INTERNMNMATIONAL ATOMIIO EMNMNEBERGTY AGENOY
UNITED MATIONM EDUCATIONAL, SOIEMTIFIO AND OULTURAL ORGANIZATION

INTERNATIONATL CENTRRE FOR THEORETIOAL PHYSICS

34100 TRIKESTE (ITALY) - 0.1, 086 - MIRAMAHRE - BTRADA COBTIERU 11 - TRELEPBONK: 3340-1
CANLE: CENTHATOM - TELEX 400393 - |

SMR/382- 9

WORKSHOP ON SPACE PHYSICS:
“Materials in Micorgravity”
27 February - 17 March 1989 p

"On the Effects of in Orbit Accelerations on Microgravity
Experiments in Fluid Dynamics”

A

1
'R. MONTI

University of Naples
Institute of Aerodynamics "U. Nobile"
Naples, Italy

Please note: These are preliminary notes Intended for internal distribution
only,



ON THE EFFECTS OF IN ORBIT ACCELERATIONSON
MICROGRAVITY EXPERIMENTS IN FLUIDYNAMICS

R.Monti - C.Golla
Istituto di Aerodinamica "Umberto MNobilae"
Universita' di Napoli

Summary

The effects produced by the wvarious types of
g-disturbances occurring during manned space missions in
fluid science microgravity aeaxperiments are evaluated
through extenxive numar ical experimantations with a code
solving the full set of Naviar-Stokes Equations.

Paramater norms to measure the Ffluid and the
thermal disturbance effects, and new criteria are then
proposed for the evaluation of the maximum acceptabla
9-fields on microgravity platforms for fluid exper imants
in tearms of the various typologias of the g-jitters.

1. INTRODUCTION

Microgravity experimentations on space platforms
are obviously motivated by the need of a quiet, very low
g-anvironmant. An ideal! Microgravity Environment (MG) is
a real zero-g that does not appear feasible in LEQ
Spacecrafts mainly DbDecause of the air drag. sS/C
manouvres, rotating machinery on boards, and, uhan
present, creuw activity,

Latest recording on the g-field on board of
manned dedicated missions show how g-disturbances of
random nature (g-jitters) exhibit relatively large peaks
¢ of the order of 10 45 ) that may affect a numbar of
microgravity experiments.

The evaluation of the effacts of those
9-disturbances on different classes of experimants is of
paramount importance for the experimenters, for the
payloads manufacturing companies and for the Space
Agencies that must specify the requirements on the
"allowable® g-levels (or g-fields) for the 5/C on umhich
the Microgravity Experiment takes place.

Following the work reported in {61 we review the
previous criteria of the allowable g-levels <(e.3. as
specified by ESA for unmanned platforms like EURECA) and

to demonstrate, on the basis of an extans ive numerical
exparimantation made by codes solving tha complets
Navier -Stoxes Equations, what 1is the effect of the
various types of the g-disturbances ¢ steady state,
periodic or pulsaed with different time profiles), what
is the bast norm to measure the effects caused by such
disturbance, and how to define criteria for the
evaluation of the limit accettabls disturbances.

The cases simulated by the humer ical codes rater
to the ThermoFluidvnamic fields established duriny a
typical crystal growth from solution in MG, in presence
of the above g-disturbances.

Preliminary conditions are draun and nes
criteria are proposed for the requirements of the
“max imum acceptable® g-fialds on microgravity platforms,
for each type of disturbances.

2. ANALYSIS OF THE MICROGRAVITY LEVELS

It is quite surprising to note that the planning
of several space programs in the contest of Microgravity
Sciences (Material /Fluid) has been done without a desp
analysis of the levels and of the quality of tha
gravitational and acceleration fields actually
attainable on board of the S/C. '

The acceleration leve! in space vplatforms is
obviously of several order of magnituda smaller than the
ground level but sporadic measuremants during the mannad
Spacelab and Salyut missions (1] had reportead a rathar
frequent accurrence of relatively large g-peaks.

A very careful analysis of thesae g-~disturbances
is then necessary to et up the g-disturbance scenario.

Up to now all the planning of MG activities has
been based on the “"g-level warsus frequency® plots
reccomended for the US Space Stations reported in Fig.!
and for other platforms (e.9. EURECAH).

The measurements taken in the D-1 Spacelab
Mission and reported by Hamaker &t alia in [2] are the
most recent and valid contribution to clarify and to
define the acceleration microgravity scenario.

The acceleration field A on board of a

spacecraft can be characterized as a sum of tuo
contributions:

A =As ¢+ Aj



2.2 Transtent Accelerations

Measurement taken on the D! mission, that nust
be recognized as the first space micregravity dedicated
missjon, has allowed, for the first time, to corralate
g-disturbances with their causes.

The transient accelsrations (alzg referred to as
"g-jitters”) prasent a quite wide ranje of typoloay and
can be broadly «classified as external and internal
g-jitters,

2.2.1 External Induced Disturbances

Transient external forces may result from
operational activities <(i.e. thruster firings) and
txtravehicular activities, They induce, Fn general, also
a torque resulting in a transient rotational
acceleration phase followed by a qQuas i steady
acceleration due to rotation around the ChM,

The order of magnitude of such disturbances
decends on the two thruster system fired,

The Vernier Thruster System <(VRCS) has bean
identified as responsable for spixes of the order of 10
90 - The frequency of attitude manovres depends much on
the mission. In a MG oriented mission +the orbiter is
flown most of the time i(n a gravity gradient stabilized
mode with time phases lasting from 7 to 12 hours each.

The Primary Thrustars (PRCS) , wutilized for
velocity changes (orbit corrections) have caused spikas
up to 68 [mql and a long decay time ¢ about 11 [s1).
Their firing is quite rare in MG Pphase of the misions.
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2.2.2 Internal Induced Disturbances

The internal motion of mechanical parts, creu
dactivities, slad experiments etc. cause variations of
the mass allocation inside the 5/C without causing
variation of its total momentum.

Such disturbances generated by internal causes
are aluays compensated by opposite impulses after a time
delav,

Sled tipe expariment in DO} caused spiKes up to
2.4 mg, at a frequancy of % Hz ¢ that correspond to the
eigen-fraquency of the Sracelab Module.

The handling activities o4 MSCR  induced spikes
of the order of 7 mg, whereas their operational activity

cCaused spikKes of 3 mg,

Crew actijvity have besn identifiad ¢ from a
detailed analysis of video tapes) as causing spixes up
to 1@ mgy (closig of the ceiling door) and spikes of 2-3
m3, for normal closed-by activity and handling.

The *quiet phase® was monitored to presant
spikes smaller than 2.3 mg,

2.3 The assumed MG scenario.

All the MG levels measured in the D1 are plotted
in Fig.1 and compared with the NASA recommendad limits
for the Space Stations (similar to the ones for EURECA)

The analysis of all these data, and o4 their
comparison With the Soviet mission data, show that the
3-jitters caused by Crew Motion are one ordear of
magnitude higher than the level expected by MNASA.

In setting a scenario for the MG levels the
following comments apply:

-Quasi Steady Accelerations-
Their predicted level <18°*g,) is confirmed, they can be
minimized (by allocating the MG Facilities closa by to
CM) but cannot be eliminated.

-Transient Accelerations-
They have different order of magnitude. Thelr numbar can
be minimized by suitable planning of the MG ssegmant, but
the emerging point is that the disturbancss caused by
cred activity is larger than pradictad (2-3 mgy and that

~ the "quite phase® still present spiKes of @.3

The typology and auality of the disturbance
desarve a detailed discussion, X

The harmonic disturbance are correlated mainiy
tc the vibrational = characteristics of the s/C
structures.

But many other disturbances are most fraquant
and important ,these are mainly represented by single
Pulses (deriving from external causes) or by couple of
inverse pulses (from internal causes).

For disturbances having this typology no

‘analysis has been done wup to day, nor criteria are
available to ascertain their allowable limits,



3. THERMOFLU IDYNAMIC MODELL ING

Tha geomatry considered skKetched in Fig.2
consider the simulation of a crystal growth <(from
solution) experiment, that is quite critical in terms of
g-tollerability.

This refer to a liquid specimen that €ills a
cylindrical container <(radius R, length L whose
boundaries are mantained at a constant temeerature Th.

A Crvstal 3eed is located at the center of the
svlinder, and is Kapt at a constant temperature Th.

In presence of a 'zero gravity condition (3=8) a
purely diffusive temperature steady state conditions are
establ ished that correspond to a quiescent flow regime.

In presence of g9-levels (aither residual gravity
or 3-jitter) the flow and the tenperaturs fields are
distorted because of the induced convection caused by
buoy¥ant forces.

The time evolution of the disturbances, as
compared with the 2zero gravity quiescent state, are
analized together with the relaxation process that takes
place after the Jisturbance.

3.1 Formulation of the problem

By assuming?
i) Newtonian, non micropolar, single componat fluid;
1i) Variable transport propertias:
iii) Boussinesque approximation for the density;
iv) Axisymmetric flow and temperature fialds;
the non dimensional full Navier-Stokes tquations can be
expressed in terms of the vorticity £ , of the
temper ature 2,06 the stream function &, and of the
pressure, as. follous:

PeIStri9 4247, cv?) 1229P4v5, 02 +PrEcu (Yl cay 4p)
Re[Str93 42 -2,09V+v.73 )=

Gr 19470 4p0¥egpa Wi eTatagp. cyy f1 @
3= 9ar Uacd iy Mg (3
P = -Re(PYI: (YY) - Gr ig.7F 3)

These equations are respectively the enargy

balance (with viscous dissipation), the curl of the
momentum balance equation, the aeaquation defining the
vorticity in terms of the stream function, and the
Poisson's equation for the pressure, uhare:!

. Re = Vr LrAr is the Raynolds numbar;

. 5tr= tr Vr/Lr is the Strouhal number;

. Br = g TAT) LFr/VF  is the Grashoff number:

. Pr = Yay is the Prandtl number:

. Ec = W /Cp (AT) is the Eckert number:

. Pe = Re Pr is the Peclet number’

. B =(T-Tb)/<Ts-Tb) is the nondimensional temperatura;
- ¥ = ZAH 1prhy) is the nondimensional welocity:

« ¥ = the pressure ( with respect to the quiescent

state) normalized to the viscous strass (H,vr/Lr)

. igpand hy are respectively the unit wvactor normal to
the plane of motion and its metric coefficient?

. CATY = (Ts-Tb) is the reference temparaturs
difference;

. T = t/tr 15 the non dimensional time

| =MT)/ A(Td) is the the thermal conductivity
referred to its value at the boundary:

« P OEPTI/PCTDY is the dynamic viscosity referred to
its value at the boundary.

The spatial coordinates are raferred to the
cylinder height L, so that the computational mash lays
Mithin @

B X {1l 7 @ ¢§YRA

Boundary conditions are no slip and assigned
temparature P=0) on the cylinder walls, and symmetry
conditions around the centerline.

Temperature iz assigned P =1 on tha sead's
Wwall, that is descritized for the thermal field as a
small cilinder having radius @.905 and height 0.1, and
a3 a single point for what concerns the fluid flou.

This last assumption is ap approximation that
does not mode! the wake region behind the seead, but will
give a rather good approximation for the thermal Field
(that is of main concern in this analysis).

The initial assumed field conditions are
relative to the zero-9 purely diffusiva regime, that
corresponds to a quiescent flow field and to a thermal
field as per Fig.2.

The assumed axisvmmetry of the problem is
preserved by setting iy = i, i.e. by assuming that the
gravity vector acts alomg the cylinder’'s symmetry axis.



3.2 Dascription of the numerical code

The code used for the numerical experimantations
is described in details in [33) and [4].

The code solves the full Navier-Stoxes Equations
for unsteady problems in two dimensional problams (plane
and axysimmetric geometries) with constant and wvarijable
mesh option.

The system of 2quations are discretized with
finite difference approximations and then solved with a
semi-implicit technique. By denoting by (N+1) the time
level at the current step, the non linear convective
terms are considered at the time level (NY) and uwritten
with a second order upuwind foermulation, whereas tha
diffusive terms are considered it the time level (N+l1)
and discretized with central difference formulas. The
resulting system of algebraic equationa is then solved
Wwith a Gauss-Seidel method. The pressure equation is
solved ¢ if required) with the Briley method.

in order to wvalidate the boundary conditions

assumed on the central seed, for few cases, thae results
obtained with the present code were compared with the
corresponding ones obtained by a VOF codes <(primitive
varjable formulation) with the correct flow condition of
the seed.
The results compare quite well For what concerns the
temperature and the flou fields, obviously discrepancies
were found relatively to the heat fluxes on the seesd's
surface.

3.3 Parametars for the evaluation of the g-disturbances

The problem was discretized with a 1ix21 grid
Points mesh, the pressure field option was not
implemented.
The following set of parameters was uysed!
Re= ! ? Pe = Rea
Ec =@ ; S5tr 21 7 R/, = 0.9 ;5
Res {/Pr ! Pe =1

i.¢ the viscous dissipation tarm in the energy equation
was discarded, the reference time was assumed to be!

tr = Lr / Vr
and the reference velocity was assumed to be, in the tuo

cases!?
Vr = Ve (Re=1) 3 Vr 2eh/Lr (Ren1/Pr)

Most of the runs were made by considering a
reference length Lr=10lcm] and Pr=6.9 (acqueous solution

for which Vr = 901 [cm/s] : tr = 10.000 [s] in the Re=l
case)

In order to measure the effects produced by the
g-disturbances, some norms are used for the measurement
of the a2ffects:

a. FLOW DISTORTION PARAMETERS!
-¥max, as the maximum normal ized value of the stream
function induced in the field by the effect of the
buoyancy:
-V max, as the maximum normal ized value of the velocity
induced in the field by the affect of buovancy.

Both such parameters allow a direct evaluation
of the +fluidynami¢c disturbance with respect to the
quiescent reference stats.

b. TEMPERATURE DISTORTION FARAMETERS:
- Average Temgerature Distoertion <D »:
De = 2 [¢P-8)]
=~ Maximum Temperatuyre Distortion <Om)¢
Om = max [¢B -8

where: N is the number of grid points,

# is the local nondimensional temperaturs

9, is the local nondimensional temparature at the
reference quiescent state ¢ @ 938)

The evaluation of the temparatures disturbance is
very dependent “Upon the specific axpariment. The
Parameters above defined represent a quite good
evaluation criteria for the microgravity processing
phanomena. In some case probably the measure of the
distortion of surface heat fluxes can be also valuable,
but such measure is out of the scope 0f the prasent
analysis,

4. RESULTS OF THE MNUMERICAL EXPER!MENTS
4.1 Quasi steady acceleration field

The effects of a quasi steady acceleration field



deriving from the residual gravity along the ¢cylinder
axis has been computed In order to dafine a treshold
iimit for acceptability in mannad Space Station
investigations.

By considering the fluid to be a water solution,
and by assuming a A(T) = 16LK], we have considared tuo
gravity levels: ) i

9 =18 g, H 2 = 190 g,

The correspondig values of the Grashof numbers

are ¢
Gr = 380 3 Gr = 80

The code extimates for such tuo cases the
following valuas of the disturbance paramaters above
defined:

379 Gr  Vmax ¥max Dg Dm
10° gsee 19.6 .2a7 4.6 .202
19°¢ ge 1.94 .8243 .49  ,@233

As expected the wvalues of the disturbancae
parameters are almost proportional to the Gr, and the
system acts as a linear one.

Since it is evident that the residual gravity
field is a disturbance that cannot be avoided, it may be
rewarding to compare tha distortion parameters of all
the other disturbances with those above computed. The
g-Jitters that induce distortion parameters of the same
order of those corr:sponding to the residual gravity
level of 979, = 18°" (Gr=8@) can be accepted whataver is
the particular fluid axperiment to perform in space.

In such manner we define a general treshold
limit for acceptability in manned Space investigations,

4.2 Single Pulses g-jitters

These disturbances may result from forces
external to the S/C svystem.

The time profiles of such single pulses are
square single waves with wvarying magn itude <(Gr) and
dJuration (tp),

Most of the experimentation was devoted to the
understanding of the behaviour of the effects generated
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into the +fluid, during the forced phasa and the
following relaxation phase.

Fige.3,4,5 raefer to the thraee different
profiles:

/9 Gr tpis)
5»10° 40,000 4

10” 80,800 2
21873 160,000 1

The motivation of these experiments is sql¢
evident: wverification of the dependence of the
disturbance parameters upon the mechanical anergy
transfered to the fluid ¢ the product I[IGr- tP] being
constant),

The results can be summar ized as follows!

- for small values of tp the system can be treated as
linear in the forced phase:;

- the fluid parameters grow within the forced phase mith
2 rame propartional te Gr and reach peak valuas
proporticnal to the product (Gr-tpl, after they decay to
Zéro?’

- the thermal parameters grow within the forced phase
With a ramp proportional to the product [Gr-tp], with a
delay time almost proportional to tpr/2, after they
continue to grouw.

The behaviour of the Parameters in the
relacation pdbse is shoun in Fig.5.

The fluid parametars decay with a characteristic
decay time of about SArs] ¢ about 1/200 of the refarence
viscous time).

The thermal parameters show an exponential

“grouth, reaching a maximum at 70[(s] for Dm and at (SO([s1

for Dg. After the relaxation Procass taxes place with a -
decay time of the order of 220(s1 #or Dp and of the
order of 300(s1 for Dm.

The major issue is the grouth of the thermal
disturbances also after the and of the g-pulsas.

Further investigations made with diffarant
values of the Pr number lead to conclude that such
tharmal characteristics times (for the growth, for the
maxima, and for the decay) depend mostly on the viscous
characteristic time.

The main conclusion of such numerical experiment
I's that for time pulses small enough with respact to the

11



viscous time the following correlations apply!

» - A
VYm = 0.6 Gr tp / Re
Dm = Gr t¢* / Re ~ 111.8
By assuming as treshold limits +the ‘3luos
generated by a residual gravity field of 18 g (vm a2 2
; Om = .82), ue can correlate the suggested limiting
curves in the g-tp plane as follous:

973, = (0.333d r/B 7AT/9, )/t
/9, = <2.23?-H/|_r/f;f/n'r/g, o tp

fluid limit
thermal limit

Such curves are plotted in Fig.6 in a 979
varsus [/tp graph for the case of water solution with a
AT=16[K]). As it can be noticad, for the case of
interest, the thermal limit is less restrictive that the
fluid limit,

4.3 Oouble pulses g-jitters
4.3.1 Compensated double pulses

These disturbances may result $rom cCausas
internal to the S/C. Their magnitude is of the order of
img .

The assumed shapes of the g-jitter correspond to
a positive square profilea followed by a corresponding
negative square profile after a delay time (td).

Fige.7.8 consider the case of td=z0 with a
Gr=80.,000 (Img,) ard tp=1ls], they show the disturbance
parameters during the forced phase and the immediately
following relaxation. Az expected the bahavigur during
the forced posdtive period (@{t<{tp> the behaviour is
e¢xactly the same as the single Pulse, but wuhen tha
negative pulse comes (tp(t) the velocity disturbance
reduce practically to zero and the temparature
parameters do not show any ovarshooting since the
relaxation phase is immediately activated.

Fi99.9,10 refer to the relaxation phase in the
case of varjable delay time.

The behaviour of the fluid Pparameters confirms
the expectation : the maxima occur at the end of the
first positive pulse.

The thermal parameters show a different trend
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due to their different grouth after the first pulse: the
overall disturbance is minimized if the delay tima is
smajl with respect to characteristic time of the thermal
growth.

Fig9.11,12 refer to the very interesting case of
tuo immediately subsequent pulses that compensate each
other, but have different shape wuwith the sams glaobal
énergy. The behaviour of the graphs confirm the
linearity of the system with respect to the mechanical
energy feeded in.

Saw-toothe profiles used by NASA for describing
the creu motion induced 9-jittar {31  have bsen
experimentad and the results are pratically fully
correlable by equivalant square profiles.

4.3.3 Befinition of 1imiting curves for compansated
double pulses

The limiting curves for internal disturbancas
may be easely defined by wusing the result of the
numer ical sxperiments and the correlation given in para
4.2 for single pulses.

The 1limiting curves are sasaly derived and
presented in Fig.13. Obviously in this case the +#luid
Timit {s determined by the first Pulse, uwhereas the
thermal limit is decreased if the delay +time is much
less than the time for maximum of the thermal paramater.

4.4 Subsequent pulses with the same sign

Tuwo subsequent pulses with the same sign and
with a time interval could be generated by external
causes,

The motivation of such axperiment derives by the
willing to show that grouth of the thermal paramaters,
also after the end of the g-Pulse, can causs a strong
amplification if amother pulse of the same  sign s
appl ied when the thermal parameter nearly reach its
max imum,

Figg9.14,15 show that with a delay of about
150(3] the fluid parameters Present almost the same
overall maxima, whereas the thermal Parameters exhibit

" maxima almost tuwo times those generated by single

pulses.
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3. CONCLUSION

A review of the tolerable g-leaval criteria has

shown that, even for a well defined class of axperiments
the 9-f curves typically prescribed by tha Agencias for
orbiting platforms, is actuajly based on a dangarous
oversimplification of the causes/affects on board.

It has been showed that periodic 9-jitters are
probably the least danjercus for the experiments, and
that single or double puise jitters may cause much
severe dJisturbancas.

The results of the numerical experiment clearly
demonstrate that tha effects of the velocity, on the
-thermal, and on the concentration fields may be

substatially differant becauss of the re!ativc\

characteristics times.

Moreover as per the damped mechanical system a
sort of resonance effact can be created by external
causes.

Finally great relevance appears to have the
conclus ion that the effect of a negative pulse following
a4 positive one does not cancell the thermal effects of
the pravious one. This non linear phenomenon deserves
detailed further invaestigations.
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Summary

The effecty grcduced by the var jcus  tvpes of
#-dizturbanies occurring during manned SEaCe Miliisns in
fluid 1cience microgravite experiments are e-plyated
thriugh evtancive numer ical fxperimentations itk a coda
sol.ing the full sat of Naviar-Stoues Eiuations.

Parsmeter nores to mesture the fluijd and  the
thermal dizturbince sffezt3, and new criteria are then
Fropeien for the evaluaticon of the maximum alceptable
§-f1a1d: on micrograaity platforme for fluid exper imenty
in tarm: cf tha varieus trpclcjing of the g-jitters.

1. INTRCOUCTION

Hicrogravity e<perimentations on space platforms
are chuicusly motivatad b= the need of a Auiet, Jery low
d-enuircntuant, An 18erl Mycragravity Ea-ironment (MG) ia
8 rasl zerc-3 that does nzt  sppear feasible in LEOD
Spazetrafts mainly bs:huse 5F the air draj, $.C
MEAzuvres, -rotating machinery on boards, and, hen
P aidnt,. Creaw activity,

Letest ~ecording on the g-field or baard of
mannd¥d dadicated mitiions ' show howm F-disturbanzas oo
randam rature (3-_!nt|t;)rnhibn relativaly larae reaxs
fof the crder <f 18 35.> that mar affact & rurter of
MICragravit. a<parizenty ..

Tha evaluztion of the effacty of thaie
2-J15turbances on different clazzes of exFdr imants i: of
paramcant importance 3 ths erger imenters, for the
parloads manufactiring ZonEanies and  for the 3pace
Agencies that must ipaezif.  the requiremerts on the
“allowstle” g-lavels (or g-fiejds) for the 5.C on which
the M:z-ugrssity Evper imant taxes place.

Followiny the work reported in [6] wa review the
Previousr criteria of the dlowabla g-levels (e.g. as
sfFecified by ESA for unmanned platforms |ixe EURECA) and



