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Abstract

Diffusion-dominated experiments on-board the International Space Station and other free-flying platforms are affected by the convective
flow due to the residual acceleration field and/or to the oscillatory acceleragigitie(s) caused by several external sources. We are interested
in investigating these effects on the solutal-thermo-diffusion for a binary fluid mixture. We considered a rectangular rigid cavity filled with
methane (20%) and normal butane (80%), subject to a temperature difference on its lateral walls and radiation heat transfer on the horizonta
walls. The full transient Navier—Stokes equations, accounting tmigue mode of oscillatory accelemati, coupled with the mass and heat
transfer formulations and the equation of state of the fluid were solved numerically using the control volume technique. The species transport
equation accounts for varying diffusion coeiéiots with the temperature and the fluid comios and their effect is analysed as compared to
that of their average constant values. Results revealed that convection is enhanced and temperature and species profiles distortion from pure
diffusive (zero-gravity) condition increases in a buoyancy-destabilizing configuration. The numerical study shows that by elimination both
the residual gravity and theijitter levels are essential to achienearly purely diffusive conditions vem their directions orthogonal to that
of the temperature gradient. For the configuration investigatedg-jhiter is found to reduce @ampositional variationWhen quasi-steady
state conditions are attained, thermal and positional quantitie fluctuate following a mode whosearfdamental (primary) frequency is
equal to that of the initially imposed vibration.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction ducting experiments in micro-gravity environment is impor-
tant to set benchmarks and help refining ground-based pro-
Thermal diffusion—Soret effect—causes a composition cedures. Analysis of the effective acceleration environment
gradient to arise in an initially homogeneous mixture due to FOM Space missions has shown that the acceleration field
the temperature gradient. This effect can be quite importantCONtaINS @ constant component (residual-gravity) and oscil-
in the analysis of compositional variation in hydrocarbon at0ry componentsgjitters) covering a wide spectrum of
reservoirs. Great efforts have been invested in the develop-2MPlitudes and frequencies. Tiejitters effects on space -
ment of theoretical models as well as experimental set-upsEXPeriments are largely unknown. Considering the contri-
to account for and quantity the importance of this effect Pution of the g-jitters and residual-gravity in theoretical
in reservoir modelling in order to enhance oil recovery. and numerical models thuppears detrimental for a bet-
Because of buoyancy-induced convection in the gravita- ter understanding and analysis of the diffusion measurement
tional field, accurate measurement of the Soret coeI’“ﬁcient]crom experiments carried out on free-flying platforms where

for multi-component mixturess nearly impossible. Even bucIJ:yancy IS m'”t'_m'z‘?d-d . bv b ¢ hich
when one had succeeded to ‘elirate’ gravity-induced con- ree convection IS driven by buoyancy Torces, whic

vection in ground-based experiments, results have revealed esulttfrom ?ﬁtg de:sﬂy gégdlten.ts ant()d_ grtatvny.gelii_. Whtehn
up to 50% discrepancy. Therefore an emergence of con-2 System with density gradients 1S subject to vibrations, the
resulting buoyancy forces produced by the interaction of the

density gradients with the aceehtion field have a complex
* Corresponding author. spatial and temporal structure depending on both the nature
E-mail addresszsaghir@ryerson.ca (M.Z. Saghir). of the density gradients and the spatial and frequency
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Nomenclature

a interaction energy between R universal gas constant,3441 Jmol~1.K 1
molecules ...................... .n.mol—2 ST Soret coefficient . ...................... K

b hard-core or co-volume parameter . .3-mol~! t ME $

c transported component mass fraction T temperature ... f

co initial butane mass fraction To room/initial temperature................... K

cp mixture specific heat at constant Te cold walltemperature ..................... K
Pressure ........oovevviiiinnnn kg tK1 Th hot wall temperature ...................... K

D¢ mass diffusivity . .................... sl Tm mean temperature .. ...................... K

DT thermal diffusion coefficient . .. .. e LK1 T temperature of the surroundings............ K

f frequency of the-jitter . ................. Hz u velocity component inc-direction. . . . .. ms 1

g magnitude of acceleration due to gravity -STf v velocity component iy-direction. ... ... st

£0 earth gravity acceleration magnitude, v mixture molar volume............ $rmole?
=9.81ms2 (x,y) Cartesiancoordinates..................... m

g1 magr_ntude of the _(_qua5|)-stat|c gravity . . srﬁ Greek symbols

g2 amplitude of theg-jitter .. ............. 123

k mixture thermal conductivity . ... Wh1.K~1 & emissivity of the radiating walls

L cavitylength........................... mm K mixture dynamic viscosity .............. Ba

H cavity height . .. ..o mm  ® pulsation of theg-jitter, = 27 f rads™*

p PIESSUME . . ..ottt e e e e e e Pa o mixture mass density ................ 3

pr,  Ppressure at mean temperature ............. Paoc Stefan—Boltzmann constantfF032 Wim-2.K -4

distribution of the vibratiorinduced acceleration field. The forcing amplitude is to give an almost proportional increase
g-jitter environment is being characterized in a growing in the shear stress and rate of heat transfer responses, so
literature. Theoretical work othe instability in fluids under  long as the Prandtl number is kept constant. They noticed a
the influence ofg-jitter in weightlessness conditions has persistence of the velocity and temperature oscillations even
been reported by Merkin [1], Davidson [2] and Haddon and when the thermal field was conductive and concluded that
Riley [3]. Their results revealed that convection induced by this could be of importance in mass transport processes in
g-jitter resulted in a significant increase of the heat transport the presence of impurities. Jue and Ramaswamy [6] studied
when compared with the purelyfilisive distribution. Rees  a two-dimensional thermosolutal convection flow (with no
and Pop [4,5] studied the influence of periodical gravity Soret effect) under a sinusoidal gravity modulation field.
modulation on free convection in porous media. They The fingering regime (regime set with a destabilizing solute
determined the detailed effect of thejitter’ amplitude field and a stabilizing thermal field) and the diffusive regime
and frequency on the flow and heat transfer characteristics.(destabilizing thermal field) were explored for a series of
In [4], they showed how the boundary-layer flow induced gravity modulation frequencies. Two types of flow evolution,
by a constant temperature vertical surface embedded in asynchronous and subharmonic responses, were obtained for
fluid-saturated porous medium is modified by time-periodic different frequencies. They showed that the increase in
variations in the gravitational acceleration using a small gravity modulation frequency provides larger heat and mass
amplitude expansion up to fourth-order. An asymptotic transfer rates in the fingering regime; but results in smaller
analysis showed that thejitter effect is eventually confined  value in the diffusive regime.

to a thin layer embedded within the main boundary-layer, In a new approach tg-level tolerability for fluid and
and becomes weak at increasirigtdnces from the leading  material science experiments, Monti and Savino [7] carried
edge. In [5], they examined the response of a nonlinear out the analysis of the general case of quasi steady residual
system consisting of a flow near the front stagnation of a g-levels superimposed to high frequency-small amplitude
cylindrical surface with a constant temperature to a time- g-disturbances by means of a #raveraged formulation.
periodic perturbation of the gravitational field. It was found This helps in evaluating the maximum allowalgldevels of

that low-frequencyg-jitter has a significant effect on the high frequencies periodic digbances that specific micro-
stability of the system. For large values of the forcing gravity experiments can tolerate. They numerically analyzed
frequency, the numerical evidence seemed to suggest thathe thermo-fluid-dynamic distortions as function of the clas-
the flow is unaffected by-jitter effect at leading order, sical Rayleigh number for steady and of the vibrational
while at small values of the frequency, the heat transfer Rayleigh number, for high frequenciggitters. On the ba-
response is almost exactly in phase with the gravitational sis of their results, the-tolerability domain was drawn for
acceleration. The effect of increasing the values of the a study case on thermal diffusion in a fluid cell. Savino et
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al. [8] performed a three-dimensional numerical simulation ferent instability mechanisnmend forms. Later on, Gershuni
on a fluid cell subject to periodiaccelerations of relatively et al. [12] studied the stability of the mechanical equilib-
high frequencies, i.e.f > 1 Hz, orthogonal to the density rium of a plane horizontal binary mixture layer with Soret
gradient. The attention was focused on the time averagedeffect in the presence of high frequency transversal vibra-
convective motion arising from thermo-vibrational effects. tion. They showed from the asymptotic analysis for long-
The 3D numerical results preded in terms of velocity and ~ wave disturbances and from the numerical solution of the
temperature fields enable to evaluate the range of validity spectral amplitude problem for cellular disturbance that in-
of the two-dimensional assumption routinely invoked. Glob- dependently of the properties of the binary mixture, the ef-
ally, the results show that the vector plots and the isothermsfect of the transversal vibration is always stabilizing. Study-
in the mid-section of the cej = A/2 are qualitatively sim- ing the convective disturbances inducedgjitters on the
ilar to the analogous 2D fieldsA(= Lz/L is the aspectra-  space station, Monti et al. [13] demonstrated that under the
tio of the cell of dimensiond, x L x L;). However quan-  assumption of small amplitudes and large frequencies of the
titatively, significant differences between 2D and 3D results oscillatory accelerations, direct numerical solution of the full
exist for small values of the aspect ratio because of the in- Navier—Stokes equations cairting time-dependent accel-
fluence of the viscous side wadffects. The 3D results ap- erations yields similar results as those obtained solving the
proach those obtained under 2D assumption when the aspedime-averaged field equations (Gershuni’s formulation), con-
ratio increases. Larger value of the aspect ratis neces- taining all theg-jitter terms grouped in a single parameter.
sary at large Rayleigh numbers to obtain a good description Considering a typical experiment with metal alloys the dif-
of the field in the mid-sectiop = A/2 using a 2D formu- ference between direct and #averaged formulations was
lation as the influence of the side walls increases with the found to be less than 1%. They showed that while no sep-
vibrational Rayleigh number. aration occurs on earth in this gigular system, separation
Reducing the gravity field reduces the Fickian diffusiv- does take place in microgravity environment rendering Soret
ity value as compared to that obtainedgatlevel and the coefficient measurement feasible; and the apparent value ob-
reduction ofg-jitter afforded on-board free-flying platforms tained in the presence of residuakndg-jitter could be up
reduces the measured value of the Fick diffusion coefficient to 30% smaller than the real one. Results obtained by Savino
even further; see Smith et al. [9]. Savino and Monti [10] [14] show that for the microgravity level on board the Inter-
studied the natural and vibrational convection induced by national Space station, the two formulations give almost the
steady residuag- and high frequency-jitters in a typical same results and orienting the residggdarallel to the den-
process for the measurement of the diffusion coefficients in sity gradient, reduces the ogective disturbances and can
liquids at isothermal conditions (Fick diffusion) onboard the also help mitigating the disturbances induced byghter.
orbiting platforms. They demonstrated through numerical =~ Chacha et al. [15] studied the solutal thermodiffusion
experiments that a residualef the order of magnitude of in a binary mixture subject to the influence of residual
10-8¢g is responsible for a negligible error in the measure- gravity field and (single mode) moderately high frequency
ment of the Fick diffusion coefficient, whereas more relevant g-jitter acceleration under Boussinesq approximation, using

distortions could be assated to extremely largg-jitters. the finite-element method. For the different configurations
The preceding studies show#tht convection in micro-  investigated, theg-jitter was found to reduce compositional
gravity environment is related to the magnitudeggjitter variation and synchronous responses of the flow evolution

and to the alignment of the gravity field with respect to the were obtained.

growth or the direction of the temperature gradient. It was  In this paper we study the effect of verticgljitter and
found that the frequency, amplitude and spatial orientation residual gravity on mass-thermo-fluid dynamics in a fluid
of the residual gravity vector all play an important role in mixture by performing a direct numerical simulation of the
determining the convective flow behaviour of the system. time-varying processes using the control volume method.
However, such research was focused on the onset of nat\We consider a finite two-dimensional binary mixture of
ural convection and only a few authors included the Fick methane and-butane(Cy1/nCy) subject to lateral temper-
diffusion in their analysis as in [10]. Very limited efforts ature gradient including the Soret effect under the influence
have been directed towards the studygejitter effects in of vibrational instability in micro-gravity environment. The
double-diffusion situations, i.e., vibrational convection of a mathematical formulation of the problem in dimensional
fluid mixture in the presence of Soret effect. In their pioneer- form is introduced in Section 2. Our mathematical model
ing work, Gershuni et al. [11] investigated theoretically the accounts for the fluid density variation as well as the varia-
linear stability of a plane horizontal layer of a binary mix- tion of species diffusion (Fick diffusion) and thermal diffu-
ture with Soret effect subject to a static gravity and longi- sion (Soret diffusion) coefficients with the temperature and
tudinal high-frequency vibration. The study was based on the fluid composition. Section 3 presents the numerical pro-
the closed system of equations, obtained by applying the cedure adopted for the problem solution. In Section 4 we
averaging technique to describe the behaviour of the meandiscuss the results obtained for different micro-gravity con-
field. This resulted in the derivation of the convection sta- ditions and the effects of varying transport coefficients. Sec-
bility limits and provided qualitative understandings of dif- tion 5 concludes the results of this work.
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2.2. Momentum conservation equation

In this section, we describe the basic equations, boundary  The principle of momentum conservation is represented

and initial conditions that govern the problem. The physi-
cal model of the cavity under study is sketched in Fig. 1.
The system consists of a rectangular cavity x L) con-
taining a single-phase binary fluid mixture in micro-gravity
environment under the influence of residual gravity. The cav-
ity may be subject to vibrational effects due to oscillatory
acceleration component callgdjitter. The cavity vibration

is modelled by a harmonic contribution to the body force.
Both the residual gravity and thejitter are assumed to be
perpendicular to the thermal gradient. The cavity is allowed
to exchange heat with its environmentZt through radi-
ation process at its horizontal walls. The vertical walls are
set to constant temperatur@s,and7; with T, greater than

T (horizontal thermal gradient). All walls are assumed to be
rigid and impermeable to matter.

2.1. Mass conservation equation

The principle of mass conservation applied to the fluid
mixture accounting for the variation of the density results in
the following equation:
ap
ar

dpu  dpv
—+—=0 1

dax dy @
For the solute and in terms of its mass fractignthe
principle of mass conservation results in:

ac

) MDC_

a( )+8( )+a( )
—(poC —_— uc —_— ve
9t PO T oY oy °
T
DT —
ax 3x+ 8x)i|
d .ac
p| D —
y dy

oT
o )] @

The second component (carrier-fluid) concentrationscl
The Fickian and Soret diffusivitiesD¢ and D) are the

+

by the Navier—Stokes equations for a weakly compressible
(temperature and speciesryimg density) fluid. In the
x-direction, this equation writes

d d
Y (ou) + a(/mu) + @(pvu)
d

w G l(6)]

whereas in the-direction, the equation is

n ()] e (5] e @
gy =—81— g28iN(2r f1) 5)

g1 and go are respectively the magnitude of the residual-
(static) gravity and the amplitude of oscillation of the
g-jitter, while f is the frequency of oscillation. The dynamic
viscosity 1 is assumed to be varying in the cavity as a
function of the local pressure, temperature and composition.
The dynamic viscosity model is found in Jossi et al. [19] as
well as in Lohrenz et al. [20].

_ op ad

3)

d d
at(;ov) + a(puv) + E(WU)
ap ad

9
ay

2.3. Energy conservation equation

Assuming there is no internal heat generation, the princi-
ple of conservation of energy is expressed by the following
equation:

9 9 9
—(pT) + — (puT) + — (pvT
8t(p )+ax(pu )+8y(pv )

S ESEG)

(6)

very essential parameters for the process under investigationhe specific heat at constant pressupeand the thermal

They are assumed to vary withetlactual local temperature,

conductivityk are assumed to be constant.

pressure and composition and can be mathematically formu- _
lated using the thermodynamics of irreversible processes as?-4. Equation of state

discussed in de Groot and Mazur [16], Shukla and Firroz-
abadi [17] and Firoozabadi [18fFiroozabadi [18] provides
the detailed analytical models for the calculation of the dif-
fusion coefficients.

y

G-i=eo(T' -T2 V-i=0 J-h=0

L S338K P3 (17.1,4.5) g ~
- . L g
V-h=0

H = 6mm
‘ .gz sin 27wft
x

Fig. 1. Geometrical model and boundary conditions.

T, =328K 7§
IO

D p1(19,1.5)

L =19mm

It is necessary to define the relationship of the density
of the fluid to the flow parameters such as temperature,
pressure, and species concentration in order to make use of
the preceding conservation equations. The Peng—Robinson
equation of state (PR-EOS) [21] is adopted in the present
work:

RT a
U S Ty @
The PR-EOS enjoys practically the same level of complexity
and accuracy for phase-beli@vprediction as many other
cubic equations of state (SRK-EOS, etc.). Our choice was
mostly a matter of simplicity and straightforwardness as
the analytical models for the calculation of the mass and
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thermal diffusion coefficients are derived using the PR-  To complete the numerical model, a pressure-correction
EOS [18]. The different steps involved in the calculation equation is implemented. The equation for the pressure-
of the fluid mixture density are detailed in Chacha et al. correction inside the cavity is:

[15]. The state of the fluid (liquid state) is fixed by the

o Iy 0 a a

initial composition, temperature and pressure level. Pressure—= + —(pu*) + _(pv*)

negligible variations in the cavity do not affect the density 97 9% dy

very much afterward. The main parameter governing the 0 ap’ 0 ap’
. o ; S =—|pKe|l — )|+ = | pKy| — (8)
density variation in the process is the temperature variation; ox ox ay ay
of a Ies_s_er but n_ot_ negligible importance is the mixture and the field pressung s given by
compositional variation.
p=p"+p (9)

2.5. Boundary and initial conditions The exact velocity field represented byand v is ob-

. o= tained by introducing the responses to the pressure correc-
The no flow and no-slip boundary conditiorig (7 = 0O;

o tions:
where V is the velocity vector and is the outward unit )
vector normal to the boundary) are considered on the four , _  « 3&
: . " u=u"— Ky (20)
walls of the rectangular cavity which are not subject to 0x
surface reactions nor to mass fluk-(7 = 0; whereJ is the VK 8_p/ (11)
diffusion flux). The left vertical wall is imposed a constant v=v— 8y dy

temperaturel}, while the right vertical wall is af; (T —

Tc = 10 K). The top and the bottom walls are allowed to
exchange heat through radiation with the environment whose
temperature is assumed to be equalgo=303 K (7 - 71 = . o
@; g is the conductive heat flux andl is the net radiation from the discretization scheme.

. : The numerical procedure is based on the SIMPLE algo-
heat exchange between the sample and its surroundings).. .
. » . ~=’fithm, see Patankar [23]. The NSPCG package (with MIC3
The imposed boundary conditions are shown in the physical »
. - I .. as pre-conditioner and BCGS as accelerator) was used to
model, see Fig. 1. For the initial conditions, the velocities

in the computational domain are set equal to zero, the solve the (nonsymmetric) algebraic system of equations in

/ 1 -
concentration is set equal to the initial concentratigrthe v P T gndc, which resullted from the control volume.ap
pressure apy_for the average temperatuf, Initial field proximation. The problem is strongly coupled and nonlinear

- .

temperature is equal thy since the density and the diffusiqn coefficients are related to
' the temperature, pressure and mixture composition. The con-
vergence is achieved at each time step once the maximum of
the average relative errors in the unknowns, p, c andT
between two successive iterations is less thanD%; i.e.,

) ) ) Max(¢y, ¢, ¢1, @, Pp) < 10°6. The average relative error
All physical properties, except the fluid thermal conduc- s defined by

tivity and specific heat at cotemt pressure, are varying in

u* and v* are the solutions of the momentum equations
corresponding to the guessed pressure figldand p’ is
the pressure correctioR,, andK, are coefficients resulting

3. Numerical procedure

time and space. Table 1 lists the average working conditions, 1 f=mi=n ksl ks ) ksl
the thermo-physical properiebtained at those conditions br = (n x m) Z Z |(Fi.,j -k )/Fi,.i | (12)
i=1j=1

as well as the geometric data of the system used in the nu-

merical analysis. The average working conditions are suchwhereF stands for the unknowm, v, p, T or c. k denotes

that the pressure at mean temperaturgsis = 35 MPa as  the time step number, while the iteration numbes.ighe

discussed by Georis et al. [22] whefg = 3(Th + Tc) = grid point is specified by its mesh coordinates;).

333 K. The time step is in general different from one study
case to another as it depends strongly on the period of the

Table 1 imposed vibration, if any.

Average physical property of the mixture and physical model data _ The Soret and Fick diffusion cogfficients and th_e viscos-
P 35 MPa Tm 333K ity are cal_culated at each mesh pomt_and are continually up-
o 538 kgm ™3 cbutane 0.8 dated during the course of the solution procedure. Follow-
" 2x 104 kgmLs? Te 328 K ing the initial flow field described by the initial conditions,

cp 2040 Jkg~1.k—1 Th 338K the time integration is performed using a first-order semi-
k 0.095 Wwm~1K-1 Too 303K implicit scheme. Time integration is pursued until the steady
p* 3771x 10 9 m?s~t £ 0.1 state is attained, when it exists. The conservation of the bu-
T 5.060x 10 2m?s~LK™ L 19mm tane total mass fraction is satisfied at each time step. Detailed
sT =pT/pc 1.342x 1073 K™1 H 6 mm '

calculation steps may be found in Chacha et al. [24].
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Fig. 1 shows the rectangular mesh that was used to obtain 6.21572E-07
all the results reported in this paper which consist of 79 1.86472E-06
control volumes in thec-direction and 19 control volumes ’)
in the y-direction, for a total of 170121 x 81) nodes. The C 2 3309E-06

locations of interest (i.e., P1, P2 and P3) in the resulting
analysis are also shown in the same figure. Mesh sensitivity
performed by Chacha et al. [24] revealed that the adopted
mesh is accurate.

1.24314E-06

1.565393E-07

333.271
4. Resultsand discussion

Different acceleration levelapplied to the cavity will be
discussed in this section; as we will investigate the cavity
under earth gravity condition, residual-gravity and micro-
vibrations. (b)

4.1. Cavity under earth gravity condition
In the case of earth gravity condition, Fig. 2 presents  ***
the convection in the cavity as well as the heat and massz
transfer. As shown in Fig. 2(a), a single -boundary layer
type flow- clockwise rotating convective cell is present.
Because we are in the condition of side heating, the system
is always unstable and no critical Rayleigh number exists.
Fig. 2(b) presents the temperature distribution in the cavity.
Because the horizontal walls of the cavity are subject t0 ;.
heat losses by radiation, nonlinear temperature distribution
is obtained in the cavity. Large temperature gradient does
exist at the cold and at the hot walls. This is evident from  ** "~ e T o o oo
the temperature distribution shown in Fig. 2(b). During this x ()
computation, the initial temperature in the cavity was set to ©
be the average temperature between the cold and the hokig. 2. Streamlines, temperature and butane distribution in the cavity. (a)
walls and the Species and thermal diffusion were Varying Streamline; (b) Temperature contours; (c) Butane distribution.
with the temperature and the fluid composition. This large
mixing which is due to the buoyancy force shadowed the in the cavity when the thermalnd species diffusion co-
Soret effect and as shown in Fig. 2(c), a uniform constant efficients were varying with the temperature and the fluid
distribution of the butane is found in the interior part of the composition and when they were set constant. As seen in
cavity. Fig. 3, the absence of gravity annihilates the mixing in the

Having large temperature gradient at the two vertical fluid cavity and, leads to a symmetric distribution of butane
walls also reflects the large mass gradient at the hot and thewith respect to the horizontal centre-line. The dashed lines
cold walls. The temperature profile is almost linear within represent the case when the coefficients are maintained con-
the boundary layer, see Fig. 2(b). As shown in Fig. 2(c), stant and the continuous lines represent the case when those
near the hot and cold walls, important Soret effect is presentcoefficients are varying as functions of the temperature and
which will then reduce to zero far from the lateral walls the composition. Butane, which is the heavier component,
due to the strong mixing condition. Because gravity induced migrates to the cold wall. This migration is however less
convection makes the measurement of the species and therpronounced—weaker—near the cold wall when the coeffi-
mal diffusion nearly impossible to achieve in earth gravity as cients are kept constant. This reflects the importance of hav-
shown in Fig. 2, it is necessary to measure those coefficientsing the diffusion coefficientto vary in the numerical calcu-
under microgravity conditions. Preceding observations im- lation rather than assuming a constant parameter. The non-
ply that ground experimestvould accommodate only with  linear complex variation of the butane near the cold wall is
very thin one-dimensional cell while microgravity experi- mainly due to the nonlinear temperature distribution at the
ments appear to yield more flexibility and accuracy. horizontal walls of the cavityindeed because of the radi-

In order to show the importance of adopting a variable ation, the ‘coldest point’ is situated not on the cold wall,
diffusion coefficients model in time and space, Fig. 3(a) but in an inner zone of the cavity. All other computations
presents the case of the butane concentration distributionwere done assuming a variable Soret and Fickian diffusivi-

0.800

0.798 4

Butane mass fraction

—- y=0,1g0 —y=0.5H, 1g0 = = = y=H, 1g0
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N\ 0.802577

A

[~—=—0.795053 ——"]
[————0.798181—"]

0.80275

0.80270 1 - = x=0.9L, g=0, constant diff. coeff.

x=0.9L, g=0, variable diff. coeff.

.
0.80265 4

0.80260 A

0.80255 4

Butane mass fraction (-)

0.80250

0.80245 4

0.80240

(b)

Fig. 3. Butane distributions in the cavity (- - - constapf and DT,

— variable D¢ and DT). (a) Butane variation in the cavity; (b) Butane

variation near the cold wall.

ties. Fig. 3(b) shows the butane variation near the cold wall
for the two diffusion coefficient conditions. It is clearly evi-
dent to observe a large difference in the butane variation.

4.2. Influence of the residual gravity

[TS==220.797113 ="

%0-794882"‘"""

N\ \ RN T/
B S
S :' 2 N\ 0802164
GV; / I‘\\ \ \‘ n
N / ) \ >0 A
=} / N } ‘& II(’
I/ 0.802015 /25
O 7 j NN
/ /, / Il Q% O
/I / // \‘
/ / .8,
/ =00,
Py 2 76.

Butane mass fraction (-)

We have seen in the first case that gravity causes the

mixing in the fluid cavity leading to a uniform mass

distribution of the butane. Fig. 4 presents the case of the mass

diffusion when a residual-gravity vector of 1 pg (fgo)

and of 10 pg magnitude is present. Fig. 4(a) shows a

comparison between the zero gravity case and a 1 pg gravityz
condition. The dashed line presents the mass transfer ing
1 ug whereas the continuous line is for the ideal condition
of zero gravity. It is evident to notice that a small residual
gravity will initiate a mixing in the cavity. Such finding is
more pronounced for a residual-gravity of 10 pg as shown in

Fig. 4(b). Rotating flow initiates a nonuniform mass transfer
variation in the computational domain. One can also notice
that even with such low residual gravity, buoyancy starts
to affect the mass diffusion as less butane is migrating

toward the cold end of the cavity. Such finding justifies

the importance of zero gravity environments to study the

diffusion of different fluid mixtures. Fig. 4(c) presents the

butane distribution in the vertical direction, at the middle of

the cavity, for different gravity levels. In the case of zero
gravity a concave variation of the butane with symmetry is variation at the middle of the cavity (= 0.5 L); (d) Butane variation near

present. As the residual-gravity level increases to 1 pg and tothe cold wall ate =0.9 L.

=
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Fig. 4. Butane distributions in theatity for different residual gravity

conditions. (a) (- - - 1 pg, — zero gravity); (b) 10 ug condition; (c) Butane
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0.801

10 pg, the buoyancy convection becomes more dominantand —Tomicros —o—somicrog
a deformed butane profile indicates the effect that buoyancy > 100microg AL
convection has on the solutal diffusion in the cavity. Fig. 4(d)

presents the butane distribution in the vertical direction l ! ; ‘ ‘
near the cold end of the cavity. As the residual gravity § o7 o I Il Lt ol O Ot Tt T L L O T
i

0.800

increases, buoyancy effect reduces the butane diffusiong
toward the cold wall. However, the disturbances measuredg 07981 “--__'
by the nonsymmetrical lateral butane distribution are more
pronounced in the middle of the cavity as was shown in )

Fig. 4(c) than near the cold wall as presented in Fig. 4(d). i‘ i l ) O S U G S U U GNP UGG O
The weaker butane differentiation due to increased residual o+ g ¥ '

gravity level yields a smaller Soret coefficient which is in
agreement with the observatis presented by Savino [14]. 0798

o
s
3 0.797 4
7]

0 25 50 75 100
time (10%s)

4.3. Influence of the-jitter @

——10microg =—O=50microg

Since the gravity vector used in our model has two com- 1805 1 —e—100microg ——0g  0°,f=001Hz (P1)
ponents, after having studied the influence of the constant
component (residual-gravity) we are going to focus on the
time varying component charaetsed by its amplitude and S.E:06 1
frequency. In this section we will present the effect that the
amplitude and the frequency will have on the mass distribu-
tion in the cavity. In each case, the time stap, is obtained
from the relation

At = (n7 + 1) X Tjitter/8 (13)

0.E+00

x-Velocity (m/s)

-5.E-06

wherenr is a selected (integer) number of the vibration
period, Tjiter. Thus by choosing the number of periods
greater than zero, we are able to reduce the computational '
time while maintaining the “same” periodic excitation over 0 2 50
time (10°s)

the system. )
4.3.1. Effects of the amplitude variation on mass diffusion Fig. 5. Butane and velocity variation near the hot wall. (a) Butane

Three different amplitude values varying between 10 distribution near the hot wall; (b) Horizontal velocity component near the
and 100 pg will be analysed for this case. Fig. 5(a) Mt
presents the butane variatiat P1 located near the hot
wall. A comparison is made with the ideal condition of defeating the purpose of measuring the thermal and species
zero gravity. In this case as discussed earlier, a decrease ifliffusion coefficient in theg-jitter environment.
butane concentration near the hot wall is evident with time ~ Another important parameter to study is the ratio of
thus the butane migrates towards the cold wall. A stable thermal diffusion coefficientD” to the species diffusion
oscillating regime is obtained for the three amplitudes of coefficientD known as the Soret coefficient. Fig. 6 presents
the g-jitter. Considering the 10 pg-amplitudgjitter with the variation of the Soret at P1 near the hot wall. As
no residual gravity, for example, the butane concentration one can see a large fluctuation of the Soret coefficient
oscillates at the same frequency as the original excitationis another indication of the importance of taking varying
of 0.01 Hz @7 = 40). As the amplitude of the-jitter thermal and species diffusion coefficient into account during
increases, the oscillation amplitude changes very slightly the computation. Such obsetizn was also identical for the
while the difference between the initial value and the two other points P2 and P3, which are located at the middle
average value of the concertiom is significantly reduced. and near the cold end of the cavity. The Soret coefficient
Increasing the amplitude on thejitter enhances the mixing ~ decreases with increiag amplitude of theg-jitter as a
of the fluid in the cavity and therefore reduces species consequence of reduced species gradient in the cavity.
differentiation. The velocity in the-direction as presented
in Fig. 5(b) is also strongly affected by the amplitude 4.3.2. Frequency variation effect on mass diffusion
variation. Although the velocity magnitude is small—strictly In the previous section we highlighted the importance
speaking—, nevertheless it is important for a diffusion case the amplitude will have on the mass diffusion as well as
as the one presented in this paper. This large oscillation will on the Soret coefficient. In the present case, the amplitude
definitely enhance the mixing in the fluid cavity therefore was maintained constant at 10 pg and the frequency was
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Fig. 6. Soret number variation near the hot wall for different jittering
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Fig. 7. Butane variations near the hot wall for different jittering frequencies. well as the velocity in the horizontal direction is presented.
The time step that was used to get the results shown on

the varying parameter in the gravity vector. Because we are19- 8 iS 41x Tjiter/8 (Tjier iS the period of oscillation
interested in low frequency condition, which does exist in ©f the g-jitter); thus ny = 40. It is evident that the flow
the frequency spectrum on board the International Spacemanifests a sinusoidal variation with a frequency identical
Station, three different frgiencies of 0.001, 0.005 and [0 the excitation frequency of 0.01 Hz; however, the Soret
0.01 Hz will be used in this model, with; equal 0, 16  coefficient oscillates at the same frequency but with a phase
and 40, respectively, for the calculation of corresponding shift and the variation is not sinusoidal. This behaviour

time steps. Fig. 7 presents the variation of the butane atOf the Soret coefficient is explained by the fact that the
point P1 near the hot wall. It is evident to observe that flow characteristic time is smaller than the mass diffusion

even with a low frequency of 0.001 Hz£ = 0) the mass  characteristic time. The nonsinusoidal shape of the Soret
diffusion is affected with the gravity oscillation; with more coefficient may be attributed to the buoyancy convection
pronounced effect at a higher frequency. The amplitude of disturbing the mass diffusion for a time interval.
fluctuations of the butane concentration increases with the Fig. 8 is repeated but for the lower frequency of 0.001 Hz
frequency, with a slight change in the average value. The as shown in Fig. 9. Here the time step (or time interval)
Soret coefficient oscillates due to the external disturbances.was Tjiter/8. The flow variation is identical in shape to the
As the frequency is decreasing from 0.01 to 0.001 Hz, the previous case. However, the Soret coefficient profile is not
Soret coefficient variatiorsi decreasing accordingly and is purely sinusoidal. First the Soret coefficient amplitude of
reaching the variation whichozild be obtained for the zero  variation in value has been reduced due to the low frequency
gravity condition. and secondly, the mass characteristic time is smaller making
In order to better examine the variation of the Soret the flow disturbances more obvious in this case. The Soret
and the velocity for a short period of time, Figs. 8 and 9 coefficient tends to oscillate but with the back flow, this
presents those variations. In Fig. 8 the Soret coefficient asoscillation is distorted.
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5. Conclusion [6] T.C. Jue, B. Ramaswamy, Numerical analysis of thermosolutal flows
in a cavity with gravity modulatio effects, Heat Mass Transfer 38
(2002) 665.

In this paper we have studied the effect the time depen- [7] R. Monti, R. Savino, A new approach tglevel tolerability for fluid

dent grf_iVity_ vector will have on the_ mass qiﬁUSion in a bi- and material science experints, Acta Astronautica 37 (1995) 313.
nary fluid mixture. In the earth gravity condition, a constant [8] R. Savino, R. Monti, M. Piccirillo, Thermovibrational convection in a
butane distribution in the fluid mixture is due to the mix- fluid cell, Comput. Fluids 27 (1998) 923.

ing generated by the strong buoyancy convection. Soret ef- [9] R.W. Smith, The influence ofg—ji_tter on quuid_ diffusion—The
fect was not very apparent in this case. For the zero grav- QUELD/MIM/MIR Programme, Microgravity Sci. Technol. 11 (2)

: L e (1998) 78.

ity condition, it was found that mass diffusion is important [10] rR. savino, R. Monti, Convection induced by residgandg-jitters in
with butane being the heavy component of the mixture mi- diffusion experiments, Internat. J. Heat Mass Transfer 42 (1999) 111.
grating to the cold wall due to the Soret effect. As the grav- [11] G.Z. Gershuni, A.K. Kolesnikov, J.C. Legros, B.L. Myznikova, On the
ity vector became time dependent it was found that with a vibrational convective instability o& horizontal binary-mixture layer

variation of amplitud nd fr n the vibration affect with soret effect, J. Fluid Mech. 330 (1997) 251.
ariation or amplituae a equency, the ation ariects 12] G.Z. Gershuni, A.K. Kolesnikov, J.C. Legros, B.L. Myznikova, On the

the mass diffusion. Finally we have shown for the first time convective instability of a horizontal binary-mixture layer with soret
that even the Soret number which is the ratio of the ther- effect under transversal high freqoy vibration, Internat. J. Heat
mal diffusion to the species diffusion oscillates with time at Mass Transfer 42 (1999) 547.

the same frequency as the original excitation. However, the [13] R- Monti, R. Savino, M. Lappa, On the convective disturbances
backflow disturbs this variation and makes it nonsinusoidal induced bygjitter on the space station, Acta Astronautica 48 (2001)

) 603.

in shape. [14] R. Savino, Residua}- and g-jitter effects on the measurement of the
thermophysical properties in magravity, Adv. Space Res. 29 (2002)
559.
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