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Abstract

The phenomenon of mass flux in a mixture due to a temperature gradient is known as the Soret effect or thermal diffusion. This effect
is usually small but can be quite important in the analysis of compositional variation in hydrocarbon reservoirs. Diffusion-dominated
experiments on-board the International Space Station will be greatly affected by convective flow due to the residual acceleration field and/or
to oscillatory g-jitters caused by several sources. In this paper we are interested in investigating the flow due to thermal diffusion for different
oscillatory g-jitters. The model considered is a rectangular rigid cavity filled with a binary mixture of methane and normal butane, subject to
a temperature difference on its end walls and radiation heat transfer on the lateral ones. The non-linear differential equations for the mass-
thermo-vibrational problem are derived in the case of a unique mode oscillatory acceleration. The full transient Navier—Stokes equations
coupled with the mass and heat transfer formulations and the equation of state of the fluid are solved numerically using the finite element
technique. Results revealed that the thermal diffusion is important and drives a strong convection. Convection is enhanced and therefore
temperature and species profiles distortion from purely diffusive condition increases when a parallel g-jitter is added to the residual gravity,
in a destabilizing configuration. The numerical study shows that both residual gravity and g-jitter may be detrimental but also beneficial
to achieve purely diffusive conditions, according to the orientation of the vibration direction and the residual gravity vector, relative to the
direction of the main density gradient. For the different configurations investigated, the g-jitter is found to reduce compositional variation.
When the stable regime is attained, thermal and compositional quantities fluctuate following a mode whose frequency is equal to that of the
initially imposed vibration. Even if the temperature fluctuation at a given point remains small, the compositional variation due to residual
g-jitter convection is not negligible.
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1. Introduction Soret coefficient for a various multi-component oil system
during a Space Shuttle mission. However, analysis of the ef-
The phenomenon of mass flux in a mixture due to a tem- fective acceleration environment on-board the Space Shuttle
perature gradient is known as the Soret effect or thermal dif- has shown that the residual acceleration field comprises a
fusion. This effect is usually small but can be quite important frequency spectrum. At frequencies of about 1 Hz, the am-
in the analysis of compositional variation in hydrocarbon plitude is of the order of 10%go to 10-3go wheregyg is the
reservoirs. In order to uncover the mechanism of composi- earth gravity magnitude, and increasing linearly with the fre-
tional variation in a reservoir fluid, great efforts have been quency for higher frequencies [1]. The effect of such vi-
invested in the development of theoretical models as well asprations (called g-jitter), induced by on board machineries
experimental set-ups. Because of buoyancy-induced convecor excited by crew activities, on experiments conducted in
tion in the gravitational field, accurate measurement of the space is largely unknown. Therefore, it is important to con-
Soret coefficient for multi-component mixtures is nearly im- - sider the effect of g-jitter in the analysis in order to better
possible. Therefore an emergence of experimental set-up inynderstand the micro-gravity experimental results.
micro-gravity environmentbecomes eminent. Ajointmicro-  Theoretical work concerning the instability in fluids
gravity experiment s planned by the authors to measure theynder the influence of g-jitter in weightlessness conditions
has been reported by several authors. Merkin [2], Davidson
" * Correspondence and reprints. [3], Haddon and Riley [4] analyzed the instability in a liquid
E-mail addresszsaghir@ryerson.ca (M.Z. Saghir). due to fluctuations of the acceleration field. They found
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Nomenclature

interaction energy between

molecules ...................... -nd®-mol—2
hard-core or co-volume parameter . .3.mol~1
transported component mass

fraction (or concentration)

initial butane concentration

mixture specificheat............. kg~ tK-1
mass diffusivity . .................... 1
molecular diffusivity ................. fas 1
pressure diffusion coefficient .. .. %s 1.Pa!
thermal diffusion coefficient. . .. .. frs 1K1
frequency of the g-jitter . ... .............. Hz
earth gravity acceleration magnitude. . . -sf?
maghnitude of the static gravity

(residualg) ............coveeinn... 2
amplitude of the g-jitter ............... 812
partial molar enthalpy of

componenk ..............ooeiiin... dhol~t
total mass flux.................. kg—2s1
heatflux. .......cooovvieeeninnnn... Wi—2
mixture thermal conductivity..... Wh™1.K~!
binary interaction parameter

binary interaction parameter
phenomenological coefficient.. ... JesK-m—3
phenomenological coefficient ... . . .. sK-m~3
cavitylength............ ... ... ... ... mm
cavityheight........................... mm
mixture molecular weight .......... kgol~!
molecular weight of componeht. .. kgmol~1
Pressure. ...t Pa
pressure at mean temperature.............. Pa

heat of transport of the componént. Jmol~1
universal gas constant 8.31441. ..mal~1.K~1
Soret coefficient...................... Kt

t time. . $
T temperature ... h
To room/initial temperature................... K
T, cold wall temperature ..................... K
Ty hot wall temperature ...................... K
T mean temperature .................ooo.... K
T, reduced temperature
u velocity componentin-direction.. .. .. s 1
i molar internalenergy................ ndol~1
iy partial molar internal energy of

COMPONENK .. ..o, dnol~1
v velocity component iry-direction.. . . .. s 1
v molarvolume..................... $mol1
Uk partial molar volume of

COMPONENk .......covvevvennn... mmol—1
X1 mole fraction of the transported species
Xi mole fraction of componerit
Xk mole fraction of componerit
z compressibility factor

Greek symbols

e emissivity of the radiating walls
m mixture dynamic viscosity. .. ..... kgp~t.s7t
Wk chemical potential of componeht... Jmol~!
1)) acentric factor
P mixture mass density . ............... 3
o Stefan—Boltzmann

constant ............... 5.67032-Wv 2.K—4
Tk ratio of the energy of

vaporization to the energy

of viscosity of componenit
0 angle between the vertical direction

and the gravityfield ..................... rad

that convection induced by g-jitter resulted in a significant and provided qualitative understandings of different insta-
increase of the heat transport when compared with the bility mechanisms and forms. Efforts were made to extract
purely diffusive distribution. In their studies the researchwas precise qualitative as well as quantitative effect of thermal
focused mainly on the onset of convection. Savino et al. [5] diffusion on convection in more realistic situations: low fre-

performed a three-dimensional humerical simulation on a quencies, arbitrary wave and multi-mode vibration. How-

fluid cell subject to periodic accelerations with a relatively ever, non-linearity—neglected in the preceding analysis—
high frequency. In their study, they focused only on the time may become important to enhance the driving of the convec-
averaged convective motion arising from thermovibrational tion. Direct numerical simulations are essential tools for this

effect.

purpose. Rees and Pop [11,12] studied the effect of g-jitter

Gershuni [6-8] and his co-workers reported a series of on free convection in porous media. Of particular impor-
theoretical work in micro-gravity subject to the influence
of vibrations, which was mainly focused on the flow insta- and frequency on the rate of heat transfer.
bility. Later Gershuni et al. [9,10] investigated theoretically
the vibrational convective instability for the case of an infi-
nite 2D horizontal binary mixture layer, in the presence of variation (fluid compressibility) under the influence of vi-
the Soret effect. These attempts, based on linear analysisprational instability in micro-gravity environment. We con-
resulted in the derivation of the convection stability limits sider a finite two-dimensional binary mixture of methane

tance, they quantified the influence of g-jitter'’s amplitude

In this paper we study the Soret effect by performing a
direct numerical analysis considering the effects of density
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andn-butane (G/nC4) subject to lateral temperature gra- 2.1. Mass conservation equation

dient including the Soret effect. In Section 2 we present

the mathematical formulation of the problem in dimen- The principle of mass conservation applied to a fluid,
sional form. Section 3 presents the numerical procedure.assuming a compressible flow in order to take into account
In Section 4 we discuss the results obtained for different con- the variation of the density, results in the following equation:
ditions. Section 5 concludes the results of this work. The ap- 5, 554  3pv
pendix is devoted to the formulation and calculation of dif- 5~ + —~~ oy 0 (1)
fusion coefficients as well as the calculation of the density of ) ] ) _
the mixture using appropriate equation of state. To the bestWherep is the densityy andv are, respectively, the velocity

of our knowledge no work has been addressed to investigatecempPonentin the andy directions, and denotes the time.
the vibration effects on thermal diffusion. Since the fluid is composed of two species, the principle

of mass conservation applies to each individual component
as well as to the mixture as a whole. For each component
and in terms of the mass fractien the principle of mass

2. Problem description and basic equations conservation results in an equation of the form:

dc dc dc > -
In this section, we describe the basic equations and” 5"'”5"'”5) =-V-J
boundary conditions that govern the problem. The physical sz —p[D“%c _ DT§T] o)

model of the cavity under study is sketched in Fig. 1(a).
The system consists of a rectangular cavity containing a where the total fluy comprises a Fickian diffusive flux (first
binary mixture. The cavity is subject to vibrations. These term) and a thermal diffusive flux (second term). Eq. (2)
vibrations are due to the oscillatory component of the gravity is used for the solute conservation within the cavity, the
called g-jitter. The cavity vibrations are thus modelled by a second component (carrier-fluid) concentration being equal
harmonic contribution to the body force. Two orientations to 1 — ¢. The termsD¢ and DT represent, respectively,

of the gravity acceleration are considered: parallel and the mass diffusivity and the thermal diffusion coefficient
perpendicular to the thermal gradient. The cavity is allowed assumed to be constant in our analysis. The coefficients
to exchange heat with its environment through radiation D¢ and DT deserve a particular attention since they are
process at its top and bottom walls. The vertical walls are essential parameters for the process under investigation. The
set to constant temperaturd%,and7, with 7, greater than theoretical calculation of these coefficients is presented in
T. (horizontal thermal gradient). All walls are assumed to be the appendix, based on the thermodynamics of irreversible
rigid and impermeable to matter. processes [13].

2.2. Momentum conservation equation

| ]

The principal of linear momentum is represented by the
Navier—Stokes equations. In thedirection, this equation is
written as:

£ 8u+ 8u+ du 8p+ 82u+82u N
— 4 u—4v—|=—— — +—
9 Plar T"ox T %y ax M| ax2 T o2 | TP
3)

8y g

=1
|

<4 —>»

»x Whereas in the direction, the equation is written as:

@) dv n av n av ap n 9%y n 9%y n
—4u—+tv—|=—— —+—
Pl T Y%y oy M| ax2 Ty | TPE

TTTTTTT
4)

¥3=4.8mm node 1305

[HRNERE!
y2 =3.0mm node 819

NERERE : :
12 node 333 gx =[g1+ g2sin(2r f1)] sineg,

[T gy =—[g1+ g2sin2r f1)] cosd
1 =19mm ¥2=9.5mm ¥3=17.Tmm We assume a periodical vibration, set only in one direc-
® tion at a time:® =0 or9 = —x /2. 6 is the angle between

Fig. 1. Physical model and finite element mesh. (a) Physical model. the negativey-axis and the gravity acceleration vector. The
(b) Finite element mesh and reported data analysis locations. termg; is the magnitude of the residual gravity, whijgis

where
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the amplitude of the gravity oscillating part (g-jitter) and 2.6. Initial conditions
is the frequency of the oscillation. The pressure is denoted

by p andu is the dynamic viscosity of the mixture. The initial conditions are as follows (i.e., at time- 0):

2.3. Energy conservation equation u(x,y) =v(x,y)=0 (10)
c=cCo (12)
Assuming no internal heat generation and constant ther-T(L y)=To (12)

mal conductivity, the principle of conservation of thermal
energy is expressed by the following equation:

T aT T 32T 92T
pcp[—+u—+ i|=k|: + i| (5)

v 2,27
o1 0x 9y ox2 © dy? We assume a single-phase fluid (liquid phase). All phys-
wherec, andk are, respectively, the specific heat and the jcal properties, except the fluid density, are constant with
thermal CondUCtiVity of the fluid and is the temperature. the assigned values obtained at mean temperafyre-
(T, + T;)/2. Table 1 lists the thermo-physical properties,
the working conditions and the geometric data of the sys-
tem used in the present numerical analysis. The working
It is necessary to define the relationship of the density conditions are such that the pressure at mean temperature
of the fluid to the flow parameters such as temperature, js p; =350 bar [15], wherd;, = 60°C.
pressure, and species concentration in order to make use of The numerical procedure consists of solving Egs. (1)—(6)
the preceding conservation equations. This relationship is oftogether with the appropriate boundary conditions (Egs. (7)—
the form: (9)) by applying the Galerkin finite-element method for a
f(o,p.T,c)=0 (6) varia_ble_density. The problem is strongly coupled since the_
density is related to the pressure, temperature and composi-
A specific paragraph is dedicated in the appendix to the tion. The density is continually updated during the course of
calculation of the fluid density, which is performed using the the solution procedure from the equation of state (Eq (6)) at
Peng-Robinson equation of state [14]. each mesh point. Following the initial flow field described
by the initial conditions (Egs. (10)—(12)), the time integra-
tion is performed using a first-order implicit scheme. The
solution proceeds iteratively via a conjugate-gradient type
The no-flow and no-slip boundary conditions are consid- jterative solver following the segregated approach (more
ered on the walls (Eq. (7)), which are not subject to sur- cost-effective for considerable size or strongly coupled prob-
face reactions or mass flux (Eg. (8)). Constant yet different |ems). The solution convergence is achieved at each time
temperatures are imposed on the vertical walls and the hori-step and the iteration obtained once the relative error in
zontal walls are allowed to exchange heat through radiationthe unknowns:, v, ¢ and T for two successive iterations
with the surroundings (Eg. (9)). The boundary conditions are js |ess than x 103. Fig. 1(b) displays the mesh that was
given below: used to obtain all the results reported herex40 second-
order quadrilateral elements for a total of 1701 (821)
e Velocity boundary conditions nodes. The locations of interest in the results analysis are
=1 also shown in Fig. 1(b).

(7)

3. Numerical procedure

2.4. Equation of state

2.5. Boundary conditions

u=v=0 x =0,
MZUZO :O’ =H
Y Y Table 1

e Species boundary conditions Physical properties of the mixture and physical model data

ac aT Ty 338 K
~Dep—+Dro—=0  x=0 x=L T 333K

e 5T S pnt
—-De—+Dr—=0 y=0, y=H n 2104 kgm 57t

dy dy k 0.095 Wm~1.K 1

e Temperature boundary conditions Py BMpa

¢p 2040 Jkg~1.K

T(x=0,y)=Ty T(x=L,y)=T, D¢ 5.88x 109 m2.s71
oT 4 4 (9) pT —50x1012m2.s7 k-1

—kE:go(T -13) y=0, y=H sT =—pT/pe 85x 1074 K1

L 19 mm
where ¢ is the radiating surface emissivity, is the e 0.1
Stefan—Boltzmann constant, afig is the temperature 2) 203 K

mm

of the surroundings.
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4. Resultsand discussion

Sources of the residual accelerations include the effects
of the earth’s gravity gradient and the g-jitter. The high-
frequency accelerations may be unimportant in comparison
with the residual motions caused by low frequencies. As
a preliminary step towards complete investigation of the
effects of vibrations on the mass-thermo-fluid dynamics
of the binary mixture (&/nCy), calculations have been
performed for different cases. In the first case zero gravity
condition is adopted, in the second case the g-jitter and/or
residual gravity inx direction (i.e.,60 = —mx/2) is applied
and finally in the third case the g-jitter and/or residual gravity
in y direction (i.e.,0 = 0) is studied. Three frequencies are
investigated;f = 0.1, f =1 andf = 10 Hz. When present,
the steady residual acceleration (residual gravity) and the
purely vibrational or oscillatory acceleration (g-jitter) are
considered to be parallel. The initial mass fractionnef
butane is fixed tap = 0.8. All the results are presented at
time r = 2025 s after the thermal steady state condition is
reached.

4.1. Influence of the residual gravity

In the present case, we are assuming that there is no

g-jitter in the system. Fig. 2 shows the influence of the
residual gravity on the thermo-diffusion in the absence of
any oscillatory g-jitter at three horizontal lines situated at
y1, y2 andy3 and passing, respectively, by nodes 333, 819
and 1305. The case denoted §¥ corresponds to the flow
in the absence of any gravity (i.e., no residual gravity and
no g-jitter, g1 = g2 = 0), while OHzH, and OHzV stand for
the flow in the presence of a residual gravity (i.e., no g-jitter,
g1=5x 1072 m-s2, g» = 0) oriented towards negative
and negativey, respectively. The profiles are drawn for the
lines passing by node 3381), node 819%2) and node 1305
(¥3).

In Fig. 2(a), non-linear temperature distributions are ob-

tained due to the radiation heat losses along the horizontal **

walls. In fact, slight temperature differences do exist be-
tween the profile at the middle lingZ) and those off the
middle line (y1 andy3). It is interesting to notice that the
minimum temperature location is near the cold wall. It is ev-
ident that for this condition the line at= y2 is a symmetry
line for the temperature and species distribution. Therefore

the results of the fluid temperature and the butane concentra- *

tion aty = yl and aty = y3 are identical.

Fig. 2(b) shows the butane concentration profiles at three **;

horizontal planes1, y2 andy3. For the sake of clarity some

€
i

aie concentration

But:

Density (kg/m3)

of those profiles are not represented. It was noted that the

340

903

338

336

334

332

326

X y2,0HzH
o y1,0Hzv

X y2,0HzV

0.8020

0.8000

0.7980

0.7960

0.7940 { ;¥

0.7920 1.

0.7900

0.7880

20

X y2,0HzH —-e- y3,0HzH

ooy, 0HZV  —X—y2, OHzV

horizontal residual-g: velocity field vertical residual-g : streamlines

x (mm)

(b)

20

515

510

500

495

90

X y2, OHzH
— - y3,0HzH

- --y1, 0HzV

——y2, 0HzV

4 6 8 10 12 14 16 18

x (mm)

©

20

profiles gtyl and at)_’?’ were id‘?nticaL in the cases of zego-  Fig. 2. Influence of residual-on the diffusion processes. (a) Temperature
and horizontal residual gravity. By comparing the butane profile. (b) Butane concentration. (c) Mixture density profile.

distribution atyl andy2, it is found that as we get closer to

the cavity wall, more butane is located due to the loss of heatexists near the end walls compared to the central region
by radiation. In the presence of any residual gravity (casesof the cavity. The amount of butane on the cold end is
OHzH and OHzV), it is found that low butane concentration however higher than that on the hot end. Two symmetric
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337

rolls form apart from the ling2 in the presence of horizontal
residual gravity. Fig. 2(b) (bottom) shows the corresponding ] , , «—+—— ——— e ]
flow structure illustrated by the velocity field. The maximum s
butane concentration is found to be near the radiating walls

. . . 334
as in the previous case. However, the hot wall is now the ——xi=19mm
location of minimum butane concentration as it is the case —=-x2=95mm
when any static gravity is accounted for. In the case of the ., Toenime

downward residual gravity (i.e., 0HzV) the flow structure is

asymmetrical. Two convection rolls are observed sustaining
the presence of a minimal temperature cross-section. A large o | e e ]
convective cell exists near the hot wall whereas a weak
convective cell is near the cold end. A dissymmetry also

329

appears in the butane distribution. The difference in the *}——s—————* e
concentration distribution of the butane near the hot and cold =

end is due to the convective cell in the cavity. The strong  ° 1 ’ o ) ’ °
convection near the hot wall developed a large concentration (a)

gradient of the butane. Whereas in the cold end of the cavity,
where the convection is weaker, the concentration gradient
is less pronounced. More butane is found to segregate into
the lower part of the cavity (represented by the profité *
OHzV”). The hot and the cold ends are concentration local

0.8002

0.8000 ——x1=19mm
—&x2=95mm

—A—x3 =17.1 mm

0.7998

minima.

Fig. 2(c) shows the influence of residual gravity on the £ ..
mixture density. Profiles along direction are drawn for
the three planes which argl, y2 and y3. In the case of
zero gravity, the density variation is very smooth and is
monotonically increasing from the hot end to the cold end o7
(not shown). Variation of density at the two locationsy@f
andyl is minimal. When the residual gravity is present, the o7
density increases to a maximum value situated at around
3/4 of the cavity length and then decreases progressively oz
to an intermediate value at the cold wall. The large density ’ ' ’ y o) ) ’ ’
gradient near the hot wall is again due to the strong observed (b)
convection. Whlle pmflle?yl and y?a are symmetric ",q Fig. 3. Temperature and butane concentration profile under zero gravity
the case of horizontal residual gravity and represent higher congition, (a) Temperature profile. (b) Butane concentration profile.
density in comparison to the centre lip8, a dissymmetry
is naturally found betweerpl and y3 in the case of a
downward residual gravity with denser fluid in the lower half  mum temperature at3; sustaining the influence of the heat
of the cell. losses.

The physics at zero gravity seem to differ fromthatatany  Fig. 3(b) shows the butane concentration profile at differ-
residual gravity when heat losses are allowed on the lateralent cross-sections {,x2 andx3) at zero gravity. The butane
walls of the cell. In fact in the present case, the envelope segregates towards the radiating walls while the methane mi-
of the butane concentration variation in thedirection is grates towards the central part of the cavity. This behaviour
“concave”in zero gravity, while itis “convex”if any residual  is expected from the fact that the Soret number is positive.
gravity is present. This is due to the convection in the cavity = The previous case is repeated with a residual gravity
in the presence of residual gravity. applied in the horizontal and vertical direction, respectively.

Cross-sectional temperature profiles are shown on Under horizontal residual gravity, Fig. 4(a) shows the butane
Fig. 3(a) atx1, x2 andx3 (see Fig. 1(b)). The case with distribution at three different cross sectiomd (x2 andx3).
no-gravity condition is presented here. However, the trend High concentration of butane is found to be near the two
was similar for those cases with a static gravity compo- horizontal walls and lower butane concentration is found
nent g1 = 5 x 107> m-s~2). Radiation losses on the lateral at the centre of the cavity. The centre lineyat y2 is a
walls induce a lateral temperature gradient. Thus, as indi- symmetry line for the temperature and species distribution.
cated in Fig. 3(a), non-linear temperature distributions were Fig. 4(b) shows the same case but the residual gravity is
obtained. It is worth noticing that at the steady state the cold oriented in the vertical direction. The convective flow is
end temperaturelt = 328 K) is still higher than the maxi-  stronger and dominates over the thermodiffusion process, at

0.7994

Butane concentration
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0.8015 340 0.8002

0.8010
e e e
e $ ._‘-".,‘ o* o* oe® Nor” Voo Sag¥ Vagd 0.8000
¥
0.8005 ; , :-”‘.‘. N7 o o Vot N
0P L A 07998

0.8000 t

x1=1.9mm 225 ! A\Ei ——T333 —T819 --®-- T1305 0.7996

——c333 —¥—c819 -+ 0--c1305

0.7995 - ' (4
—=-x2=95mm ! i
0.7990 ——x3=17.1mm g 320 {4 07994
0.7985 4 2 .0 o
< H = ]
315 { R/ £ P, P R PO 5% & & 107992
{ o q

Butane concentration

Butane concentration

e A
0.7980 &f ¥ fo & Jo A ag P %
5, & Qéa-' Jop %
310 @ X 000 o4cy 0.7990
0.7975 oc 500
0.7970 305 § 0.7988
0.7965
300 + 0.7986
o 500 1000 1500 2000
0.7960 t(s)
0 1 2 3 4 5 6
y (mm) . . . - .
@ Fig. 5. Temperature and butane concentration time variation under a vertical
vibration ¢ =0, f = 0.1 Hz, time step is 21 seconds).

0.8020

transversal ones, it is apparent that at zero gravity where

os010 no convection is observed, lateral segregation is very impor-
tant and is even comparable to longitudinal segregation. It is

08000 obvious that when only residual gravity is present, the maxi-

mum deviation of the mass-thermo-fluid dynamic field from
07980 the purely diffusive situation (i.e., zero gravity) corresponds
to a residual gravity vector orthogonal to the direction of

079801 the main temperature gradient. In this case convection de-
velops for all values of the temperature difference between
the hot and the cold ends and antagonises species separation

Butane concentration

079701 | o x1=19mm

—a-x2=95mm by Soret diffusion.
4.2. Influence of the frequency of the g-jitter
b”“’ In this case, the g-jitter implemented in Egs. (3) and (4)
®) will be adopted. The objective of this section is to examine
Fig. 4. Butane concentration under horizontal and vertical residual gravity. the influence of frequency in the butane and temperature
(a) Horizontal residual gravity. (b) Vertical residual gravity. variation in the presence of the Soret effect. Three different

frequencies will be used in our analysis. These are mainly

least on a considerable part of the cavity. The centre line is0.1, 1 and 10 Hz. The rational for using these frequencies
no more a line of symmetry for species distribution. is that we are interested in studying the effect of large

Whether the residual gravity is oriented horizontally or frequency spectrum on the thermal diffusion. Fig. 5 shows
vertically, the mid-section corresponds to the highest butanethe temperature and butane concentration variation in time
concentration when compared to the other two sectionsat three specified nodes: 333, 819 and 1305. An oscillatory
at x1 and x3, respectively. On the contrary, under zero g-jitter having a frequency off = 0.1 Hz is acting in
gravity condition (see Fig. 3(b)), the middle section (i.e., the vertical direction in addition to the downward residual
x = x2) corresponds to the lowest butane concentration gravity. The temperature and concentration variation at
level. We believe this is due to the fact that Soret effect the three nodes near the hot wall were investigated with
is more pronounced in a zero gravity environment and is time. While the temperature and the density (not shown)
overcome by convection when the residual gravity is present.reach a periodical regime, the species concentration still
This in fact justifies the importance of measuring the Soret undergoes an important activity. The average concentration
coefficient of a multi-component system in a zero gravity continues to vary with time, tending asymptotically to
environment. a quasi-equilibrium value. In addition, a phase shift is

The centre line is found to be the loci for the mini- noticeable for the temperature and the species concentration
mal concentration in cross-sectional profiles for both zero at off centre nodes (i.e., 333 and 1305). At the middle of
gravity and horizontal residual gravity conditions. The min- the cavity (i.e., node 819), the temperature fluctuation in
imum concentration location is not fixed in the case of a time can be considered negligible when a periodically stable
vertical residual gravity. Comparing longitudinal profiles to regime is established in the flow. The density was found not
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340 338 0.8001

333 0.7999

328

0.7997

32318844 —+—TO1HZV819 —e—T1HZA/B19  ------ T10HzV819
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(@ Fig. 7. Influence of the frequency of the g-jitter on the diffusion processes:

temperature and butane variation at a mesh point.
0.8020

- 05, ,-"'"W JEne, ST, temperature. A comparison between a residual gravity case
and a g-jitter having a frequency of 1 Hz is presented. In the

e residual gravity case, a decrease in the temperature along the
£ length of the cavity is noticeable. If we recall, our observa-

%‘”960 e e tion presented earlier showed that a lower temperature was
§ found to be close to the cold end. This variation of temper-
" oreu0 o ature is mainly due to the radiation. In the presence of the

g-jitter, disturbances create an additional mixing in the cav-
ity and a quasi-linear temperature distribution in the cavity is
noticeable. The minimum temperature is therefore displaced
to the cold end. It was noticed that when a periodical regime
0 2 s s I is attained in the flow, the temperature at the mid-plaRe
(b)‘ o is the same at every frequency; therefore only temperature
profiles at 0 and 1 Hz are shown in Fig. 6(a).
Fig.‘ 6. Temperature and cor_1centrati0n profiI(_es With_ g-jitter oriented Fig. 6(b) presents the butane concentration profile at two
vertically. (a) Temperature profile. (b) Concentration profile. different cases at the mid-plane of the cavity. In the absence
of g-jitter, the residual gravity directed downward shows a
to be affected by the fluctuation of the composition and was large butane concentration decrease near the hot wall due to
found to depend on the temperature variation only. the Soret effect. Let us recall that the g-jitter amplitude is 40
Species diffusion (Soret and Fickian) is a slow process times greater than the residual gravity in the present study.
when compared to the heat diffusion process. By designating!n the presence of a g-jitter with a frequency of 1 Hz, mixing
Tth = pC) L?/k the heat transport characteristic time and Prevents Soret diffusion and lead to approximately constant
trg = L?/72 D¢ the mass diffusion characteristic time [16], butane concentration in the cavity. This finding shows again
one may find thaty < rg. One could “speculate” that the  that g-jitter may create mixing and will overcome the Soret
average profile variation of the butane concentration with effectin a cavity. Therefore measuring the Soret coefficient
time is particularly attributable to thermo-diffusion process, in micro-gravity requires a zero gravity environment.
while instantaneous fluctuations are due to the convectionin  In order to examine the effect of the temperature and
the fluid. the butane variation with the g-jitter, Fig. 7 compares the
Another way to examine the importance of the heat dif- results of these two variables at the mesh point (i.e., node
fusion process versus the species diffusion is to present the819) for the three different frequencies. For the temperature,
temperature and the butane concentration at the middle ofit is important to notice that the frequency variation effect
the cavity along its length. Fig. 6 represents the cases wherdgs negligible. However, for the butane concentration, one
an oscillatory g-jitter is added to the static gravity for a fre- can definitely agree that low frequency g-jitter will have a
quencyf = 1 Hz. The gravity acceleration is directed along tremendous effect on the butane distribution in the cavity.
the y-axis with the static component downwaré £ 0). Therefore one may conclude that low and high frequency g-
Fig. 6(a) shows the influence of the g-jitter frequency on the jitter will affect the Soret diffusion process in microgravity.
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Up to now we have investigated the effect of temperature ‘
and butane concentration in the presence of g-jitter when the ,, §
later is oriented in a vertical direction. In this section we
intend to examine the previous case but where the orientation.§
of both the g-jitter and the residual gravity is horizontal. §
Fig. 8 presents the variation of the butane at three different
cross-sections of the cavity along the cavity height (k&,, E
x2 andx3). In the presence of g-jitter having a frequency
of 1 Hz and directed downward (i.e., HzV notation), a
large variation of butane is observed. Mixing creates a non-
uniform distribution of the butane. When horizontal g-jitter
is applied at the same frequency (i.e., HzH notation), one

vertical vibration: streamline contours

—e—1HzV, 819

1HzV, 1305

may notice symmetry for the butane concentration between “*; w0 1000 1800 2000
the upper and the lower part of the cavity. In addition, a high te)
concentration of butane is found to be in the lower part of the ()

cavity. Regardless whether the g-jitter is oriented vertically Fig. 9. Influence of the fluctuating gravity direction on the diffusion
or horizontally, the Soret effect is eliminated due to this processes (time step is 15.1 seconds). (a) Gravity acceleration in the
mixing which is coming from external disturbances. horizontal direction. (b) Gravity acceleration in the vertical direction.

Fig. 9 compares the time variation of the species concen-
tration at three different mesh points: 333,819 and 1305. The
start-up is “chaotic” for both configurations. As we advance
in time, differences appear progressively in the dynamics
taking place in the two configurations. For the horizontally
oriented gravity case, a multi-cellular convection is gen-
erated. A symmetrical convective cell with respect to the _
middle of the cavity is noticeable. By examining the con- - Conclusion
centration near the hot wall at three different nodes (i.e.,

333, 819 and 1305) it is found that there is no phase shiftby ~ Static gravity (residual gravity) and oscillatory grav-
comparing the concentration between nodes 333 and 1305ity (g-jitter) are unavoidable sources of convection during
The average concentration at node 819 is smaller than that ofiffusion-dominated fluid science experiments on the In-
nodes 333 (or 1305), and the difference seems to remain conternational Space Station. We have investigated the role of
stant in time. When the gravity is directed vertically, a single thermal diffusion phenomena on compositional variation in
convective cell dominates the entire cavity. The concentra- a binary mixture of methane and normal butane in the pres-
tion when examined at nodes 333 and 1305 has identicalence of a fluctuating acceleration field. We considered a
behaviours with a phase shift equalto The time variation situation where the amplitude of the g-jitter is greater than
of the average concentration in the vertical case is slowerthe residual gravity. The mixture is contained in a rectangu-

than in the horizontal case. One may conclude that the orien-
tation of the g-jitter is thus very critical to the mass transport
process.
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lar cavity subject to heat losses on its horizontal walls and a wherex; is the mole fraction of component
temperature difference between its vertical walls. The cross term parametess andb;; are given by the
In the absence of g-jitter, convection arises due to the following combining rules:
presence of a residual gravity orthogonal to the main
temperature gradient. The overall effect of the gHjitter is to % = (1 —kij)\/aiiajj (A.4)
reduce compositional variation. The presence of the g-jitter b;; = 0.5(b;; + b;;)(1 —I;;) (A.5)
in the vertical or horizontal direction leads to the progressive
remixing and therefore butane distribution tends to become
uniform with increasing time. Remixing is stronger in the
case of a fluctuating gravity field parallel to the main density
gradient. Buoyancy and mass-thermo-vibrational effects Canfollowing relation:
be completely eliminated, orienting the facility in such a way -
that the density gradient and the acceleration directions arek;; = y;; + Xij
aligned. When the g-jitter and the residual gravity act in the VT
vertical direction (orthogonal to the main density gradient),  This functional form representing the temperature depen-
the velocities are larger and the distortions of the isotherms dence of the binary interaction parametgrwas proposed
from the purely diffusive situation reach the maximum. by Fenghour et al. [17,18]. The optimal parameters of the PR
EOS for a (methane n-butane) system areso = 0.0295,
x12 = —8.817x 104 andi1» = 0.0200.
Acknowledgement The volume correction or translation was introduced in
our model. Previous works have shown that this last modifi-
We acknowledge the financial support of CRESTech, cation of the PR EOS can improve volumetric predictions for
the Canadian Space Agency and the National Science anchure substances, except for supercritical compressed fluid
Engineering Research Council of Canada. (Peneloux et al. [18]; Jhaveri and Youngren [19]; Fenghour
et al. [17]). For mixtures, a very satisfactory solution is not
yet available (Firoozabadi[20]).

whereay, andby (k =i, j) are, respectively, the interaction
energy and co-volume of the pure componert;; and/;;

are the binary interaction parameters. In our analysis, the
parametek;; was made temperature dependant through the

(A.6)

Appendix A

A.1.2. Parameters andb in the PR EOS for pure
components
i ) , . To our knowledge, the latest improvement to the PR EOS
Optimal recovery of oil and natural gas rehes toa cons@- parameters calculation is due to Twu et al. [21]. The ability
erable extent upon the knowledge of their thermodynamic ¢ o ~EOS to correlate the phase equilibrium of mixtures
properties. Cubic equations of state are widely used In jon0nds not only on the mixing rule, but also on the alpha
reservoir S'm“'a_t"_’” for this purpose, bec_ause of their COM- fnction. These authors proposed a generalized temperature-
putational simplicity. In our study, the (single-phase) fluid ,contric factor dependent function of the attractive term,
density is _obtalned at any point and time by solving the 564 the alpha function. This generalized alpha function
Peng-Robinson [12] cubic equation of state (PR CEOS). allows accurate reproduction of the vapour pressure data
from the triple point to the critical point for hydrocarbons
when used with the PR CEOS. The new PR EOS provides
much more accurate and reliable vapour pressure predictions

A.1l. Density calculation

A.1.1. The Peng—Robinson equation of state (PR EOS)
The Peng—Robinson [12] equation of state is:

p= RT a (A1) for light as well as heavy hydrocarbons than the original PR
D—b 024 2bv — b2 ' EOS.
whereR is the universal gas constaiitis the molar volume, For a pure component, the first and second derivatives of

a is the interaction energy between molecules @nig,the ~ the pressure with respect to the volume are equal to zero at
hard-core or co-volume parameter and therefostould be the critical point; that is:

larger tharb. The parameters andb are obtained forapure 4 52
. o p p
component from the critical temperature, critical pressure % =0, 952 =0 (A.7)
and the acentric factor as we will see later. For our mixture p=pe; T=Tc Vol p=pe, T=T.
of 2 components; andb are given by the following mixing These critical constraints give:
rules: R2T2
2 2 a(T,) = 0.457235528921P—°‘ (A.8)
a= Z Zx,»xja,'j (A.2) T ¢
i=1j=1 b= 0.0777960739035—” (A.9)
2 2 Pe
b= Z le.ijij (A.3) The subscriptc denotes the critical condition) is

=11 constant whilez is a function of the temperature.
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At temperatures other than critical temperature, the value A.1.3. Solving the PR CEOS

of a (i.e.,a(T)) is given by: Close examination of the PR EOS exhibits three vertical
totes:
a(T) = a(THa(T,, w) (A.10) ~ 2symplotes
The dimensionless paramete(T,, ) called the alpha V=2 (A.18)
function is the function that takes into account the attractive § — +(J§ —1)b (A.19)
forces between the molecules. The reduced temperature is_
known to beT, = T /T, andw is the acentric factor. The first V= ~(V2-1)b (A.20)

form of the alpha function was proposed by Soave [22]: The only branch with physical meaning is that wits- b.

a=[1+m(1- T,°~5)]2 (A.11) The PR EOS can be rewritten:

where m is a 2nd (Peng and Robinson [12]) or a 3rd Z%— (1- B)Z?+ (A—3B?-2B)Z
(Stryjek and Vera [23]) order polynomial in the acentric 2 3

. . . —(AB—-B“—B7) = A.21
factor. This equation performs well for light hydrocarbons ( ) 0 ( )
(acentric factors up to 0.5) at reduced temperatures betweerwhere
0.7 and 1.0, but gives rise to significant errors at all

temperatures for components with large acentric factors andz — pv (A.22)

the errors increase rapidly at low reduced temperatures for RT

all components. A9 (A.23)
The development of the new generalized alpha function R2T?

by Twu et al. [21] is based on the principle of corresponding g _ bp (A.24)

states. The principle of corresponding states is a very useful RT

tool for the prediction of the properties of a large class of  Thjs equation has only one root f@. > 1 and three
substances from the knowledge of a few compounds. After equal roots for7, = 1. When7, < 1, the cubic equation of

~X

selecting a group of compounds, which cover a wide range state has three roots from which the complex roots are to be

of acentric factors (mostly normal paraffin hydrocarbons), eliminated. If all the three roots are real roots, the smallest

they first derivedr as a function of temperature for each root corresponds to the liquid phase and the largest one to

individual compound as: the vapour phase. The intermediate root has no physical
_ _TNM meaning.

“= TFN(M et (A-12) In our particular case, only one real root is obtained

whereL, M andN are unique to each component and have since our mixture is single-phase fluid. Thus, solving the

been determined from the regression of pure componentcubic equation of state faf, the compressibility factor, the

vapour pressure. A plot af vs. w for a number of reduced ~ mixture density is obtained from:

isotherms showed a linear dependence @ w. A least- 1

squares linear fit o vs.  finally yielded the generalized p=-M = % (A.25)

alpha functione is finally expressed as a function of the v . .

reduced temperature and acentric facias: whereM is the mixture molar mass.
— 4O @ _ 0 . . - .

a=a® + o ™) (A.13) A.2. Diffusion coefficients calculation

where «© and « correspond tow = 0 and w = 1,

respectively. Soret effect is important for the study of compositional
For the sub-critical conditiongf < 1), variation in hydrocarbon reservoirs. Several theoretical mod-

els have been suggested to calculate thermal diffusion fac-

@ = 7-0171813,0.1252831T;-776%) (A.14) tors in binary mixtures with varying degrees of success.
oD — 7—0.607352,0.5116141— 722051 (A.15) Amon_g them, t_he merI _developed recently by Shukla
r and Firoozabadi [24] using irreversible thermodynamics got
For the supercritical conditiong( > 1), a remarkable attention. In the present work, we adopted
055261 Shukla—Firozabadi model in order to calculate thermal dif-

(@ = 7-07926150.4012191-1; 9 (A.16) fusion coefficient for the mixture under consideration.

1) _ ;1984710249581 7, %9847} (A17) In a fluid mixture consisting of two components at a
g given temperatur@ and pressurg, where the only external
While the correlation was developed primarily using the force is gravity, assuming that there is no heat generation,
data of n-paraffin hydrocarbons, it gives, relatively high viscous dissipation or chemical reaction, de Groot and
accuracy for various other hydrocarbons as expected fromMazur [13] proposed the entropy production to be written

the corresponding states principles. as:

al
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(A.26)

where fq, My, Hy, pr and fk are heat flux, molecular
weight, partial molar enthalpy, chemical potential and mo-
lar diffusion flux relative to molar average velocity of the
componenk, respectively. The terr?Zk 1(Hk/Mk) Jk is
the transfer of heat due to diffusion.

Defining
iy A.27
J _Jq—];ka (A.27)
and using/; + J» = 0, we can write
a:—%f;'§T—%j1'%T<;—ll—;—22> (A.28)

From the concept of irreversible thermodynamics and
molecular kinetic theory, can also be written as

(A.29)

where Qy is the heat of transport of the componémtf(;
then takes the form:

-, O1—Hi- Q2—H»- 0f- Q5 -
J = J Jo=—=J J A.30
p e Tt T (A.30)

SubstltutlngJ’ in the expression of entropy production
strength and usmgl +J=0 yields

(G- ()]
T My M) T M1 M;
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The diffusive flux of component 1 (the transported com-
ponent),J1, may be written in compact form as:

A —%(DM%MJFDT%TJFDP%) (A.35)
where DM is the molecular diffusivity,D” is the thermal
diffusivity, D? is the pressure diffusivity. The molecular

diffusivity is given by:

M ﬁRL11<M1xl+M2x28|nfl > (A.36)
Moxo M1 dx1 XL T.p '
where
; 1 0 1
Inf1 = / P —Z\|dp
nRT \0x1)75,, V
o0
—InZ +1In(x1p) (A.37)

f1 is the fugacity of the transported component and is
calculated directly from the equation of state, whiles the
total number of moles of the mixture. Knowing the value of
DM one can evaluate the value of Onsager coefficlent
from Eq. (A.36). The thermal diffusivity is then obtained as
follows:

DT — UMRL11 ﬁ

_ (A.38)
Mix1Moxo> T
_ MixiMox2
= "MRTL, Y
M1x1Mox x 5 x
_ MiaMaxa (07 Q3 =_1Q1< (A.39)
MRTL11 \M1 M>

where we have use{k 1% Qf = 0. There is no need
for D in the present analysis. We can calculgtg using
the expression by Shukla and Firoozabadi [24] from the
following expression

(A31) or=-",4 [E + E} % (A.40)

1 1 12|

Since entropy production strength is a product of fluxes iio > ¥o
and driving forces and both of them are related to the same 03 = o + [n + rz} 5 (A.41)

reference velocity, a linear relation exists between the forces

and fluxes. Therefore we can write the phenomenological Whereiix, v and ;. are the partial molar internal energy,

equations for the diffusion flux in the following two forms:

> VT 1. - (1 ke
=—L), — — L1 Vr| — - = A.32
Y7z ~plu T<Ml Mz) (A.32)
and
. 1 INVT -
Gim_tral(&_9\VT _o (M2
T My My) T My M3
(A.33)

L’lq and L1; are phenomenological coefficients called On-
sager coefficients [25,26]. Comparing the fluxes we have

(A.34)

partial molar volume and ratio of the energy of vaporization
to the energy of viscosity of componenti;; andv;, may be
defined as:

ou v
iy = <—”> and i = <—v> (A.42)
Xk T,p,xi1k Xk T,p,xi1k

The molar internal energy of the mixturé, has the

expression:
i(T. p) ~*To—vTap d
u(,p—u(,)—/ a_Tﬁ_pU

wherei* (T, 0) is the ideal gas molar internal energy at zero
pressure and temperatufe

(A.43)
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The molecular diffusion coefficienb¥ may be calcu-
lated directly, following the method given by Kooijman et
al. [27]. DM is then converted int®°¢ using the following
straightforward relationship involving the mixture molecu-
lar weight M, and the components molecular weigiMg
andM5:

M2
D¢ = T DM (A.44)
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