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Density relaxation of a near-critical fluid in response to local heating
and low frequency vibration in microgravity
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The response of a confined near-critical fluid to local heating in the presence of vibration is studied by means
of two-dimensional numerical simulations of the compressible and unsteady Navier-Stokes equations written
for a van der Waals fluid. As in the experiments performed two years ago onboard the Mir orbital station, two
different regimes of density distribution are observed. For sufficiently low frequency and high amplitude
vibration, two thermal plumes develop from the heat source along the vibration axis. Othénigker
frequency and/or lower amplitugedensity inhomogeneities caused by heating stay around the heat source. For
this regime, the pair of vortices created in each half period absorbs the preceding one, while it is convected
away for the double-plume regime. As time goes on, this process repeats, with a lateral extension of the low
density region. At lower frequencies, instabilities appear in the flow, thus corroborating again microgravity
experiments.
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In 1990, three different teand—4] pointed out the role We consider a two-dimensional square cavity filled with
of the large compressibility of near-critical fluids in the rapid near-critical CQ. The heating source, located at the center of
thermal relaxation observed in microgravfy]. This was a the domain, provides constant power while all the boundaries
major finding because experimental measurements were op+re maintained at the initial temperat&8,13,19. Vibra-

posed to the critical slowing down theory, which predictediion is parallel to one axis of the boxy). Initially, the fluid

that thermal equ|l|brat|0n N near—CI’ItICf’il fluids Should be is motion'ess at the Critica| density and at therma| equi”b-
achieved more slowly when approaching the liquid-vaporriym close above its critical temperature. The van der Waals
critical point due to the critical decrease of the thermal dif-equation of state is used to take into account the anomalous
fusivity Dr. The mechanism involved was called the pistonbehavior of equilibrium parameters close to the critical point,
effect or the adiabatic effect and works as follows. Whenespecially the divergence of the isothermal compressibility
submitted to local temperature increase, a near-critical fluidéi that of the dilation coefficien,, and that of the spe-
expands strongly by dilation. As in the piston process, th&ific heat at constant pressu@ . With the additional use of
rest of the fluid in the container is then compressed and adigy gjyerging law accounting for the thermal conductivity di-
batically heated due to the thermal conversion of this PreSyergencdEq. (6) below, this model was shown to be guali-
sure rise. Since the fluid is highly compressible, rapid theragvely correct and to reflect the strong thermomechanical
mal relaxation occurs on a time scale much shorter than th%uplings specific to near-critical fluidd3]. On the vibra-

of thermal diffusion. In the 1990s, further insight8—8] (o time scale, the dimensionless conservation equations for

were_brought to the pistpn effect and critical spgeding UBnass, momentum, and energy considered in our model
theories, and more experimental evidence of the piston effe<Et7 21, plus the van der Waals equation, are

was obtained9-14]. Furthermore, it was shown that the
piston effect was still efficient on the ground despite some . . (1-bp)d p(o)/dt_(),O/proRq))V*,[)\V*T]
specific coupling with natural convectigt5,16. Some un- V.ov= o 5 5
usual flow patterns were also reported due to the presence of —vo(P™+ap)+2ap(1-bp)
steep density gradients generated near the heat sourcesandto
the low thermal and kinematic diffusion coefficients of fluids dpv) . - . 1 0= 1w, E -
near their critical point. In addition, a specific effort was = g5 +V'(,DU®U)—-VH+@[V v+3V(V-v)]
made to characterize the density relaxation process, since it )
remains driven by the long-lasting diffusion phenomenon +pAsin(2mt)e,, 2
[12,14,17. In relation to these problems, Beysdis] and
Zappoliet al.[19] have recently reported the results of mea-  9(pT) . . 1 . -
surements performed on the Mir station two years ago. Ob-  —5— *V-(prT) =52V [AVT]+r+

\ N oR&
servations were related to the development of density inho-
mogeneities after a few periods of controlled vibration and dP© e -
on longer times in a noninsulated cylindrical cell heated by X(1-bp) dr —2ap°V-v |,
an immersed thermistor. But since flow fields could not be
measured, the observed behaviors still needed some clarifi- (©)
cation. For this purpose, we present in this paper the results
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of numerical simulations based on the Navier-Stokes equa (0)_ a2
. P =_— ap”. (4)
tions. 1-bp

Y
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In this system, the acoustic filtering procedy&2] has
been applied for numerical reasons, leading to pressure spli
ting. IT represents the dynamic pressure @& the homo-
geneous part of the pressure; hence

VPO©=0. (5)
Nondimensionalization was achieved as follows:
X'=L'X, t’=L—’t, v'=U"v,
U’
PO =pu'PD  (VII=y,Ma2VPD),
PO =p/R'T(PO,  T'=T.T, p'=plp,
r'=rir with rg=p R'T{U/(yo— 1)L,
N =NN=AN[1+HA(T—1) 712, (6)
where the reference velocity’ is chosen such that
U =f'L". 7)
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Despite strong thermomechanical coupling, this then allows
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the stable calculation of the density by inversion of the van
der Waals equation.

The primary aim of this study was to retrieve the two
different regimes of density distribution observed experimen-

tally [18,19. This was done by varying the frequency and

amplitude of vibration i1 K aboveT, (AT{=1 K). The

two frequencies used in our calculatios8 Hz and 1.8 He
were chosen in agreement with experimental das. For

f’=0.8 Hz andA’=10 ms?, Fig. 1(a shows that two
(quas)symmetrical thermal plumes develop in the direction
of vibration. Note in this figure the presence of a boundary
layer along the walls, before convective or diffusive trans-
port from the heat source has reached those regions: this is
the stamp of the piston effect, since it reflects a homoge-
neous rise of the bulk densityhen, boundary layers form by

In the above relations, the prime denotes dimensional padiffusion due to the thermal boundary conditibnghe re-

rameters . and T, are the critical density and temperature,
R’ the perfect gas constarlt, the characteristic length of
the cavity, andf’ the vibration frequengy A=0.75 is a
constant, and MaU'/cy, with cy=+yoR'T, a specific

gime of perpendicular extension of the heated-lighter fluid
was obtained for higher frequency and lower amplitude of
vibration [Fig. 1(b)]. It should be mentioned that in both
cases negative density changes develop from the heat source

sound velocity. The dimensionless parameters present in Eqgp’ ~ —30 kgm ) while cooling from the sidewalls pro-

(1)—(3) are defined as

Gy iCh,
Yo= ;O: = ¥ ;
plUL AL
- mo - u'2

(v is the ratio of specific heats in a reference state far awa
from the critical point, Py a specific Prandtl number witt,

the characteristic dynamic viscosity, k& specific Reynolds
number, andA the dimensionless vibration accelerabioa
=9/8 andb=1/3 are the van der Waals universal coeffi-
cients. In Eq.(3), note thatr accounts for the heat source at

vokes positive density changes in the boundary layAis’ (
~+1 kgm 3). To understand the mechanisms responsible
for the opposite behaviors pointed out in Fig. 1, we have to
resort to the flows developing in these two situations.

First consider the double-plume regime at the initial times
of vibration. Figure 2 shows the velocity field during the first
period (the arrow length is scaled to the local velocity
amplitude, the order of magnitude of which is’
~1 mms ). During this period, two symmetrical convec-
tive rolls first form by viscous coupling due to the buoyant-

Yibrational force associated with the density gradients that

have developed from the heat source. Those vortices are first
convected downwar@upper fields of Fig. Pand their cores
correspond to the head of the lower plume. After half a pe-
riod, the vibration direction is reversed and two new vortices
are generated upward, corresponding to the upper plume,

the center of the cavity. In the presence of the homogeneoyghije the lower vortices are still activéower fields. Later,

oscillating acceleration fielfEq. (2)], this term allows the
onset of buoyant(vibrationa) convection by causing the

density differences in the fluid. It is constant during the com-

putations. Typically, its value for a two-dimensional 10-mm-
wide cavity corresponds f@{ =0.11 Wm ! (this is equiva-
lent to a powelP’ =0.82 mW in the experimental cell of the
Alice facilities [19]). Vibrations are imposed after a delay
At,;, such thatAt,;,=1.25 sec.

Numerically, the system(1)—(5) with its initial and
boundary conditions is solved by means of tePLER al-
gorithm applied after finite volume discretizatip®3]. Dur-
ing the iterative procedure, the static pressf® is calcu-
lated through the total mass conservation and the equation
state by the relation

03730

the vortices generated during this period are convected fur-
ther or absorbed by the new on@®t shown. Older density
inhomogeneities are then progressively spread along the
horizontal boundarieéwith lower gradients because of con-
vective mixing, while the core of the double plume remains
continuously fed(not shown. When the plot of isodensity
lines is adequately selected, this leads to the field of K. 1
att=At,;,+5, which roughly corresponds to that obtained
in Refs.[18,19 by interferometry.

The flow field obtained for lower amplitude and higher
frequency vibration is shown in Fig. @nagnification around
the heat sourge During the first half period, a pair of vorti-
aks also develop from the heat source, but since the buoyant-
vibrational force has decreased and since less time has
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FIG. 1. Instantaneous density fields wheh f'=0.8 Hz and
A’=10 ms?, (b) f'=1.8 Hz andA’=1 ms 2, after five (9
and ten(b) periods of oscillation ' =At,;,+6.25 sec andt’
=At,;,+5.55 sec, respectivelyIn both cases|.’'=10 mm and
AT/=1 K. In the following, caséa) will be referred to as the low
frequency or double-plume regime and céleas the higher fre-
quency regime.

(c) 03 T 07 (d) o3 - 07
elapsed, these rolls do not have time to flow away. Then, o
when the vibration force changes direction, the new vortices FIC%. 3é Velocity fields around the heat sourcix.y)
that are generated with opposite inner rotations absorb thE[O -3;0.7% in the case of Fig. () (higher frequency regimeat
. e . times (a)t At,i,+0.5, (b) t=At,;,+0.7, (c) t=At,;,+0.8, and

old ones, as illustrated in Fig. 3. This phenomenon recur d
every half period of vibration and the double-plume structure
cannot develop. For longer times, density |nhomogene|t|e]<tlrst after several periods of vibration, measurements have
thus stay located around the heat souiféig. 4). As in the ’ periocs ot ; )
experiment performed on the Mir statiéf8], our calcula- reported tha_t the density field is not perfectly symmetncal._ln
tions evidence a lateral extension of those inhomogeneitie%ef' [18] as in Ref[19], th.e plumes appear wavy along thelr_
This latest pattern can be explained by the interplay betwee ils and perturbed at their heads. Figure 5 reports the density
the dying and emerging vortices during the flow mversmnand velocity fields after more than 30 oscillations. At this
phase, since a small lateral deviation of the cores of the ne\yne density inhomogeneities generated by heating have
vortices occurs every half period. As density inhomogene: een widely transported toward the top and bottom walls of
ities are transported by the vortex flows, they also move
laterally.

Concerning the double-plume regime, we have explored
the short time period but some other behaviors have also
been observed on medium and long time scalE’,19.

—
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FIG. 2. Double-plume regime during the first period of vibra-
tion. Velocity fields in the case of Fig.(d at times(a) t=At,;, FIG. 4. Long-term behavior for the higher frequency regime.
+0.2,(b) t=At,;,+0.5, (c) t=At,;,+0.7, and(d) t=At,;, +1. Density (@) and velocity(b) fields att’ = At,;,+40 sec.
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FIG. 5. Double-plume regime, long-term behavior. Densiy

and velocity(b) fields att’ = At,;,+42.75 sec.

the cavity, and fill almost all the domaisee the extension of
isodensity lines from the horizontal boundajieBut the im-
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Two different mechanisms may explain such behavior.
First, the velocity plot shows that many vortices are present
in the flow. By itself, multiple vortex interplay can lead to
flow destabilization and unpredictable dynam|&s]. The
second set of noteworthy properties highlighted in Fig. 5 are
related to the regular undulation of isodensity lines along the
top wall. This pattern can be associated with a nascent
Rayleigh-Beard-like instability(with an oscillating gravity
developing from the top boundary layer, due to the presence
of higher density fluid in this thermal boundary layerery
half period, this phenomenon is triggered in one horizontal
boundary layer and then in the oth¢20]. This then breaks
the double-plume flow symmetry, as illustrated in Fig. 5. In
Refs.[18,19, the flow symmetry breaking seems to appear
sooner but, among the differences between the two situa-
tions, experiments were performed closer to the critical
point, which favored the presence of steeper density gradi-
ents and thus could decrease the instability threshold. On the
other hand, the interferometric image reported in R&€]

120 sec after the beginning of the vibration also exhibits an
undulation of the density field near the upper boundary, thus
corroborating the development of a RayleighaBed-like in-
stability along the wall's boundary layers.

The results presented in this paper give a short phenom-
enological explanation of some experimental observations
performed a short time ago on near-critical fluid hydrody-
namics in microgravity. They clearly exhibit the existence of
two flow regimes depending on the frequency and amplitude
of vibration. But heating intensity should obviously also be
suspected of playing a role. Further developments in answer-

portant feature at this point of our discussion is that theing this question would be to determine the critical param-
double plume has lost its symmetry in the vibration direc-eters ruling the emergence of one or the other of the two

tion.

regimes.
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