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Relaxation of a supercritical fluid after a heat pulse in the absence of gravity effects:
Theory and experiments
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We study the response of a fluid in near-critical conditions to a heat pulse, in the absence of gravity effects.
The fluid under investigation is CQat critical density. It is enclosed in a thermostated sample cell. We apply
a theory that accounts for hydrodynamics and a real equation of state. Comparison with experiments performed
under reduced gravity on board the MIR orbital station show quantitative agreement and demonstrate that the
dynamics of relaxation is ruled by two typical times, a diffusion titgeand a timet. associated to adiabatic
heat transport, the so-called “Piston effe¢PE). Three regions are observed in the fluid. First, a hot boundary
layer, developing at the heat source, which shows large coupled density-temperature inhomogeneities. This
part relaxes by a diffusive process, whose density and temperature relaxations are slowed down close to the
critical point. Second, the bulk fluid, which remains uniform in temperature and density and whose dynamics
is accelerated near the critical point and governed by the PE time. At the thermostated walls a slightly cooler
boundary layer forms that cools the bulk also by a PE mechanism. The final equilibration in temperature and
density of the fluid is governed by the diffusion timg, which corresponds to the slowest mechanism.
Comparison with a one-dimensional model for temperature relaxation is performed showing good agreement
with experimental temperature measurements. A brief comparison is given with the situation in the presence of
gravity. [S1063-651X%98)11704-X

PACS numbsg(s): 05.70.Jk, 44.10ki, 66.10.Cb, 64.60.Fr

I. INTRODUCTION means used for pressurizing fluid reservoirs. We analyze ex-
periments performed earlier under reduced gravity on board
Fluids are supercritical when their temperature and presthe MIR station[3,4] in the light of recent theoretical ap-
sure are above the critical point temperature and pressurproacheg5-13.
They exhibit a number of interesting propertigarge den-
sity, low viscosity, large mass diffusivitywhich make them

intermediate between liquids and gases. In addition, their A. Heat transport by the piston effect

isothermal compressibilityf kt=(1/p)(dp/Ip)t] becomes The transport of heat in dense pure fluids classically in-
very large and their thermal diffusivifD=X\/(pCp)] goes volves the mechanisms of convection, diffusion, and radia-
to zero when they approach the critical point. tion. Recently[1,2,5-23, the understanding of thermal

The use of supercritical fluids under conditions of reducecequilibration of a pure fluid near its gas-liquid critical point
gravity, e.g., for the storage of cryogenic propellants, hagCP) has evidenced a fourth mechanism, the so-called “pis-
raised a number of fundamental questions concerning he&bn effect” (PE). This effect originates from the high com-
and mass transport phenomena when gravity-driven convepressibility of the critical fluid.
tions are suppressed. We address in the following the situa- A numerical simulation of the Navier-Stokes equations
tion where a source of heat is located in the flUicR]. This  for a one-dimensionallD) van der Waals gaEl3] reveals
arrangement minimizes the time constant and is a currerthe basic physical mechanisms giving rise to the PE. When

homogeneous bulk fluid enclosed in a two-wall sample cell
is suddenly heated from one wall, a diffusive thermal bound-
*Present address: Partement de Recherche Fondamentale sur laary fluid layer(thicknessé) is formed at the wall-fluid inter-
Matiere Condense, CEA-Grenoble, F-38054 Grenoble Cedex 09, face. Here we consider a fluid sample of unit area and unit
France. mass wheré. is the characteristic fluid dimensiddistance
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TABLE I. Thermal parameters for CQalculated at various experimental temperatures. The temperature
dependence of the pressure along the critical isochore is considered(8eeatolumn 2

Ti—T2  (aplaT),  (dpldp)y Cv Yo Dt to®  to° te°
(K)  (MPaK™) (Nmkg™) (Jkg*K™ (m?s™h) (o (s) (9
16.8 0.17 7340.9 1081 6.6 18308 123 3.92 3.4
15.9 6882.4 1090 69 1.%W0°® 129 371 3.3
0.8 194.2 1740 120.7 1.620° 1389 0.097  0.095
0.6 136.9 1812 164.7 1.330°° 1692 0.0631 0.0627
0.4 83.6 1923 252.3 9.9510°1° 2261 0.0358 0.0357
0.2 36.0 2140 5255 5.931071° 3794 0.0138 0.0138

3CO, critical parametersT,=304.13 K, p.=7.376 MPa,p,=467.8 kg m °.
®Characteristic times calculated using the valire1.5 mm as estimated from E¢{L4).

between the two wal)s Due to the high compressibility of t, andt, are then related through
the bulk, the fluid layer expands and acts as a piston, gener-
ating an acoustic wave that propagates in the bulk and that is tp
reflected on the second wall enclosing the fluid. Thermal to=———72- )
- . . (70— 1)

conversion of this pressure wave is, in turn, able to heat the
fluid in an adiabatic way. As a result, a spatially uniform A striking result is the critical speeding up of the PE when
heating of the bulk fluid is detected after a few acoustic timegyoing closer to the CIP1,17—19. As a matter of fact, near
ta=L/c (c is the sound velocity in the fluid During re-  T_ . diverges and botts andt, go to zero althoughp
peated travels of the pressure wave within the fluid, the bullgoes to infinity. This result represents an enormous reduction
temperature progressively grows to reach thermal equilibiy the time required by the superecritical fluid to come close
rium. An additional result inferred from a recent asymptotictg the temperature equilibriuisee Table)L The fluid inho-
analysis of the PE13] shows that the fluid velocity pro- mogeneities, however, continue to relax diffusively
duced by the expansion of the hot boundary layer reaches if$ 13,14, which makes final equilibration determined by the
maximum value at the edge of the layer. This value is proyiffusion time scale.
portional to the heat powéper unit surfacesent at the wall.
The true PE driving force is this velocity that induces the
compression of the bulk fluid by a small transfer of matter.
The boundary layer thus acts as a converter that transforms Although the isothermal compressibility of a perfect gas
its thermal energy into kinetic energy by adiabatic fluid mo-can also be very large, adiabatic fluid motion can never ther-
tion. The effect of an energy source, as provided by continumalize such a gas faster than heat diffusigt23]. On the
ous heating in the fluid, is then markedly different from thatcontrary, near the CP, adiabatic fluid motion can become
of a temperature step at the sample wall, where the heamore efficient than diffusion and give birth to the mechanism
power decreases with time as the fluid equilibrates. of the PE. That is why nearly all the experiments have been

As initially discussed by Onuki and Ferr¢B,9], the first ~ performed very close to the CP, in most cases within a few
characteristic time scale for the PE is the time scaj¢ o MK [1,16,18—20,2 In addition to the difficulties of com-
transfer from the boundary layer an energy amoiij(t  paring a one-dimensiondllD) model to real experiments,
~0) in J m ?] able to adiabatically heat the remainifimlk) ~ most of the studies suffer from complications, listed below,
fluid (size L—8~L) at the temperature leveAT,(t~0)  that can make the results difficult to analyze.
~[EL(t=0)/L]/C,. C, (in Im 3K™Y) is the specific heat (i) The PE is difficult to study on Earth. Fluids in the
at constant volume. Due to propagating pressure wavegcinity of the CP are extremely unstable to even minute
within the cell when the PE is active, the energy transfetemperature gradients as a consequence of the Rayleigh and
occurs on an acoustic time scale, i.e. practically instantaGrashof numbers, which become extremely large near the
neously (~0) when compared td,. Temperature equili- CP [24]. Gravity-driven convections destroy the thermal
bration is obtained when the boundary layer temperatur®oundary layer around the heating point and induce mass
[EgL(t)/8]/C, (with C,, the specific heat at constant pres- flpw to the upper cgll wall. T_he relati_vg contribut_ion of the
sure in JM3 K1) reachesAT,(t=0), i.e., when the time- different processes involved is very difficult to estimgté—
dependent enerdgg, (1), which has diffused into the bound- 18]. To be unambiguous, the determination of the PE dynam-
ary layer duringty, has reache,(t~0). One then infers ics should then be carried out under reduced gravity.
[Ep(t=~0)/8]/Cy~[En(t~0)/IL]/C, and S~L/y,, with (i) When experiments are perform'ed under reduced grav-
¥0=C,/C,. A more refined treatmenf9,11] gives & ity, they reveal other probl_em_s. One is the ceII_ homqgenlza-
=L/(yo—1). The value oft, can readily be written af,  tion very near t_he CP, WhICh is difficult to attain _dunng the
= 82/D+, whereDy is the thermal diffusivity of the fluid. ~ available experimental timgd6,17. In effect, the inhomo-

The second and longer characteristic time scale is the difgéneities in density, as those resulting from the PE itself,

fusion timetp, on the length scale, that is, relax diffusively[1,2,13,16,1T. _ By
(i) The dynamics of the PE is sometimes difficult to

tp=L%D+. (1) analyze because the temperature and heat flux at the cell

B. Experimental limitations
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walls are not well definefll7]. An ideal temperature step is HEATING BY PISTON EFFECT COOLING DY PISTON EFFECT

quite difficult to fulfill when considering the large values of , @ TupLn® =0

equilibration times in the materials classically ugée-10 3 N 4 :\ 4 @Tyygme 4

[16,17 compared to the characteristic times of the phenom- -+ 7 6M

enon. e 2 i 6.-. e -
As a result, most of the reported observations remain ) e ”

qualitative in naturd14—16,22,2% In order to circumvent

the above problems, we have carried out experiments under 4 4 4

weightlessnessusing the ALICE instrument on board the + /7’:2‘:’ — .

MIR Station [3,4]); we have introduced a heat source by £} === - =1

using a small thermistor directly immersed in the fluid. Sec- ‘/ Gsf

ond, we have studied the PE at temperature not very closeto  ? 4

the CP in order to adjust the characteristic time scales to the *|mmL Bulk cay HBL Bulk cay

experimental constraints. , . . )

Previously[1,2] we have analyzed the fluid evolution un-
der continuous heating by a thermistor. Liquid, gas, and criti-
cal densities have been investigated. They all follow the FIG.1. Schematic behavior of the densiy<p.) and tempera-
same scaled, universal behavior. A hot boundary layefure (T—T) relaxation in a 1D cell model after a heat pulse per-
(HBL) develops diffusively with a thickness that scalessas formed at thex=0 wall. Time is referencgd to the beginning of the
andt, but grows as (time253. This deviation from a classical pulsg(curves labeled )0 Heat pulse duratlo_nA(tH) corresponds to
diffusive expansion in/f corresponds to a transient regime tfe time where the heat flux gt the wall differs from zero and, at
due to the finite size of the heat souf@6,27]. Associated to = Aty ATpuy reaches a maximum.
the development of the HBL, the remaining fluioulk) un-  tions for Newtonian fluids. The system of equations is solved
dergoes a simultaneous uniform density and temperature irmalytically by a method of singular perturbatiorighe
crease due to the PE. method of matched asymptotic expansijons

In the present paper we investigate the temperature and As heat is sent into the fluid, a hot boundary lagidBL)
density relaxation after a 480 ms heat pulse as provided by @evelops at the&=0 wall where the fluid expands because of
thermistor. Our main results are in agreement with the abovgis large compressibility. Here density becomesp.. . This
vision of a HBL, which diffuses and acts as a piston to uni-expansion induces a compression of the bulk, which in turn
formly heat the remaining bulk fluid. At the same time, sincecauses temperature and density to rise. At the same time a
the cell walls are kept at a constant temperature, a complexpld boundary laye(CBL) diffuses from thex=L wall,
mentary cold boundary layé€BL) develops at the cell-fluid where the fluid contracts, i.e., density becorpesp.. The
border and uniformly cools the fluid to restore progressivelycontraction causes an expansion of the bulk and reduces the
the initial temperature. Diffusion remains the only mecha-pylk temperature. The behavior of the fluid is the result of
nism by which density inhomogeneities can relax and thehese two competing processes, heating by HBL and cooling
fluid eventually reaches complete homogenization. by CBL. The typical sequences are schematized on Fig. 1,

This paper is organized as follows. In Sec. Il we discuss gyhere the notation is defined. In particular, we denote as
1D model. Section IIl is devoted to the experimental setuppylk the fluid region, which does not include theundary
Section IV reports the main observation on Earth and dealgayers It is clear that the spatiotemporal variations of the
with the analySiS of the minOgraVity results. Section V is physica| parameteréemperature and densjtynust be ob-
devoted to the comparison of data with the model. Two apserved over the whole sample for a complete understanding
pendices are added. In Appendix A, we summarize the derigf the PE.
vations of the expressions concerning Sec. Il presenting the There is no limitation regarding the heat pulse duration
model. Appendix B gives the heat pulse characteristics usingat,,) with respect to the PE characteristic time. There is

the thermistor self-heating mode. only one limitation in the modelAt, has to be short com-
pared to the longest time scale, the diffusive time. Because
Il. THE 1D MODEL the diffusive time goes to infinity af, while the PE time

goes to zero, it is then always possible to analyze correctly
%]_e PE dynamics, e.g., by choosing the proper temperature
istance fromT .

The 1D model as developed [id3] for a van der Waals
gas is extended here to a real equation of state. This adap
tion is summarized in Appendix A. Detailed calculations can
be found in the referenced paper.

The space variable is with L being the fluid thickness.
The sample is initially at equilibrium temperatufie and In [13], we have considered the response of a fluid after
pressurep; on the critical isochorddensity p=p.) in the  heating and cooling. Various pulse profile¢t) are applied
vicinity of the CP T;=T.). Attimet=0, a heat fluxP(t) is  at the wall atx=0. The temperature response in the bulk
sent from the cell wall at=0 during the total heating period (Ty) is found under the form of a convolution prodiet) of
Aty. The temperature regulation of the cell walbatL  P(t) by a functionF(t),
corresponds to the conditiof(x=L,t)=T;. The fluid is
described by a linearized equation of state and its behavior Tb(t)—Tiz(it)) ®F(1), (3)
obeys the 1D compressible unsteady Navier-Stokes equa- mc,

A. Thermalization by a heat pulse
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FIG. 2. (a) Three schematic power profiles for heat pulses of th
same total energy8.1 mJ sent at the boundaryx=0. 1: Dirac
function (instantaneous heat pulse corresponding to the Ferrell a
Hao mode); 2 and 3: finite duration heat pulses; pulse 3 corre
sponds to the model of the true experimental heat pulse obtain
from the 480 ms electrical excitation of the TH1 thermigkme text
and Appendix B. (b) Temperature variations of the bulk,—T;,
(lower curve$ and of the hot wallT 4w — T; (upper curvepvs time.
solid lines: pulse 1; dashed lines; pulse 2; dotted lines: pulse 3.

wherem is the total mass of the fluid. In E3), the function

F(t) is
t 1/2
F(t)= ex;{ t_> erfc( ) .

where the PE dynamics appears to be ruled by the charact
istic time t,:

t

C @

te=to(1—1lyo). ©)

BOSet al.

1 (tp

t @

) 1/2

The result that time scales with the diffusive timig in
the function H(t) reflects the diffusive character of the
boundary layer. For a similar analysis as above, Fi) 2
gives the temperature variations of the hot wall correspond-
ing to the three different heat pulse profiles of the Fi@).2
The curves tend to merge after a few seconds.

Another interesting result of this model is concerned with
the fluid velocityuyg, reaching its maximum value at the
HBL border given by the following equations:

P(t) _ P(1)

( >p%:7pcus’

niyhere we have used the approximatioiT[(dp) ,=T./7p.
_(see Table)l This supports the image of a piston since the
gyelocity is proportional to the heat flux per unit surface sent
into the fluid. Heating by PE is thus only effective as long as
P(t) differs from zero, i.e., only duringt,, .

Equation(8) is also valid for the CBL. The corresponding
velocity ucg, is proportional to the heat flux through the cold
wall (CW, surface are&c,). But here cooling by PE re-
mains effective as long aB,(t) —T; differs from zero, e.g.,
during the whole relaxation period, of ordgy.

1
UHBL:T_
C

aT
ap

®

e

B. Energy yield and efficiency

Although the bulk temperature behavior is the result of
«gompetition between heating and cooling effects, it is pos-
sible to calculate the energy balance resulting only from the
heating PE, the equations being linearized. This corresponds
to considering the cold wall as adiabatic durifig .

At any time during heating, the energy that is sent into the

In Eq. (3), the convolution product rgflects precisely the factfiyig E(t) is split into energy in the HBL and energyE(t)
thatAtH can be of ordeltc_ as mentlonec_J above. Then the i the bulk. The ratia? = AE(t)/E(t) is the PE energy effi-
function F(t) can be considered as the impulse response ofiency and can be calculated from the model knowing the

the PE. Sincey, goes to infinity atT., t. differs from t,
only far from T, (see Sec. 24

An interesting feature of Eq3) is the fact that at values
of t much larger thaity, T,— T, tends to behave likE (t)
regardless of the time history &f(t). This is illustrated in
Fig. 2, whereT,—T,; is calculated for three different heat
fluxes P(t) of same total energ®, the energy effectively
transmitted to the fluid at the end of the heat pulse\ty
(the numerical values are justified below, Secs. IIC an
II D). The curves representing the bulk temperature modifi

cations tend to merge after 10 s. This property will be of
great help when we try to adapt the model to the experimen-

tal pulse(see Sec. Y.

temperature and density profiles in the cell at all tifiese
Appendix A). The resulting energy balance between the bulk
and the hot boundary layer leads to the following result:

|

The yield ¢ is time independent. It varies only slightly with

_AE(t) _p

EH T

aT

ap 9

p

4T, —T.). For a van der Waals fluid,

{=1/4. (10)

For real fluids where {T/dp),=T./7p. (see above and

In the same way that we found the impulse response ofable |,
the bulk temperature, it is possible to find the impulse re-

sponse of any thermodynamic parameters of the system,
all locationsx. For instance, the temperature at the hot wall
Tuw(X=0,t) can be expressed as

P(t)
LpcCpShw

whereSyy is the hot wall surface area. The functibift) is

THW=Tb(t)+( >®H(t), (6)

at {~1/7. (17
This energy efficiency is low, which means that most of the
energy remains stored in the boundary layer.

Simultaneously, the cold boundary layer slowly develops
and induces cooling with the same energy efficienty
=AE’'(t)/E’(t) (the prime denotes the energies involved in
the cooling procesgs Therefore, the total energy§E(t) in
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the bulk is then the balance between the energy transferred Q
by PE from the hot wallAE(t), and the energy lost by PE at Tp(t)—T; :(m_) Fur(t), (15
the cold wall,AE’(t). The energy effectively transmitted to C

the bulk AE,(t) reads as

where
AEL(t)=AE(t)—AE'(t)={[E(t)—E'(t)]. (12 ¢ {1102
The remaining energy is stored in the boundary layers. FHT(t):eXF{E erfc( %) . (16)
Note that, at any time and according to E8), the first-
order bulk temperature is Equation(16) can be compared to Ed4) wheret, is re-
) placed byt,. The Ferrell and Hao model corresponds to the

AT (t)= E(D—E'(D) (13) impulse response of our model, when the heat pulse duration
b mc, ' is much shorter than the time scale of the PE. We note that

the approach ifll] does not give the temperature behavior
where E(t) —E'(t) is the total amount of energy stored in in the boundary layer since the initial value of this tempera-
the fluid at timet. ATy(t) is precisely the temperature that tyre (att=0) should theoretically be infinite for a Dirac heat
would have been reached if all this energy had diffused int(bulse (AT4=0). In Fig. 2b) are reported the illustrative
the bulk. As far as temperature equilibration is concernedyesylts forT,(t) — T; calculated using Eq$15) and(16) and
the PE is thus very efficient. This remark seems to be paragy T,(t)—T; calculated using our Eq¢3) and(4) when the
doxical with the fact that the energy efficiency is IQW, with heat pulse profiles are of finite duratijsee the Fig. @)
only /~1/7 of the total energy sent into the bulk. This can beywhere three schematic profiles are used for the same total
explained by the fact that the internal energy of a NearenergyQ==8.1 mJ. As a consequence of the basic differ-
critical fluid significantly depends on density; here the bulkences enclosed on each of these theoretical approaches, only
density is changed precisely by the small flux of matter at thgpe long-time behaviort&At,,) of the cooling relaxation

HBL border[see Eq(8)]. collapses on the same single curve.
Both models are linear to first order and become equiva-
C. Adaptation of the length scales to a 3D experiment lent when the CP is approached. In particular, we obtain the

WhenP(t) is known, the estimation of the length scale ~ S&me asymptotic solution for the characteristic time of the
is critical for a correct adaptation of the 1D model to experi-PE (tc=to nearT,). Far fromT., the small difference be-
ments. The determination of this length is guided by variougWeen the two characteristic tlm§see_ Eq.(4)] originates
criteria. There are, however, some ambiguities when consid/om the slightly different approximation made in the two

ering a real, 3D sample. For instantecan be the distance Models.
between the heat source and the closest wall, can be the
cell diameter, etc. Ill. EXPERIMENTAL SETUP

A dimensional analogy can be adopted. The heat flux at Some aspects of the experimental setup are giveJin

the cold wall(cooling depends on the wall are&¢,,. For . : . X ;
the case of the cooling relaxation which must be the remain>"Ce this work deals with the study of various time scales,

: . : . we report here additional details concerning the geometrical
ing slower mechanism for>At,,, the correct dimensional C
) arrangement and the characteristic thermal responses of the
analogy between the 1D model and the experiment ensure : - ;
. . ifferent containers. In addition, we try to give the most
the same ratio between the volume of fluid to be cooled an fepresentative description of the energy sent into the fluid
the area of the cold wall. We find as a characteristic length P P gy '

L=(cell volume/(cold wall area=1.5 mm. (14) A. The cell unit

The numerical value is inferred from the cell dimensions The experimental cell is filled with CO(air liquide, of

given below(see Sec. Il A. In the following we will adopt purity betftgr .than 99.998%0at a critical ;jensity of
this value, a choice that will be justified when comparing the?67-9 'kg m V‘,”th an accuracy bgtter than 0.1%. The. CuBe
model to the experimental dataee Sec. V A 2 cell [Fig. 3(@)] is a parallelepipedic block of external dimen-

Note that this definition of the characteristic length leadsSions 1724X27 mm made of copper-beryllium alloy. The
to a slight modification of the model when the HW and cw fluid |s_enclosed in a cylinder of 11.6 mm diameter and 6.7
areas are different as is the case in this experiment. In B'M thickness(hereafter denotee) closed at each end by
linear approximation the amplitudes of local temperature an§@PPhire windows.
density in the hot boundary layer have to be magnified by the The cell is mounted in a sample cell uG8CU) made of
ratio Seyy/Suy=80 (see Sec. IlIA In the 1D model, electrolytic copper. The cell is located close to the SCU cen-

Scw/Suw=1. This peculiar result is detailed below in our t€r of symmetry. The SCU is a cylinde60 mm external
analysis of the HBL relaxatiofsee Sec. V B L diameter, 115 mm longwhich can be cooled and heated by

means of Peltier elements located at its top and bottom. The
SCU is the central part of a high precision thermostat whose
temperature stability is better than 20K and temperature
Ferrell and Hao have considered the cooling of an adiagradients are less than 1@ cm 1. The temperature is
batic fluid after a Dirac function puls@®(t)=Q&(t). They  controlled and measured by two stabilized thermistors model
found for the bulk temperature evoluti$g,10], no. YSI 44900 from Yellow Springs Instrument Co. One

D. Comparison with the Ferrell and Hao model (Ref. [11])
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FIG. 3. Experimental setup used for the study of the thermal

relaxation in supercritical fluidsa) Interferometric fluid cell.(b)
Twyman-Green interferometer.

thermistor, hereafter called YSI-M, is located close to the
fluid cell and is used to determine the cell temperature. The

other thermistor is close to the bottom Peltier elements and
used for temperature control.

B. Bulk density measurements

The cell is a part of a Twyman-Green interferometer lo-

cated in the SCUFig. 3(b)]. The interference patterns are
detected by a charge-coupled devig@CD) video camera
working at 25 framess. The interference pattern provides

guantitative measurements of the fluid refractive index and
thus of its density. At each equilibrium temperature, the pat-
tern in the sample cell exhibits about 40 parallel straight

fringes corresponding to a homogeneous density within th
pattern. A reference pattern is given on Figa)4(for T,
=T.,+16.8 K and schematized on Fig.(#) for practical
analysis. The variatiodf of the fringe number is related to
the fluid thicknesse, the refractive index variatio@n and
the light wavelength X =633 nm) through

SfA=2eén. (17

Density changes in the fluid result in a local refractive index

Y. GARRABOS et al.

CeELL LEAD THI1 THERMISTOR
WALL WIRE  UNIT (HEATING)

>

is

TH2 THERMISTOR
Unit FRINGE

FRINGE
PATTERN

e

FIG. 4. (a) Interferometric view of the critical sample cell at

variation and fringes are shifted and/or distorted. By usingtduilibrium temperaturd;=T.+16.8 K. The fringes are parallel

the Lorentz-Lorenz relationship

n’-11 .
m-—COﬂS,

p (18

which connects refractive index and density, it is possible
to infer the relative density variation per fringe shift

Ap .
c 6f~0.04% per fringe (19

" 2(n—De

[in Egs. (18) and (19) we have used the critical value,
=1.108 for the refractive index; the bulk mean density is
assumed close to the critical dengitylhis shift is then

lines. (b) Schematic presentation of the interferometric view at
equilibrium with an arbitrary reference line parallel to the fringes.
(c) Same agh) during the heat pulse performed by the TH1 ther-
mistor (see Figs. 7 and 1lin the selected aredlmbeled Bulk, TH1
HBL, LWHBL, and CBL) we observe a shift or distorsion of the
fringe pattern. These pattern modifications from the direction of the
reference lingleft or right) are related to the sigft+ or —, respec-
tively) of the relative density changes from the critical density.

cas€ 1]). See also the schematic representations of the inter-
ferometric images of the cell given on Figgb#and 4c).

C. Fluid temperature measurements

counted as the number of fringes that cross a reference line The thermistors TH1the heat sourgeand TH2(the bulk

parallel to the initial fringe orientation. The sigr or —) of
the density variation can be inferred from the directitaft

temperature measuremgate directly immersed in the fluid

at equal distance from the two windows. The separation dis-

or right) of the pattern’s shifting, as will be shown later on tance between their centdes6 mm compares well with the

Fig. 7 (heating pulse cagend Fig. 11(continuous heating

thermistor-wall distanc€3.5 mm).
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TABLE Il. Thermal parameters for the various containers involved in the temperature relaxation of the experimental cell. Time constants
tr x are evaluated for the spherical geometry of ¥eontainers except in the lead wires caé&s(see text

X part Dimensions trx
Geometry Volume Dsphere Density Effective mass Cp Dy =(pl2m) D7 !
(materia) (m¥ (m) (kgm™) (kg) (Jkgt K™ (m?s7h (s

Scu dXH (mn)

Cylinder 60x 115 72.0x10°3 8950 2.5 385 1,104 1.2
(Electrolytic copper 325x10°©

Cell LX1XH (mn7)

Parallelipedic 2K 17X 24 21.8<10°°3 8200 741073 419 0.34x10°4 0.35
(Cu-Be alloy 11x 1078

Windows dXH (mn)

Cylinder 11.68.5(x 2) 10.3x10°3 3986 (7.1x1079) 800 0.1%10°*4 0.22
(Sapphirg 1.8x10°¢

Thermistors ¢ (mm)

Sphere 0.9¢2) 0.9x10°3 5200 2x10°6 750 0.26x10°© 0.079
(Zirconia) 0.38x10°°

Lead wires ¢XH (mmd) (=2H) (*)

Cylinder 0.1X5.25(x 2) (11-16x10"% 21400 1.&10°8 134 0.24x10°4 1-2(*)
(Platinum alloy 82.5<10 12

The thermistors are identicffHERMOMETRICS, B35 (i) In order to reduce the thermal time constants of the cell
PB 103 F-A, 100 ms time constant, 35 mW maximum powerand of the thermostat, the cell body is made of copper beryl-
rating). They are nearly spherical in shape with 0.9 mm di-lium alloy and the windows of sapphire, which leads to
ameter. The thermistor is sealed on thin wires of platinumtg ..=~1 s. The condition necessary to study the dynamics of
alloy and the whole is encapsulated in a shock resistant glag®oling (t.>tg ce) is fulfilled for T—T,>1 K (Table ).
coating. (i) The thermal response of the lead wilgsV) enters

Temperature measurements have been performed arouimtto the dynamics of pulse heating. The leads couple the
T.+16 KandT.+0.5 K in a 2-K range, within a resolution thermistor, where heat is produced, to the SCU, whose tem-
of a few mK and a sampling rate of 25 or 0.1'sTempera-  perature is stabilized. The analogy with a spherical problem
ture data cannot be obtained while TH1 is activated for heatis not relevant anymore. The length scale reported in Table Il
ing. corresponds to the distance between the thermistor and the

Each thermistor in the measurement mode is supplieéxternal surface of the cell. The corresponding time constant
with a 500 mV regulated voltage; the dissipated power reis tg |\w~2 s.
mains generally lower than 4,6W, a value obtained when (iii) The thermal time response of the SCU is comparable
the higher sampling rate acquisition is used in thg to the cell respons€Table ). The central location of the cell
+ 16 K temperature range. From the technical data provideth the SCU ensures thermal equivalence between the Peltier
by the supplier, the corresponding maximum temperature ekelements when they react from the heat production in the
evation can be estimated to be around 3 mK. This value hasell. We note that the temperature of the cell, as measured by
been indirectly confirmed by a careful analysis of the tem-YSI-M, exhibits a time constantf® s comparable to the
perature measurementsee Secs. IV D and V B)land has SCU thermal time.
therefore been subtracted from the values measured at the From the above analysis, it is possible to infer a charac-
maximum sampling ratéthe average power is of order of teristic time tyg=2=*=1s, at which a modification of the
2X10 2 uW at the lower sampling rate; no temperaturefluid temperature can be detected at the YSI-M level.
correction has been needed in this gase

E. Heat pulse characteristics

D. Thermal characteristics of the container When thermistor TH1 is used as a heater, a stabilized

A representation of the SCU as an ensemble of sphericaloltage of 10 V is delivered duringtg.~=480 ms through a
containers showing the same volume to surface ratio protemperature stabilized resistor of 2% in series with the
vides characteristic lengths whose values are listed in Tabl#hermistor. The dissipated power is a function of the ther-
Il (this practical analogy is suggested from the near sphericahistor resistance, which itself is a function of the local tem-
shape of the internal heating thermigtarhe typical thermal perature. The power produced inside the thermistor is thus a
responseg, x of a container part labeled corresponds to the function of time and of the temperature distance from
attainment of 63% of the final equilibrium temperature. TheThe typical range is 5—35 mW depending on the self-heating
tr x are listed in Table Il. Note that these values differ frommode of the thermistor unit.
the 1D diffusive timedp, x by a factorm~2. We shall make Since experimental information cannot be obtained on
the following three remarks. Earth where the thermal exchange is modified by convection
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during Atgec (see below Sec. IVA we had to develop a
model to describe the TH1 behavior. This model is reported
in Appendix B where a schematic representation of the en-
ergy partition is given in the Fig. 15. It appears that only
50% of the total energy which is produced duriAglec in

the thermistor core is transferred in the HBL around the ther-
mistor. The remaining energy is lost by solid conduction
through the lead wiregduring the timetg \y). Then it is
more realistic to admit that TH1 can heat the fluid during an
effective heat pulse duratiahit,~Atgecttg (w=2.55s. De-
tails of the power evolution during this effective heating pe-

riod are given in the Appendix B. b

//«/( )

4
IV. RESULTS

A. Heat pulse under Earth’s gravity

For the sake of comparison with the microgravity experi-
ments, we analyze in the following the fluid evolution under
the influence of Earth’s gravity @) (see Fig. .

When t<Atge. [Figs. 5a) and 8b)], a plume develops
within 100 ms after the beginning of the pulse. This value is
of the order of the thermistor time constant. The energy pro-
duced during that time is as low as 2 mJ. Convection settles
in the fluid during the electrical excitation, extends along the
lead wires, and prevents any stable thermal boundary layer
from forming around the thermist¢Fig. 5b)].

Whent=Atg., convection stopgsee Fig. &)] and the
fluid cell relaxes to equilibriunisee Fig. &d)]. The tempera-
ture relaxation at TH1 is reported in Fig. 6 at two typical
temperature differences from the GP.+16.8K and T,
+0.2 K). The temperature after the electric pulse Tat
+16.8 K(5 K, extrapolated to 480 ms, see Fig.i$approxi-
mately 2 times larger than a+0.2 K (2.5 K, extrapolated
to 480 ms. It is the same ratio in electric power as calculated
from the resistance values[Ryy(Ti=T.+0.2K)
~2Rry(T;=T.+16.8 K)]. The temperature relaxation is
faster as one approaches.

On Earth, the gravitational flow therefore deeply modifies
the heat transfers. In addition to the expected PE, the fast
relaxation of TH1 is associated with the viscous relaxation of
convective flows, which also increase the heat flux between
the thermistor and the thermostat to lower the HBL tempera-
ture.

In contrast to TH1, the temperature modification in the FIG. 5. Heat pulse at the equilibrium temperatufe="T.
bulk is too small to be detected by TH2 and in the SCU by+ 16.8 K under terrestrial gravity acceleratllong()1 Gravity is di-
YSI-M. The fringe pattern is disturbed only by the plume rected downward<a) t=80 ms after the beginning of the pulgb)

and recovers equilibrium a few seconds afig... t=360ms, (c) t=1s, and(d) t=4s. Note that th_e gonvective
plume clearly develops at=120 ms after the beginning of the

pulse. Att=4s, no significant density inhomogeneities could be
noticed, which indicates a fast relaxation process.

B. Interferometric observations under microgravity

The evolution of a typical pattern 8t.+16.8 K andT,
+800 mK under reduced gravity is reported in Fig. 7. Theseresult of large density gradients associated with large tem-
different videoprints correspond to the schematic drawingperature gradientgthe pressure is spatially uniform at this
given in Fig. 8 where selected areas are defined in Ki). 4 time scalg. In Fig. 7@ one notes the progressive extension
Time is relative to the beginning of the pulse. of the dark region along the leads afisVHBL area in Fig.
Whent<Aty (heating perioyl a HBL develops around 4(c)], corresponding to heat conduction through the lead
the thermistof TH1 HBL area in Fig. 4c)] whose character- wires between TH1 and the SCU.
istics are discussed [1]. We recall the main features of the A striking observation is the simultaneous shift under
phenomenon. The layer appears as a black region, neanyeightlessness of the whole fringe pattern, with the fringes
spherical in shape, which shows a well-defined bofffegs.  remaining straight and parallel as indicated in the schematic
7(a) and 1@')]. The fact that the HBL is optically dark is the drawing in Fig. 8. This bulk phenomenon, which coincides
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1ot J9bab ¢ d , perpendicular to the lead wire where its perturbative role is
Fig7 aa b cdb ¢ d minimized. The effective time exponent of tiégg, growth
5 TH68K () law can be determined, whose value is closg.té\ numeri-
e v T+800 mK (ug) ] cal simulation as if1,27] demonstrates scaling Hy, (see
o T 4+200 mK (ng) .
o T+16.8K (1g) Fig. 10.
v 4 > T:+200 mK (1) (i) The HBL along the leads.This HBL along the leads
E o . E rapidly vanishes in a time nearly independentTof[Figs.
B B 8(b)—8(c), 8(b")—8(c’)]. This phenomenon is due to the heat
F T losses by conduction along the leads. We do not analyze
= o & further the corresponding behavior, which can be considered
B as a complicated perturbative effect.
(iii) The bulk. During the cooling period the fringe pat-
o . tern slowly returns to its initial position, with the fringes
107 10° remaining straight and parallel. This reverse translation of

the pattern shows that the bulk density uniformly comes back
FIG. 6. Temperature relaxation of the heating thermistor TH1 af© itS initial value and demonstrates the existence of a cool-
different equilibrium temperatures after a heat pul¢80 ms elec- INg PE. The typical evolution is of order of tens of seconds.
trical excitation under Iy and microgravity conditions. AT, =T, The inversion in the fringe shift occurs after a time of
+16.8 K, the temperature measurements at short times are limitedrder of 3 s, which corresponds approximately to the heating
by the technically available temperature rangee text Upper time Aty estimated above. The temperature measurements in
part: time reference for the videoprint sequences given on Figsthe bulk (T,=Tyy,) confirm this interferometric observation
5(a)—-5(d) (1g conditions atT;=T.+16.8 K), in Figs. {a)—7(d) (see Sec. IV
(mi/crogra,vity _ conditic_ms atT=T.+16.8 K, and in Figs. (iv) The CBL at the cell wall. We show in Fig. 11 the
7(a)~7(d") (microgravity conditions a¥;=Tc+800 mK). formation of a CBL under continuous heatift. These fig-

with the growth of the HBL, is the signature of the PH. It ures are clear justification for the schematic representation

corresponds to a spatially uniform density change throughogpade in Fig. &). CBL is ev!den(_:ed by_the bending of the
the entire cell. During the heating period, the pattern shifts t ringes at the cell wall while fringes n the bulk remain
the left, corresponding to a uniform density increfsee Fig. straight. I_n contrast to _the HBL observation, we nqte here_ the
4(c)]. The process is inverted during the cooling period. left bendlng_ of the frmges from_ th_e reference line .wh|ch
Whent>At,, (cooling period, the HBL continues to de- reflects the increase in density W|t.h|n.tr_1e CBL. But with our
velop but at the same time it fades out so that the fringeresent short pulse, such a layer is difficult to observe as the
reappeafsee Figs. ®)—7(d), 7(b')—7(d")]. The bulk pattern corresponding density gradient and thickness are very small;
slowly returns to equilibrium(parallel fringes. This relax- moreover, the layer thickness increases while the density
ation mechanism lasts at least 100 s and appears as the lagfadient decreases with time.
est time scale of the phenomenon. The longer relaxation time
for equilibration of the cell aff.+800 mK with respect to C. Temperature behavior within the HBL
T.+16.8 K is a consequence of the critical slowing down.  The temperature relaxation of the heating thermistor TH1
In the following we detail the first few seconds after thejs measured at different temperatures frdm+ 16.8 K to
end of the electrical excitation. T.+0.2 K. We have reported in Fig6 a log-log plot of
(i) The HBL around TH1. This HBL evolution is similar  7,,,-T; as a function of time for three typical temperature
at all temperatures with a kinetics that slows down whendifferences from T, (T,+16.8 K, T.+800mK, and T,
approachingT.. The layer still expands during the cooling +200 mK). When going closer to the CP, the TH1 tempera-
period while simultaneously fading o[ffigs. 1c)—7(d) and  ture noticeably decreaséas in the terrestrial observations,
7(c)-7(d")]. although with a different time relaxati@n
In order to quantify the extension of the HBL, a simula-  Two factors are responsible for the lowering of the HBL
tion of the interferometric fringe pattern as a 2D Gaussiartemperature produced by a constant energy heat pulse: first,
distributed density inhomogeneities within a uniform me-the divergence o€p, which enables the HBL to store more
dium has been made] (see Fig. 9. Density inhomogene- energy; secondly, the critical enhancement of the thermal
ities of the order of 1% lower the fringe spacing by a factorconductivity A, which favors the energy transfer from the
of 4 and practically suppress the fringe visibility. We thus thermistor into the fluid.
define the HBL border as the location of the last distorted
fringe. We note the right distortion of the fringes from the D. Temperature behavior in the bulk fluid
direction of the reference line, which reflects the local den- \we mainly refer to the bulk temperature evolutionTat

sity decrease within the hot boundary laysee Figs. &),  +16.8 K [see Figs. 1&)—-12c)] as measured by THZ,

7(d), and gh)]. =T, (corrected at<60 s by 3 mK due to the thermistor
We report in Fig. 10 the HBL thicknes$,g =(J  self-heating. Time is counted at the beginning of the heat

— 6p)/2 as a function of time, wheré, and  are the ther- pulse.

mistor and HBL diameters, respectively. The HBL diameter After the electrical pulse has stopped, the temperature still

is measured aT.+16.8 K andT.+400 mK along an axis increases. A maximum is reached at about Bsse Fig.
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\

FIG. 7. Time sequence of the density inhomogeneity relaxation after a 480 ms heaf{rpidseggravity conditions Notice the hot
boundary layefTH1 HBL in Fig. 4(c)], which forms around the upper heating thermidthe black region increase around THAIso
notice the fading out of this boundary layer and the reappearance of distorted fringes as time proceeds. Left: Initial fluid terperature
=T.+16.8K: (a) 480 ms after the beginning of the heat pulg) 3 s; (c) 8 s; and(d) 12 s; right: initial fluid temperaturf;=T,
+800 mK: (a') 480 ms after the beginning of the heat puldg) 18 s,(c’) 55 s, andd’) 86 s. Time comparison of the relaxation process
of the HBL density inhomogeneities for the two different initial temperatdresvidences the diffusive critical slowing down.

12(a)]. This fast heating period is due to the development ofby TH1, Tyw= T (log-log plob. Although the HBL is
the HBL during Aty (estimated in Appendix B to be always hotter than the bulk, it does not apparently interfere
~2.59. The bulk fluid is heated uniformly as shown by the with the bulk uniform cooling ensured by the CBL.
shift of the whole fringe pattern, the fringes remaining Similar results are obtained af.+15.9K and T,
straight. +0.8 K but at this last temperature the bulk variation is sig-
Cooling towards the thermostat temperature proceedsificantly smaller, making the analysis difficult. Whén
more slowly[see Fig. 1&)]. For the sake of comparison, we <T.+0.8 K, no temperature rise can be detectbg the
also report in Fig. 1&) the HBL temperature as measured TH2 thermistor. Such a lowering of the temperature change



57 RELAXATION OF A SUPERCRITICAL FLUID AFTERA . .. 5675

HOMOGENEOUS

FIG. 9. Numerical simulation of the interference fringe pattern.
Effect of a 2D Gaussian distributed refractive index inhomogeneity
in a uniform refractive index mediurtsee[2]). (a) Value of the
central maximum amplitudeSn/n=10"%, (b) value 6n/n=0.5
X 10" %, Notice the striking similarity of the fringe distorsion with
the interferometric pattern observed on Fig&)7and 1d’) within
the hot boundary laydiTH1HBL in Fig. 4(c)].

the typical equilibration response time of the thermostat
(=1 s, see Table )] which validates the boundary condition
of a perfectly thermostated wdllT(x=L)=T,] as used in
the model.

The simulation afl .+ 16.8 K as detailed in Appendix B
gives access to the total energ® € 8.1 mJ) sent in the fluid
by the heating thermistor. Fro@, an estimated time profile
for the heat fluxP(t) is proposed, under the form of a rapid
rise to a maximum value during 0.6(sorresponding to the
electrical supplying period added to the time response of the
thermistoj, followed by a slower decreasgeorresponding to
the heat losses period by lead$he value of the maximum
and the slope of the decrease are fixed by two criteria: the
total energy provided, and the fact that the maximum of the
resulting bulk temperature must be located acb@ns after
the beginning of the heating.

The analytical results based on this heat flux are com-
pared in the following to the bulk temperature relaxation at

1

10
FIG. 8. Schematic representation of the temporal sequence of a e
pulse heating and of the subsequent thermal relaxétocrograv- , =78
ity). This sequence illustrates the main features of the observed 10
phenomenon during the real time sequence of Fi(see the text o)
g o
in the bulk is due to the divergence Gf and to the increas- g
ing efficiency of the CBL: the fluids acts as a true thermal “ 10 1 o T+16.8 K {expt.)
short circuit, as predicted ifl3]. ———- T.+16.8 K (Sim.)
+ T ,+400 mK (expt.)
T +400 mK (Sim.)
V. QUANTITATIVE COMPARISON WITH THE 1D ,
10° : '
MODEL 107 10° 10 102

A. The bulk temperature behavior at T.+16.8 K
1. Characteristic length of the model

As discussed in Sec. Il, knowledgelofthe characteristic
length andP(t) (the heating power evolutigris mandatory
for a comparison with experiments.

The smallest length scale=1.5 mm[Eq. (14)] corre-
sponds to a characteristic tintg (=3.5s) similar to our
estimation ofAty (=2.5s). Furthermoret. is larger than

t(s)

FIG. 10. Experimental thicknes$,s, (Expt) of the hot bound-
ary layer[ TH1HBL in Fig. 4(c)] vs time during heating and cooling
periods at two different equilibrium temperatures. Open circlgs:
=T.+16.8 K; crossesT;=T.+400 mK. Measurements are per-
formed after the end of the electrical excitation perid80 ms of
the TH1 thermistor. The numerical simulati¢®im.) is based on a
purely diffusive procesgsee[27]). Dashed lineT;=T.+16.8 K;
solid line: T;=T;+400 mK.
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FIG. 11. Cold boundary layer formation during a continuous heat peksmthe CBL region defined on the FigcH. (a) t=4 s after the
beginning of the pulselb) t=6s. The arrows note the fringe deformations close to the cell (trmdrmostated at the initial equilibrium
temperaturel; =T+ 16.8 K), while the bulk fringes remain straight. Due to the continuous heating at the TH1 level and to the correlated
continuous increase of the bulk temperature, this CBL appearance corresponds to a significant increase of the local density, here well marked
by a significant left bending of the fringg¢see also Fig. @)].

T.+16.8 K (corrected at<60s of 3 mK due to the ther- bias, some fits were made on the experimental data, based on
mistor self-heating From this analysis, first we will check the functionA, /\t whereA, is a free parameterd; was
our estimation ofL and, second, we will define the time calculated on experimental data ranging from 5 to 300 s,

evolution of the heat flux sent in the fluid. with different self-heating corrections applied between 5 and
60 s. The best fit corresponds to the expected value of 3 mK,
2. Fits of the bulk temperature relaxation which independently confirms the manufacturer’s specifica-

tions.

After the end of the heat pulse, the bulk temperature pro-
gressively tends to behave like the impulse respdide,
whatever the time profile of the fluxL3]. The data corre-
sponding to a time long enough after the end of the heatin
can be fitted to Eq(3), or more explicitly to

We consider now the valué=1.5mm as set in the
model prediction and return t&(t). The data which are
oncerned correspond mainly to the temperature rise at early
mes|[Fig. 12a)]. According to Fig. 15, the two parameters
are Aty and the maximum powefat t=0.6 9 with the 8.1
C( t )1/2 mJ value as a constraint for the integrated total en€gy
erf ,

n (20 The best fit is shown in Fig. 18). It corresponds to a value
C

Aty =3.8s, comparable to but slightly larger than our previ-

whereAT, is the bulk temperature rise as measured by TH2oUS estimation(2.5 3.

t. and Ap=(Q/m)/c, are adjustable parametef® is the _
total energy sent at the hot walFits have been performed B. The HBL relaxation at TH1

in two different ranges, 5-60 s or 10-60 &5Is is asuffi- 1. Critical behavior of the HBL temperature
cient time delay, the result of the fit should be the same in
both cases, the fluid having “forgotten” the time history of
the heat flux. The range is limited to 60 s because this time i
the upper limit of the high rate measurements.

The result of these fits is summarized in Table Ill. The
amplitudesA, andt. show a large discrepancy between the
ranges. This is due to the fact that for large enough values of
t, AT, tends to behave liké\,yt./t. Consequently, it be-
comes more and more difficult for a fitting algorithm to dis-

criminate between the relative influencefgfandt., evenif  The amplitudeA is proportional to the total energy sent to
the global fit is correct. This point is confirmed by the cal- the fluid but does not depend on the time history of the heat

culation of the product,.ft. for each fit, which leads to flux. For the same total energy sent into the fluid at each
similar results in both casethe difference is less than 3%  temperatureT;, Eq. (6) leads to

In order to obtain more accuracy in the valuet of we now

consider the estimate of the total energy sent into the fluid Aoc(\/ﬂ)/cv, (22

(Q=8.1mJ) and imposé,=(Q/m)/c,=22.6 mK. The re-

sults of the fits witht, as the only free parameter gives only which asymptotically vanishes a$; T.) %! (see Appendix

one value,t;~4.3 s (Table Ill). This value compares well A).

with the value inferred from Eq(14) (t;=3.5s with L If the experimental data measured by TH1 are considered

=1.5 mm and shows the relevance of the ratio fluid volumestarting from a sufficiently long timeX6 s) after the end of

to cold wall area for adapting the 1D model to the experi-the heating pulse, the"? law is observed. As a conse-

ment. guence, we have chosen to perform the comparison between
Let us comment on the thermistor self-heating in the highthe experimental results and model resultstferlO s after

rate measurement mode. In order to estimate the temperatutige heating pulse beginning. The measured values have been

t
ATb: AoeX% -
te

The following approach is based on E®), where we
gave focused our attention on the time dependence of
nw(x=0) for the intermediate rangkt, <t<tp. For tem-
peratures nearer b, than 1 K,t. <Aty . Using Eq.(6), we
have determined that the late-time respons@& ©fy=Tnw
T; tends to behave according to the following law:

ATpw(x=0)=A\k. (21)



RELAXATION OF A SUPERCRITICAL FLUID AFTERA . ..

5677

TABLE IlI. Fitting results of the bulk temperature relaxation
AT, measured by TH2 using Eq20) where Aq andt. are the
adjustable parameters. The values in parentheses have been im-

posed in the fifsee text

Time interval
of the fit Ay te
(s (mK) (s
5-60 38.8 1.3
(22.9 4.36
10-60 149 0.085
(22.9 4.26

57
14
~~ a [=] =] 000G o0
% 12 1 o o oo © o o =]
N o 00 [ol=} o o =]
/: fee] o O [elite}
E-‘/ 10__ O 00 20 O O ¢ Q0 o C © X0 T@WOo o Qo a
{e]als} oo ] =] (=} Q00
- o o o oo o0
= @o oo @ oo 000
< 8 A
Q °e o °
E 6 9
o 00 O [=]
]
, 4 P~
= VRS
[} I
, 17 ~~._Plt)
4 \\\
0 ; : L
0 1 2 3 4 5
tis)
14 b
12
)
£
=
0 : - } ; } ' —
5 10 15 20 25 30 35 40 45 50 55 60
t(s)
1000
C %%
AN
~ 100
z
= 10
=S
<
=
[.3 1
=]
A AN AN
2nb A a
01 1
041 1 10 100 1000
t(s)

FIG. 12. Temperature relaxatiod {—T;) of the bulk fluid vs
time as measured by the TH2 thermistopen circleg and as fitted
by our present moddbolid lineg. Initial equilibrium fluid tempera-
ture T;=T.+16.8 K. (a) Linear plot during the firs5 s after the
beginning of the heat pulse; time power profiit) of the heat
pulse is given by the broken lingsee Appendix B (b) linear plot
during the period 5-60 $¢) log-log plot for the whole time range;

normalized to the same value of the total endigmJ using

the calculated power delivered by the thermistor from the
Joule effect(see Appendix B Moreover, to adapt the 3D
experiment to the model conditions, the temperature differ-
encesTty;— T; have been also divided by the area ratio from
the cold wall to the hot wal{Scy/S,w=80, see Sec. Il

The comparison between these normalized experimental val-
uesATH,; (x=0,t=10s,Q=1mJ, S=Scy), and the cor-
responding calculated values from the model is made in Fig.
13. Quantitative agreement is noticeable in regard to the un-
certainties attached to each estimation of these above quan
tities. This is an experimental observation directly related to
the expected critical shortening of the PE characteristic time.
Moreover, the exponent 0.91 associated withssumes that
the critical exponent associated with; has its asymptotic
value of 0.67. This assumption is in default for the tempera-
ture range of our measurements. Although the temperature
dependence dby is complicated to analyze in this tempera-
ture range, it can be approximated by an effective exponent
value of 0.8 for most of pure fluid®8]. Then the effective
exponent of the temperature dependencé o&n be lowered

to a value of 0.8, which is closer to the apparent experimen-
tal slope in Fig. 13.
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FIG. 13. Normalized hot wall temperaturdT},,; (x=0, t
=10s,Q=1mJ as a function of T—T,) [see text and Eq21)].
Filled circles: experiment from the TH1 measureme(sise text
opened circles: 1D computation from the model. Notice that the

the temperature relaxation of the hot boundary layer measured byormalized HBL experimental temperature is related to the ampli-

the TH1 thermistor is also reportddpened triangles The arrow

tudeA of Eq. (21) and decreases ag (¥4 Cv asT approached,

marks the typical time to restore complete density and temperaturesee Eq.(22)], in agreement with the predicted critical asymptotic

equilibration.

behavior oft, [see Eqs(5) and(2)] andCuv (see text
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10* : : : : and by the use of a small heating device immersed in the
fluid instead of a global cell heating. On the other hand,
10° | having a high area ratio between the inner heating thermistor
and the outer isothermal cell wall proved to be a good
102 | choice. Indeed, a large cold surface results in a relatively fast
s 5 Tc + 200 mK bulk temperature relaxation, even far frdrg. The observa-
RIEPISI Dol tion is thus made easier, in particular for the shift of the
< Tc + 800 mK interferometric pattern. At the same time, a small heating
o [ TTe+159 K surface, for the same heating power, results in a higher
10° L+ Tc+ 168K - . .
boundary layer temperature, which is convenient to make
" . ‘ ‘ . measurements nedr.. Here the bulk fluid becomes a ther-
1007 10° 0%, 10" 10° mal short circuit with no measurement available for the bulk
t temperature modification due to theshortening and to the

Cy increasing.

Note added in proofA recently published papé29] ana-
lyzed the density changes associated with the late stage of
thermal equilibration near the critical point of §Hhe con-
clusion of Wilkinsonet al. is in agreement with those pre-
sented here for the heat diffusion decaying mode in an iso-
thermal container.

FIG. 14. Log-log plot ofAT* =mc,[ Tuw(t) — T;1/Q vs the re-
duced timet* =t/ty . NearT,, theory predicts an initial slope of
—1/2 [see the text and Eq$6) and (7)]. Tyw(t) is the relaxation
temperature of the hot boundary layefH1 HBL in Fig. 4(c)]
measured by the TH1 thermistor.

2. Diffusive scaling of the HBL temperature relaxation

The form of the right member of the E¢6) suggests a ACKNOWLEDGMENTS
normalized scaling for the relaxation of the hot wall tempera- .
ture. Figure 14 shows a log-log plot of the relaxation of the ~This work was supported by CNES. We gratefully ac-
reduced HW temperatuteT* = mc,[ Tyw(t) — T;1/Q versus knowledge the ALICE team and especially P. Koutsikide

the reduced time* =t/t,, for the different equilibrium tem- and J.-M. Laherme for their support. We thank all individu-
peratures. Herem is the mass of the whole fluid. All data @S involved in the French-Russian missions on MIR station

collapse to a single curve with an initial power-law behavior(ANTARES, 1992, and ALTAIR, 1998 We feel indebted in

(t*)~ Y2 Such a power law is found for diffusive processesParticular to the crews of both missions, with special men-
taking place in semi-infinite media; for small valuestsf ~ tion to the French cosmonauts M. Tognini and J. P. Haig-
the HBL relaxation is not influenced by the finite dimensions"n€re

of the cell. We notice that whett =1, AT*=1. This indi-

cates that, fot=ty, the energy initially transmitted into the APPENDIX A: DETAILS ON THE THEORETICAL

HBL has diffused into the bulk. This confirms again the dif- MODEL

fusive character of the HBL relaxation. As mentioned in the core of the text, the theoretical model

proposed here is an extension to real fluids of the van der
VI. GENERAL CONCLUSIONS Waals model developed [13]. As a consequence, only the
information necessary to understand this extension will be
The dynamics of the piston effect after a heat pitsat-  given here. The detailed procedure and calculation can be
ing and subsequent cooling the fluid is ruled both by the  drawn from the analogy with the referenced paper.
diffusion timetp and by the PE time.. Three distinctive A one-dimensional container is filled with a near-critical
regions are directly observed in the sample. The first regiofuid on the critical isochore, in the one-phase region. The
is a hot boundary layer, centered on the heat source, whidfluid, initially at thermal and mechanical equilibrium, is sub-
shows large coupled density-temperature inhomogeneitiesnitted to a heat fluxP(t) on the left wall of the container
This part is cooled mainly by a diffusive process whose tem{x=0), while the right wall &=L) is thermostated at the
perature relaxation is slowed down near the critical pointjnjtial temperature.
The second region is the bulk fluid, which is uniform in The model is based on the 1D unsteady compressible
temperature and density. The presence of thermostated wallgavier-Stokes equations written for a Newtonian fluid. In
induces a weak cold boundary lay@ne third region, which  \yhat follows, the subscript refers to the initial conditions
cools the bulk by the PE mechanism. Then, complete equiliand PG to the perfect gas. An asterisk is used to indicate a
bration in temperature and density of the fluid is governed byimensionless variable.
the diffusion tlmetD, which Corresponds to the slowest The equations are made dimensionless by using the fol-
transport mechanism. lowing parametergrespectively denoting density, tempera-

A proper design of an experimental cell has thus givenyre, pressure, sound velocity, time, and space varigbles
access simultaneously to a direct observation of the whole

fluid sample and to precise gquantitative measurements, on p T p u
the different time scales of the process. In particular, it was p*=—, T"=—, p*'=——, U'=——,
necessary to obtain a good separation between the main char- Pe Te pefTe Vyord Te
acteristic  times of the  experimental device

i . 112
(tr el Ateiec, Aty) and of the fluid samplet{,tp). This first . tVyord Tc [ Cupg oo X (AD)
point was achieved by a proper choice of the cell materials, L Cv ' L’
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wherer is the specific gas constafinh J kgt K™1). tributions. This is done by consideringf and AT* as in-

The introduction of\/Cuv in the expression of the time finitesimally small quantities, and solving the equations
variablet* enables the vanishing sound velocity to be takerunder the form of matched asymptotic expansions based on
into account in the vicinity of the CP. In the same way as inthe limits e* —0 andAT* —0. The presence af* in front
[13], a small parametes* appears in the energy equations, of the diffusive term in the equation of energy leads to the
in front of the heat diffusion terme* is defined by introduction of two boundary layers near the extremities of

the container. Three coupled linearized systems of equations
tape<1 (A2) are thus obtained, for the HBL, the bulk, and the CBL. When
topg solved on the acoustic time scale, these systems lead to the
response briefly described in introductidi: When the heat
with flux is imposed on the wall, heat diffuses in a thin boundary
layer which expands strongly due to the high compressibility
(HBL). (ii) This expansion drives a compression wave in the
bulk, that propagates back and forth as it reflects on the
(A3) boundaries(iii) During its repeated travels, the compression
wave slowly raises the bulk temperature in a quasihomoge-
and neous way.
5 After a certain time, the bulk temperature increases to a
¢ :L pcCPpc (typical diffusion time for the PG point where it becomes of the same order as the HBL tem-
PPG™ Npe yp perature, thus defining the PE time scale. To take this time
(A4) scale into account in the calculation, a new time variable is

. ] _introduced into the system, defined as
Instead of a van der Waals equation of state, a linearized

e*¥= PrpG

(typical acoustic time for the PG

L
tape=—7—=
b Vyord Tec

nondimensional equation of state is used here, written in the N [ Cupg\ ¥ dp*
most general case: ™=g* — =] t*. (A7)
)\PG Cv (9p T*
B w_m [P . _ _
PP =(T" =T | +(p*—pi) %) This scale has been found by calculating, on the basis of
p* T*

the acoustic solutions, the necessary time for the bulk tem-
perature to become of the same order as the HBL tempera-
where the pressurg* and the partial derivatives are taken at [Ure- i—|eie, the critical sp_eedlng* up 1S expressed by the fact
(T* . p¥) thatF /T ~goes to zero like AT*)~° The system is now
! [ewritten in terms op*, T*, p*, u*, x*, and7*. The same
matched asymptotic expansions procedure as above is used

(A5)

The initial and boundary conditions set on these equation

are again, to obtain the PE time-scale solutions. The following
TH(t* =0x*)=Tr =1+AT*, points are found{(i) Near the heated wall, the fluid in the
HBL expands, and thus compresses the bulk flhimoge-
P* (t* =0x*)=pr (1+AT*,1)= Pi*expu neous heating (i) Near the thermostated wall, another layer

forms where the fluid is cooledCBL). This cooling pro-
vokes a contraction of the fluid, and thus an expansion of the
bulk (homogeneous cooling(iii) The bulk response is the
result of the competition between these two opposite effects.
Thanks to the global Navier-Stokes approach, it is pos-

pr(t*=0x*)=p; =1,

U* (t* =0x*) =0,

% sible through these calculations to access the time and space
N P(t*) A . .
— — TH(t* x*=0)=¢* , variations of any thermophysical parameter of this problem.
ApG P max In particular, the bulk temperature, the temperature at the
heated wall, and the velocity at the edge of the HBL are
o = Pmad- given in the core of the paper. The corresponding calculation
Shpale’ can easily be deduced from RgE3] and the above informa-
tion.
TH(t* x*=1)=TF =1+AT*, (AB)

% . . . APPENDIX B: MODELING THE HEAT PULSE
where pie,p is obtained from the experimental pressure at

each considered equilibrium temperature along the critical We have performed a numerical simulation of an ideal

isochore(see Table)l P,,,,/Sis the maximum value reached conduction problem assuming a finite spherical geometry for
by the heat flux per unit area during its time evoluti@is the thermistor unit. Here we report only the main results. The
the surface area of the heated wadl* is usually very small  central part of TH1 is assimilated to a heat source sphere

(p*<1). (S1) of 0.2 mm diameter where electrical power is delivered
The fact that the initial conditions are chosen near the CRt constant voltage). The electric power is calculated from
leads toAT* <1. the characteristics given by THERMOMETRICS for the B35

Using dimensionless equations allows then a clear analythermobeads. The glass coating of the thermistor is ac-
sis of the relative orders of magnitude of the different con-counted for by considering a second sphes2)(of 0.9 mm
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outer diameter enclosingl. BothS1 andS2 are considered

to be made of identical glass material having the same ther- —5——77;
mal properties as commercial zircor{ibable Il). This mate- (Atg o = 480 ms)
rial modeling is close to the real thermistor as shown by the |(self-heating +37%)
calculated thermal time constants: 63% of the maximum

temperature rise occurs in 79 riigable 1), a value close to

the 100 ms value given by the manufacturer. Moreover, the

temperature increase due to the dissipated power on the glas:
material during the high rate temperature measurements is 3
mK, a value that agrees with the technical data provided by
the supplier and the observations in Secs. IV and V.

In the simulationS1+ S2 are located at the center of an
infinite fluid medium with spherical symmetry. The fluid is
homogeneous in densityp & p.) and its characteristics are
those along the critical isochore. Time discretization for nu-

merical calculations is 25 ms. The effect of the thermistor FIG. 15. Partition of the ene.rg@n the absence (?f Convecm.)n
. . . . delivered by the Joule effect during a 480 ms electrical supplying of
leads is not considered in this model.

. . N the heating thermistor THisee text and Appendix )BThe fluid
It appears that the distance to the critical point is a ke g b PP )

. . ) yequilibrium temperature i§=T.+16.8 K. P(t) is the schematic
parameter to describe the thermistor behavior. When thﬁme profile of the heat flux delivered into the critical fluid from the

fluid is initially at T;+ 16.8 K, the temperature change at the oyternal surface of the heating TH1 thermistor.
center ofS1 follows (t in's, T in K):

Qu=48mJ
(Atpy =terw)

P(t)

4

time (s)

Qerec = Qscr + Qu + Qay
(at t=Aty = 2.5 5)

AT(t)~T;+18.52 (B1)

increases the heat losses through the lead wires. Although a

This temperature rise causes the thermistor resistance fecise evaluation is difficult to make, an order of magnitude
change accordingly. After=480 ms, the total energy devel- can be estimated for the energy lost during the thermal time
oped in the core of the thermistor can be estimate@¢g. response of the lead wire, i.e., 2 s. We consider the fluid at
~14.4 mJ(whose 37% is due to the self-heating of the ther-T.+16.8 K. We assume a linear temperature evolution from
mistor and the external surface temperature chang8dis 5 K, the above estimated temperature at the end of the elec-
close to 5 K. When using the thermal data of Table I, thetrical pulse, to 1 K, an arbitrary choidghe corresponding
energy needed to obtain a mean temperature increase of Sdfiergy uncertainty is 0.5 fJwe assume also the tempera-
is 6.3 mJ, which represents 46% Qf.. This result shows ture inhomogeneity along the wire axis to be linear with a
that a little more than half of the total energy can be dissi-spatial extension of 1 mm. We obtain then a value of 7 mJ.
pated into the HBL surrounding the thermistor. From the above analysis, it appears that the energy(paat

When the fluid is closer to the critical poifitange[Tc  mJ) used to heat the external surface of the thermistor is
+0.1 K- T+l K1), Fhe temperature change in the center Ofcomparable to the energy part lost through the lead wires.
S1 follows (t in's, T in K): A schematic representation of the heat pulse partition is
given in Fig. 15. The total heat ener@ge. (=14.4 mJ)
produced during thé\tge. (=480 ms) period is separated
into two main contribution®;+Q, (=4.8+1.5mJ) and
Qsce (=8.1 mJ) at the estimated end of the heat pulse dura-
tion Aty (Aty~Atgecttc w=2.5S, see belowQry, cor-
responds to the heat necessary to give the temperature eleva-

AT(t)~T;+ 12172 (B2)

The energy is estimated to lig,.c~7.4 mJ after a 480 ms

pulse (26% is due to self-heatingand the corresponding

mean temperature change 81+ S2 is close t0 2 K. The oy (+1K) of the thermistor unitQ, is the energy part

energy stored in the thermlstqr is of the order of 3 mJ, i.e. irectly lost by solid conduction through the lead Wir€cr

the same percentage as _at higher temperature although t then thetrue total energy sent into the HBL and in the

:ﬁ;alraet?sz%ugs b?jg %\;'/Cqued t()élza‘?cp;ixir/g?tely tatoe to bulk. We can estimate that, at least during the typical re-
TH1 TH1 ) sponse time t¢ ) of the lead wires and of the SCU

Let us note the small value of the total energy sent by th . o .
heat pulse, which makes the SCU temperature practicall?tC'SCU)‘ l.e., approximatively 2 s, TH1 can still heat the

unchangedthe temperature rise should be lower thargas  'Uid- This is why the heat pulse durationty~Ateec

at T,=T,+16.8 K if the total energy of 14.4 mJ were in- +1tc,Lw=2.5s lasts longer than the electric supplied pulse.

jected instantaneously in the SCUrhe external boundary AS @ consequence, we obtain 3.24 mW as a mean value for
conditions of the fluid are then isothermal during temperathe power energy. However, a schematic more realistic time

ture relaxation.
The above model suffers from two defedis. It neglects
the heat losses through the lead wir@s. It considers only

profile of the power energ(t) is also reported on the Fig.
15. It corresponds to properly considering the part of the
thermistor time constarit 14, (=100 ms) and the predomi-

heat transfer into the HBL and neglects the energy that igant initial heating due to the thermistor self-heating mode
transferred into the bulk by the PE mechanism. This lastluring the supplied periodt,e. (see the main text for the
contribution remains small, due to the low yield of the PEcorrect evaluation oP(t) from the results obtained in mi-
(see Sec. Il D In contrast, the self-heating of the thermistor crogravity.
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