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In very compressible fluids, such as fluids near their critical point, the bulk fluid is adiabatically thermalized
by the expansion of a hot boundary layer. Thanks to this thermomechanical process (the so-called piston effect)
the fluid velocity at the edge of the boundary layer can become very high when the heating power is concen-
trated in a fissure. Spectacular jets are then observed in SFg and CO,. Data obtained under weightlessness (in
order to remove convection) and data obtained under earth gravity are compared and analyzed. They empha-
size the key role of the boundary layer expansion for thermal phenomena in compressible fluids and the

hydrodynamic nature of the piston effect.
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I. INTRODUCTION

Near the liquid-gas critical point, fluids exhibit quite un-
usual properties. In particular, they behave as dilatable and
compressible gases with liquidlike density. This is due to the
critical divergence of a number of thermodynamic properties
such as the isothermal compressibility and the isobaric ther-
mal expansion coefficient.

Transport phenomena are also affected. The critical slow-
ing down of the thermal transport is a well-known example.
Because of the extremely low thermal diffusivity, a simple
calculation shows that it would need more than one month to
reach thermal equilibration in a critical (i.e., p=p,) CO,
sample of 1 cm?® at T—T,=1 mK. (T is temperature and T, is
the critical temperature; p is density and p, is the critical
density.) At the beginning of the space experiments under
weightlessness, it thus seemed hopeless for scientists to try
to homogenize, in temperature and density, a sample of fluid
close to its critical point in a reasonable experimental time.
However, Onuki et al. [1] pointed out the thermodynamic
importance of the adiabatic heating of a closed cell. Close to
the sample wall, heat diffusion makes a thin hot boundary
layer (HBL) expand and compress adiabatically the rest of
the fluid. A spatially uniform heating of the bulk fluid was
indeed observed [2]. Simultaneously, a more detailed hydro-
dynamic mechanism of thermalization, which should pro-
ceed at the velocity of sound, was proposed by Zappoli et al.
[3]. There should be a real flow at the border of the expand-
ing diffusive layer and compressed bulk fluid. Other reports
[4,5] appeared nearly at the same time. This thermomechani-
cal heating phenomenon was called the piston effect [3] as

*Corresponding author. Email address: daniel.beysens @espci.fr

1539-3755/2006/74(4)/046307(6)

046307-1

PACS number(s): 47.40.—x, 05.70.Jk, 65.40.De, 64.70.Fx

the HBL acts as a piston. These developments allowed the
thermal anomalies observed in 1983 by Nitsche and Straub
[6] in a sounding rocket experiment to be eventually ex-
plained.

In this paper, we report direct evidence for this piston
effect and study the velocity of the HBL. We indeed ob-
served, both under weightlessness and under terrestrial con-
ditions, a spectacular jetlike propagation from the HBL into
the bulk fluid when heating is produced in a fissure or cre-
vasse, as described below.

II. FLUID VELOCITY AT THE EDGE
OF A HOT BOUNDARY LAYER

In the framework of a one-dimensional hydrodynamic
model with a heating wall of surface area S delivering a

constant heat flux Q, Zappoli and Carles [7] established the
velocity of the matter flow at the edge of a HBL:

0
U()Zkg, (1)
where
o2
pcp
and

l<(9p>
ap=——|—
g p\dT/p

is the isobaric thermal expansion coefficient; cp is the spe-
cific heat at constant pressure and P is pressure.
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FIG. 1. The parameter k=ap/pcp is traced for CO, and SFg¢ as
a function of absolute temperature difference from 7., along the
critical isochore and for the vapor phase below T, (Log-log scales).

According to Eq. (1), v, is proportional to the injected

heat flux per surface unit, Q/S. This proportionality can ex-
plain the occurrence of the jet in a crevasse as observed in
the following. The HBL velocity v, can indeed be locally

very large when the heating surface is reduced at constant Q.
In addition, a crevasse geometry prevents the expansion of
the fluid in the lateral directions and helps to generate a
propagating fluid column.

In Fig. 1, the factor k is traced for both CO, and SFq as a
function of temperature along the critical isochore according
to the corresponding equations of state [8—10]. This factor
does not vary strongly near the critical point because the
divergences of cp and ap compensate each other. In fact,
near 7., Eq. (1) reduces to

1<aT) 0
=—|—] = (2)
1) pS

in which ke (dT/dP), is constant above T, as outlined by
Garrabos et al. [11]. For SFg, k is nearly two times higher
than for CO, (Fig. 1). Thus, for a given heat flux, larger
velocity should be obtained in SF¢. Below T, the k param-
eter increases. However, a number of difficulties make the
study of the two-phase domain extremely delicate. When
heated, the liquid phase can indeed transform itself into va-
por. In the vapor phase, another difficulty concerns the pres-
ence of thin wetting films on the thermistor and in the cre-
vasse. We thus report on only a few data obtained at T<<T,
when, apparently, no wetting liquid phase was visible. The
study then deals mainly with experiments carried out in the
single-phase region.

PHYSICAL REVIEW E 74, 046307 (2006)

III. EXPERIMENTAL SETUP

The experiments were performed in the automatic
ALICE-1 facility [12], with the laboratory model on ground
and the flight model onboard the MIR station.

The experimental cycles were carried out with two differ-
ent fluids CO, and SF¢, both at critical density. Weightless
and 1g data were obtained with SF¢ whereas only 1g data
were available for CO,.

The ALICE-1 instrument provides optical and thermal di-
agnostics. Here only the interferometry observation is of
concern. Thermal control can be achieved within a few mi-
crokelvins in a temperature range (20—70 °C) (for more de-
tails, see [12]). The experimental cells used for the CO, and
SF¢ study are identical. They are made of a CuCoBe alloy.
The internal fluid volume is a cylinder (R=11.6 mm internal
radius, e=6.79 mm thickness) sandwiched between two par-
allel sapphire windows, the inner surface of one being coated
with a dielectric mirror that forms one arm of a Twymann-
Green interferometer. The SFg cell is filled at critical density
within 0.03% and its critical temperature 7,.=45.555 °C is
detected before flight within 1 mK. Many previous experi-
ments have shown that the 7. drift with time was negligibly
small in such samples. We thus impose the value in all our
programmed experiments. Visual observations are indeed in
agreement with the above value. The CO, cell is filled at
critical density within 0.5%. Its critical temperature is 7,
=31.051 °C. Note that the temperature sensors are not cali-
brated; the indicated temperature values are then only rela-
tive.

In each cell, temperature measurements inside the fluid
sample are performed by two thermistors (Thermobeads, Se-
rie B10, Thermometrics Inc., Edison, NJ, USA). The ther-
mistors, labeled Thl and Th2, respectively (see Fig. 3), have
a time constant of about 10 ms and a maximum power rating
of 10 mW in the temperature range considered here. Their
electric resistance R is a function of temperature with expo-
nential behavior R~ exp(1/T) and nominal value R=10 k()
at T=25 °C. Each thermobead consists of a miniature bead
thermistor (made of metallic oxide semiconductors) that are
hermetically sealed by means of specially selected glass
coating. The miniature bead thermistor are connected to two
opposite leads (made of platinum alloy) sintered inside the
glass coating which forms a spheroidal pearl of 0.26 mm
nominal diameter.

The thermistor Th2 can be monitored in a self-heating
mode in order to induce a heat pulse of finite time duration
At. The heat pulse is initiated by connecting the thermistor to
a U=10V dc power supply of the ALICE facility. The dis-

sipated power Py=U?/R~Q during the heat pulse varies
with the initial temperature and A¢. The minimum initial heat
power varies between 20 mW at 7=30 °C and 30 mW at
T=45 °C. In the present study, Ar varies between 40 ms
(minimum heating time) and 1.80 s. In the latter case the
heat pulse is made of 15 periods of 40 ms heating and 80 ms
relaxation, to reduce the self-heating effect. It was noted that,
when the heating thermistor is directly connected to the
power supply of the ALICE facility, a divergence of the dis-
sipated power is induced because the system is unstable:
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FIG. 2. (Color online) (a) Photo of the Th2 thermistor with the
fissure and the central metal oxide sphere. (b) and (c) Sketch of the
thermistor.

heating raises the thermistor temperature, and the resistivity
decreases, which then results in a further increase of the
dissipated power. This temperature rise can be important at
the maximum power delivered by the ALICE facility. Values
as large as 100 °C are currently measured after the heat
pulse has stopped. According to the technical specifications,
the thermistor can support without melting a quick tempera-
ture rise up to 600 °C in a “flash mode.” However, the heat-
ing thermistors were locally damaged when heat pulses of
maximum power were performed during the performance
tests of the thermostat. As a result, a crack, resembling a
crevasse, was created in the glass bead (Fig. 2). Around the
edge of this crack, the surface changes its color from olive-
green to black. On the opposite face, a black stripe was vis-
ible at a location symmetrical to the fissure. The change of
the surface color is a consequence of the high temperatures
reached during heat pulses that burned parts of the thermistor
surface.

It is exactly at the position of the open fissure that the jet
flow appears, where the heating flux is concentrated on a
small surface. From Fig. 2, the heating area S,,,., of the inner
walls of the crack can be estimated to be S;,,..<3
X 1078 m2.

It was not possible to make such a detailed description of
the similar crack in the thermistor of the flight sample (SFy)
due to its inappropriate position with respect to the direction
of observation. However, a similar crack geometry was un-
doubtedly present as the jet occurred very repeatedly from
the very same location.

On ground, the experiments concerning CO, are carried
out with a series resistance in order to reduce thermistor
overheating. The ALICE power supply has been also re-
placed by an external stabilized source enabling pulses of
different heating power 0 < Py<65 mW to be performed.

IV. OBSERVATIONS

A. Heat pulses of At=40 ms under 1g
and microgravity conditions

The jet starts systematically at the early beginning of the
heating period. A propagating finger is already observed on

PHYSICAL REVIEW E 74, 046307 (2006)

1 mm

0.5 mm

(b)

FIG. 3. Observation of a jet after a 40 ms heat pulse (CO,; lg
conditions; T=T.+500 mK). (a) The cell with two thermistors (Thl
and Th2). Th2 is also used as a heating source. The jet is indicated
by a black arrow. The region shown by the black square is enlarged
in (b). (The large black stripes are interference fringes. For clarity,
regions around the thermistors and jet have been erased.)

the first video image within 40 ms after the start of the heat
pulse. As there is no time correlation between the video pic-
ture and the start of the pulse, the exact time where the
picture is taken can be any time after the start of the pulse,
i.e., between 10 (thermistor time constant) and 50 ms. The
finger is observed both under 1g (Fig. 3) and microgravity
(ug) (Fig. 4) conditions.

Under 1g conditions, we have also studied the jet propa-
gation with a 250 images/s high-speed camera. The jet
propagation could be detected already within the first frame,
i.e., 4 ms after the beginning of heating. The jet occurs at
each heat pulse provided that a relaxation time between the
heat pulses greater than 1 min (under 1g conditions) is re-
spected. The jet starts always at the same place and follows
the same path.

Under ug conditions, the evolution of a jet for a heat
pulse at T=T,+2.15 K is shown in Figs. 4(a)-4(d). A fast
propagation is detected within 40 ms after heating has started
[Fig. 4(a)]. At this stage, only a very thin HBL can be ob-
served at the thermistor surface, outside the crevasse. Further
evolution is shown at r=80 ms [Fig. 4(b)], where a “plume”
has formed with lateral vortices due to viscous friction. (The
vortices are hard to see on Fig. 4; one can detect their pres-
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(d) =

FIG. 4. The evolution of a jet observed in weightlessness after a
40 ms heat pulse (SFq; T=T,+2.15 K), within = (a) 40, (b) 80, (c)
280, and (d) 1200 ms after the start of the pulse. (For clarity, re-
gions around the thermistors and jet have been erased and the inside
of the jet has been colored gray.)

ence by the mushroomlike shape of the head of the jet.) The
jet propagation then slows down. A thick HBL is now visible
around the thermistor and the threads at r=280 ms [Fig.
4(c)]. The jet finally stops and starts to vanish by diffusion
for 1= 1 s [Fig. 4(d)].
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FIG. 5. Evolution of the jet length for three heat pulse durations
(SFg; mg conditions; T=T,+750 mK).

B. Heat pulses of At variable under 1g
and microgravity conditions

The effect of heat pulse duration is shown in Fig. 5. The
evolution of the jet length [ is plotted for three pulse dura-
tions 40 and 280 ms and 1.8 s. The fluid is kept at the same
initial temperature 7=7,.+750 mK. A striking result is that
the heating time does not influence the jet behavior. Since a
pulse of 40 ms duration already induces the same propaga-
tion than longer pulses, the phenomenon is then ruled by a
characteristic time smaller than this 40 ms time (the mini-
mum heating time in our setup).

From these experimental observations it is clear that the
phenomenon is ruled by the initial thermal expansion of the
fluid HBL inside the thermistor crevasse at the very begin-
ning of the heat pulse. This is a process of a very short
characteristic time and independent of the heating time as
explained below. The fact that the heated fluid is confined in
a cavitylike crevasse explains the jet formation and the
higher initial fluid velocity (and subsequently longer propa-
gation) when compared with the usual thin HBL that devel-
ops around a spherical heating source, as is the case in other
places of the thermistor bead. The jet evolution does not
depend on the heating time as a result of the limited fluid
mass inside the cavity. Once the fluid is heated and expands,
its temperature and density are no longer near the critical
point and the fluid stops its expansion. What only matters is
thus the initial velocity of the jet, which we investigate be-
low.

V. INITIAL VELOCITY

The initial jet velocity v, as determined by the average
value calculated within the first 40 ms after the start of the
heat pulse, is plotted in Fig. 6 with respect to T—T,.. One can
see that the evolution of the jet is only temperature depen-
dent far from the critical point, in agreement with Eq. (1).

The values of v, for the ug experiments are compared
with measurements under 1g conditions. Under terrestrial
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FIG. 6. Initial jet velocity v, as a function of temperature (T
>T,, ug, circles; T>T,, 1g, crosses; T<T,, ug triangles). The full
(T>T,) and dashed (T<T,) lines are calculated from Eq. (1).

gravity, a strong convection induced by the heating ther-
mistor makes the long-term behavior of the jet flow impos-
sible to study. Accordingly, we concentrated our study only
on the behavior of the initial velocity v,. The 1g and ug data
exhibited the same overall behavior; however, the v, values
obtained on earth are approximately half those of the corre-
sponding data obtained under weightlessness. Two possible
explanations for the influence of the terrestrial gravity field
can be found for this discrepancy.

First, although the average density of the cell is critical,
density stratification under the earth gravitational field leads
to an off-critical density at the thermistor location. In Fig. 3,
the heating thermistor is, however, seen to be situated in the
middle part of the sample cell, where density remains critical
as T, is approached.

Second, convection (even not visible on the video at this
stage) can disturb the expansion process of the fluid. A typi-
cal evolution time for convection can be given. It is approxi-
mately the time that a fluid element of size r takes to move
by buoyancy on the same length scale r. By using the well-
known Stokes formula, the convection velocity V
=pr’gapAT/ . Here AT is the temperature rise and 7 is the
shear viscosity. At 1 K from 7., for CO,, ap~1.4 K™! and
7=3.0X 107 Pas. The size r is of the same order as the
thermistor crevasse size, i.e., =0.1 mm. The temperature rise
AT is currently in the order of 50 K (the thermistor can even
melt down and rupture, as shown by the presence of the
crevasse), giving a time =~r/V=1 us. This time varies as
a;', i.e., it decreases strongly near T.. It is therefore nearly
impossible to get rid of convection on earth even on such a
small length scale, a fact that explains the low v, value.

In Fig. 6 the data under ug, above and below T, are

compared with the velocity of a HBL [Eq. (1)] with internal

2

crevasse area S=2.9X10%m? and heating power Q
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FIG. 7. Initial jet velocity v at different 7—T, as a function of
the power rate Py (CO,; 1g).

=20 mW (power density =0.7 MW m~2). The agreement
with the data at 7>T. is excellent. However, the velocity
measured in the vapor phase, below T, reveals an increase
of vy with |T—T,|. This is due to experimental difficulties in
the two-phase region where phase separation and wetting
phenomena complicate the thermal behavior.

Further information concerning v, are obtained with the
1g measurements in the CO, sample. Here the heating power
is varied. In Fig. 7, the initial velocity v, is given for differ-
ent temperatures as a function of the electric power P,,.

When P is small, a linear relationship

3)

with s a proportionality coefficient, is seen to hold. For high
values of P, v, saturates, a fact that can be interpreted as the
effect of increasing energy dissipation by heat diffusion from
the “hot” jet fluid into the colder bulk fluid (see below the
effect of diffusion).

The s coefficient is seen to decrease for higher tempera-
tures, i.e., the expansion of the jets becomes slower (and the
propagation speed is slower). This behavior corresponds to
what has been observed with SFg in Fig. 6.

UO=SP0,

VI. JET DIAMETER

The diameter d of the jet is measured within =40 ms
after the start of the heat pulse as a function of temperature in
CO, under terrestrial conditions (Fig. 8). It was found that,
close to T,, the diameter tends to have a value of =0.1 mm.
This value compares very well with the estimated size of the
crevasse as detected on the thermistor (Fig. 2). When the
temperature increases, d grows according to a power law
close to (T-T,)"34, as demonstrated on the log-log plot in
Fig. 8. The fact that d grows faster far from 7, confirms the
process whereby a hot expanded fluid volume propagates
(the jet) and from which heat diffuses radially into the colder
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FIG. 8. Jet diameter d within 40 ms after the start of a 40 ms
pulse for different temperature differences from 7, (CO,; 1g). The
dashed line is the power law Eq. (5).

bulk fluid. Near T,, where the thermal diffusivity Dy van-
ishes, the jet diameter tends to the size of the thermistor
defect. The thermal diffusivity scales with T—T.. as

Dy (T=T)" "= (T-T,)"". (4)

Here y=1.24 is the critical exponent for cp and $=0.57 is
the critical exponent for the thermal conductivity [13,14].
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The diameter d should then obey the diffusion law
d \*”D—T o (T— TC)(v—w)/z o« (T = T,)"3, (5)

The data at T-7.>1 K are in agreement with such a power
law with exponent 0.34 as reported in Fig. 8.

VII. CONCLUSIONS

The key role of the expansion of the hot boundary layer
(piston effect) in the heating process in near-critical, hyper-
compressible fluids can be spectacularly documented when a
special geometry (here a crevasse in a heating thermistor)
enables high density energy to be sent into the fluid. It results
in a high velocity of the hot boundary layer expansion that
looks like a “jet.” The hydrodynamic nature of the piston
effect manifests itself by the presence of this jet, whose be-
havior is seen to be in quantitative agreement with the hy-
drodynamic theory of the piston effect—provided, however,
that the experiment were free of gravity effects. Such effects,
by mixing the hydrodynamics of thermal convection and the
piston effect, are indeed seen to reduce the expansion veloc-
ity.

We note that high fluid velocities can be triggered by only
a very small amount of energy (<1077 J). Interesting appli-
cations concerning the management of fluids in space might
follow from this study.
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