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Thermalization of a Two-Phase Fluid in Low Gravity: Heat Transferred from Cold to Hot
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We present an experimental study of the thermal response to a positive temperature quench in two-
phase fluid SF¢ in low gravity for temperature ranging from 10.1 to 0.1 K from the critical temperature.
The temperature was measured simultaneously in the gas, the liquid, and the cell wall by thermistors
and the density distribution was observed by interferometry. During the quench the gas temperature
considerably exceeded the temperature of the heating walls (overheating up to 23%). This striking
observation is discussed in the light of the adiabatic heat transfer in this highly compressible fluid while
the key role of the localization in low gravity of the gas and liquid phases is revealed.

PACS numbers: 44.30.+v, 05.70.k, 05.70.Fh

As the liquid-vapor critical point (CP) is approached,
many thermodynamic and transport properties of pure flu-
ids exhibit striking behavior [1]. Notable examplesinclude
the divergence of the isothermal compressibility, of the
isobaric thermal expansion coefficient, as well as the van-
ishing behavior of the thermal diffusivity. In fluids main-
tained at constant volume, heat may be transferred by both
thermal diffusion and adiabatic compression. This mecha-
nism was coined “the piston effect” because an expand-
ing hot boundary layer acts as a piston to heat the interior
of the fluid [2-5]. In pure fluids heat diffusion is slower
whereasthe piston effect isfaster astheir CPisapproached.
Thelatter process becomes dominant in near-critical fluids,
leading to a very fast thermalization. The adiabatic nature
of the fast thermal equilibration in supercritical homoge-
neous fluid samples has been confirmed by numerous ex-
periments performed in weightlessness, where convection
is absent, and is now well established [6-9].

The thermal equilibration of near-critical inhomoge-
neous fluids is more complicated to characterize. The
most striking consequence of adiabatic heat transfer in
inhomogeneous fluids is the possibility to observe local
overheating when a positive temperature quench (initial
temperature 7;, final temperature 7 > T;) is imposed by
the thermostat, as previously noted by Onuki and Ferrel for
two-phase fluids[5]. More precisely, it is expected that the
local temperature can exceed the final temperature. Indeed
numerical simulations of the thermal response (without
convection) of two-phase near-critical fluids submitted
to Earth's gravity [10,11] showed a weak overheating.
We have previously observed a large overheating in the
gas phase of a two-phase sample during an experiment
dedicated to the study of boiling in near-critical fluids
[12]. This transient phenomenon would be unthinkable
for purely diffusive, isobaric equilibration processes, since
it would violate the second law of thermodynamics. But
when the volume of the fluid sample is constant, this
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phenomenon is made possible even at a large distance
from the CP. Indeed, the temperature change in the fluid
is not only due to heat diffusion but also due to adiabatic
compression, i.e., to the work done by pressure changes
that are subject to mechanical equilibrium conditions and
not to thermal equilibrium conditions.

In order to analyze this paradoxical thermal behavior, we
performed a dedicated experiment following the French-
American GM SF scientific program using the Alice 2 fa-
cility onboard the MIR station during the French-Russian
Perseus mission (February 1999—August 1999). We used
Sk below its critical point, where the differences between
the thermophysical properties of the vapor and the liquid
increase according to universal power laws with the critical
temperature difference T¢ — T [1] (T is the temperature,
T¢ is the liquid-vapor critical temperature). Far from the
CP we took advantage of the large thermophysical differ-
ences between the gas and the liquid to magnify the dif-
ference between the adiabatic responses of each phase. In
this Letter we report on the results of this study of the pis-
ton effect in two-phase fluids, whose thermocompressible
nature permits the gas to become hotter than the heating
wall and the heat to flow from cold to hot.

The Alice 2 facility [13] integrates a management
system for diagnostics and stimuli with a fine regulation
system that controls the temperature of a sample cell. A
Yellow Spring Instruments thermistor (2 s rise time,
100 uK accuracy) imbedded in the sample cell unit near
the fluid volume was used to follow the temperature
evolution of the cell walls (labeled Ty). The sample cell
was made of a CuCoBe aloy and filled with pure SFq
a its critical density (£0.1%). The fluid volume was
a cylinder (12 mm internal diameter, 6.7 mm thickness)
sandwiched between two parallel sapphire windows.
The inner surface of one of the sapphire windows was
coated with a dielectric that formed an interferometric
mirror. The image of the sample obtained through the
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Twyman-Green interferometer was recorded by a CCD
camera at a frequency of 25 Hz. The initial two-phase
distribution in low gravity consisted of a gas bubble
surrounded by the liquid that wets the walls of the céll,
whose interferometric image is shown in Fig. 1a. The
bubbl e touched the sapphire windows, and its cross section
is shown schematically in Fig. 1b. Three Thermometrics
B10 thermistors (10 ms rise time, 500 wK accuracy,
0.2 mm diameter) were placed in the fluid volume, al-
lowing local measurements of the fluid temperature. Two
of them (labeled Thl and Th2) were located close to the
cel wal (Thl: 0.7 mm, Th2: 1.3 mm) and were always
observed to be in the liquid. The temperature measured by
Thl (respectively, Th2) is labeled T} (respectively, T7).
The third thermistor (Th3) was mounted in the center of
the cell, so that in the low gravity environment of the MIR
station (residual acceleration of the order of 10~* g where
g is the acceleration of Earth’s gravity) the gas bubble, of
volume fraction % was always found to contain Th3 (see
Fig. 1a). The temperature measured by Th3 islabeled 7.
The measuring frequency of 7}, T7, and T (respectively,
Tw) was 25 Hz (respectively, 1 Hz) during the first 5 min
following the quench, then 0.1 Hz during the next 55 min.

A series of rapid positive temperature quenches of am-
plitude AT = T, — T; = 100, 50, 25, and 20 mK for
T; ranging from T¢c — 10.1 K to T¢ — 0.1 K was per-
formed. A typical evolution of Ty, T}, T7, and T during
a 100 mK quench is shown in Fig. 2. During each quench
the temperatures measured in the liquid 7} and 77 always
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FIG. 1. (a) Interferometric cell image during a +100 mK
quench (T; = T¢ — 10.1 K). Circles: Thl, Th2, and Th3 ther-
mistor positions. Solid line: thermistor thread. (b) Schematic
cell cross section (see text). Sketch of the phase distribution (c)
under Earth’s gravity and (d) in low gravity. Gray: boundary
layers. Arrows show the direction of heat transfer and HBL
expansion.

remained smaller than the wall temperature Ty,. Before
the end of each quench T; passed well beyond T}, T7, and
more strikingly also well beyond Ty In order to compare
the different gas overheatings, the temperature rise in the
gas 6T was reduced by the temperature rise of the cell
walls 6Ty (the rise of any temperature Ty is defined as
8Tx = Tx — T;). The behavior of its maximum (g—;j)max
asafunctionof T¢ — T; isplotted in theinset of Fig. 2. It
exhibits an extremum of 123% around Tc — T; = 5-7 K.
The vanishing differences in thermophysical properties be-
tween gas and liquid at the CP imply that, asymptotically
near the CP, gas and liquid show the same therma re-
sponse. On the other hand, far from the CP, the efficiency
of the adiabatic heating is reduced and the heat transfer is
mainly diffusive, a situation that prevents the gas overheat-
ing. The existence of an extremum for the gas overheating
can then result from the competition between an increasing
efficiency of the adiabatic heating process and a decreas-
ing difference of behavior between gas and liquid as the
CP is approached.

Note that (i) the gas overheating occurred at short time
scales and (ii) its amplitude is very large compared to the
predictions for the fluid under the Earth’'s gravity when
convection is absent [10,11]. Such large overshoots were
numerically observed by Eicher [14] in 1D simulations of
the thermal response to a heat pulse. This configuration
had the gas surrounded by liquid in a spherical cell, in the
absence of gravity. Our observations confirm the key role
of the actual phase distribution on the thermal relaxation in
two-phase near-critica fluids. The strong differences be-
tween such thermal responses, with or without gravity, are
clearly not due to convection. They can be explained as
follows. Since the piston effect is driven by the expansion
of the hot boundary layer at the cell wall, its efficiency

temperature rise (K)
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FIG. 2. Relative temperature evolution at the cell wall 6Ty, in

theliquid 877, 877, andinthegas 6T (8Tx = Ty — T;, X =
L,G, W) during a temperature quench of +100 mK from T; =
Tc — 10.1 K. Inset: 100 X (?TT“;)max expressed as a function
of Tc — T;. Quench amplitudes. +100 mK (squares), +50 mK
(triangles). Solid lines are a guide for the eye.
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depends crucially on whether the thermal boundary layer
develops in the liquid phase or in the gas phase. For the
typical two-phase distribution under Earth’ s gravity (liquid
at the bottom, gas at the top when we neglect the thin wet-
ting layer surrounding the gas) as sketched in Fig. 1c, two
kinds of hot boundary layers (HBL) develop at the cell
wall during a quench, one in gas and one in liquid. We
define the bulk liquid temperature T, p (respectively, gas
Tcg) as the temperature of the region between the liquid
(respectively, gas) HBL at the cell wall and the bound-
ary layer developing at the gas-liquid interface, which is
heated only by adiabatic compression. The HBL in the
gas (respectively, liquid) stopsits expansion when T (re-
spectively, T g) reaches Ty. When Tgp has reached Ty,
the gas HBL may even contract (cold piston effect) if the
liquid HBL continues to expand in order to compensate
gas overheating. In this simplified description, the piston
effect cannot generate any overheating. We note that the
overheatings observed numerically under the Earth’s grav-
ity are very weak (of order 1% of the quench amplitude).
Moreover they do not occur in the bulk fluid, but in the
slowly diffusing HBLS, where they are the result of the lo-
cal addition of the diffusive and the adiabatic heat transfer.
This scenario is noticeably different from what happensin
a gas-liquid system in low gravity, as in our experiment,
sketched in Fig. 1d. A video analysis shows that the con-
tact area between the gas bubble and the windows is less
than 6% of the overall heating area. We neglect this area
and assume that the HBL s develop in liquid only. Conse-
quently, when the liquid layer that isolates the gas from the
cell wall is thick enough, the adiabatic heat transfer stops
when T g has reached Ty (Fig. 1d). Before the equilibra-
tion of T, and Ty, the bulk gas (as defined as the ho-
mogeneous interior of the bubble, excluding any boundary
layer; see Fig. 1d) is compressed in the same manner as
the bulk liquid. Since the gas bubble is not in contact with
the heating wall, its temperature has no influence on the
temperature gradient at the wall that drives the expansion
of theliquid HBL. Tgp can thus exhibit alarge overshoot,
due to the larger thermal response to a pressure change of
the gas compared to the liquid. The gas bubble is thus an
isolated hot region.

We now compare the temperature evolution in the gas
and in the liquid at short times. 6Ty reaches 90% of
AT in less than 10 s, and its evolution is linear in time
during at least 5 s (Fig. 2). The evolution of 877, 8T?,
and 6T are aso found to be linear in time during at
least 5 s (Fig. 2). We calculate the corresponding growth

d(ﬁTp)/d(aTL)) | and

rates over 5s. The quantities (

( ‘STG)/ (BT')) 1 are plotted as a function of T¢c — T;
in Fig. 3. It appears that they are equa for Tc — T; <
0.6 K. More precisely, T} = T} = Ty for Tc — T; <
0.6 K, showing that Th1l and Th2 remain out of the HBL
and measure the homogeneous temperature of the bulk
liquid which undergoes only adiabatic heating. This result
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FIG. 3. (40Ta) /40Ty _ (solid symbols, dotted line as a

guide for the eye) and (= MG / ('Z[TL — 1 (open symboals, solid

line as a guide for the eye) as afunction of T¢c — T;. Quench
amplitudes: +100 mK (squares), +50 mK (triangles), +25 mK
(circles), +20 mK (diamonds). The vertical dashed line sepa-
rates the regions where Thl and Th2 are (left) in the bulk liquid
(T} = TL = TLB) and (right) in the liquid HBL. Bold solid
curve: [( ap)s /( ap)s] — 1 computed using the equation of state
of Ref. [16].

is related to the fact that during the quench the liquid
HBL extends less asthe CPis approached, mainly because
of the vanishing behavior of the thermal diffusivity Dr
[15]. Then, for Tc — T; = 0.6 K, Thl and Th2 measure
the temperature inside the inhomogeneous liquid HBL.

In the present case of a positive temperature quench on a
two-phase equilibrium, the phase density change occurs by
diffusive mass transport coupled to diffusive heat transport
through the gas-liquid interface, in order to equilibrate the
chemica potential [5,11]. For a near-critical two-phase
fluid, the adiabatic compression is so fast that when it stops
only thin boundary layers of gas and liquid close to the
interface have equilibrated their temperature and chemical
potential. The rest of the gas and the liquid has not yet
reached the coexistence state, and in the bulk each phase
behaves as if it were monophasic [6]. Neglecting the heat
and mass transfer associated with the phase change, the
adiabatic heating should induce temperature differences
between the bulk gas and the bulk liquid verifying the
prediction of Onuki and Ferrel [5]:

5TGB d((STGB)/dl‘

5Tis d(8T.p)/dt

_ @1/9P)§
@r/op)s
D
where G and L on the right-hand side label the isen-
tropic derivative of T with respect to P in one-phase gas
and liquid. In Fig. 3, the bold solid line corresponds to
the right-hand term of Eq. (1) computed using the equa-
tion of state for SF¢ given in Ref. [16]. In the range
Tc — T; < 0.6 K for which 7} and T} coincidewith 75,
the experimental data are weakly below the prediction of
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FIG. 4. 1t asafunction of Tc — T; (log-log plot). See Fig. 2
for symbols and Eq. (3) for the fit.

Eqg. (1). We attribute this disagreement to heat and mass
exchange at the gas-liquid interface so that the compression
of the bulk gas and liquid is not perfectly isentropic, as as-
sumedin Eq. (1), andfor Tc — T; = 0.2 K, thisexchange
should play an important role, even at short times. Note
that a rapid mass exchange at the interface was seen nu-
merically by Zhong et al. [11], but its influence on the
temperature evolution was not discussed.

To analyze the long time thermal relaxation of the gas,
the decrease of T towards T, after the maximum over-
heating is fitted to an exponential law

1o~ 1y = e ), @
IR

where the amplitude 6 and the relaxation time ¢z are the
free parameters of the fit. This analytical form is justified
by the fact that, at long times, only the (exponential) re-
laxation of the slowest mode can be observed [17]. The
variations of ¢z as a function of Tc — T; (Fig. 4) are fit-
ted to

tg = to(Tc — T;)", 3

with ¢y and x asfree parameters of thefit. The best fit value
isx = —0.92 = 0.05 which is close to the opposite value
of the effective critical exponent 0.89 of the thermal diffu-
sivity for both gasand liquid [15]. Thelong timerelaxation
of the temperature inhomogeneities, initially generated by
the adiabatic heat transfer, is diffusive. The thermal iso-
lation of the gas bubble from the cell walls by the liquid

prevents a fast relaxation of the large gas overheating by
the cold piston effect.

In conclusion, the measurements in low gravity of the
temperature evolution of gas and liquid phases near the CP
during positive quenches highlight the key role of the phase
distribution on the adiabatic heat transfer. A strong gas
overheating, due to the adiabatic heat transfer, is permitted
by the isolation of the gas bubble from the heat sources.
The strong dependence on the phase localization of the
thermal behavior of such two-phase near-critical fluids
shows that the real distribution of gas and liquid must be
taken into account to understand energy transfer. How heat
can be transferred from cold to hot can be understood by
a thermomechanical coupling thanks to the piston effect.
We finally note that our study is a step towards a full un-
derstanding of phase separation and boiling mechanisms
in dense compressible fluids.
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