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The Process of Heat and Mass Transport at the
Critical Point of Pure Fluids'

J. Straub,?* L. Eicher,? and A. Haupt?

The effects of fast isentropic temperature propagation, called the “piston effect,”
or “critical speeding up,” and slow mass diffusion, called “critical slowing
down,” are investigated. A temperature propagation experiment in a spherical
cell filled with pure SF¢ at critical density was performed during the Second
German Spacelab Mission D2 in 1993. The results evidently confirm the
presence of the piston effect both in the one-phase region and in the two-phase
region. The numerical simulations are in remarkable good quantitative
agreement with the experimental results.

KEY WORDS: critical phenomena; D2 Mission; density relaxation; micro-
gravity; SF¢; temperature relaxation.

1. INTRODUCTION

Experiments in near-critical pure fluids suffer under very slow relaxation.
This effect is called “critical slowing down.” The relatively fast temperature
equilibration observed on earth (lg) was explained by gravity-induced
buoyancy convection. However, in the first experiment performed under
microgravity (ug) with a ballistic rocket [1], where convection was
excluded, the temperature propagation was still very fast. Onuki et al. [2]
explained this by fast isentropic temperature propagation and Boukari et
al. presented a numerical solution [3] and an experimental test on earth
[4]. They call the effect “critical speeding up.” This model reveals that the
high compressibility of a critical fluid and the finite volume of the sample
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cell cause this fast isentropic temperature change. This process is com-
pletely different from heat transfer by conduction. Recent experiments
[5, 6] have confirmed these considerations qualitatively. In this paper we
present a quantitative experiment carried out during the Second German
Spacelab Mission D2 in 1993. A spherical cell filled with pure SF; at
critical density was heated pulsewise and the temperature propagation in
the fluid was monitored. Numerical simulations using the experimental
boundary conditions are in very good agreement with the experiments.

2. TEMPERATURE PROPAGATION

The Fourier equation generally used for the description of heat
conduction is valid only for incompressible substances. A critical fluid,
however, is highly compressible, and therefore the complete hydrodynamic
equations have to be considered. Zappoli et al. [7] presented the first
solution for a van der Waals fluid. However, solving the complete set of
hydrodynamic equations with an equation of state for a real fluid requires
an extremely long computation time. Since the sound velocity is still high
close to the critical point (e.g., 50 m-s ' at 7— 7T, =0.01 K), in Ref. 3 the
momentum equation is reduced by the assumption that the pressure in the
system is constant over the whole sample volume and therefore only time
dependent. Neglecting the velocities in the fluid, the conservation of energy

is described by
oT cv\/oTN dp 1
21y 2o
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where A represents the thermal conductivity and ¢ the time. From conserva-
tion of mass and thermodynamic relations follows

82_ .(v pop(8T/3t) dV
ot Iv px, dv

where ap is the isobaric expansion coeflicient and y; is the isothermal
compressibility. Based on the analytic solution presented in Ref 2, we
developed an equation which describes analytically the temperature
response in the fluid caused by a temperature quench or rise from the
initial temperature T to the final temperature Ty at the wall:
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Here A is the heating area of the sample, ¥ the volume, T{x, ¢) the actual
temperature in the fluid, and D, the thermal diffusivity. This equation

(2)
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illustrates that an increasing ratio 4/V accelerates the temperature change
in the bulk. This fact must be considered for the design of an experiment.
As (cpfey) /Dy ~17 % diverges for 1= |(T—T¢)/Tc|—0, the tem-
perature propagation becomes faster approaching the critical point. For
x/2 /Dyt >2 the erfc tends to unity, and Eq. (3) describes the isentropic
temperature change in the bulk fluid.

3. THE D2 EXPERIMENT

For the experiment on temperature propagation during D2 we used
the calorimeter setup described in Ref. 8, however, now in an adiabatic
mode. The spherical cell (inner diameter R, 9.6 mm; wall thickness,
0.4 mm), which was equipped with a heater on the outer surface, was used.
So the complete wall of the cell was the heating area and we obtained a
large ratio of A4/V=3/R. At 39 temperatures in the range 0.03 K <
|T—Tc| <5.25K, the cell was heated for 10 s with a power of 3.85 mW.
The temperature response was monitored with four thermistors (diameter,
0.35 mm; time constant, 0.1 s) in time steps of 0.6 s. One thermistor was
fixed at the outer surface of the cell; three were in the fluid at different
distances from the wall (3.2, 6.0, 84 mm). Each heat pulse caused.a
temperature increase in the cell between 8 and 15 mK, depending on the
distance from T.

4. NUMERICAL SIMULATIONS

We performed numerical simulations of all experimental runs based on
Egs. (1) and (2), which have to be solved iteratively for the two variables
time and location. As the time variable boundary condition we used the
recorded temperature rise of the cell wall.

5. RESULTS AND DISCUSSION

In Fig. 1, two experimental runs performed above T are compared.
Obviously the temperature propagation becomes faster upon approaching
Tc. For T—T-= +0.1 K and for all temperatures closer to T, no signifi-
cant temperature difference between wall and fluid could be observed. For
both runs there are no perceptible temperature differences among the three
thermistors in the fluid. The simulations yield the same result: Temperature
gradients exist only in a very thin boundary layer near the wall, which
after 10 s (at the end of the heat pulse), has a thickness of 0.25 mm at
T—Tc= 401K and 1.0mm at T—Tc= +4.75 K. The bulk fluid is
isothermal.
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Fig. 1. Comparison of two typical experimental runs above T¢ (0.1
and 4.75 K). The temperature change in the fluid (triangles, squares,
diamonds) and on the wall (solid line} was monitored in time steps
of 0.6 s. The numerical simulation (dashed line) used the wall tem-
perature as the boundary condition.
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Fig. 2. Experimental run 2.25 K below 7. Section A-A shows the temperature distribution
versus distance x from the wall obtained from the numerical simulations.
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Below T (Fig. 2), however, the heat pulse obviously causes tem-
perature gradients in the fluid. For the simulations below T, we assumed
a symmetrical phase distribution in the cell filled with critical density. The
vapor bubble, taking half of the cell volume in the center, is surrounded by
a liquid layer at the wall of about 2-mm thickness.

According to the numerical simulations the temperatures of two ther-
mistors follow the predicted temperature course of the interface, and the
temperature of the thermistor at x =6.0 mm corresponds to the predicted
one for the vapor (see Fig.2). This indicates that the real phase distri-
bution during this experiment was not symmetrical as assumed in the
simulation.

The calculated temperature responses of the liquid and the vapor differ
strongly due to the different thermodynamic properties of the two phases
{see Section A-A in Fig.2). The temperature-entropy diagram (Fig. 3)
explains this effect: Starting from the saturation line (1), a thin liquid
boundary layer is heated up into the metastable region and expands (2),
then the saturated bulk fluid (1)—both liquid and vapor—is compressed
isentropically and heated up (3). Due to the asymmetry of the isobars in
the T, s diagram, the temperature increase of the vapor is larger than that
of the liquid.

The vapor is superheated and the liquid subcooled; phase transition
with mass transport occurs only at the interface.

During cooling, the behavior of the system is different: Isentropic
expansion brings both saturated bulk phases (1) into the metastable region
(3), so bubbles in the liquid and droplets in the vapor are nucleated (4).
Due to the latent heat consumed and released by the subsequent growth of
these bubbles and droplets, respectively, the surrounding fluid comes back
to saturation (5). This phase transition effect continues as long as the wall
temperature decreases, and therefore a disperse phase distribution is
obtained during cooling ramps. This was observed in our early TEXUS
experiments [1], in the Critical Point Facility (CPF) during the IML-1
Mission, and during the USMP-2 Mission [9] and is observable on earth,
too. During cooling, continuous nucleation of bubbles in the liquid and
droplets in the vapor is observed simultaneously.

Figure 4 shows the results of all ug runs and some lg runs. Under ug
the numerical simulation is in very good agreement with the experiment for
all runs above 7.

Below T the measured temperature increase is between the value
calculated for liquid and that for vapor. In most cases it corresponds to the
saturation temperature, which means that the thermistors were close to the
interface. So we conclude that the real phase distribution in the sample was
not symmetrical because the wetting conditions at the thermistors squeezed
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Fig. 4. Observed and computed temperature differences at the end of the heat pulse as a
function of temperature. Open symbols, u#g experiments; filled symbols, lg experiments; solid
lines, numerical simulation.

the bubble into one of the hemispheres established by the wires of the ther-
mistors, which were mounted in a central plane of the spherical cell. We
have confirmed this in drop tower experiments recently conducted at
ZARM in Bremen (not published yet).

Between T— T = —1 K and T'= T the measured temperature change
corresponds to the behavior predicted for the liquid. This effect may be
explained by perfect wetting near the critical point, as described in Ref. 10.

During the 1 g experiments the phase distribution is obvious and we
know which thermistor was in the liquid and which was in the vapor.
Evidently the measured temperature difference between liquid and vapor is
equal to the predicted difference. At |T— T¢|>1K the temperature dif-
ference between wall and fluid is smaller than the predicted one. This may
be caused by the onset of convection.

6. SUMMARY

Our experiments evidently confirm the presence of fast isentropic tem-
perature equilibration both in the one-phase region and in the two-phase
region. The numerical simulations performed are in very good agreement
with the experiments and quantitatively confirm the theory.
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Even at 1 g the isentropic temperature propagation is dominant. The
influence of convection is noticeable only for |[T'— Tc| > 1 K. The predicted
different temperature response for liquid and vapor is observed in the
experiments.
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