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ABSTRACT

The specific heat a constant volume c, shows
a weak singularity at the critical point.
Terrestrial measurements of ¢ suffer from

gravitational influences that increase
drastically in the critical region due to
the diverging compressibility. In order

to 1investigate the <critical behaviour of
cy in a homogeneous density field, the long-
term experiment ''Wiarmekapazitidt" was per-
formed during the Dl-Mission in 1985. In
the high precision thermostat HPT of the
MEDEA double rack a four stage scanning
ratio calorimeter was housed to continuously
heat a fluid sample with 0.5 g S?? of crit~-
ical density (o . = 0.737 g/cm®) through
the gas liquid critical point. Despite the
reduced experiment time of four days, four
different heating rates (dT/dt = 3.5, 10,
20 and 100 mK/h) could be accomplished.
Data cover temperature spans around the
critical point of /T-T./=50 and /T-T./=100
mK and were recorded with a density of 1
frame per 0.7 second.

Already a quasi-real-time data evaluation
during the DI1l-Mission revealed one inter-
esting result: The enhanced peak of ¢y
at the critical temperature (T.=45.58°C)
did not appear in any of the four runs,
which contradicts literature predictions
for u-g enviromnment. The critical 'peak'
appeared as a smooth hump instead of a
sharp enhancement. lg tast runs after the
mission evidenced proper hard ware perform-
ance of the calorimeter during the missicn
and correct cell filliag for they showed
the same critical enrhancement as before
the mission.

The data evaluation compares 1lg and ug
results for cell capacity Cp and takes
systematic errors into account. However,
the vresults are still preliminary since
the lg measurements are not completed yet.

{evy Words: Critical Phenomena, Crirfical
Point, Isochoric Specific Heat, Scanning
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1. INTRODUCTION

For a pure fluid the thermodynamic state
of equilibirium 1is completely defined by
two variables, e.g. temperature T and pres-
sure p. Hence, the thermophysical properties
derived from the equation of state are
also functions of these two free variables.
One important task in experimental thermo-
dyunamics is measuring material properties
in order to establish empirical equations

for real fluids. This common procedure
requires time-consuming experimental work.
Therefore, thenretical investigations aim

at the computation of fluid properties
solely as functions of the fluid's chemical
composition and the free thermodynamic
variables. Today's state of the art, how-
ever, does not yield such a general equation
least for technical applications.

One notable exception 1is the vicinity of
critical points. For the thermophysical
behaviour of a system becomes independent
of the physical microstructure. Singulari-
ties of fluid ©properties along certain
paths through the critical region can be
described using the same numerical values
for the characteristic exponents and ampli-
tude ratios regardless whart substance 1is
being investigated. The observed universal-
ity 1is not only confined to pure fluids
it rather 1includes e.g. the critical de-
composition of binary mixtures and solid
body phenomena Like the magnetisation at
the Curie Point.

Highly accurate measurements in the critical
region play an important role as references
for establishing scaled equations of state
[1,27. As basic idea the scaled descrip-
tions for the critical behavior incorporate
that of critical  universality. Systems
belonging to the same universality class,
characterized by the dimensions of space
and the order parameter behave similarly.
In this study the test fluid (SFg), near
its gas-liquid critical point, is classified
by a scalar order parameter 02 gas™ ? liqu.and
behaves like a three-dimensional Ising
system. For such a system macroscopic



properties e.g. the specific heat ¢, at
constant volume can be theoretically
derived. Especially renomalization group
techniques have been applied which yield
numerical wvalues for critical expounds
{3] and amplitude ratios [%,5], which are
to be experimentally verified.

The gas-liquid <critical point, however,
seems to evade experimental access. The
closer to it a refined thermometry and
temperature control system allow accurate
measurements, the more extermal fields
distort the fluid's equilibrium. For
example, in terrestrial experiments gravity
falsifies specific heat measurements due
to the diverging compressibility in the
critical region. Even data from recent
highly accurate experiments [6] especially
designed for the asymptotic region exclude
the immediate wvicinity of the critical
point.

This limitation for an experimental
proof of the wuniversality theory has
led to the proposal a measure c¢, along
its critical isochore in a temperature
window of - 100 mK < (T=Te) < + 100 mK under
microgravity (pg) conditions, T, being
the critical temperature. These temperature
bounds overlap regions for which reliable
results, not affected by gravity, are
available {6, 7, B8]. With the recorded
ug behavior it was intended to fill the
gap 1in the existing data set, in order
to fit the asamptotic model

T-T. ,-*
ey = Af—;fif + B (1)
¢

closer to the critical temperature.

The results in this work are assumed to
be rather independent of gravitational
fields, since the acceleration jitter shawed
an average level of 1less than 5-107° g
with occasional peaks during manouvering
and sled runs. In order to quantify relaxa-

tional effects in the absence of gravity,

now being of great influence upon phase
transition, four temperature-time ramps
(dT/dt=3.6, 10, 20 and 100 mK/h) could
be accomplished within 4 days experimental

time.

The sections below briefly outline the
microgravity relevance of this experiment,
scetch the principle of measurement and
describe the considerations concerning
the design of the test cell. The operational
conditions are mentioned, how the experiment
was governed from ground af:ter it had fallen
out of the official time-line. The documen-
tation of the pg data display a comparison
with related 1lg measurements. However,
the results are still to be considered
as preliminary, since the data evaluation
has not been completed yet. The discussion
points out the discrepancy between pg and
lg data.

2. CRITICAL EXPONENTS AND MICROGRAVITY
RELEVANCE

A quantification of critical anomalies
is provided by power expressions describing
state properties at the critical point.
In the asymptotic region the shape of the
background contribution is neglected and
the equations are reduced to general expo-
nental forms. The concept of universality,
thereby, 1is physically based upon an in-
creasing spacial extent of the fluctuations
of the order parameter, which is of the
same magnitude in different systems and
represented by the correlation length

g = Q‘ITZL'N‘ (2)

0f special theoretical interest is the
specific heat cy at constant colume, for
it can be directly measured and describes
the shape of the Helmholtz free energy
function f':

RYEL)

<= aT v «

(3)

c., shows a singularity in the critical
region, as displayed in fig. 1 for water.
Along the critical isochore within a limited
temperature interval of about /T-T./=50 mK,
cy behaves according to Eq. (1).
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Fig. 1: The specific heat ¢, of water versus
temperature and pressure. ¢, of the pure
fluid SFy shows the same characteristical
critical behavior, Schieber [19].

Caloric measurements require a minimum
volume of test substance to be referred
to. Much experimental effort 1is spent to
suppress ‘local gradients within the speci-
men. However, near the gas-liquid critical
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point the diverging isothermal compressibi~
lity :

1 dp

= - ()
ap Ir

KT 5

leads to stratification of the density
) For uniform temperature (T < T,
=T, T > T., Fig. 2) gravity distributes

=h

X

=2

1

p=pe - p

Fig. 2: Density stratification and the
associated local states in a p-¢ diagram
of a pure fluid-near its critical state
under gravity. Temperature a: T > T, b:T=
Te, c¢: T<-T,. However the p-¢ diagram
does not show “the correct pressure dif-
ference between the top and the bottom
of the fluid container.

the density in the sample container of
finite height h such that only a thin layer
of thickness & at. z = z¥ is _of critical
state (T=T., ¢=0¢ . and p=p.). Bulk measure-
ments ''somehow' integrate over all fluid
states in the volume but are by no means
average of local values. Thus, the c¢y
results represent a stretch of an isotherm
rather than a point of state. In addition,
while heating through the critical phase
transition, gravity is considerably chang-
ing the density profile. Thus, an interpre-
tation of c¢y results has alsc to account
for the systematic influence imposed by
continuously rearranging the density field.

Measurements of the demsity as a function
of the hydrostatic coordinate [9] agree
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Fig. 3: Calculated specific heat of Xenon
in dimensionless units under ug (upper part)
and lg conditions. Cell height: 1 cm,
(Q/Qc-l); a: 0, b: 0-044, c: 0.07, d: 0.10,
Hohenberg and Barmatz [10].

with theoretical calculations. Numerical
studies [10] modelling stratifications
of o vyield the typical singular behaviour
of ¢y and extrapolate for wug conditions.
Applying the linear model fig. 3 displays
the characteristic of ¢y versus -reduced
temperature for different reduced densities
of the fluid Xenon. It 1is worthwhile to
note that even for a deviation of 10% from
the critical density, an apparent drop
is theoretically predicted in a upg environ-
ment. Within the gravity affected temper-
ature window /T/ = 3.5-107° for COp and
8-1075 for SFg (7 = T/T.,-1)) the lg curves
are rounded and indicate that the maxima
are somewhat shifted to below T.. In earth-
bound experiments the exact definition of
T, 1is determined  either by data fitting,
T. being a free parameter, or by measuring
the thermal relaxation times. Both values
promise to coincide in space.

Finally, directly measuring the "true" form

of the specific heat ¢y under reduced
gravity has been suggested in the respective



|

HPT-

CALORIMETER - iy

'
Y
1

cdiabatic

Stage]

| ! insofation
1
y;1 nEs [ ////// f;fC@]E?é?
5 L =
N —
N &S
o S //
’ / / MEASURING CELL
RPN W - T —  StageO
] 3 29 N
gt Y1 29 \: FLEX GRCUIT
§ = H 7 \\\/ / L
A T e e O % i1
7 i P
q ‘ 'E\‘ > Guide
= N
' / el
N ’ PERATUR
Hondle 8olt Support 1/ ,/'41\4 : ;EE’;EEREAPI(\ZJE ¢

Counler Support Corfrol Swilch §1  Bellow

-
7
X

v
LOCKING MECHANISM Flange

Fig. 4: Mechanical setup of the four stage
HPT calorimeter,

literature [e.g. 11] 1in recent vyears as
a consequent ‘quest -for verification of
the theoretical models.

3. EXPERIMENTAL APPARATUS

The mechanical setup of the scanning ratio
calorimeter wused 1is shown in fig. 4. It
resembles the one wused by Lange [7] for
¢y measurements and is described in greater
detail in Ref. [12] together with the cor-
responding functional diagram. The mechani-
cal structure cousists of  four cylindrical
vessels (stage 0 - 3) boxed in each other.
Specimen cell (0), stage 1 and 2 are heated
through the critical tewmperature of SFg
(45.583°C) on linear temperature~time ramps.
The  electronic <control system minimizes
temperature differences between the stages,
thus shielding cell O adiabatically from
external temperature fields.

The design of the coin-shaped test cell
(Fig. 5) regards the following require-
ments: (i) a low heat capacity of the stain-
less steel shell (at T.: Cghel1/Cfluid
= 1/1.2), (ii) sufficient mechanical re-
sistance (p = 38 bar), (iii) a small hydro-
static height for terrestrial (lg) refer-
ence measurements. The inner spiral sup-
porting the transverse faces divides the
volume in a channel of 3*1 mmZcross section
wound around the center. Even near the
critical state where the heat diffusivity
goes to zero [13, 14] the heating power,
input to stage 0O, intrudes the test fluid

| __5 covir  YACUUM vesselt
N
Stage3 T=const

&\\

Imm
pt—

Stage (J: Fluid cell

Fig. 5: Coin-shaped sample cell (stage 0).

equally distributed form the foil' heater
via numerous metal diffusion paths. Good
thermal equilibrium in & metal shell 1is
thereby accomplished.

4. MEASUREMENT METHOD

Applying an energy balance on stage O and
1l yields a system of differential equations

Co-(dTp/dt) = Py + Py g + Q01 (3)

€1.(dT1/dt) = P+ Pp g - Qg 1+ Q13 (6)



where Cj.(dT;j/dt) denotes the capacity of

stage i times the temperature ramp, P; the
electrical heating power, Qlj (TiTj)
the heat leakage from stage 1 to j, and

Pp i the power dissipated in the thermistor
i. Pj is measured applying four-wire tech-
niques. To determine the interstage heat
transfer Qij’ two methods are applicable:

(i) a stepwise increase of
to a linear dependence of Py,
power necessary to maintain the thermal
inbalance in steady state, oun the smal
temperature differences imposed. The coef-
ficieut (kgy 1is the negative slope of a
straight line Py versus Tp-Ty;. This pro-
cedure, repeated for several process tem-
peratures Tj-T., yielded constant slopes
but a T-T. dependent background term. This
results from  the divergence of the two
thermistor characteristics in the servo
loop for 71-Tp, 13 radiation effects beiag

Tp-T1; leads
the heating

neglecred. Thus, even for an output signal
To-T1=0, the <calorimeter cell will lose
cr gain power to or I‘rom neighbouring stage
1 as a function. of the overall process
temperature  Tp-T. Finally, a drift in
the  thermistors’ .. resistante-temperdatiare
behaviour will ultimately change the back-
ground contribution but does not alter

the caloric interstage coupling Kiju

(ii) Five months had passed since the DIl-
Mission until the Spacelab HPT calorimeter
was ready for 1lg reference tests in the
author's laboratory. Owing to this long
period, subsequent .readjustment of the
AC-bridges. is not very .representative for
an estimation of the thermal behaviour
during the flight. The four different ramp
rates dT/dt, however, permit a direct ca-
libration of the interstage heat transfer
as a function of T3-T,. An extrapolation
to a temperature gradient dT/dt = 0 in
equation (5) renders a simple relation
Q1= -Po,T -Po,extrp» With Pp,exerp extra-
polated ‘out “of the values PO from four
heating ramps at a certain process temper-
ature T1-T..Qgi calculated in such a manner
can be linearly related to T1-T

(K3

Ti1-TC

Fig. 6: Experimental time profile,
dashed line: as planned, solid line
as finally executed. MET: Mission
ellapse time, the arrows indicate
the period of scramblad data before
the astronauts returned the lock-in
amplifiers of the servo loop for
TO-T1.
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Both ways (i and ii) to calibrate the calo-.
rimeter match with respect to the analysis
of the 1g measurements and encourage to
process the ug data as mentioned wunder
(ii). Thus, knowing the coupling of the
heating rate
dTpdz = dTy/dt + s+ (Ty - T¢) (7

governed by thermistor divergence, equation
(7) combines (5) and (6) to an explicit
function to the capacity Cqg from T;-T.,

~which can be further decomposed into

Co(Ty-Te)= Co,container

+ mflyid-Cv, fluid (8)
Cy,fluid denotes the specific heat of the
test fluid to be measured versus tempera-
ture T1-T,

5. QUASI-REAL-TIME DATA EVALUATION
AND OFFNOMINAL EVENTS

Among the D1 fluid and material experiments,
the HPT project to measure the specific
heat showed a unique feature: The HPT CPU
continuously output digital data and, thus,
.the final analysis did not have to be
awaited to regognize the experiment's success
or failure. These considerations brought
about the transmitted data not only to
be monitored during the mission, but also
to be proceséed with respect to thermody-
namic' aspects. The authors installed their

own HP-1000 laboratory computer with the
complete periphery in the German ground
station in Oberpfaffenhofen. Computer - com=
patible tapes permitted transmission from

the main mission data flux to the HP-1000
with a delay of 6 hours down  to 2 hours
in critical periods. Parallel to monitoring
the calorimeter's house keeping (HK) values
on CRT and xy-printer the complete mission

performance of the HPT experiment was re-
corded on 144288 frames in a permanently
updated data base with a time increment

of 6 s. The decoding software demultiplexed

scramtled endof mission
[ data | !
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Fig. 7: Total  cell capacity Cp,
which is proportional to the spe-
cific heat cy, under pg conditions
versus the overall process tempera-
ture T;-T,. The curves represent

2. 80 . ! . 1 . I : ! : four heating rates. The dotted line
- 12 - 28 T 24 a a4 -12 indicates the theoretical behaviour
Ti-TC K3 of Cg.

8.6 kBit/s and inserted real time and play-
back data, not always arriving in chrono-
logical order, into gaps of the data base.

The behavior of ¢y, which was fragmentary
at the moment due to gaps in the real-time
coverage and which gradually became more

" complete . after playback data had been in-
serted, was thus already available during
the mission. In addition, xyz accelerometer
plots indicated crew activities or a general
jitter of less than 10-4 g. Both, quasi-
real-time evaluation and HK monitoring
helped to overcome hardware problems.

Fig. 6 documents the originally planned
and -~ finally executed experimental time
profile as a ‘plot of the overall process
temperature T;-T. versus mission elapsed
time MET. After an 1initial delay of two
days (the ion getter pump of the calorime-
ter did not start owing to atmospheric
pressure in the pre-evacuating vent line)
one servo loop showed an anomal imbalance,
which may have resulted from spontaneous
. thermistor drifting due to launch accelera-
tions. This caused the heating power Po,
the measurement signal, to die out as Tp1-
T. 1increased. An 1inevitable manuel read-
justment . of the lockin amplifier by the
astronauts partly saved the first ramp

and the accuracy of - the complete experi-
ment . T T

The subsequent ramps were not in tune with
the official ‘operational mission timeline.
The initial problems finally changed into
almost ideal experimental conditions: Ac-
cording to the plots of ‘the data evaluation
the investigators were able to adress their
plans for the next run to the astronauts
with’ an immediate ' response. Thus, the
experiment was successfully completed at
the end of the mission.

6. RESULTS

Data of the four gradients” (3.6, 10, 20,
100 mK/h) were recorded with a ‘density
of 1264, 414, 180, 88 frames/mK ‘during the
mission and with 680, 579, 283, 85 frames/mK
in the 1g rums. The further processing
uses uniformly condensed data sets of 250
points for each ramp. Averaging reduces
the noise to signal ratio and convents e.g.
some 136137 frames raw data for the 3.6
wK/h ramp in toa manageabel amount of
frames. A )

Fig. 7 and 8 display the results for the
capacity Cp under pg and lg conditions,

T
/ y~C3. model
s

3.8 mK/h

ce [J/K)3

HPT-FM g

.12 Fig. 8: Total cell capacity Co from
K1 lg reference tests. :
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respectively, as a cubic spline representa-
tion. Cg is proportional to the specific
heat ¢, according to equation 8. In addition
to the curves for the four heating runs,
a dotted line indicates the model behavior
of equation (1), but recalculated for the
complete cell capacity Cp. However, the
computation contains: .an estimated value
for the metal capacity of the cell shell.
At least, it qualitatively reveals a theore-
tical guide line of how Cg is 'supposed'
to be shaped. The maxima in the 1lg lines
may not be confused with the actual loca-
tions of the critical peaks relatively
to each other, since gravity corrections
({10}, (15D have unot yet been applied
to the raw data.

7. DISCUSSION

At the current state of data evaluation
the relative and' absolute positions of
the curves in fig. 7 and 8 are still preli-
minary. A refined analysis of the interstage
heat transfer bdsed upon more data points,
as well as <corrections of the process
temperature Tl-TC' regarding non-linear
bridge effects will cause a slight rotation
and shift in the Cy-(T1-T.) plane. Especially
the profile for 3.6 mK ranges high and
the one for 100 mK/h rums out of sequence.
However, this will by no means explain
the most obvious deviation of the upg curves

from the 1lg results: there is no evident

peak in any of the ug runs.

Co reveals. a surprisingly gentle rise and
smooth drop and shapes rather a hump instead
of an enhanced sharp peak as predicted
(fig. 3). This unexpected behavior was
confirmed in four sequential runs with
different heating rates and gave rise to
the suspicion the specimen <cell may not
contain SFg .of critical density anymore.
But even in this case a transition of first
order would have exhibited a sudden drop
as long density maintains a precision of
+ 10 % of the critical value. Post mission
g tests, however, evidenced correct filling
and proper mission performance of the ap-
paratus. This is also confirmed by comparing
post and pre mission lg data of the cell
heating power Py which in both cases reveals
no deviation from the characteristic cri-
tital behavior.

It is known that in earth-bound measure-
ments, high ramp rates smear out a sharp
transition peak for ¢, as the coexistence
curve is crossed. Depending on the ramp
rate one can, in the immediate vicinity
of the critical point, define or calculate
{16] a window on the temperature scale with-
in which data is rejected ([t} 3-1072 for
€Oy and 3.6 mK/h (6], [r] = 3.5-1073 for
SFg and 3.6 mK/h [16]). Since the thermal
diffusivity decreases towards the critical
point, small temperature gradients imposed
by the continuous heating method sustain
in fluid volume. To account for this pheno-
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menon quantified by the thermal relaxation
time that on earth also shows a peak at
the critical point, four different temper-
ature ramps were run. A comparison of the
100 and 10 mK/h pg profiles shows even less
a difference, although the ratio of the
ramp rates is 10, than the cruves for 3.6
an 10 with a ratio of 2.7.

The conclusion 1is tempting that over the
whole process temperature span the thermal
equilibrium for each ramp rate is uniformly
well maintained, since no significant change
in the curvatures versus T}-T. -emerges,
that is confined to a limited region like
in the 'lg plots around the critical point.
This is in accordance with earlier ug measu-
rements [l7] within the TEXUS program. The
temperature in the center of a fluid sample
of critical density followed, with an
approximately constant delay, the leading
temperature of the container, being linearly
cooled and heated through the c¢ritical
temperature. The demand for even lower
heating rates, arising from the assumption
‘that thermal equilibrium is even more retar-
ded unter pg conditions, could not be rea-
lized. The calorimeter’'s noise to signal
ratio would exceed a reasonable level and,
moreover, the mission duration was limited.
A ramp rate of 3.6 mK/h already corresponds
to a rise in temperature of 1 degree in
11 days.

For further discussion the interphase
boundary effects are considered. How does
the shape of the meniscus affect phase
transition? On earth, a flat meniscus span-
ning across the container perpendicular
to the g-vector 1is a bottle neck for all
interphase diffusion processes. The question
whether an increased boundary can ease
of hamper a cy enhancement cannot be an-
swered by simply tilting the calorimeter
and, thus, reducing the meniscus area,
since the ratio of critical state volume
and total volume decreases as well from
0.1 percent to even less. This effect also
smears out the peak of cy.

In space a two pase fluid sample below T,
consists either of two macroscopically sepa-
rated phase volumes, divided by an interface
of measurable size and minimum surface
energy or by a disperse emulsion of bubbles
and droplets of almost infinite surface
area. In both cases equilibrium is eased
since the interface area 1is larger than
that of the flat shape on earth. Therefore,
thermal equilibrium 1is accelerated, since
the "bottle neck" [18] of mass diffusion
across the liquid vapour boundary 1is
widened. A fine 1liquid vapour dispersion
would, moreover, shorten the paths for mass
diffusion compared to the rearrangement
of 1lg density profiles and, thus, cut down

‘the associated relaxation time.

Let us add some final speculations for
discussion: In 'case of thermal and mass
diffusive equilibrium, a foamy liquid vapour
system with 1its extended interface area



sets free an appreciable amount of surface
energy while passing through the critical
point. This may partly compensate for the
external heating power necessary to in-
crease the cell temperature linearly. The
measured signals, heating current and vol-
tage, associated with c,, therefore, display
no enhanced peak.

8. CONCLUSIONS

The German DIl-Mission provided adequate
conditions in microgravity environment
for this experiment. With the. help of the

astronauts a contingency hardware malfunc-
tion <could be overcome, that otherwise
could have put the experiment into question.
The apparatus was
justment. In four heating ramps the cell
capacity Cy was measured and showed repro-
ducibly a smooth shape in the critical
region instead of a sharp peak. The question

. whether relaxational effects are responSLble
for this unexpected behavior cannot be
answered so far. Therefore, we suggest
for future experiments at the critical
point to additionally measure temperature
at several locations directly in the fluid
sample to record an established or distorted
thermal equilibrium. Furthermore, optical
techniques are necessary to learn about
the density distribution of fluid at criti-
cal state under reduced weight. For both
scientific objectives related proposis
have been handed in to be realized in fur-
ther ug-programs.
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