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Adiabatic versus conductive heat transfer in off-critical SK; in the absence of convection
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The process of adiabatic heating of compressible flljpiston effect(PE)] has been investigated in Skt
off-critical densityp~1.27p. near the coexistence temperature in the absence of convection. The temperature
response of the fluid to an internal heat pulse has been recorded at different distances from the heat source
confirming a(spatially) homogeneous temperature rise outside an expanding boundary layer during heating.
This process can be distinguished from the following conductive heat transfer when the energy contained in the
boundary layer diffuses. This observation is confirmed by both experiment and calculations. During and after
the heating processP(p,T) data of the fluid behaves according to a given equation of state at equilibrium
because hydrodynamic velocities remain small. The isentropic character of the PE was confirmed by both
calculations from the pressure and density measurements. The presented experimental results were obtained on
ESA's critical point facility(CPPB during the Spacelab IML-2 mission in July 19981063-651X96)04507-2

PACS numbegps): 44.10+i, 05.70.Jk, 66.10.Cb

[. INTRODUCTION an adiabatic way. As a result, spatially uniform heating of
the bulk fluid occurs on an acoustic time scgle L/c (with
The transport of heat in dense pure fluids classically inL the characteristic sample dimension anthe sound ve-

volves the mechanisms of convection, diffusion, and radialocity in the fluid. During repeated travels of the pressure
tion. Recently, the understanding of thermal equilibration ofwave in the fluid, the bulk temperature progressively rises to
a pure fluid near its gas-liquid critical poif€P) has evi- reach thermal equilibrium. At the same time, heat starts to
denced a fourth mechanism, the so-called “piston effect”diffuse from the fluid into the nonheated walls, if these are
(PE) [1-7]. Although it is also present in an ideal ga, it ~ Not perfectly isolating. In this case, a “cold” boundary layer
is emphasized near the CP where the compressibility of LCBL) is formed at this interface, where the fluid contracts

fluid diverges. This high compressibility leads to an unstablé?"d thus decompresses the bulk. It is then the competition
character of supercritical fluids which induces buoyancyPetween the HBL and the CBL which rules the evolution of
driven convection in the presence of an accelerating fieldhe bulk fluid state. _
(gravitation, rotation...). To suppress these perturbing When deriving the energy balance for heat transfer in a
convective flows and carry out a proper experimental ana|ygompre35|ble medlum, the pressure term has to be taken into
sis of the different modes of heat transfer, a microgravity2ccount and we obtain
environment has been used.
When such a supercritical homogeneous fluid enclosed in ﬂ: 1159 r\ ﬂ) +(1_ &) (ﬂ) d_P 1)
a sample cell is suddenly heated from one wall, a diffusive ~ dt  pCp " dr ar cp/ldP/ dt’
thermal boundary layef“hot boundary layer” (HBL)]
forms at this wall-fluid interface. Due to the high compress-Here, \ is the thermal conductivity and, and c, are the
ibility of the fluid outside the layef“bulk” ), the fluid layer  heat capacities at constant pressure and volume, respectively.
expands and acts as a piston, generating an acoustic waV@e parameten indicates the geometry of the considered
which propagates in the bulk and which is reflected on therocess and equals 0 for plane, 1 for cylindrical, and 2 for
second wall enclosing the fluid. Thermal conversion of thisspherical geometry. Critical divergence of these properties
pressure and density rise is, in turn, able to heat the fluid itnduces a nonlinear diffusion proce4g coupled with adia-
batic heating. In fact, this form of the energy equation
stresses the two different types of heat transfer, which are the

*Present address: Commissariat’Bnergie Atomique (CEA), nonisentropic heat diffusioffirst right-hand term and the
Centre d’Etudes de Grenoble, B@tement de la Recherche sur la temperature variation due to isentropic compresss@mtond
Matiere Condense(DRFMC), F-38054 Grenoble Cedex 9, France. term).
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FIG. 1. The interferometry sample cell in a homogeneous state. )
Note the distribution of thermistors TH1—TH3 and the pressure T !G- 2. The temperature response of the three thermistors on a
transducer. The curvature of the fringes is not due to density gradit> S Néat pulse is traced over time where time is plotted in units of
ents. the diffusion time. The calculated result of a purely diffusive heat

transport is given for TH2 and TH3 for comparis(see texk

Note that ] )
changes. The light beam traverses the sample thickness two

times, integrating the phase shift resulting from density
Cy\[dT) [dT ,  variations of the fluid.
“cp/loP) \oP) - @ Additionally, three thermistoréThermobeads B10, Ther-
P s mometrics Ino. were used to monitor the temperature at
three different points of the sample. One of them TH1 was
The influence of this term grows as the CP is approachefbcated in the middle of the sample and could be heated in
because of the divergence of the heat capagity In our  order to perform an energy pulse within the fluid. The second
experiment, hydrodynamic velocities are very smeHl  thermistor TH2 was located at nearly half the distance be-
mm/9 and can be neglected when analyzing the PE healween the source and the wall and TH3 near the thermostated
transfer. In this case, Eql) is sufficient to model the ther- wall. A pressure transducer integrated into the sample wall
malization process. For an additional investigation of theenabled measurements of pressure variations. During acqui-
thermo-acoustic origir(i.e., the propagation of the sound sition sequences, temperature measurements were sampled at
waves or when taking viscous dissipation into account, aa frequency of 1 Hz, while pressure was detected at 20 Hz
numerical simulation of the Navier-Stokes equations is necand video images recorded at 30 Hz. The temperature stabil-

essary. This has been done for a one-dimensitiia) van ity of the thermostat was assured within 108 over several
der Waals gas if6,7]. hours.

The goal of this study is to provide unambiguous, distinc-
tive measurements of these two modes of heat transport in
the same sample and to check the theory of adiabatic heating ) ) )
by thermodynamic calculations. For this purpose, a super- In our experiment, a series of_39 heat pulses of different
critical sample at high, liquidlike density has been chosenduration has been carried out within the.temperature range
Such a sample also modelizes cryogenic reservoirs which arkex 100 MK<T;<T,+2 K. In the following, we concen-

used for the storage of supercritical fluids in satellites andrateé our study on the case of a heat pulse of 15 s at an initial
space vehicles, for example. temperatureT;~T_ ,+1 K. Equivalent results as presented

hereafter are obtained by analyzing the other pulses. Figure 2
shows the temperature response as measured by the three
Il. EXPERIMENT thermistors. One clearly distinguishes two temperature
maxima in the curve sampled at TH2. The first one is due to
PE heating, and we note that this process induces nearly the
The experimental sample cell was of cylindrical shapesame signal amplitude on TH3. This evidences the homoge-
(11.9 mm diameter, 6.67 mm thickng¢smnd filled with S| neity of heating by adiabatic compression which reaches the
at the off-critical densityp~1.27, (Fig. 1. Radial walls maximum value at the end of the pulse. Second, after pres-
were made of CuCoBe, whereas the sample was closed at tsare and temperature decrease, the diffusive temperature
bottom and the top by sapphire windows. The sample wafont propagating from the sourc€TH1) into the bulk
mounted into one arm of a Twymann-Green interferometerfeaches TH2. The time necessary for this process is of the
interference fringes allowing the detection and analysis obrder of the diffusive timep=R?/D, whereR is a charac-
density variations of the fluid. Density changes of the fluidteristic length of the diffusion proced$iere naturally the
are coupled to a variation of its refractive indexas given distance TH1-THR2andD the coefficient of diffusion. This
by the Lorentz-Lorenz equation. This variationrofnduces second temperature maximum is not observed at TH3, be-
a phase shift of the light beam proportional to the densitycause heat has diffused below the detection threshold before

B. Results and discussion

A. Experimental setup
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FIG. 3. The sample cell at the end of a 15 s heat pulse. Note that

the HBL (gray diffusive zong has not reached TH2 yet. As indi- FIG. 5. Experimental temperature, pressure, and density
cated by the strong curvature of the fringes, a CBL of thicknessghanges during the heating period of 15 s are given as a function of
0.6-0.8 mm has developed at the Cu-Co-Be wall. time. Pressure is fitted by a second-order polynomial function. Den-
sity is considered to be homogeneous outside the HBL region.
reaching the more distantly located thermistor. The tempera-
ture difference(T1y,—Trns) increases with time which is a Temperature curves obtained from a different calculation
demonstration of the development of a CBL diffusing from using a finite-element code are presented in Fif8]4 This
the thermostated CuCoBe walls. This layer progressivelynodel includes approaches to the case of a “real” experi-
reaches TH3 and slows down the thermistor's temperaturgnent, e.g., the heat losses via the thermistor threads and at
rise. The calculated result of an ideal, purely conductive hedhe cooling surface are taken into account. The calculation is
transfer is added to the experimental curves, showing clearlgxisymmetric and does not reproduce exactly the thermal
that the diffusive temperature front does not have the time teharacteristics of the cell materials. Therefore it does not
reach TH2 within the heating period and that even for lateallow us to fit the experimental data with precision but en-
stages no significant temperature increase is detected at TH&bles us to recover the involved mechanisms. The tempera-
The signal recorded with TH2 is then the isentropic temperature evolution of fluid elements at different distances from
ture rise by PE heating. We note the following points inthe heat sourcéTH1) is shown during and after heating and
support of this claim: first, the video images of the interfer-compared with the experimental curve of TH2. From the
ence pattern confirm that the diffusive region does not reackolution of Eq.(1), the two temperature maxima at TH2 can
TH2 within the heating timgFig. 3); second, it is obvious be recovered within a good approximation for a distance
that the CBL does not influence TH2. The strong fringe cur-TH1-TH2~2.5 mm which is close to the experimental setup
vature near the cell wall is a sign of the density gradient~2.3 mm). A magnification of the first 20 s of Fig. 2 is
inside the CBL. Att=15 s, a CBL of thickness 0.6—0.8 mm given on Fig. 5, where the pressure rise and the density evo-
can be detectetFig. 3. lution outside the HBL have been added to TH2 and TH3. In
order to verify the isentropic character of PE heating, we
calculate the corresponding temperature change from these

0.08 ' ' ' ' ' density and pressure measurements by applying a linear
transformation
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respectively. For this purpose, we evaluated first the isentro-
0.00 50 100 150 200 250 300 pic partial derivatives in Eq$3) and(4) from an equation of
time [s] state given by Abbaci and Sengd®j. The corresponding

isentropic temperature changes were then calculated and
FIG. 4. The experimental temperature curve as measured byompared in Fig. 6 with the temperature response of TH2.
TH2 during and after a heat pulse of 15 s is compared with al O reduce the noise of the signal, we made use of the pres-
numerical model. The fluid temperature at different distances frondure fit in Fig. 5 when calculating the isentropic temperature
the heat source is traced over time. The model enables us to recovéfP)|s. It can be seen that the pressure coefficief/ ¢P)
the general trends, i.e., a peak of adiabatic heating followed by gives much better results than the derivative with respect to
broader diffusive heating maximum. density @T/dp)s when assuming a homogeneous density
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FIG. 6. The temperature rise measured at TH2 during a heat 100
pulse of 15 s is compared with the calculated isentropic temperature
variations and the equation of std&. Density-based calculations
are not in agreement with the other three temperatures when assum-
ing constant density outside the HBL region. 80 r
=
profile outside the HBL. A comparison of the temperature = 6o |
measurement with the equation of state is also given. Fol- g '
lowing density and pressure variations relative to an initial 2 — Abbaci & Sengers
state of the fluid before heating, we trace the temperature - wl * experiment
evolution of the bulk fluid according &®]. Good agreement '
with the experimental data is obtained. o)
In a following step, the two isentropic coefficients 20
(dT/dp)s and @T/9P) have been derived from the experi- "10° 10° 10” 10° 10’ 10°
mental curves of different heat pulses within the temperature temperature T-T, , [K]

rangeT. ,+100 mK<T;<T.,+2 K. The heat pulses have _ _ N

been selected in order to show minimum convective dis- FIG. 7. The isentropic coefficient&’{/dp)s and (@T/dP)s ob-
placement of the HBL. The coefficients are determined aftefained from the experiment are compared with the values derived
approximately 10 s of heating to suppress any influence offom [9]. A discrepancy of 50—-100% can be stated for the density
the diffusive temperature fronfFig. 2. The experimental coefficient when assuming a constant density profile in the fluid
results are compared in Figs. 7 with the coefficients obtaine@utside the HBL regior(a). Good agreement is obtained for the
from the equation of state. A systematic error of 50—100% ipressure coefficient within the precision of pressure measurements
obtained for the density coefficieffig. 7(a)] where we con- ®).

sider again a homogeneous density profile in the region out- . . . . . .
s:de thg I—IIBL A simgilar regult haslgegn plre\l/iously fgllmd bl;real window thickness, the sample is considered as adiabatic.

Michels for Sk at critical density 10]. In contrast, the pres- Th'.f sumar:essul)n O.L any heattlr:)ss at thel_ onﬂ[ter]cs(bxﬂern_zll
sure coefficient gives better results, as already shown in Fiq'.ml S ot the C?’ wilf give us the upper limit ot a possible
6. A value close to the one derived from Abbaci and Seni€mperature rise inside the sapphire windows during a heat

gers’ equation is found within the precision of the pressur u_Ise. We find that at _the internal interface wmd_()wall)
measuremerFig. 7(a)]. luid, the temperature increase of the wall remains smaller

In what follows, we demonstrate that the discrepancy oithan.4%.0f the bulk temperature rise, e.g2.1 mK f_or a

the density measurements with the equation of state can %eatmg time of 15 s. This confirms that our assumption 9f an
corrected. This correction is based on an analysis of the de'llgotherma_l CuCoBe wall and.sapph|re wmdpws is justified.
sity profile throughout the sample thickness. In the case of a _The fluid temperature profile .Of the CBL is then a convo-
adiabatic sample, there are no temperature and density gr ition of th_e temperature evolution of the bglk fluid and the
dients in the bulk fluid outside the HBL and the phase shif€rror function describing the response to an ideal temperature
corresponds to the homogeneous density increase accordircibeIO
to PE compression of the bulk. The density measurements
presented above were obtained under this assumption. OT(X, ) =T(X,t) = Trpp(t)

In contrast, in our experiment, the radial CuCoBe wall
0 AT Tre0] c{

and sapphire windows remain very close to the initial tem- X ) (5)
peratureT; and can therefore be considered as isothermal. In dt 2Dt

order to estimate the maximum error coming from this as-

sumption, a numerical simulation has been performed irHere, x is the spatial coordinate in direction of the sample
which all walls act with the thermodynamic properties of thethickness and erfc the inverse error function. The position
sapphire windows. At a distance inside the wall equal to thex=0 corresponds to the window-fluid interface where the
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FIG. 8. The calculated density profile of the CBL near the sap- FIG. 9. Comparison of density changes after 15 s of heating for

phire windows during a heat pulse &~T, +1 K for different different heat pulses. The values derived from the fringe shift are
C,X . . . .

times. Forx=1 mm, we recover the homogeneous density rise incompared with the average values obtained by integrating the den-

the bulk region. Inside the layer region, important density changeS'ty Profile as described in Eqe) and(7) and shown for one pulse
can be stated. in Fig. 8. Good agreement can be stated. The density rise in the bulk

region remains 40—-45% below the average vdhee text

temperature difference reaches the maximum value . . . . :
T,— Ty FOF increasing, T vanishes and we recover the with the experimental value as obtained from the fringe shift.

isentropic bulk temperatufByy,. According to this tempera- Figure 9 shows the den_sity ris_e of the fluid outside the HBL
ture profile we can calculate the resulting density profile as?s measqred from Fhe frmge displacement for the heat pulses
already discussed in Figs. 7t 15 s. The values are com-

pared with the average density rise as obtained by analyzing
the stratified density profile with two CBLs at the bottom and
the top of the samplgdescribed by Eqe’5) and(6)]. Good
agreement can be stated, the average error being of order 5%.

+(‘9_P) [Tria(t) = Ti]. 6) The bulk density rise given by E@6) is also shown. I_t is

aT : seen to remain 40-45% below the average value. This result

The second right-hand term represents the homogeneo%plaines the; discrepancy betwegn the isentropic coefficients
density rise by PE compression, to which the first term is(?p/dT)s derived from the equation of staf8] and the ex-
added in the layer region near the windows. We note that if?€fimental data previously presented in Figa)7When the
this approach, the isentropic temperature rise of the bulldensity rise at the windows is taken into account, the dis-
fluid is sufficient to calculate the temperature and density?dreement vanishes.
profile throughout the whole sample thickness. This tempera- lll. CONCLUSIONS

ture variation can be measured with thermistor TH2, as |n this paper we analyzed the response of a compressible
shown above. The density profile calculated from E@$. fluid to an internal heat pulse in the absence of convection.
and (6) for the 15 s heat pulse analyzed in the precedingrhe recently established theory of adiabatic heating has been
chapter is shown in Fig. 8. The thickness of the layer is seegonfirmed by thermodynamic calculations based on measure-
to grow in time and reaches a value of order 0.7—0.8 mm afnents of the fluid's stateR,p, T). Distinctive measurements
the end of the pulse. Due to the high value of the thermabf PE heating and diffusive heat transfer have been simulta-
expansion coefficientdp/dT)p a strong density rise is 0b- neously carried out. The equation of state for §en by
tained in this region. The calculated result compares vernabbaci and Sengers gives satisfactory results in reproducing
well with the measurement from the video image presenteghe fluid’s thermodynamic state at off-critical density. The
on Fig. 3. The layers which develop at both the bottom andanalysis of the interference pattern has proved to be very
the top of the sample are then extended over 15-20% of theensitive to density inhomogeneities inside the fluid, because
sample thickness and may not be neglected when analyzing contrast to the “local” character of temperature measure-

the fringe shift. ments, the interferometer integrates density variations along
In order to check our analytical description of the densitythe optical path.

distribution in the sample and its influence on the fringes’
phase shift, a comparison with measurements from the video
images has been carried out. Introducing the temperature
variation detected by TH2, thermodynamic properties of the The authors want to thank the Space Shuttle crew of Co-
fluid according to Abbaci and Sengers’ equation of state antumbia flight STS-65 as well as NASA and Daimler-Benz
a diffusivity D given by Jany11], we calculated the density Aerospace for the faultless performance of CPF. We are very
profile over the sample thickness outside the HBL. Integragrateful to J. V. Sengers for a copy of the equation of state.
tion of the phase shift of the light beam enabled the derivaWe thank P. Hde for data processing as well as S. Bouquet
tion of an average density rise of the profile, to be compare@nd J. Straub for fruitful discussions.
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ST(X,t)
P=P,

op(X,t)=p(x,t) = pi=
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