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Abstract.

We describe a pressure vessel for conducting experiments in helium (He), air,
nitrogen (N3), or sulfur hexafluoride (SFg) under pressures of up to 19 bars, and
facilities for the study of Rayleigh-Bénard convection inside this pressure vessel. The
convection cells, known as the High Pressure Convection Facilities of HPCF, can have
interior heights up to L = 2.3 m and diameters up to D = 1.2 m.

Measurements of the Nusselt number Nu for Rayleigh numbers Ra up to Ra* =
4 x 10" and a Prandtl number Pr ~ 0.8 gave Nu o< Ra¥f/ with verr ~ 0.308. At
Ra* there was a sharp transition to a new regime. The Nusselt number was continuous
at Ra*, but the exponent characterizing its dependence on Ra changed suddenly to
Yerf = 0.25. Near Ra = Ra** ~ 3 x 104, there was a further change in the Ra-
dependence of Nu. A new state with v.yr ~ 0.17 evolved and there was bistability of
the vers = 0.25 and the .y = 0.17 branches.
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1. Introduction

Turbulent convection in a fluid heated from below (Rayleigh-Bénard convection or RBC)
has been a fascinating topic of research for a long time for theorists as well as for
experimentalists.[1, 2, 3] The persistent interest has its origin in two places. On the
one hand, RBC is of importance in numerous astrophysical, geophysical, and industrial
processes. It occurs in Earth’s outer core[4, 5|, atmosphere[6, 7], and oceans|8, 9],
and is found in the outer layer of the sun[10] and in giant planets[11]. However, these
complex processes, which often involve magneto-hydrodynamics, do not lend themselves
readily to quantitative laboratory or numerical study with well controlled and relevant
boundary conditions and appropriate control-parameter values. Thus, physicists often
have focused on a particular idealized part of the complex problem where quantitative
work by experiment or direct numerical simulation (DNS) becomes possible. One such
idealization is convection in a right-circular cylinder of aspect ratio I' = D/L (D is the
diameter and L the height) with a vertical axis, heated uniformly from below and cooled
thusly from above. This is the system on which we shall focus in this paper.

The other source of fascination is that turbulent convection in idealized geometries
is rich in important physical phenomena. From the fluid mechanics viewpoint, it is of
interest for instance because it is influenced strongly over wide parameter ranges by the
physics of boundary layers (BLs).[1] In part the present work may be regarded as a search
for the breakdown of this boundary-layer domination[12, 13] which might be expected
when the applied temperature difference AT becomes sufficiently large (see, e.g., [14])
Equally interesting is that the system provides a tractable example of interactions
between large and small scales which are broadly important in fluid-flow problems. For
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cylinders with I' = O(1) the large scale usually consists of a single convection roll (the
large-scale circulation or LSC), with upflow and downflow near the wall but separated
azimuthally by 7. This LSC exists in the presence of vigorous small-scale fluctuations
that can be treated as a noise source that acts upon the LSC.[15, 16, 17, 18]

In the present paper we focus on the heat transport as expressed by the Nusselt
number

QL
T AATX (1)
Here @ is the applied heat current, A the sample cross-sectional area, and A the thermal

Nu

conductivity. In this system there are only two parameters which, in addition to I,
are expected to determine Nu. They are the dimensionless temperature difference as
expressed by the Rayleigh number
_ agATL?

RV

Ra (2)

and the ratio of viscous to thermal dissipation as given by the Prandtl number
Pr=v/k. (3)

Here « is the thermal expansion coefficient, g the gravitational acceleration, x the
thermal diffusivity, and v the kinematic viscosity.

Up to Ra ~ 10'? quantitative measurements of Nu(Ra, Pr) exist over a range of
Pr.1] For Pr 2 3 they show that Nu is at most weakly dependent on Pr and that it
can be represented quite well by an effective power law

Nu = NugRa '/ (4)

with 7.7; changing from about 0.28 near Ra = 10® to about 0.31 near Ra = 10 or
larger. In this parameter range the heat transport is determined primarily by thermal
boundary layers, one above the bottom and the other below the top plate.

The LSC passes below the top and above the bottom plate, let us say with a
maximum speed U; but directly at the plates the velocity has to vanish. This boundary
condition leads to a vertical gradient of the horizontal velocity component, i.e. the LSC
creates a sheared wviscous BL. When Ra is not too large, the LSC Reynolds number
Re = UL/v is also of modest size and the viscous BLs remain laminar, even though
they are subject to significant velocity and temperature fluctuations because of their
proximity to the turbulent sample interior and because of the emission of plumes of
relatively hot or cold fluid from the thermal BLs which, depending on Pr, are imbedded
in or extend beyond the viscous BLs. However, it is expected that there is a typical value
Ra* in the neighborhood of which Re reaches a value Re* which is sufficiently large to
cause a shear-induced instability of the viscous BL to a turbulent state. It is expected
that this point will be reached when the shear Reynolds number Re; = Re), /L, based
on the BL thicknesses \,, reaches a critical value which is believed to be somewhere
near Ref ~ 420 [19]. Although the value of Ra* is quite uncertain, estimates suggest[20]
that Ra* oc Pr®7 with Ra*(Pr =1) ~ 3 x 10
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The properties of the state that is expected to exist for Ra > Ra* have been
analyzed theoretically long ago by Kraichnan.[13]. In the absence of any boundary
layers he predicted that Nu oc Ra'/?. However, in the physical system with rigid top
and bottom plates the fluid flow is still constrained to vanish at the walls. Thus, even
though there is no laminar BL for Ra > Ra*, there still remains a “viscous sublayer”
which, in the Kraichnan theory, modifies the simple power law with v = 1/2 and yields
Nu o< Ra'/?/[log Ra]*?. In our range of Ra this leads approximately to Nu oc Ra’/7
with verr ~ 0.4.

The predicted large- Ra state is of interest for two reasons. On the one hand, it
involves new physics that experimentalists and theorists are anxious to explore. On the
other, this state is expected to be the asymptotic state that will prevail as Ra — oco. Any
extrapolation of laboratory measurements to values of Ra relevant to many astrophysical
and geophysical phenomena, which often involve values of Ra well above 10?° (see, for
instance, [21]), require an understanding of this state. Thus a significant experimental
effort has been invested in reaching values of Ra much larger than Ra*.[1]

Looking at Eq. 2 one sees that large Ra can be reached in two ways. On the one
hand one can choose a fluid for which the property combination «/kvr has unusually
large values. It was realized long ago that gaseous and liquid helium at cryogenic
temperatures offer exceptional opportunities for the achievement of a wide range as well
as of very large values of Ra.[22, 23, 24] This approach was pursued by a group in
Chicago [25] and a bit later by a group in Grenoble [26, 27, 28], who used fluid helium
near its critical point in the vicinity of 5 K and 2 bars and reached Ra values as large
as 10%5. On the other hand, one could build a sample cell of exceptionally large height
L. The strong dependence of Ra on L led to the proposal of a convection cell, using
fluid helium, with L = 10 m and D = 5 m, first at the super-conducting super-collider
before its demise, and then at Brookhaven National Laboratories, where already existing
large helium liquefaction facilities could be used.[29] Such a large facility in principle
should be able to achieve values of Ra as large as 10'Y or perhaps even 10%°, which are
approaching values relevant in astrophysics and geophysics; but it has yet to be built.
However, a combination of a more modest but still large L = 1 m and cryogenic helium
enabled a group in Oregon [30] to attain theretofore unprecedented values of Ra near
1017,

We do not wish to review once again all of these pioneering measurements; a bit
more detail can be found in a previous publication [14]. Here we only mention that
the Grenoble group reported measurements that indicated the existence of a transition
in Nu(Ra) at Ra ~ 10'" to a state with ~.;; ~ 0.4 which they interpreted [27] as the
transition to the assymptotic, or Kraichnan, state even though it occurred at a rather
low value of Ra. On the other hand, the Oregon group did not find any transition all
the way up to Ra ~ 107 and could describe their results over their entire range of Ra
by Eq. 4 with 7.7r >~ 0.32 [31]. Although it is not known why these two experimental
results differ from each other, it was noted that for both of them the Prandtl number
increased as Ra became large, and that over most of the Ra range Pr was larger for the
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Grenoble data than it was for the Oregon data (see, for instance, Fig. 2 of [14]).

The as yet unexplained difference between the Grenoble and the Oregon
measurements on this important issue provided some of the motivation for the present
work. Our experiment was designed to yield data for Nu(Ra) over a wide range of
Ra < 10* and for a nearly constant Pr ~ 0.8. Rather than repeating the previous
measurements, we wanted to use quite different experimental techniques and fluids.
Thus the experiment was conducted with classical gases at near-ambient temperatures
and at elevated pressures. Using a sample that was about 2 meters high and various
gases at pressures up to 19 bars we were able to cover the range 10° < Ra < 10Y°
(the measurements over the range 10° < Ra < 10! were done with helium; they were
reported before [32] and will not be discussed in the current paper). One sees that our
largest Ra exceeded estimates of Ra* by an order of magnitude.

As reported briefly before [14], we did not find a transition in Nu(Ra) near
Ra = 10" where the Grenoble data revealed a change. Up to Ra ~ 4 x 10" our
data are reasonably consistent with the Oregon data, although our Nusselt values are
slightly lower and our effective exponent v.;; = 0.308 is also a bit lower than their
Yers = 0.32 [31]. However, near Ra = Ra* = 4 x 10" our measurements show a sharp
transition in Nu(Ra), from a low-Ra regime with 7.7 = 0.308 to an intermediate-
Ra range with v.sr >~ 0.25.1 At Ra* Nu is continuous and non-hysteretic, but vss
changes discontinuously. At somewhat larger Ra = Ra** ~ 3 x 10 a second transition
takes place and a new state with v.;r ~ 0.17 evolves. This second transition is
followed by bistability of the v.;r ~ 0.25 and the 7.5y ~ 0.17 state over the range
3x 10" < Ra < 8 x 104,

Clearly the properties of the large- Ra state that we found are quite different from
the state envisioned by Kraichnan. Nonetheless, sharp transitions between two turbulent
states, although known to occur under quite different circumstances [33], seem unlikely
to occur unless they are provoked by changes in large-scale structures or boundary
layers. For Ra < Ra* it is well established that the Nusselt number is not sensitive to
the nature of the LSC (see, for instance, Sect. IILF of [1]). Thus we presume that the
changes in Nu(Ra) observed by us are caused by boundary-layer transitions. Of course
much additional work should be done to investigate this issue in detail.

In the next section we briefly discuss some of the merits of compressed gases for
the study of RBC at large Ra. We then give a detailed description of the experimental
setup in Sect. 3. We discuss both the pressure vessel that we used (Sect. 3.1) and the
high-pressure convection facility (Sect. 3.2) that was immersed in the pressure vessel.
In Sect. 4 we show that the finite conductivity of the top and bottom plate had no
significant influence on the measurements. Then, in Sect. 5, we present the results of

1 In our brief earlier publication[14] we reported the existence of the transition, but found an exponent
above it that was somewhat larger than 0.25 albeit smaller than 0.308. This difference is due to the
fact that we tried to correct for the finite conductivity of the top and bottom aluminum plates. We
show below in Sect. 4 that such a correction is not appropriate for the present work with SFg as the
fluid. No such correction was applied to any of the data in this paper.
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Table 1. Properties of various gases at a pressure of 19 bars, and of water and ethanol
at 1 bar, all at 25°C.

A 10%n 10%\n 1078« /kv  Pr

fluid W/mK kg/sm Wkg/sm?K s?/Km!
SFg 0.0154  0.1672 0.257 6846 0.86
Ny 0.0266  0.1821 0.485 35.89 0.73
He 0.153 0.1977 3.018 0.526 0.67
H,O 0.606 8.9451 542 19.5 6.1
Ethanol 0.169  10.8247 183 97 15.6

the experiment. We conclude with a brief summary and discussion of the data.

2. Pure gases under pressure and large values of Ra

In Table 1 some relevant properties of SFg, Ny, and He at a pressure of 19 bars (our
maximum pressure) and a temperature of 25°C are compared with those of water and
ethanol which are two typical liquids used in convection experiments.

The opportunities for achieving large Ra with compressed gases become apparent
when we re-write Eq. 2 as

_ agATL3p*Cp (5)
A1)

where p is the density, n = pr the shear viscosity, and A\ = pCpk with Cp the heat

Ra

capacity per unit mass. Noting that  and A\ are only weakly dependent on P, one sees
that Ra is proportional primarily to the square of the density. At constant AT and for
an ideal gas we then have

Ra o« p* oc P2M? . (6)

Here P is the pressure and M the molecular weight. To a good approximation this
relation remains valid also for the real gases used in this work. Thus, high pressures and
large M yield large Ra, and changing P and/or M will change the range of Ra accessible
by varying AT. Equation 6 motivated our choice of SFg with M = 146 g/mole as the
fluid for large- Ra measurements.§ Compared to liquids, gases also tend to have small
values of A and 7. This can be seen from the examples given in Table 1. This is especially
the case for gases with large M because, very roughly, the product of A and 7 (see the
table) is inversely proportional to the fourth power of the molecular diameter.[44] The

§ Sulfur hexafluoride was used before by Belmonte et al.[34, 35] to achieve values of Ra up to 10! for
Pr = O(1) in a much smaller apparatus with L ~ 15 cm. It was used also at pressures and temperatures
near its critical point where Ra becomes exceptionally large, even for modest L,[36] or where values of
L as small as of order 10um can be used to study convection near onset[37, 38, 39, 41, 42, 43, 40]; but
there Pr becomes large as well. All our work is in parameter ranges where Pr ~ 0.8 and where SFg
behaves like a typical compressed gas .
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small values of nA further enhance the achievable values of Ra, especially for the heavier
gases.

An additional advantage of using compressed classical gases is that the Prandtl
number (see the table) will be nearly independent of P and close to the value 2/3 which
is obtained from a simplified kinetic theory of a hard-sphere non-interacting gas.[44]
For the measurements with cryogenic helium Pr increased as Ra became large (see,
for instance, Fig. 2 of Ref. [14]) because the largest values of Ra were achieved by
approaching the critical point where Pr diverges.

3. The apparatus

The apparatus consisted of a sample cell, known as the High Pressure Convection Facility
of HPCF, inserted into a pressure vessel known as the “Uboot of Gottingen” and located
at the Max Planck Institute for Dynamics and Self-Organization in Gottingen, Germany.

3.1. The pressure vessel

The pressure vessel (see Fig. 1) consisted of a steel cylinder, with its axis positioned
horizontally, of 5 m length and 2.5 m diameter. On the top side of the cylinder there was
a turret of 1.5 m inner diameter and 1.5 m height; the resulting overall shape suggested
the colloquial name “Uboot of Gottingen” for this facility. The upper part of the turret
consisted of a bell-shaped dome that was removable. The HPCF was inserted into the
turret with a crane capable of moving to any position in the experimental hall and of
lifting up to 7000 kg. There were numerous feedthroughs entering the Uboot that could
be used to bring electrical leads and water lines into or out of the interior. There also
was a port of sufficient size to permit human access to the vessel interior. The vessel
could be filled with various gases, including helium (He, Pr = 0.672), nitrogen (N,
Pr = 0.723 to 0.729), air (Pr = 0.707), or sulfur hexa-fluoride (SFs, Pr = 0.79 to
0.86). The maximum allowed pressure was 19 bars. The temperature of the Uboot
could be adjusted over the range from 10 to 50°C. After use the Ny, air, or He was
discharged outside the hall. There was a storage and recovery system for SFg. The
total volume of the Uboot was approximately 25 m® and required 3800 kg of SFg for
filling to maximum pressure.

3.2. The High-Pressure Convection Facility (HPCF')

3.2.1. The HPCF structure. Two convection facilities were used. They had the same
interior dimensions, with height L = 2.24 m and diameter D = 1.12 m, yielding aspect
ratios I' = D/L = 0.500. The main difference between them was that one (HPCF-I)
had aluminum top and bottom plates, whereas the other (HPCF-II) had copper plates.
The aluminum was alloy 6082 with a thermal conductivity of 170 W/m K. The high-
purity copper was of Deutsches Institut fiir Normung (DIN) type OF-Cu grade 1 (EN
Cu-OFE-CWO009A or ASTM C10100) with a conductivity of 394 W/m K.
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Figure 1. Top: A schematic diagram of the Uboot and the High Pressure Convection
Facility (HPCF). Bottom: A photograph of the Uboot and associated instrumentation
and services.

Figure 2 is a diagram (to scale) of the top and bottom right section, and Fig. 3
shows two photographs of the bottom section, of HPCF-II. We shall describe the facility
starting at the bottom. A high-strength aluminum bottom support-plate (BSP) stood
on three legs. The legs were of adjustable length to allow leveling of the bottom section
of the facility. Supported on it by a steel bottom-shield support-ring (BSSR) of 4 mm
thickness, 80 mm height, and 1120 mm diameter was a bottom shield (BS). The BS had
two electrical resistance heaters. One, on its underside, was uniformly distributed over
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Figure 3. Left: The underside of the bottom-plate (BP) composite, showing the
heater grooves in the BPb. The Bottom Plate Support Ring (BPSR) can be seen as
well. Right: The entire bottom portion of HPCF-II, showing (from bottom to top)
the Bottom Support Plate (BSP), the Bottom Shield (BS), the Bottom-Plate Support
ring (BPSR), and the bottom-plate composite with the Lexan sheet between the BPb
and the BPt. The mirror finish of the BPt is apparent.

the area inside of the BSSR. The other was in a circular groove extending around the
circumference just outside of the BSSR. T'wo thermometers were located on the top side
of the BS, one (TBS) near its center and the other (TBSaux) near the BSSR. At both
locations the temperature was regulated, using the two heaters, at the temperature of
the bottom plate above it.

A composite bottom plate was supported on a steel support ring (BPSR) of 4mm
thickness, 40 mm height, and 1120 mm diameter. It consisted of a 35 mm thick bottom
(BPb) and a 25 mm thick top (BPt) plate (aluminum for HPCF-I and copper for HPCF-
IT) with a Lexan (Lex) plate of 5 mm thickness between them. These three plates were
glued together using degassed Stycast 1266 epoxy, with care being taken to avoid the
trapping of air bubbles. We estimate that each epoxy film had a thickness of less than 0.1
mm. The top surface of the BPt (see Fig. 3 right), which faced the fluid, was machined
to a mirror finish. For the copper plates the mean roughness R,, measured with a Mahr
perthometer at several locations, was typically about 0.2 ym. For the aluminum plates
R, was around 1.6 pum.

The Plexiglas side wall (SW) with an inner diameter of 1.12 m and a wall thickness
of 9 mm extended downward over all of the BPt, the Lexan plate, and part of the
BPb. The BPb and BPt were each surrounded by a thermal “micro-shield” (BMSb and
BMSt) made of aluminum. The temperature of BMSb was regulated at the temperature
of the BPb by temperature controlled water circulating through a coil imbedded in the
aluminum. The BMSt was similarly regulated at the temperature of the BPt. The side
wall was surrounded by an aluminum side shield (SS) of 2.23 m length, 1.26 m inner
diameter, and 6 mm wall thickness. The SS temperature was regulated by temperature
controlled water circulating through copper coils (WCC) wrapped around and attached
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to its outside; the WCC consisted of two anti-parallel water circuits and covered the
entire length of the SS with many turns with a spacing of 76 mm between them.

Focusing now on the very top of the HPCF, there was a high-strength aluminum top
support plate (TSP), which was supported from the BSP by three aluminum support
structures (not shown in the figure) spaced azimuthally at 120°. Hanging from the TSP
was the top plate assembly. For HPCF-II it consisted of the copper top plate (TP) of
35 mm thickness containing cooling-water channels and a copper top-pate cover (TPC)
of 5 mm thickness which was sealed to the TP by Stycast 1266 epoxy and numerous
screws around the circumference. For HPCF-I the top plate was similar, but made of
aluminum. The TP could be leveled using threaded posts and nuts that terminated the
top of the support structures. Care was taken to make sure that the TP did not rest on
the SW, but the SW extended several mm into a groove in the TP. The bottom surface
of the TP, which faced the fluid, was machined to a mirror finish similar to that of the
BPt.

An important issue was the insulation that could be provided outside of the actual
cell. For HPCF-I the entire lightly shaded area shown in Fig. 2 was filled with low-density
open-pore foam. Although this provided adequate insulation for the measurements with
helium [32], nitrogen, and SFg at modest Ra, it became apparent that convection outside
the cell and in the foam was occurring during measurements at the highest Ra. This
convection could lead to erroneous determinations of the heat transport inside the cell.
It limited the work with HPCF-I to Ra < 3 x 10, as will be apparent from the data
displayed below in Figs. 6 and 7.

For HPCF-II two versions were used with different levels of insulation in addition
to that of HPCF-I. In the first, HPCF-Ila, we used several alternating layers of 4 mm
thick open-pore foam and thin polyester film in critical locations where large thermal
gradients were expected to occur. The film was intended to prevent any large-scale flow
in critical regions outside the cell. Particularly important was the area immediately
outside of the BMSb and the BMSt as well as outside the TMS and the TP. These
layers extended a small distance down or up over the side wall. Finally, for HPCF-IIb
we added three layers of 4 mm foam and film over the entire length of the SW, and
blocked off almost completely the entrance to the space between the SS and the SW
at the top and bottom adjacent to the TMS and the BMSt by film so as to avoid gas
circulation through the entire system. Insofar as all three versions of the HPCF yielded
equivalent results for Nu(Ra), we feel confident that the measurements truly pertain to
properties of the cylindrical convection cell.

The total weight of HPCF-II was about 2000 kg. The facility was assembled outside
the Uboot and lifted with a crane using three ropes attached to eyes screwed into the
BSP. With the Uboot dome removed, the HPCF was inserted into the turret of the U-
boot (see Fig. 4 of Ref. [2]). The dome was then replaced. After all electrical and water
connections were made, the Uboot was closed and evacuated to a residual pressure of
1 mTorr. When He or Ny were used, the system was pressurized to 0.5 bars and re-
evacuated (with SFg this flushing procedure was not feasible). The Uboot was then
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Figure 4. The conductance /(T BPb — T BPt) of the bottom-plate composite for
HPCF-I, determined with nitrogen as the fluid and for Ra < 3 x 1012

pressurized in steps of 0.5 bars every five minutes up to the desired pressure.

3.2.2.  Heating and cooling of the plates. The underside of the BPb was covered
uniformly by grooves of 50 m total length, spaced 19 mm apart and connected at their
ends, 4 mm wide, and 5 mm deep (see Fig. 3 left). American Wire Gage (AWG) 24
copper magnet wire was epoxied into the grooves and provided a heater with a resistance
of about 4.1 €. Care was taken to position the wire close to the bottom of the groove,
imbedded in the epoxy. The heater was driven by an Agilent model 6675A power supply
and could deliver up to 1.3 kW. From the wire resistance we inferred that it warmed up
to about 75°C at a current of 18 Amp when the plate was at 25°C. The power dissipated
was determined from the current supplied by the power supply and the measured voltage
across the heater.

The actual heat input to the sample fluid was determined from the temperature
difference between the two copper plates of the bottom-plate assembly. The conductance
of the assembly was determined using the heat input to the bottom-plate heater under
conditions where all the Joule heat passed into the sample. This situation prevailed when
the Rayleigh number was not too large and convection outside the cell was virtually
absent. These conditions were satisfied primarily during the measurements with helium
and nitrogen. The calibration data for HPCF-I are shown in Fig. 4. We found

Q=333(1+32x10"* < Ts >)(TBPb— TBPt) (7)

where @ is in Watts, < Tg >= (I'BPb+ TBPt)/2 in °C, and TBPb and TBPt
are the temperatures of BPb and BPt respectively. As can be seen, this calibration
depended weakly upon the mean temperature < Ts > of the composite because the
conductivity of Lexan is temperature dependent. At a given < Ts > it was independent
of TBPb — T BPt or the applied heat current since the conduction in the composite is
a linear process.

The top plate was cooled by water passing through quadruple spiral grooves of
12.7 mm width and 12.6 mm depth that had been machined into the top plate. The
spacing between adjacent grooves was 25 mm. The spirals were inter-connected so that
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they created two parallel circuits, with each of them spiraling inward and then outward
again. Cooling or heating was provided by a Neslab RTE-740 temperature controlled
circulator with a cooling capacity of 800 W. When greater cooling power was needed, a
second such circulator was used to pass its water though cooling coils immersed in the
reservoir of the first.

3.2.3. Thermometry. The system contained 26 thermistors that had been calibrated in
a separate calibration facility with a precision of a mK against a Hart Scientific Model
5626 platinum resistance thermometer which in turn had been calibrated against various
fixed points on the I'TS-90 temperature scale by the Hart Scientific Division of Fluke
Corporation. As mentioned, TBS and TBSaux were located on the bottom shield. The
BPb, BPt, and TP each had five thermometers inserted into them in small-diameter
holes that extended within 3 mm of a plate surface. In each case one thermometer
(TBPbO, TBPt0, TTPO) was located at the plate center. Four more (TBP1 to TBP4
etc.) were uniformly spaced in the azimuthal direction on a circle of 950 mm diameter.
The thermometers in BPb and BPT were located near the top surface of the plate, while
those in the TP were located near the bottom surface close to the fluid.

Two thermometers (TBMSb0 and TBMSb1 etc.) were located in each of the micro-
shields, azimuthally spaced at 180°.

Three thermometers were located inside the side shield. One was at half height and
the other two at a distance of 60 mm from the top or bottom.

In addition, there were 24 uncalibrated smaller thermistors located in small blind
holes drilled into the side wall. Eight were at locations spaced uniformly in the azimuthal
direction at the horizontal mid-plane (z = 0), and eight each were similarly positioned
at the vertical positions z = +L/4.

4. Top- and bottom-plate correction

For modest values of Ra, in the range Ra < Ra*, it was understood some time ago
on the basis of DNS that the finite conductivity of the top and bottom plate of the
convection cell may reduce Nu below its ideal value for constant-temperature boundary
conditions.[45] Experimentally this effect was confirmed for Ra < 10'? using water as the
fluid and pairs of nominally identical sample cells,[46], one of each pair with aluminum
plates with a plate conductivity A\, = 170W/m K and the other with copper plates
with A\, = 400W/m K. The copper plates yielded larger values for Nu. This result was
part of the motivation for building both HPCF-I with aluminum plates and HPCF-II
with copper plates. It was noted before[32] that the plate correction is unimportant for
measurements with helium gas for Ra < 10!, but for SFg and Ra = O(10') or more
one would expect it to be larger and thus this case had to be re-examined.

In Fig. 5 we show data from HPCF-I as circles and those from HPCF-II as squares.
The solid symbols are the measured values, without any attempt at a correction for the
finite plate conductivity. One sees that the copper-plate data fall below the aluminum-
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Figure 5. The reduced Nusselt number Nu/Ra’?3 as a function of the Rayleigh
nuimber Ra on a logarithmic scale. Circles: from HPCF-I with aluminum top and
bottom plates. Squares: from HPCF-II with copper plates. Solid symbols: as
measured. Open symbols: after a correction for the finite conductivity of the plates
as described in the text. The lines are fits to the data. Clearly the correction causes
a greater disagreement between the two data sets and should not be applied to these
measurements.

plate data, whereas a finite conductivity effect would have produced the opposite result.
The two data sets, within their experimental scatter, can be represented by parallel
lines (solid and dashed) separated by about 1.5%. This difference is within possible
systematic errors arising from the calibrations of the thermal resistances of the bottom-
plate composites and other sources. Thus we conclude that within our resolution
the data are not influenced by the finite plate conductivity and correspond within
experimental uncertainties to the ideal case.

Although the plate effect seems unimportant for the present measurements with
SFg, it is of interest to see how large it is predicted to be using the information obtained
with water as the fluid. The water measurements could be described well by a correction
factor f(X), with

Nu = f(X)Nuy - (8)

where Nu, is the ideal Nusselt number in the presence of perfectly conducting rigid
top and bottom plates. The argument X is the ratio of the thermal resistance of the
fluid to that of an end plate, i. e.

X = Ry/R, (9)
= Xo/Nu ; (10)
Xo =ML/ (Age) (11)

with Ry and R, equal to the resistances of the fluid and of a plate respectively. Here A,
and A; are the end-plate and fluid conductivities respectively, and e is the thickness of
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one plate. The data showed that the form
f(X) =1~ exp[-(aX)"] . (12)

provided a good description of the reduction. A simultaneous fit of the data with copper
and with aluminum plates to

Nu = NyRa"’ f(X) , (13)

yielded the parameters a and b (for more detail see [46]).

It turned out that within experimental resolution a and b were independent of I' but
dependent on the sample diameter D. An extrapolation (of considerable uncertainty) of
aand bto D =1 m yielded a = 0.25 and b = 0.32.[1] A correction with these parameters
was applied to the data from HPCF-I that were published before.[14] Values of Nuy,
computed with these values are shown in Fig. 5 as open symbols. This correction had
very little effect upon the HPCF-II (copper plate) data but increased the HPCF-I data
considerably. It caused the best-fit lines through them (dashed and dotted) to be non-
parallel. Clearly this correction is inappropriate for the SFg data. It seems likely to us
that the model for the plate correction used before [45] is incomplete. It comes to mind
that the correction may depend as well upon the heat capacity per unit volume, which
is about a factor of 30 smaller for SFg at 19 bars than it is for water.

5. Results

In Fig. 6 we show our measurements of Nu as a function of Ra on logarithmic scales.
Also shown are the results of Chavanne et al. [28] (plusses) and those of Niemela et
al. (stars). For Ra < 4 x 10 our results could be fit well by Eq. 4 with Ny = 0.112
and v.rr = 0.308, as shown by the dashed line in the figure. The data are reasonably
consistent with those of Niemela et al. [30, 31], although the effective exponent derived
from them is a little smaller than their v.rr = 0.32 [31]. As discussed before,[14] our
data do not show the transition near Ra = 10 to a power-law dependence with an
exponent of about 0.4 that was reported in Refs. [27, 28] and interpreted there as the
transition to the ultimate state discussed by Kraichnan [13].

In Fig. 6 it can be seen that our measurements fall increasingly below the dashed
line as Ra increases beyond about 4 x 10'3. In order to see this phenomenon more
clearly, we show in Fig. 7 the reduced Nusselt number Nu/Ra’?, which for ~.;; = 0.308
is nearly constant and thus can be displayed with much greater resolution. There we
see a well defined transition in Nu(Ra) at Ra* ~ 4 x 10'3. At Ra* Nu is continuous,
but ~.¢s changes discontinuously from 0.308 to a lesser value. A fit of Eq. 4 to data
with Ra > Ra* yielded Ny = 0.603 and v.ss = 0.253; this fit is shown as the solid red
line in the figure.

Further examination of Fig. 7 shows that there is an additional surprise. For
Ra 2z Ra** ~ 2 x 10 the system exhibits bistability. There is a large-Nusselt, or
upper, branch of Nu(Ra) which is indistinguishable within our resolution from the
one that formed at Ra*. However, there also is a lower branch which corresponds to
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Figure 6. The Nusselt number Nu as a function of the Rayleigh number Ra on
logarithmic scales. Open circles: Ns. Solid symbols: SFg. Purple circles: HPCF-I.
Black squares: HPCF-IIa. Red diamonds: HPCF-IIb. Black dashed line: power-law
fit to the data for Ra < 10'3. This line corresponds to an exponent 7.5 = 0.308. Red
solid line: a power-law fit to the data on the upper branch for Ra 2 5 x 10*3. This line
corresponds to an exponent 7.¢¢ = 0.25. For comparison we show the data of Niemela
et al. [31] as purple stars and those of Chavanne et al. [28] as red plusses.

No=9.5 and 7.5y = 0.17. A powerlaw with those parameters is shown in Fig. 7 by the
purple dotted line. The data indicate that the transition to a final state is a complex
phenomenon involving at least two steps with the second one involving bi-stability.
The unexpected nature of the phenomena revealed by our data motivated us to
make the various modifications in the HPCF that were discussed in the experimental
section. As can be seen from the figure, the data obtained with HPCF-I (open red and
solid purple circles), HPCF-IIa (black solid squares), and HPCF-1Ib (red solid diamonds)
are all consistent with each other wherever they overlap. Thus we feel confident at this
point that the observed branches of Nu(Ra) are genuine properties of convection in the
cylindrical sample with I' = 0.50 rather than some artifact of the experiment.
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Figure 7. The reduced Nusselt number Nu/Ra’3 as a function of the Rayleigh
number Ra on a logarithmic scale. The symbols, dashed line, and solid line are as in
Fig. 6. The purple dotted line corresponds to vers = 0.17.

6. Summary and discussion

In this paper we described a new facility for the study of turbulent Rayleigh-Bénard
convection in gases under pressures of up to 19 bars and presented results for the
turbulent heat transport, as expressed by the Nusselt number Nu (see Eq. 1) for a
cylindrical sample of aspect ratio I' = 0.500. We used nitrogen and sulfur hexa-fluoride
as the fluids. We found that the dependence of Nu upon the Rayleigh number Ra
can be described well by a power law with an effective exponent 7. = 0.308 when
Ra < Ra* ~ 4 x 10*3. At Ra* there was a transition to a new state. At the transition
Nwu was continuous, but v.;s changed suddenly to a value close to 0.25. At somewhat
larger Ra = Ra** ~ 3 x 10 there was a further change of Nu(Ra). A new branch
characterized by v.ss >~ 0.17 arose and co-existed with the ~.¢s = 0.25 branch.

The continuity of Nu and the sharpness of the transition at Ra* suggest the
existence of a supercritical bifurcation from one turbulent state to another. A similar
phenomenon was observed recently in turbulent RBC in the presence of rotation.[33] In
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that case the bifurcation is believed to be due to the formation of a new macroscopic
structure in the turbulent flow, namely due to the formation of Ekman vortices. Indeed it
is hard to imagine a bifurcation connecting two turbulent states unless it is accompanied
by changes in the large scales or in the boundary conditions. For RBC without rotation
the dominant large scale is a single convection roll known as the large-scale circulation
or LSC. It has been established quite well by experiment that changes of the LSC do not
influence the Nusselt number significantly (see, for instance, Sect. IILF of [1]). Thus
we expect in the present case that the transition is caused by a change in the nature
of the viscous and thermal boundary layers. As discussed in the Introduction, such a
change is expected at the transition to the ultimate state, and the value of Ra* is only
a little smaller than the estimate by Grossmann and Lohse [20] for the stability limit
of the laminar viscous boundary layer in the presence of the shear applied by the LSC.
However, the state that we find above the transition clearly is very different from the
one envisioned by Kraichnan [13] which would have v.f >~ 0.4 rather than 0.25 or 0.17.

Since we can only speculate about the cause of the transition at Ra*, we really are
not in any position to even guess at the cause of the second transition at Ra** to the
bistable range of Ra.

An obvious question that arises is whether the transitions found by us should have
been revealed by the data of Niemela et al. [30, 31] which are shown as purple stars in
Fig. 7. One might argue that those data do show a change in Nu(Ra) near Ra = 4x 1013,
but really the scatter is too large to be sure. In this connection it is noteworthy that
for the data of Ref. [31] the Prandtl number increased with Ra; at Ra = 4 x 10" it
had grown to about 1.0 and it increased fairly rapidly for larger Ra. We can not say
whether this prevented the observation of the bifurcations that we observed.
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