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Abstract. A new technique is used to explore the structure of turbulent convecting flows.
A sinusoidal temperature perturbation is superimposed on the bottom plate of a cylindrical
convection cell filled with cryogenic helium gas and its decay is measured at the cell mid-height.
The measurements allow the first dynamic estimate of the core part of the flow which conducts
fluid effectively without any thermal resistance. The estimate is quantitatively consistent with
recent numerical simulations.

1. Introduction

Thermal turbulence plays a major role in many large natural and engineering systems, from
energy transport in stars to circulating currents in earth’s atmosphere, oceans, mantle and
core. A beginning point for its study is to reduce the problem to one that retains the essential
physics, the so-called Rayleigh-Bénard convection (RBC). In RBC, a layer of fluid is contained
between two horizontal and (typically) rigid plates (a heated bottom plate and a cooled top
one). Sidewalls are usually ignored in analytical treatment, but cannot be similarly discarded
in experiments.

In phenomenological models of turbulent convection, the fluid layer is divided into a boundary
region and the bulk [1, 2] (though Ref. [3] introduced a third layer to account for what has
often been regarded as the anomalous scaling of the heat transport). Here, we experimentally
assess the structure of the flow by sinusoidally modulating the heating of the lower boundary
about a mean value and observing the decay of the thermal wave at the mid-height of the cell.
This modulation itself relies on the vanishing thermal impedance of the copper plates at low
temperatures.

We can form a dimensionless measure of the vertical temperature difference resulting from
applying heat to the bottom surface of a fluid layer as the Rayleigh number Ra = aATgH? /vk,
where « is the isobaric thermal expansion coefficient of the fluid, AT the temperature difference
between the bottom and top plates separated by the vertical distance H, and g the acceleration
due to gravity; v and k are, respectively, the kinematic viscosity and thermal diffusivity of
the fluid (k = k/pCp, where k is the thermal conductivity, p is the density and Cp is the
isobaric specific heat of the fluid). The ratio of the total heat flux to the pure conduction value
(corresponding to the same realized temperature difference) is the Nusselt number, Nu, which
is a power-law like function primarily of the Rayleigh number. The dynamical characteristics of
the flow originate from plumes and thermals — blobs of fluid rising or falling from respectively
unsteady diffusion region close to the heated or cooled surfaces. These elementary features of
thermal turbulence self-organize to form a long-time coherent large-scale mean wind circulating
along the periphery of the convection cell [4, 5, 6].
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A fundamental notion of turbulent convection as Ra tends to infinity is that the temperature
gradient vanishes in the bulk due to strong and rapid mixing, resulting in an effective thermal
short-circuit between the two boundary regions, recently called the “superconducting” core [7].
The present measurements, already described in [7], were designed to shed light on this feature
of turbulent convection. At moderately low Ra, we demonstrate the absence of the turbulent
core, as expected, whereas for very high Ra, the existence of the core region can indeed be
deduced and its spatial extent quantitatively measured. The results agree very well with profiles
of the root-mean-square (rms) of the vertical temperature recently computed by Amati et al.
[8]. The intervening fluid layer is substantially larger than the traditional thermal boundary
layer associated with diffusive heat transport.

2. The experiment and the basic methodology

The apparatus is the same as that described earlier [10, 11, 9]. Briefly, it consists of a cylinder
of 50 cm diameter with stainless steel sidewalls, 0.267 c¢m thick, containing helium gas near 5K,
and surrounded by several radiation shields within a common vacuum space. The height could
be adjusted to give different aspect ratios, I', defined as the ratio of the diameter to the height.
The 3.8 cm thick top and bottom plates were fabricated from annealed OFHC copper, with
thermal conductivity of the order of 1 kW m~'K~! at the measurement temperature.

The top plate of the cell was operated at a regulated constant temperature maintained
by means of a resistance bridge and servo. The bottom plate was subject to a time-varying
heat flux about a non-zero mean, such that its temperature is Tg(t) = (Tg) + Trocos(wt),
with the modulation frequency w = 27 fy;, where fy; has units of Hz and (...) refers to
averaging over integral periods of the modulation. We can define a dimensionless amplitude
as Ay = (TB0)rms/(AT) where (TBo)rms is the rms value of the measured amplitude of the
temperature modulation at the bottom plate. In response to the modulation, a thermal wave
propagates into the fluid at the forcing frequency w and is damped out exponentially with the
rms value at a position z from the bottom wall given by

T]\(;[ALC(Za fM) = (TBO)rmse$p(_z/6S)a (1)
where dg is the so-called Stokes layer thickness, or the penetration depth, given by

/q;eff

7TfM'
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Here, £¢/7 is an effective thermal diffusivity characteristic of the turbulent fluid. By the definition
of the Nusselt number as the ratio of the effective thermal conductivity to its molecular value,
it follows that

kT = Nu(Ra) - k. (3)

From the measured temperature amplitude of the thermal wave at the cell mid-height,
TMEAS(H/2, for), and using (1)-(3), we can deduce the height of the layer 7 which all the

attenuation occurs:
(TBO)rms NU(RG) K
=lIn . . 4
(T%EAS(H/Q,fM)) V. mfu (4)

At moderate Ra we should expect to get back Z = H/2 as we indeed do. It is more interesting,
however, when the trivial answer is not produced, i.e., when Z < H/2, signaling the formation
of a core region in which the thermal wave essentially propagates without attenuation.
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3. Results

doi:10.1088/1742-6596/150/3/032072

Figure 1 shows temperature spectra obtained at the cell mid-height using a 250 um cubic
germanium temperature sensor placed about 4 cm radially inboard from the sidewall.
Temperature fluctuations were recorded at a rate 50 Hz using the off-balance signal from an
audio frequency bridge circuit with lock-in detection. Here, (Ra) = 3.4 x 10°, fy; = 0.01
Hz and Aj; = 0.05. The rms amplitude of the lower plate temperature modulation was
(TB0)rms = 0.00706 K and the molecular thermal diffusivity of the fluid x = 4.03 x 10~2cm?/s.
The rms amplitude of the thermal wave at the position of the sensor is 7.5 x 107* K, and we

then obtain ¢/ = 3.893 cm?s~!. Taking its ratio to the molecular value 4.03421072 cm

Sil,

and using Eqn. 3, gives Nu, = 96.5, which agrees quite well with the conventionally and
simultaneously time-averaged measurement (Nu) = 98.6, which itself is in excellent agreement
with the steady heating result: Nu = 98.8 demonstrating further that such modulation of the

lower boundary temperature has negligible effect on the time-averaged heat transport.
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Figure 1. Amplitude spectra for
(Ra) = 3.4 x 10°, fi;y = 0.01 Hz,
and Ap; = 0.05. The position
and amplitude of the spectral peak
at fp due to the mean wind
remains essentially unchanged by
the modulation.

The results of all experiments, conducted for for a wide variety of modulation frequencies
and amplitudes and for both moderate and high Ra, as well as in an I' = 4 cell with H a factor
4 times smaller (with sensors near the sidewall and at the geometrical cell center) are shown
in Table 1. We can easily summarize the situation at moderate Ra ~ 10° by examining the
column second from the right: 2/H = 0.50 & 0.01, i.e., there is no evidence for a core.! Now
let us consider the last two rows in Table 1 corresponding to high Ra ~ 10'3. In both cases
the calculated wave amplitude is well below the noise floor, while the spectra give a measurable
result over 2 orders of magnitude higher! Applying Eqn. 4, this demonstrates the formation of

core region with negligible thermal resistance beginning at about 20% of the cell height.

Table 1. Parameters and measured values for modulation experiments (see text for details)

1 Note that the fifth and last entry at these Ra shows no measured amplitude as expected since the calculated
value is below the noise threshold (see figure 1 for reference)!

I' Ra fv(Hz)  (Tgo)rms(K)  k(em/s?) Ay TP (K) T§alke(K) Z/H pos.
4 1.9x10° 0.032 0.0229 7.04%x 1073 0.15 1.71x1073 1.69x 1073 0.50 side
4 1.9x10° 0.032 0.0229 7.04%x 1073 0.15 1.78 x 1073 1.69 x 1073 0.49 center
1 34x10° 0.010 0.00706 0.04034 0.050 7.5x107* 77x107* 0.51 side
1 35x10° 0.0167 0.00676 0.04029 0.047 41x107* 39x107* 0.49 side
1 35x10° 0.07 0.00316 0.04032 0.022 ——— 9.0x107% ——— side
1 4.5x102 0.04 0.016 7.93x107% 028 15x107%* 7.8x1077 0.23 side
1 1.0x10 0.025 0.009 479%x107* 022 191x107* 141x10% 0.22 side
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Is this reasonable? Figure 2, taken from the simulation of Amati et al. [8], gives the
answer. Plotted are the rms temperature profiles in turbulent convection.? The curves in
Figure 2 correspond to Ra values that increase successively by an order of magnitude starting
at Ra = 2 x 10°. We have marked by a horizontal arrow Z/H corresponding to Ra = 1.9 x 10°
terminating on the curve corresponding to Ra = 2 x 10%; another horizontal arrow marks %/ H
for Ra = 10'3 on the curve corresponding to the similar value Ra = 2 x 10'3. It is clear by
inspection of the rms profiles that there is no turbulent core region for Ra = 2 x 10?, consistent
with our result of Z/H = 0.5. The profile corresponding to Ra = 2 x 10'3, on the other hand,
shows an obvious core region starting at about 20% of the cell height, in very good agreement
with our estimation.
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_3 Figure 2. Profiles of the rms

o temperature from Amati et al. [8].
The curves from left to right vary
by a factor of ten from 2 x 10™
to 2 x 10°. The arrows indicate
, the estimate of Z/H (ordinate “X”),
Y which, for high Ra, coincide with
‘ the vanishing of the gradient in the
0 profile.
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4. Summary

We have shown for a variety of modulation parameters in two cells of different aspect ratios,
at both the sidewall and the cell center, that the measured damping of the oscillatory heating
applied to the lower boundary can be used to quantify the extent of a “superconducting” core
region in turbulent convection. The observations are in good quantitative agreement with the
rms temperature profiles recently obtained by Amati et al. by numerically solving Boussinesq
equations. This is the first time that a dynamic measurement has been used to explore the
highly conducting core in turbulent convection at very high Ra.
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2 While these simulations used I' = 1 /2 to achieve the necessary high Ra, other simulations using the same code
reveal no significant differences in the profiles between I' = 1/2 and I" = 1 for overlapping Ra and indeed, there
is no reason to suspect that significant differences will arise at higher Ra [12].





