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Convection at very high Rayleigh number: signature of transition from a micro-thermometer inside the flow

Introduction

In 2001, a change in the statistics of temperature fluctuations in Rayleigh-Bénard convection was reported at very high Rayleigh number (Ra ∼ 10 12 ) [START_REF] Chavanne | Turbulent Rayleigh-Bénard[END_REF]. This change was concomitant with an enhancement of the heat transfer which had been interpreted [START_REF] Chavanne | Observation of the ultimate regime in Rayleigh-Bénard convection[END_REF] as the triggering of Kraichnan Convection Regime [START_REF] Kraichnan | Turbulent thermal convection at arbitrary Prandtl numbers[END_REF]. But a systematic study of finite probe size effect showed that the 200 µm probe used in the 2001 study was about three times too large to be free from finite size correction [START_REF] Gauthier | Temperature fluctuations in the Ultimate Regime of Convection[END_REF], calling for a confirmation of these results. We report new measurements of temperature fluctuations performed with a probe ten times smaller than the one used in 2001.

In this proceeding, we discuss experimental aspects of this experiment and complementary measurements made in the "Barrel of Ilmenau". The first experiment was conducted with cryogenic helium and the second with air. Once combined, those two experiments lead to evidence of a signature of a transition in the local temperature fluctuations, supporting the conclusion of the 2001 study.

Micron-size thermometer

The temperature probe is a 17-µm glass fiber, on which a 1 µm layer of NbN [START_REF] Bourgeois | Liquid nitrogen to room-temperature thermometry using niobium nitride thin films[END_REF] was deposited and annealed. The fiber and its stainless steel frame was glued on a wooden tripod. The fiber is placed two millimeters above the bottom plate of a 43-cm-high 10-cm diameter convection cell (see figure 1). It is connected to two pairs of copper wires for the 4-wire-measurement. We were careful not to over-heat the fiber with the measuring current to avoid hot-wire artefact. As can be seen on figure 2, the fiber starts to self-heat meaningfully for input current of order of 1 µA. All subsequent measurements were done with an input current of 0.5 µA. The temperature response of the probe is calibrated versus Ge thermometers in homogeneous temperature conditions. We find a temperature sensitivity ∂ ln R/∂ ln T ≃ 0.7 at 5 K (see inset in figure 2). The performance is limited by a resistance noise with spectral density 1.5 × 10 -6 /f , where f is the frequency in Hertz, corresponding to a rms noise of order 1 mK over the bandwidth of interest. This noise prevented operation above Ra = 5 × 10 13 in order to maintain Boussinesq conditions.
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The fluctuation data was acquired using the electronic setup shown on figure 2 : the input current is provided by the generator of a NF Lock-In Amplifier LI-5640 (V = 500 mV, f = 7825 Hz). The voltage drop across the fiber is pre-amplified (JFET, Gain 10 4 , typical noise input voltage 700 pV/ √ Hz). We substract the mean-value of the temperature signal using a Singer inductor bridge and an adjustable RC filter to compensate for the phase in order to use all the dynamics of the Lock-in. The demodulated signal is filtered by a General Purpose Kemo 1208/20/41LP low-pass filter (8 pole Elliptic filter with a flat passband, frequency cutoff 200 Hz) to avoid aliasing and then acquired by a NI Analog-Digital Converter NI6289 (18 bits).

Results and interpretation

Following Chavanne et al. [START_REF] Chavanne | Turbulent Rayleigh-Bénard[END_REF], we consider the exponent ξ 2 of the 2 nd order structure function of the temperature fluctuations T (t) :

ξ 2 = d log (T (t + τ ) -T (t)) 2 t d log τ (1)
where the brackets represent time averaging. The dependence of ξ 2 versus the time increment τ holds the same information as a temperature spectrum. Fig. 3-a shows ξ 2 versus the dimensionless increment τ /τ 0 where τ 0 = (h/2Nu) 2 /κ is a caracteristic time scale of the flow. A change of shape occurs above Ra ≈ 10 13 , which is also the threshold Ra for which a heat transfer transition is measured in this cell, as shown on fig. 3-b. The observed jumps of N u(Ra) are characteristic of the multiple possible configurations of the mean large scale circulation in elongated cells. They are known to hardly affect the temperature spectra, and therefore ξ 2 , although they can be responsible for a few tens of % offset of the x-axis of fig. 3-a through the N u dependence of τ 0 .

For Ra ≥ 10 12 , h/2Nu ≤ 400 µm < 2 mm: the probe is clearly outside the thermal boundary layer. We also studied the systematic dependance of ξ 2 (τ ) versus the probe-plate distance below the transition (Ra = 3.2 × 10 11 ) in the "Barrel of Ilmenau" in the range 0.1 < z/(h/2Nu) < 20.3. study reported in [START_REF] Gauthier | Temperature fluctuations in the Ultimate Regime of Convection[END_REF] showed that the variation of this effective plate-probe distance cannot explain the transition observed on the temperature statistics.

The observed change in shape of ξ 2 is consistent with Chavanne et al.'s qualitative observations, confirming a posteriori that their observation was not an artefact although it was partly altered by a finite size effect [START_REF] Chavanne | Turbulent Rayleigh-Bénard[END_REF].

Conclusion

The regime observed (and named "Ultimate Regime") in [START_REF] Chavanne | Turbulent Rayleigh-Bénard[END_REF] is thus characterised by 3 specific signatures : an integral one (heat transfer enhancement) and localized ones on the thermal boundary layer [START_REF] Gauthier | Evidence of a boundary layer instability at very high Rayleigh number[END_REF] and inside the flow as shown in this paper (see also [START_REF] Gauthier | Temperature fluctuations in the Ultimate Regime of Convection[END_REF]). These signatures are compatible with Kraichnan's prediction [START_REF] Kraichnan | Turbulent thermal convection at arbitrary Prandtl numbers[END_REF] but more work is certainly needed to understand the basic mechanism of the flow instability at very high Ra.
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 1 Fig. 1. (a) Temperature probe on its tripod above the bottom plate of the 43-cmhigh cryogenic Rayleigh-Bénard cell. Inset: detail on the web-like fiber support. (b) Drawing and electronic microscope picture of the sensitive element

Fig. 2 .

 2 Fig. 2. (a)Self-heating of the micro-thermometer for various experimental conditions. ρ = 1.6 kg/m 3 , T ≈ 6.5 K ( ); ρ = 6.5 kg/m 3 , T ≈ 6.0 K ( ); ρ = 19 kg/m 3 , T ≈ 6.0 K ( ); ρ = 40 kg/m 3 , T ≈ 6.0 K ( ). Inset : Resistance of the fiber versus temperature. (b) Electronic diagram of the acquisition system.
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 3 Fig. 3. Data measured in the 43-cm Rayleigh-Bénard cell.
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