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The% power law is reported in a Rayleigh-Bard experiment: NttRa2, where Ra and Nu are the Rayleigh
and Nusselt numbers. This observation is coherent with the predictions of the ultimate convection regime,
characterized by fully turbulent heat transfers. Ordered rough boundaries are used to cancel the correction due
to the thickness variation of the viscous sublayer, and the observation of the asymptotic regime is therefore
possible. This result supports the interpretation of a laminar-turbulent boundary-layer transition to account for
the observation of Chavanme al. of a new regimgX. Chavanneet al, Phys. Rev. Lett79, 3648(1997)].

DOI: 10.1103/PhysReVE.63.045303 PACS nunierd7.27.Jv, 67.90-z

Turbulent convection theories predict an ultimate regimeregime evidenced by Chavane¢al. [6] for Ra>2x 10'%
of convection, characterized by a fully turbulent and advec+Figure 1 gathers the Nu and corresponding Pr as functions of
tive heat transfer in the boundary laydsee, for example, the Ra(note that Pr varies essentially by step between two
Refs.[1-3]). This new regime is expected to be triggered byseries of measuremeintspart from the roughness, our cell
a laminar-turbulent transition in the boundary layer, but theis similar to the one used in R¢6] and the same measuring
onset Rayleigh or Reynolds numbers remain difficult to pre-apparatus is used. Details about the setup are presented in
dict. However, the heat transfer law can be derived with aRefs.[9,10].
few traditional assumptions on turbulent boundary layers. Figure 2 is a schematic view of the cell and the wall
Asymptotically, it gives: Ne=oRa’?, where Nu and Ra are roughness. The cell is a cylinder 20 cm high and 10 c¢cm in
respectively the Nusselt and Rayleigh numbers, and  diameter(aspect ratio 0,6hanging in a cryogenics vacuum.
Prandtl numbefPr) dependent factor. Such a high-exponentThe measured stainless steel wall thermal conductance is 327
power law has never been measured, and during the lagtW/K at 4.7 K. The corresponding heat flux is subtracted in
decades, this prediction has been feeding an active expethe data presented. Heat leaks from the bottom plate to the
mental search for the ultimate regime. calorimeter or to the top plate are negligible in such a setup,

A practical motivation is sustained by meteorology, as shown in Ref{10].
oceanography, climatology, and engineering, where the ulti- Top and bottom plates are made of 2.5 cm thick copper
mate regime is a stumbling block in the understanding oplates annealed during brazing. Its conductivity has been
geophysical and industrial flows: oceans, atmosphere, powaneasured to be 880 WK m™* at 4.2 K[11]. The roughness
plants, storage tanks, etc. For example, a two-decade varits a 110um deepV-shape groove with top and bottom angle
tion of the threshold Ra to the ultimate regime will result in of 90°. The grooves cover the whole interior of the cell,

a 150% variation in the heat flux. plates and side walls.

Up to now, apparent discrepancies between experiments
as well as diverging predictiori®r dependence, onset of the 14000 e
laminar-turbulent transition, ejchave highlighted a general i
lack of understanding. Experimental evidences for a transi-
tion to a new regime in mercufy] and in cryogenics helium 1000
[5,6] are balanced by other experiments showing no transi- F
tion [7,8]. The most convincing results showing a transition 100 L ]
to the ultimate regime are due to Chavamel., who fitted 3 - el I
the raising of the new regime with a NiR&3° power law : ]
over more than two decades above=R#"% They invoked 0¥ sovoman
logarithmic corrections to the NuR&® power law to ac- it oom s
count for their 0.39 exponent These corrections correspond 1B s, taar
to the expected thickness variation of the viscous sublayer P —
with the Rayleigh or ReynoldéRe) numbers. o0 107 107 10

The purpose of this Rapid Communication is to show that Fa

an appropriate periodic roughness can constrain the viscous gig. 1. Dependence of N(closed symbolsand Pr(open sym-
sublayer thickness and allows us to measure the 0.5 exponegdls) on Ra. The shape of each symbol is associated with the filling
predicted by theories, 40 years ago. Our experiment COVers the cell. The cell density in kg/fris: A A, 0.014;8 [J, 1.57;@

11 decades in Rayleigh numbers, from the pure diffusiveD, 13.5: ¥ V, 39.8; and® ¢, 66.3. Note that Ra varies from
regime(Nu=1) below the onset of convection, up to the new below the onset of convection up to the new regime.
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FIG. 2. Cross section of the cylindrical cell with zooms on the
surface roughness. The distributed heater on each plate consists of
single 2 m long constantan wire, distributed axisymmetrically.
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FIG. 3. Dependence of Nu on Ra in the hard turbulence and new
e‘agimes in cells of aspect ratio 0.5 and for@mr<5. Closed sym-
bols, our rough cell(see Fig. 1 for details of the symbglsO
- . N . Grenoble smooth surface c¢®,9,10; ® Oregon experimen{8]
The top plate is in thermal contact with a liquid helium (smooth surface and x Santa Barbara experimefit8] (smooth

bath through a measured 7 K/W brass heat link, and its teMsyifacq. The 0.5 slope corresponds to the predicted ultimate regime
perature is regulated by a PID controlleiown to an uncer-  4symptotic dependence.

tainty of few tens ofuK). The bottom plate is Joule heated

with a constant powerP ranging from P<2 mw for observe that identical Ra and Pr obtained with different den-
Ra<3x10P, 7 uW<P<100 mW for 3x10f<Ra<3 sities in Ref[9] result in the same Nu.

X 10 up to 500 W< P<200 mW for Ra>3x 10t%. The Below Ra= 10°, the onset-of-convection region is used as
cell is filled by turns with five different densitiesee the 2 test regime for the sensitivity of the setup. Indeed, the cell

caption of Fig. 1 known with =2% uncertainty. The quan- is operated at a very low level of heatifg few hundreds of
tity of helium introduced in the cell is measured at roomnanowatt};and for temperature difference between the plates

temperature using a calibrated volume. For each density, th%own to 650.'“K' This onset Ra number (410°) is n
reement with the measured valuelis 0.5 aspect ratio

ean lemperaure s hea i re adlusted i e o a8l o low Sowal conducivtyo-L1
from the smoother dependence .of the He properties vers Figure 3 gathers our data and thosc_a from the Chavanne
: X %% al. smooth surface celB]. For comparison, data from the
the density, compared to that with the pressure when they o0 experimenf8] (Pr=0.7) and the recent measure-
critical point is approached, which is more difficult to mea- ,ants by Xuet al. [18] in acetone(Pr=4 and aspect ratio
sure in this sort of cryogenics setup. The Boussinesq crite0_5) are plotted. from Ra3x 107 up to 2x10%, the Pr
rion applied isaAT<20%, wherea and AT are the He  numbers remain close to 0.98:0.25 in both Grenoble ex-
constant pressure thermal expansion coefficient and the tergeriments. Within the data uncertainty, there is no difference
perature difference between the two plates. between the results. Defining the thermal boundary layer
The temperature differenc®T is measured using a spe- thickness as\,=h/2Nu, Ay, is always at least 1.5 times
cially designed AuFe/NbTi thermocouple of 1& accuracy thicker than our roughness. Under these conditions, it was
and absolute resolutiofL.0]. Both adiabatic gradient mea- previously shown on smaller ranges of Ra numbers’ (10
surements and operation with superfluid helium in the cel Ra<10) that the heat transfer is not affected by the su-
validated smallAT operation and the absolute zeroing. Forblayer roughnesésee, for example, Ref19]).
absolute calibration of the germanium resistance thermom- From Ra=2Xx10' up to roughly 2<10'? 275>\,
eters, the critical temperatufig was approached down to 0.4 >110um and no measurable difference appears between the
mK. Grenoble’s data from the rough and the smooth surface cells
The helium properties that are used are compiled from(note that in this regime, the formula fag, should be con-
many source$12—-17. Some improvements since the work sidered as an estimatelhe rising of the new regime mea-
reported in Ref[9] address transport propertigsl]. The sured in Ref[6] is indeed not affected by the addition of our
data from Ref[9] presented below have been recalculatedoughness.
accordingly and they do not show significant differences. In  Above roughly Ra2x 10", the NURa) dependence is
this work, the critical region was never approached closeexplored for three different Pr numbeis5, 3.65, and 4.75
thand=66.3 kg/n? and T=5.54 K and thus the thermody- These constant Pr numbers series are obtained for densities
namics properties fit of Ref12] is used, without any critical of 39.8 kg/n? (Pr=1.5, 3.65 and 66.3 kg/r (Pr=4.75. the
point extra correction. An experimental validation of the fitsdata can be fitted by a Nus Ra” power law with y=0.51
is provided by redundant measurement$Rd,NU pairs ata  =0.015. Thisy exponent optimizes the compensated plots
given Pr and for different temperatures and densities. We&lu/R& versus Ra. NuR&° is plotted on Fig. 4. This uncer-
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Most theorieq 2] for the ultimate convection regime rely
on three keypoints:

(i) accepted results for passive scalar heat transport in
turbulent boundary layers,

(i)  an exact relation betwedgiNu—1)Ra and the dissipa-

tion within the cell,

an estimation of the viscous dissipation based on the

logarithmic turbulent velocity profile.

(iii)

The resulting prediction for the N@Ra) dependence is up
to a numerical factor(see, for example, Ref[2]):
Nu=R&¥(In Ra)!. In this relation, the logarithmic factor
results from the variation of the viscous sublayer thickness
with Ra. In our experiment, the roughness imposes a new

Fe length scale to the boundary layers when the thermal bound-

FIG. 4. Dependence of the compensated quantity NG@Ran  ary layer gets thinner than typically 130m that is for Ra
Ra. M Pr<1: @ 1<Pr<1.15:V, 1.4<Pr<1.55: V¥, 35<Pr<3.75. ~2X10% In this case, the sublayer thickness is fixed by the
¢, 4.6<Pr<4.9. roughness and the logarithmic correction becomes irrelevant.

Consequently, for Ra as low as R&8x 10, the Nu(Ra)

tainty on vy is compatible with the helium properties fit un- dependence has to be asymptotic.
certainty. Indeed, the RA/T factor, which only depends on This can be seen as the thermal transport equivalence of a
the He properties, varies monotonously by less than 15%ell known result[22] for velocity turbulence on a plate.
within each Pr series. Assuming a 30% uncertainty on théndeed the logarithmic velocity profile on flat plate goes
variation of this factor would give &0.02 maximum uncer- down to the viscous sublayer whose depth depends on the
tainty of y. The Pr dependence of the factor is weak: Reynolds number. This results in a logarithmical dependence
around a 15% increase for nearly 220% increase in Pr andf the friction coefficient versus Re. On a rough plate it goes
could result from the uncertainty in the He properties fits.down to the roughness scale, which makes the friction coef-
Within experimental uncertainty, the exponent is indepen- ficient independent of Re.
dent to a tilt of the cell5°) and to honsymmetrical bottom The observation we report of this wall roughness effect
plate heatingfor the location of the heater, see Fig. 2 supports the interpretation of a laminar-turbulent transition in

This R&*° dependence is observed on a wide rafige the boundary layer to explain the occurrence of a transition
factor of 20 in Ra, almost the total range of an experimentn the smooth cell of Chavanret al. [6]. The reason why
with classical fluids This allows to discriminate from a this transition is not seen in the Oregon experimiitis
simple crossover where the effective surface felt by the fluidanother problem, which remains unexplained. Studies are un-
would increase as the boundary layer gets thinner than theéer progres$23] to understand the mechanism occurring in
roughness. The effect of such a crossover with a similathe boundary conditions which would favor, delay, or pre-
V-shape type of roughness has already been observed \&nt the occurrence of this transition.
lower Ra number§l9]. When the boundary layev;, equals The main result reported in this paper is the observation
80% of the roughness height, the Nu increases abruptly ovesf a Nu~R&® power law. This dependence is coherent with
less than 0.2 decades in Ra. In the same experimenty thethe asymptotic prediction for the ultimate convection regime.
exponent has shown to be the same before and after then analogy with the turbulent friction coefficient over flat
crossovelsee also Ref20]). These observations are at vari- and rough plates suggests that roughness cancels the correc-
ance with ours. They are also at variance with the observetions introduced in ultimate regime theories and makes pos-
effect of a wide distribution of scales for the roughnesssible the observation of the asymptotic regime. A compari-
which widens the crossover and mimics a different exponenson with the Chavannet al. experimen{6] (smooth surface
[21]. This is why we choose this monodisperse, alreadycell) supports the interpretation of a boundary layer laminar-
tested,V-shape roughness, and this confirms us in the folturbulent transition of the ultimate regime for Ra as low as

lowing interpretation.
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