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Random Roughness of Boundary Increases the Turbulent Convection Scaling Exponent
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The influence of the boundary layer properties on the heat transport in turbulent thermal convection
is experimentally investigated in a cell with a rough bottom plate. It is shown that the stantard 2
exponent of the convective heat flow dependence on the Rayleigh number, usually observed in a cell
with smooth boundaries, increases if the roughness has power law distributed asperity heights and the
thermal boundary layer thickness is smaller than the maximum asperity size. In contrast a periodic
roughness does not influence the heat transport law exponent. [S0031-9007(99)09169-3]

PACS numbers: 47.27.Te, 05.40.—a, 68.35.Ct

In the last few years many models and experiment&xperiments and simulations is that the valueyofould
have been done in order to understand the heat transpdré mainly controlled by thermal fluctuations (the thermal
properties of turbulent thermal convection in a fluid layerplumes) and by their size distribution in the boundary
heated from below, that is, Rayleigh Benard convectioayer. Therefore a perturbation of this distribution may
[L-7]. These properties are characterized by the deperhange the value of.
dence on the Raleigh number Ra of the nondimensional The purpose of this Letter is to show that using a
heat flow, that is, the Nusselt number Nu. In many ex-ery rough boundary, with power law distributed asper-
periments it has been observed that, for Rd0° Nu ity heights, it is possible to strongly modify the value of
has a power law dependence on Ra; that is,=NuR& . v = 2/7 observed in cells with smooth boundaries. The
Specifically, in fluids with a Prandtl number of about 1, influence of the boundary roughness on transport proper-
« andy take the following values fot0® < Ra< 10'':  ties is a very important topic in turbulence [16,17]. This
v =2/7anda = 0.2 [2-4]. topic has not been widely studied in turbulent thermal

In order to construct a reliable model of the heatconvection. In Refs. [14,15] only a periodic roughness
transport law several aspects of the turbulent flow havéas been considered. As already mentioned, this kind of
to be solved. For example, it is still unclear how theroughness does not modify the valueyobut only that of
heat transport is influenced by the size distribution ofa. Therefore, in this Letter we want to stress the differ-
thermal fluctuations in the boundary layer and by theence between a periodic and a random roughness.
coupling of these fluctuations with the mean circulation The experimental apparatus has already been described
flow (MCF). Thermal fluctuations of the boundary layer in Ref. [3] and we recall here only the main features. The
are associated with thermal plumes [2,8] and the MCFeell has horizontal sizeg, = 40 cm andL, = 10 cm
is a large scale convective roll involving all the cells and two different heights? equal to 20 and 10 cm.
containing the convective fluid [8,9]. With these two cells filled with water (at an average

The role of MCF on the heat flux has been studiedemperature of 435C corresponding to a Prandtl number,
in several experiments, but the values pfand « are of about 3) we are able to cover the intervi)’ <
not modified by either the perturbation [10,11] or theRa < 10'°. The bottom copper plate is heated with an
suppression [12] of the MCF. No influence on the valueelectrical resistor. The top copper plate is cooled by
of v has been observed in numerical simulation where noa water circulation and its temperature is stabilized by
slip boundaries were used [13]. In two recent experimentan electronic controller. All of the apparatus is inside
[14,15] boundaries with periodic roughness have beema temperature stabilized box. The temperature of the
used. In this casex is much larger than the value platesis measured in several locations. Local temperature
measured in cells with smooth boundaries; that is, theneasurements, of the turbulent flow, are done with two
heat flux is enhanced. However, it is important to stressmall thermocouples (P1, P2) of 0.04 cm in diameter with
that a periodic roughness does not modify the valug of a response time of 5 ms. The probes P1 and P2 are
which is still 2/7 as in the case of smooth boundaries.located a(L,/4, L,/2) and at {,/2, L,/2), respectively.
Finally, it is worthwhile to mention that in a recent Both probes can be moved alongwith micrometric
experiment the transition toward the ultimate regime haslevices in order to measure the mean temperature profile
been observed [4]. This transition, which manifests itselfand that of the temperature fluctuations as a function of
with an increasing o for Ra> 10'!, has been explained Ra. To measure the heat flow we first estimate the heat
by the change of the dissipation properties in the thermdbsses of the cell [3]. These heat losses are then subtracted
and viscous boundary layers (see also Ref. [7]). Ondrom the heating power to evaluate the fraction of heat
of the consequences that one may extract from all theseffectively transported by the convective water.
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We perturb the bottom boundary layer by changing thehese two experiments have been performed. Indeed from
roughness of the bottom plate. This roughness is madgig. 1 one sees that at Ra 10%, Nu = 16; therefore
by small glass spheres of controlled diameter glued ol = 0.63 cm < Ay in experiments Ill and IV. These
the bottom copper plate, with a very thin layer of thermalmeasurements clearly show that, when< hy has a
conductive paint. We us¥ sets of spheres such that eachvalue comparable to that of the roughness, the dependence
setj is composed by spheres having the same diametaf Nu as a function of Ra is strongly modified andis
hj, with 1 = j = N andh; < h,... < hy. The sphere a function of ¢, that is, the exponent of the roughness
numberP(h;) in each set is selected in order to produceheight distributionP (k). Specificallyy increases when
a well defined power law distribution; that i®,(#;) =  the roughness height distribution becomes flatter.
Ahj_f. Here A is a normalization factor such that the In order to show that fon > hy/2 no effect on Nu is
ensemble of spheres covers uniformly the copper platebserved we describe the results of the experiments (I, II).
surface; that isL, X L, = w/43 ;5 hjz-P(hj). The These two experiments have the safef experiment Il
spheres are mixed and randomly glued on the bottorbut the important difference is thatbecomes comparable
plate. The roughness properties can be changed kg &y /2 in the middle of the Ra spanning range. Specifi-
modifying N, &, the minimum sphere diametér, and cally from the Nu measured in these experiments, plot-
the maximum sphere diametky;. ted as a function of Ra in Figs. 2(a) and 2(b), we find
The roughness has two important characteristic lengtha = 0.2 cm at Ra= 1.5 X 10° for experiment | anch =
h; and hy. These lengths have to be compared with0.2 cm at Ra= 3 X 10® for experiment . In Fig. 2(a)
one of the main characteristic lengths of turbulent thermaive clearly see that wheh < hy/2, that is, for Ra= 10°,
convection, that is, the thermal boundary layer thicknesshe dependence of Nu changes and we fineg 0.35 as
A= (d/2)/Nu. Indeed if A > hy or A < hy it is inexperiment lll. The value of in this figure and in the
reasonable to think that no effect on the convectiomext is certainly not very precise because of the very lim-
thermal properies will be observed. In contraskijf< ited scaling range. However, the exact valueyof not
A < hy several important changes could be producedvery important for the discussion. What we want to show
The mean roughness heightdoes not seem to play any here is just the clear change of trend for Ral0°. In con-
important role. trast for Ra< 10°, that is, forA > hy /2, we see that the
In order to understand the role played by the roughnesexperimental points are parallel to those corresponding to
on the boundary layer, we performed several experimentshe smooth plate. In Fig. 2(b) the results of experiment I
In four experiments, labeled I, II, lll, 1V, respectively, the are directly compared with those of experiment I. Experi-
surface roughness had power law distributed asperitiesnent Il has the same roughness of experiment | and a
A periodic roughness, with only one characteristic lengthsmallerd; therefore A < hy/2 atRa= 3 X 10%. Indeed
was used in another experiment labeled V. Specificallwe see that Nu begins to increase faster forRa x 108,
the roughness parameters, in the different experimentét the same time we notice that in both experiments | and
took the values indicated in Table I. The results of thesdl all the points for whichA > hy/2 are aligned on the
five experiments have been compared to those obtained same straight line parallel to that of the smooth case. Thus
the same cell with smooth boundaries [3,12]. we see that in order to have an interaction of the thermal
The nondimensional convective heat flow Nu versus Rdoundary layer with the roughnegs should be smaller
measured in a cell with smooth boundaries is comparethany /2.
in Fig. 1 with that measured in the experiments (lll and To show that this is actually the case we have measured
IV). We clearly see that in the three cases Nu is a powethe profile of the temperature and of the temperature
law function of Ra; that is, Nuc Ra” with y = 2/7 fluctuations as a function of in experiment | for two
in the smooth plate casey = 0.45 in experiment IV  values of Ra. These profiles are plotted in Fig. 3 as a
(6 = 1), andy = 0.35 in experiment lll € = 2). ltis function 0of0.5z/A = zNu/d. For A > hy/2 the profile
important to notice that in the experiments Ill and IV with roughness is very close to that with a smooth plate.
the thermal boundary layer thicknesss always smaller In contrast forA < hy/2 the dependence as a function of
than ay in all the interval 10® < Ra< 10°°, where z of the temperature fluctuation rms and of temperature

TABLE I. Roughness parameters: experiments |, I, lll, and IV have power law distributed
asperity heights, whereas experiment V has a periodic roughness.
Experiment P(h;) N hy (cm) hy (cm) h (cm) d (cm)

I h™? 3 0.06 0.4 0.08 20

Il h? 3 0.06 0.4 0.08 10

1] h™? 5 0.06 1 0.08 20

v h! 5 0.06 1 0.18 20

\ 8(h — hy) 1 0.2 0.2 0.2 20
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FIG. 1. Dependence of Nu on Ra: with smooth bottom
plate (+) and with a rough bottom plate in experiment IlI 2r
(*) with ¢ =2 and in experiment IV Q) with £ = 1. In
experiments Il and IVA was always smaller thay .

is strongly perturbed by the presence of the roughness, Z 16r

which induces the appearance of a second maximum in
the rms profile. The position of this maximum is close to
hy. Thus the profile shape confirms that the dependence
of Nu as a function of Ra is modified by the roughness 10l
only whenhy > A.

Finally, we compare the results of the experiments ‘ , , ‘ , ‘ ,
l,..., 1V with those of experiment V which has a periodic 65 7 75 8 85 9 95 10 105
roughness. The curve Nu versus Ra measured in the Log,Ra
experiment (V) is plotted in Fig. 4. The presence of ar|G. 2. Dependence of Nu on Ra: with smooth bottom plate
jump in the curve is clearly observed. The location of the(+) and with a rough bottom plate in experiment®)( and
jump corresponds to the value of Ra where= hy = h;.  in_experiment Il ). The roughness exponent wa@s= 2.

However, above and below this jump the slope of the®) The boundary layer thickness is smaller thap at
curve is very close to that with smooth plates. Thesi{al> 10°. There is a clear change of slope when= /iy /2.

Log, Nu

. . 2b) The results of experiment | are compared with those of
results agree with those of Refs. [14,15], where a periodigxperiment II. For experiment I} < /y/2 for Ra> 3 X 108

rough plate was used. They also tell us that whesd #;  which corresponds to the transition point.
the roughness does not influence the valuey of From
the comparison of the results of experiment V with those
of experiments Ill and IV one deduces that an importanto R2%° even for Ra> 10'!, where y > 2/7 as in
ingredient for modifying the exponentis the presence of our experiment [4]. Therefore our experiment and that
a roughness with a power law distributed height and that af Ref. [4] seems to indicate that there is a negligible
periodic roughness does not influence the valug .of influence of the value of on the dependence gf. on

In spite of these important changes in the behaviolRa and on the statistical properties.
of Nu versus Ra in experiments I, II, 1ll, and IV, the At the moment we are unable to construct a model
bulk properties are not modified by the presence ofwvhich explains the dependence pfon ¢. The predic-
the roughness. The histograms and spectra of the locéibn of a recently proposed model does not agree with our
temperature fluctuations measured in the center of the cedlbservations [18] because this model predicts an increas-
by probe P2 and on the side by probe P1 are the same withg of y for increasingé and we observe just the con-
and without roughness. Furthermore, the frequeficgf  trary. Nevertheless, one can try to understand why the
the slow oscillation, which is related to the MCF period, presence of a random roughness is so important. From
has the same dependence on Ra observed in experimeiRsfs. [10,12] we know that any perturbation of the MCF
with smooth plates and P& O(1) [4,9,12]. We find that does not change the heat transport. Furthermore, several
our data are compatible with a lay. = y/d’A;R&*  models do not need to rely upon the MCF in order to ex-
with A, = 0.06 without roughness and, = 0.05 with  plain the Nux Ra%7 law [2,7]. Therefore if one assumes
roughness. This result is in agreement with those ofhat the heat transport is mainly due to plumes, whose
Ref. [4], where it is shown thaf. is always proportional characteristic size is close t, then if A > hy it is
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