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Power fluctuations in a closed turbulent shear flow
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We study experimentally the power consumptiBnof a confined turbulent flow at constant Reynolds
number Re. We analyze in details its temporal dynamics and statistical properties, in a setup that covers two
decades in Reynolds numbers. We show that nontrivial power fluctuations occur over a wide range of ampli-
tudes and that they involve coherent fluid motions over the entire system size. As a result, the power fluctua-
tions do not result from averaging of independent subsystems and its probability density fuh¢BYns
strongly non-Gaussian. The shapeldfP) is Reynolds number independant and we show that the relative
intensity of fluctuations decreases very slowly as Re increases. These results are discussed in terms of an
analaogy with critical phenomeng51063-651X99)50709-5

PACS numbds): 47.27.Nz, 67.40.Vs

In the study of turbulence, much work has been devotegumption of the flow is measured from the voltage and cur-
to the description of small scale properties. Experimentalent consumption of the motors driving the disks. When
data and models have been concerned with the scaling @fhmic and friction losses are discountéske[4]) only the
local quantities such as the velocity incremeéni(r) = (u(x powerP4,P, injected into the flow by the disk&l) and(2)
+r)—u(x)),. It has then been shown that a key feature isremain. Our study is devoted %, and P,, and the total
the statistics of the energy transfer rate from the integral tanjected powelP=P,+ P,. To achieve an extended range of
the dissipative scalgl,2]. However, in the developement of Reynolds numbers, we note that all gases have roughly the
a statistical description of turbulence it will be necessary tassame dynamical viscosity, so that their kinematic viscosity
link these observations to the behavior of global quantitieschanges in inverse proportion to their atomic weights. We
as is done in statistical thermodynamics and dynamical syghus use helium, air, and carbon dioxide as working fluids.
tems driven far from equilibriuni3]. In particular, very litte  Then, Re in the flow varies from Rg= 15 100 in helium at
is known about the global power consumptiBrof a fully Q=15 Hz to Rg,,=500600 in CQ at =45 Hz. In all
turbulent flow. The standard phenomenology assumesthat cases we have verified that the flow is fully turbulent using
is constant in time, or that it has very small Gaussian fluclocal hot-wire anemometry, the spectra display a 5/3”
tuations. Recent studies, both experimeptdland numerical scaling range and the structure function exponents are in
[5,6] have shown that this is not always so, at least for finiteagreement with those usually reported in traditional turbulent
Reynolds numbers. setupq10].

In this paper we present experimental measurements on Figure Xa) shows an example of the time variations of the
the temporal fluctuation®(t) in the case of a closed flow. power injected by each disk?; and P,, and of the total
We show that the nontrivial fluctuations can be attributed topower P=P;+ P, in air at{) =45 Hz. In each time series
the intermittent development of coherent structures involvingone observes asymmetric fluctuations about the mean with
the entire flow. Such events occur over a wide range of amthe occurance of power drops. Two noteworthy features are
plitudes and, for fixed amplitude, obey Poisson statisticsfirst that power drops occur over a wide range of magnitude
They are responsible for the asymmetric, strongly non-and second that practically all events are felt simultaneoulsy
Gaussian, probablity distribution functidd(P) which re-  at the two motors. As a resuR;(t) andP,(t) are strongly
mains unchanged over two decades in Reynolds number. Wenrrelated. This is illustrated in Fig(ld), where we plot the
discuss these results in the context of an analogy with @autocorrelation functionsy(P4,P;;7) (O symbols and
critical system, proposed in an earlier wdiK. x(P2,P5;7) (O symbolg. One observes that the fluctua-

The experimental setup and measurement techniques atiens of power injection at each disk are correlated at all
those described if4]. The flow belongs to the von Kman  times up to about 20 integral time scal@s '. We attribute
geometry{8]. It is produced in the gap between two counterthis to the occurrence of coherent fluid motion that can cor-
rotating disks of radiu®=12 cm. The fluid is confined in a relate the entire flow over many periods of rotation of the
cylindrical vessel of heighti=41 cm and radiuRR’'=24  disks. Indeed, calculation of the cross-correlation function,
cm. This arrangement is known to produce an intense turbuy(P,,P,;7) (* symbolg, shows that it has a maximum
lence in a compact region of spa@. The disks are driven equal to 0.8 for a time lag=0 [see inset in Fig. (b)]. That
by two dc motors whose rotation ra® is adjustable in the s, fluctuations over a wide range of amplitudes all occur on
range[ 15,45 Hz and kept constant using a feedback loop.length scales up to the order of the flow size.

As a result, for a given value df}, the integral Reynolds As a result we cannot expect the power fluctuations to
number of the flow Re R?Q/v is constant. The power con- obey Gaussian statistics. The probability distribution func-
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(a) tions (PDF9 for P,,P, and the total injected powd?=P,
35 . — , - +P, are given in Fig. {c). After normalization, the three
o ohh .o oAl Al B, AR AR curves are identical with an exponential tail towards the low
g Sl MWL TW LA ¢ B TR Ty values that extends to at least6 standard deviations in
=P I Y BRI Y variation. We note that a similar PDF has been observed for
' ! o the fluctuations in the production terfReynolds stregsn a
. ' o ] numerical simulation of turbulence in the presence of a large
g 30 pan Al anda RS IO T scale shed5]. We also remark for interest that such a varia-
IS VA N R T Y A T tion from Gaussian statistics can be of practical importance;
A 20t T Moo 1 for example, the probability of observing a negative fluctua-
. tion of 6 standard deviations is 16 here, while it would be
o 108 for a Gaussian process.
% The existence of the exponential tail is therefore a conse-
o, quence of the occurrence of power drops caused by the for-
mation of “coherent structures,” with a characteristic size of

the order of the flow integral length scale. Here, “coherent”
refers to large scale extension, in space and time, of the flow
modifications. Indeed, if one averages out in a synchronous
manner the power drops of amplitude larger than, for ex-
ample, 3.5 standard deviatiofkl], one obtains the pattern
shown in Fig. 2a). The averaged power drop lasts for about
20 periods of rotatiof) ~ 1, in agreement with the character-
istic time observed for the correlation function in FigbjL

We have also computed the waiting timé between such

events. The mean valukt is about 400 times the period of
rotation ) ~* of the disks. Recalling that the power correla-
tion functions are null for times greater than about(R0",

we observe that these strong power drops occur as decorre-
lated events. They obey Poisson statistics, as illustrated by
the exponential decay of the PDFs of waiting times shown in
Fig. 2(b). We remark here that the choice of 3.5 standard
deviations is arbitrary. Other choices produce similar objects
of different depth and with lifetime roughly in proportion.
We propose therefore that the non-Gaussian tail of the PDF
comes from the fact that a fluctuation of any magnitude can
be produced by a single event.

We now discuss the behavior of the power fluctuations
with the Reynolds number. In Fig(8® we plot the PDFs of
power fluctuations, normalized to the rms intensity, when the
data span almost two orders of magnitude in Re. The mea-
surements all collapse onto a single curve; the broadening in
the wings is attributed to statistical uncertainties and no sys-
tematic trend can be detected. This confirms and extends our
former observatior{4] that the PDFs have a “universal”
form, independent of Reynolds number. There is no evidence
that, as Re increases, the power fluctuations will eventually
reduce to Gaussian fluctuations.

The behavior of the relative intensity of the power fluc-

: : : : tuations is also of interest. We first note that the mean value
-8 - 4 2 0 2 4 of the power consumption is set by the rate at which kinetic
(P - <P>) / Prns energy is supplied at large scalés12]. Dimensional analy-

sis yieldsP =K pL?U?3, where the constar€ depends solely
o o ) ] ) on the flow geometry. With our experimental setup, one has
FIG. 1. (8 Variation with time(measured in units of the disks’ — 53 B

rotation periodl of the injected powefmeasured in Watts for each P= KR_Q , with K=59=0.5. As for the value of the rms
disk and totak (b) cross-correlation (*) and auto-correlation fluctuations, several arguments can be made. Based on stan-
(O,0) functions in time ofP, andP, (the inset display is in linear dard turbulence phenomenolog¥] one would assume that
coordinates; the cross-correlation functig(P,,P,;7) is plotted P . ./P should decrease with increasing Re because of the
using a solid ling (c) PDF of power fluctuations in disk 1),  increasing weight of small scale motion which can smooth
disk 2 (J), and total oneg*). Measurements performed in air at out more and more efficiently the fluctuations i The
)=45 Hz (Re=318,600). variation measured in our experiment is plotted in Fign)3

loglo(l X (P.P)1)

loglo( PDF)
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FIG. 2. (a) Synchronous average pattern of the power dropst e inset of(b). (b) Evolution with the Reynolds number of the

lative intensity of fluctuations.
larger than 3.5 standard deviations below the mébh.PDF of relative intensity of power fluctuations
waiting times between such events. Measurements performed in air
at Q=45 Hz (Re=318600). Time is given in units of the disks proportion to the square root of the number of degrees of

rotation period. freedom[14], N~Re”4, of the flow: that is,P,,s/P would
vary as Re%8 On the other hand, a detailed comparison

We observe a slow decrease ®f,../P with Re. A power . . i . .
fins P with a standard magnetic system with two independent criti-

law fit yields Re * with «=0.33+0.05, but logarithmic be- =
havior cannot be ruled out. cal exponents leads to the prediction tRaf,s/P should be
These results can all be put into the context of an analogjndependent of\. The data, showing dependence nbut
with the order parameter fluctuations of a finite size criticalyith decay slower thahl~*2is consistent with a third inde-
system[7]. In both systems many length scales are imporpendent exponent, which occurs, for example, in magnetic
tant; in the turbulent flow energy cascades downward fro”!;ystems in the presence of a random fidlf.
the integral lengthi. to the disipative lengthy. At a critical In conclusion, we have established that the strongly non-
point fluctuations grow from the microscopic scaleup-  Gaussian fluctuations of the PDF for power consumption are
wards as the correlation length diverges. In a finite systeny,e to events of coherent fluid motion spanning the entire
this divergence is interrupted by the integral lenthin this  gystem. We confirm that the PDF is a universal function of

case a scaling hypothedi$3] predicts that the PDF is uni- Reynolds number and we show that the relative magnitude of

versal with respect to system size. In the case of turbulenc . - ,
the equivalent result is that (P) is independent of Reynolds t%e fluctationsPms/P decreases more slowly with Reynolds

number, a result which we observe here over two orders o umber than one would expect for a system of uncorrelated
magnitude. degrees of freedom. Our study of correlations between power

. ] — . o drops at the two disks located at two extremes of the flow
With regard to the rati®ns/P, a naive prediction for an  shows that the coherent structures occur over a wide range of

uncorrelated system would be tHa;mS/Evaries in inverse amplitudes. The analogy with fluctuations in a finite size
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