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Experimental measurement of the scale-by-scale momentum transport
budget in a turbulent shear flow
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We report measurements linking velocity fluctuations with the turbulent drag in a turbulent closed
flow, namely the von Kaman flow. Making use of the angular momentum balance equation in
integral form, we obtain a simple expression for the torque applied by the forcing mechanism, which
we check against quantitative laser Doppler velocimetry measurements. We then decompose the
angular momentum flux into contributions coming from the different spectral components of the
flow. We provide evidence of the fact that the turbulent drag is dominantly generated by coherent
structures at the largest scales of the flow. 2804 American Institute of Physics.
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I. INTRODUCTION 300 mm in height, filled with water. Two impellers, each
Since the seminal work of Ko|mogorovy Considerab|eC0nSiSting of a flat disc fitted with blades, are located 180

work has been devoted to the study of statistical quantitie§m apart, at both endécf. Table ). The impellers are
describing isotropic and homogeneous small-scale turbudriven, with the help of belts, by two 1.8 kW brushless mo-
lence (see, e.g., Refs. 1 and 2 for a revievEvidence of tors, which allow rotation rates of up to 20 Hz to be
universality has been found in many cases, while small-scal@chieved, depending on the configuration. If we take the dis-
intermittency has been found in various quantities such atance between the discs as a length scale, and the rim veloc-
passive scalar dynamics, velocity increments, or dissipatioffy achieved at}; = ),=1 Hz with the smallest impellers as

of energy>~® In the meantime, coherent structures and larged typical velocity, we can see that R8.5x 10*. We can thus
scales have also received attention, from a theoretical and &$sume that, for all the results presented here, the flow is in a
experimental standpoint, while the use of large eddy simulastate of fully developed turbulence. The variable frequency
tion has become widespread in the field of engineering. Botfilrives used to control the motors also allow us to measure
smalf and large scales have been studied in the vomtéa  directly the angular velocitiesrespectively, mechanical
flow, namely the flow generated between two coaxial rotatforques with an accuracy better than 0.5%espectively,

ing impe”ers(for a review, see Ref)7 which is genera”y 5%) We have performed calibration runs without impellers,
considered as a representative situation in which to studip order to correct the torque measurements for the torque
well-developed turbulence. A particular interest has been folnduced by friction in the sealings and bearings. Velocity
cused on the study of the power injectfdh’ whose fluctua- Mmeasurements were performed using a one-component Dan-
tions have been found to bear close resemblance to those &c LDV system.

energy dissipation fluctuations in other out-of-equilibrium ;; ANGULAR MOMENTUM BALANCE

systems. Lately, they have been linké%to the dynamics of

) ) ) : . In the following we adapt the classical derivattrof
the discrete vorticity filaments previously discovered experi- : : .
. ) ) . ) the drag induced by the wake of an object to our particular
mentally in the same configuratidh.and numerically in a

close situatio? However, experimental studis have flow configuration. The rate of change of theomponent of

shown the time-averaged mechanical power consumption tE)he angular momentum of the matt@rcluding the impelier

be quite different from the volume integral of the turbulentcomallned in the volum¥(z) of Fig. 1(a) is given by(see,
o . . . _e.g., Ref. 15

dissipation, estimated from pressure fluctuations. In this ar-

ticle, using a new approach based on angular momentum d 3 9 5

conservation arguments, we present experimental results dt V(Z)prl)gd ™ E(Z)prv"’vzd St Z(Z)mﬁd S

linking the time-averaged value of the drag torque to velocity

fluctuation correlations in thg von mjaj flow. Measuring . +f ragd28+f ro,d?S

the cospectrum of the velocity fluctuations, we present evi- Sh S(2)

dence that the drag torque is dominantly associated with the

large-scale dynamics of the flow. + f rf ,d3r, (1)
V(z)

Il. THE EXPERIMENTAL SETUP . . . . v
) ] ) ) wherep is the volumic mass at the integration poify,is the
Our experimental setup is represented in Fi@).1lt 4 component of the volume forces at the integration point,
consists of a Plexiglas™ cylinder, 200 mm in diameter andyq ' is the 9 component of the surface forces exerted by
the environment on the fluid at the integration point on the
dElectronic mail: daviaud@drecam.saclay.cea.fr surfaces. In our laboratory experiment, we can assump¢o
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Q2 Q2 the viscous terml",(z), but we have observed posteriori
/—:J\ /——:\ that it_s contribution remains small in the_ ove_raII ba!ance, at
least in the case of perfect counter-rotation, if the discs have
< > < > blades. We finally get
Pl Vv
Y 4s F1=—I‘U(z)+J p<r5052>d28+f prV,V,d?s.
v 2(2) 3(2)
0 )
«1S(z) v _ _
V(z) 135 Equation(3) shows that the angular momentum transmitted
by the motor to the fluid comprised M(z) is either evacu-
ated to the walls throug',(z) or transported to the fluid
&_’/f \_’/ contained in the remaining part of the vessel, where it will
N b N either be evacuated to the walls, or received by motor 2 as
(a) Q (b) Q drag.

FIG. 1. Experimental setuga) V(z) denotes the control volume used for
the momentum balance equation. It is bounded on the sid&2)y at the

top by %(z), and at the bottom by, . (b) Directions of laser Doppler |\. MEASUREMENTS
velocimetry measuremengsee the text for details

In order to measure the different terms of Eg), we
integrate to zero. Part of the stressesXgnstems from the have performed LDV measurements in the pldhe 0 of
elastic stress distribution in the impeller shaft, at the pointrig. 1(a). The grid had a 10 mm mesh in the axial and radial
where the shaft entek$(z). This part we will denote by'; . directions, and did not cover the part of the volume that was
The angular momentum balance equation applied to the vokwept by the impeller blades. We have performed the mea-
ume of the shaft outsid€(z), the belt and the pulleys then surements for five different configurations, at the quite low
shows that the time average of, is equal to the time- angular speed of 2 Hz, so as to avoid excessive heating of the
averaged mechanical torque supplied by motor 1, minus thevater. In order to measure the correlatiho,) with our
friction torque in the bearings and the sealing. On the reone-component LDV setup, we have performed successive
maining part of2,,, on S(z) and onX(z), the stresses come measurements in the different directions shown in Fig).1
either from viscosity, or from th& component of pressure Apart from coefficients arising from the refraction effects,
gradients. Integrating thé derivative of the pressure on ei- which were taken care of in the data processing~= (v,
ther of these surfaces yields zero. The time average of the v,)/v2, andvq3s=(v4—v,)/v2. The variances o ,5 and
viscous stresses exerted by the vessel on the fluid throughss are then given by: @50 =(T2)+(32)+2(T 47,) and
S(z) ands., we will denote byl',(z). Performing the usual 2(32,)=(3%)+(32)— 2(3 4U,). Combining the experimen-
Reynolds decomposition of the instantaneous velogitt) tally measured variances thus allowed us to obtain several
into a time-averaged pa‘r7t and a fluctuating pad such that redundant estimations of the correlati@n,v ,) at each point.
<’5>:0y2 and eventually taking the time average of Et), Assuming time-averaged flow quantities to be axisymmetric

one obtains [which is not true of instantaneous quantities, as is obvious
from the photograph in Fig. (@)], we were then able to
J' (T 95z>d23+J prV,Vv,d2s evaluate numerically the integrals of E@). Table Il dis-
3(2) 3(2) plays thez-averaged values of the total angular momentum

flux, estimated in three different ways, together with the val-
=,uf ro,V,d?s+T 1+ T, (2), (2 ues obtained through direct torque measurement, in the dif-
*@ ferent flow configurations. The agreement between the direct
where(q) denotes the time average of quantitandw is the  mechanical torque measurements and the velocity measure-
dynamic viscosity of the fluid. It is easy to see that the ratioments is very good. This proves that the viscous tEyte),
of the inertial terms of the left-hand side of H@) to the first  which we have not been able to take into account, is small
term of the right-hand side is of the order of magnitude ofenough to be neglected. This also suggests that our approach
the Reynolds number of the flow. In the very turbulent re-could provide a way to evaluate flow-induced forces in cases
gime achieved in our experiment, this term is then negligiblevhere direct measurement is difficult. Figure 2 shows, at
compared to the other terms. Such arguments do not apply &ach axial positior, the two inertial terms of Eq3) for the
impeller named TM60a, rotating in the forward direction. An
TABLE I. Chara_cteristics of the diﬁt_arentimpellerﬁ.is the diam_eter of the important feature of the curves of Fig. 2 is that, half-way
disc, h is the height of the blades, is the blade curvature radius. between the discs, the part of the angular momentum carried
Impeller D (mm) # blades hmm  r, (mm by the mean flow vanishes. At this point, the sole turbulent
fluctuations are responsible for the whole of the angular mo-
mggz igg ig ;8 jg mentum flux. In Fig. 3, we show the results of the LDV
™70 146 3 20 Straight measurements for the same impellers. Figue &presents
the distribution of time-averaged flow velocities in the mea-
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TABLE Il. Angular momentum flux measurements for the different impellérs, ®,, ®; have been obtained
using (T i0,) = (05)/2+(05)/2— (0539, (B40,)=(ie) — (02— (05)/2, (T40,)=((V39 —(T3a9)/4. Ty (re-
spectively,I',) is the torque applied by motor (tespectively, motor 2 obtained by direct measurement.

TM60a TM60b
Velocity field TM70 TM60a (reverse TM60b (reverse

®; (102N m) 9.32+0.58 3.60+0.13 —11.70+0.87 955 0.55 —23.1+1.8

b, (10’2 N m) 10.52+0.52 4.94+0.20 —11.76-0.26 9.58-0.72 —-21.5+0.4

®, (1002 Nm) 9.92-0.49 4.27+0.13 —11.73-0.46 956-0.62 —22.3+1.0
(I'1+T,)/2 (1002 Nm) 9.5+1 3.9+1 —13.3+1 8.7+1 —22.2¢1

surement plane. We can see that the meridian circulation hagon located half-way between the two discs, close to the

the shape of two distinct cells. The axial velocities are di-cylinder wall. We have performed flow visualizations, using

rected toward the impellers close to the cylinder axis, andiir bubbles as tracer particles. In the region of the flow where

away from the impellers close to the cylinder wall. In eachlarge correlations are present, we have observed large coher-

cell, the azimuthal velocity is imposed by the rotation of theent structures, very similar in shape to the ones reported in

closest impeller. To recover the radial component of the veRef. 16 in a turbulent mixing layer. These structures, which

locity, which is difficult to measure for practical reasons, wehave already been mentioned in Ref. 17, have the shape of a

have used the incompressibility relationship, assuming agaisuccession of largés—10 cn) corotating radial vortices, su-

all time-averaged quantities to be axisymmetric. The accuperimposed on a background of developed turbulent motion.

racy of this post-processing step is difficult to evaluate, but isVe believe that they are produced by an instability of the

not critical for our purposes, since E() does not involve global circulation of the flow, whose mechanism is probably

the radial velocity. We can see in Fig@Bthat bothV, and  akin to that of the Kelvin—Helmoltz mixing layer instability.

V, vanish in the midplane of the flow. Figur€d3 shows that  The photograph in Fig.(8) shows a typical coherent vortex,

their product consequently also vanishes. Another interestinip the flow generated by the same impellers, at the higher

feature of Fig. &) is that we can see that the positive valuesrotation speed of);=Q,=15Hz, i.e., for Re=1.6x 1P,

of rV,V, are concentrated in a thin cylindrical volume, close These vortices move slowly as a whole in one direction or

to the vessel wall, while weakly negative values occupy thehe other, and seem to appear or merge randomly, with a

core of the flow. These negative values add up to form difetime of the order of a few seconds. They seem to exist

backwards flow of angular momentum, directed from impel-even for Re<1000 in a setup that uses silicon oib (

ler 2 (top) to impeller 1(bottom). The magnitude of this flow =10"* m?s™1), as well as in the simulations of Ref. 18.

is roughly half that of the mechanical torque supplied by

impeller 1. In Fig. 3c), we show the spatial distribution of

the velocity correlation, multiplied by the radial position ¥RSA%IASE>EOEQYI'SCALE BUDGET OF MOMENTUM

We observe that the correlation is important mainly in a re-
A further step is then to decompose the velocity correla-

tion (T 40,) into the contributions coming from the different

spectral components containeduig(t) andv,(t). Denoting

0.061 the temporal Fourier transform of the quantitpy ¢(w), we
can write
Eom- (O +V V=00 w=0)= f  Ti()Ty(—w)dw
N and then
©0.02t ®
(g0 +2VyV,= fo 2R[0 o )0, (w)]dw. 4

Measuring the real part of the temporal co-spectrum of the
: : two velocity components, andv, seems then a natural way
-80 -40 0 40 80 to assess the relative importance of eddies of the various
z (mm) (time) scales for the turbulent momentum transport across
FIG. 2. Contributions of the different inertial terms of E§) to the angular E(Z)'lg Comblnlng the _dlﬁerent_ VelOCIty components as
momentum fluxd(z) acrossX (z). The open(respectively, closedsquares above, one can obtain the mtegrand of E(Zfl) as
correspond to the angular momentum transported by the meariréspec-  29R8(0 403 ) =045 2(w) — |0 139 *(w). We have performed
tively, mean flow plus fluctuationsThe darker(respectively, lighterarea  careful LDV measurements at the point in the flow where the

represents the part transported by the mean ftespectively, fluctuations ya|qcity correlation is largest. In each measurement direc-
The lines represent the 5% accuracy bounds on the direct torque measure-

ment. The large uncertainty is due to the static torque in bearings and sedilOn, We have recorded _20 min of velocity signal. Running
ings (~0.2 N m). the experiment at the higher motor frequency of 15 Hz has
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FIG. 3. (a) Spatial distribution of time-averaged velocities. The azimuthal component of the flow is on the left-hand side, while the meridian component is on
the right-hand side. The thick black line on the left-hand graph denotes null values of the azimuthal velocities. The white areas in the graphzansrk the

of the flow where the impeller blades precluded measurement. The longest arrow in the right-hand graph is ®168gnEhe impeller located at the bottom
(respectively, toprotates to the rightrespectively, lefi Both are of the TM60a type, and rotate at 2 Hz 4Relx 10°). (b) Spatial distribution of the product

of mean velocitiesV,V,. (c) Spatial distribution of the velocity correlation ;v,). (d) 215 s exposure time photograph of a coherent vortex near the
midplane of the flow. Same viewpoint as for Fig. 1. The impeller located at the bdtespectively, toprotates to the rightrespectively, left Both rotate

at 15 Hz (Re=1.6x1(F). The real-size height is-180 mm.

allowed a sustained acquisition rate of nearly 1 kHz. Theangular momentum transport at this point. From this we con-

acquired data have then been resampled to 1 kHz using @dude that the angular momentum transport, and thus the

simple sample-and-hold algorithf. drag torque, is mainly produced by the slow flow fluctua-
We have plotted in Fig. 4 the power spectral densities otions, with time scales larger than roughly 0.1 s.

v 45 andv 435, together with R(v 07 ). The two power spec-

tral densities are strongly different in magnitude, thus reveal-

ing a very strong anisotropy, at least at large time scales. In;*l()0

the low frequency rangef&1 Hz), both seem to have a 'va

broad peak, roughly located &t 0.4 Hz. This could be re-

lated to the slow motion of the coherent vortices. Inthe 1-10 X,

Hz range, the power spectral densityugks decays algebra- %

ically, more slowly than that ofy,s. At f=10Hz, both 9

power spectral densities have a crossover to a steeper alge &

braic decay. In the whole region up te=30 Hz, 2R(v 403 ) N0
remains positive, indicating a clear excess of events directed &
alongv,s.?* The curve of 2(v,v3) follows quite closely g
that of the PSD ob 45 up to 1 Hz, then starts a faster decay. 6

At the 10 Hz crossover the decay becomes algebraic, but
after 30 Hz, the sign is no longer constant, and the log—log
plot is no longer accurate. Nevertheless, this decay seems ir
good agreement with the 7/3 decay predictedn the spatial  FiG. 4. Power spectral density plots ofs (thin black lin@ and v (thin
frequency domainby Ref. 23. If one plots the integral of Eq. gray ling at z=0mm, r=90mm. The thick black line represents
(4) as a function of the h|gher cut-off frequenty, one can 2R(v, v5*). The data have been obtained with the TM60a impellers, rotat-
see that the result is within 10% of the final correlation valughd & 15 Hz (Re-1.6x 107). The dotted line we have plotted to guide the

. . __eye corresponds to the7/3 slope predicted by Ref. 23, and the arrow
as soon a$.>4 Hz, and that flow fluctuations at frequencies coresponds to the impeller angular frequency. Negative values of

higher than 30 Hz contribute less than 0.5% of the totabm(z,05*), which occur afterf>30 Hz, have not been represented.

f (Hz)
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VI. CONCLUSION AND REMARKS U. Frisch, Turbulence(Cambridge University Press, Cambridge, 1995

We h h that . fully turbulent fi 2J. O. Hinze,Turbulence(McGraw—Hill, New York, 1959.
€ have shown that, even In a Iully turbulent Tlow, use s, Gagne and B. Castaing, “Une régentation universelle sans invariance

of integral momentum balance equations allows one to find gohale d'ehelle des spectres diergie en turbulence deloppe,” C. R.
explicit links between flow characteristics and momentum Acad. Sci.(Parig Il 312, 441(1991).

injection by the forcing mechanisft? This kind of ap-  “F. Anselmet, Y. Gagne, E. Hopfinger, and R. A. Antonia, “High-order
proach can provide tools for the evaluation of flow-induced Velocity structure functions in turbulence shear flows,” J. Fluid M@t
forces in cases where direct measurement is difficult. We, 831984 L

have also provided quantitative evidence of the fact that al - Moisy, H. Willaime, J. S. Andersen, and P,‘, Tabeling, "Passive scalar

. intermittency in low temperature helium flows,” Phys. Rev. L&&, 4827
major part of the turbulent shear stresses are generated by,gy
flow fluctuations at the largest scales of the flow. We believesp, Tabeling, G. Zocchi, F. Belin, J. Maurer, and H. Willaime, “Probability
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or the Kaman vortex street. The coherent structures present,R€%: Fluid Mech.19, 465(1987. . o
. . R. Labbe J.-F. Pinton, and S. Fauve, “Power fluctuations in turbulent
m_thgse flows. can be expected to have a strong mfluenceswirIing flows,” J. Phys. 116, 1099(1996.
this time on linear momentum transport. These structureSs T. gramwell, P. C. W. Holdsworth, and J.-F. Pinton, “Universality of
should also be amenable to simulation, as suggested by Refiare fluctuations in turbulence and critical phenomena,” Natugndon
24, based on numerical evidence. 396, 552(1998.

We W|” now present Cr|t|cal remarks to ShOW poss|b|e 100. Cadot and C. Titon, “The stat.istics of power injectgd in a.closed tur-
directions that may deserve further study. Our first remark bulgnt flow: Constant torque forcing vs. constant velocity forcing,” Phys.
concerns the turbulent normal stresses. Usingzthempo- nFlu'ds 15, 625(2003. . .

. T . S. Douady, Y. Couder, and M.-E. Brachet, “Direct observation of the
nent of the integral momentum equation, one can derive theintermittency of intense vorticity filaments in turbulence,” Phys. Rev. Lett.
force exerted by the fluid ivV(z) on the rest of the fluid as 67, 983(1991.
the surface integral opv2 on 3(z). It is theoretically well ~ 2M.-E. Brachet, D. I. Meiron, S. Orszag, B. G. Nickel, R. H. Morf, and U.
knowrt that small-scale motions can still contribute in a non- Frisch, “Small-scale structure of the Taylor—Green vortex,” J. Fluid
negligible way to this integral. This draws a clear distinction Mech-130 411 (1983. _ )
between less documented, large-scale dominated, turbulenf: ©2dot Y. Couder, A. Daerr, S. Douady, and A. Tsinober, "Energy

. Injection in closed turbulent flows: Stirring through boundary layers ver-

shear stresses and turbulent n_ormal stregses, which are geny inertial stirring,” Phys. Rev. B6, 427 (1997).
erated at all scales, but for which a considerable amount ofg. k. Batchelor,An Introduction to Fluid DynamicéCambridge Univer-
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to stress the need for a proper understanding of the injectioliD. J. AchesonElementary Fluid DynamicéClarendon, Oxford, 1990
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Indeed, in the process of applying the angular momentum, lureulent mixing layer,” J. Fluid Mech64, 775 (1974.
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pellers) ”f could induce “angglar momentum leaks,” which 20Computing the power spectral density of a white-in-time Gaussian noise
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