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By performing sound-scattering measurements with a detector array consisting of 62 elements in a flow
between two counter-rotating disks we obtain the energy and vorticity power spectra directly in both spatial
and temporal domains. Fast-accumulated statistics and a large signal-to-noise ratio allow us to get high-quality
data rather effectively and to test scaling laws in details.
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One of the challenging experimental tasks in studies of Wecat - .. 1(2mko)? explinld) 3
turbulent flows is developing new tools to characterize ve- t(r,t) e V2mkyr costF v, (1)
res /

locity and vorticity fields in spatial and temporal domains.
Ultrasound scattering by flow is regarded as a promising ap-

L : ) where Vo,V -V, and ¥ and ¥ are the complex
proaph in this respe_ct. First, sound is the only remotely aCave functions that describe the sound pressure oscillations
cessible nonperturbing probe of flow that does not requir

) X _ L §n the presence of a flow and without it, respectivédyand
seeding particles. Second, at rather widely satisfied condE are the sound wave number and the velocity, respectively:
tions, a direct relation between the scattering signal and thg 5.q k. are the scattering angle and the wave number, re-
spatial Fourier transform of either velocity or vorticity fields . e

. , o ) . pectively, that are related to each other kg=|kJ
exists. Spatial characterization of velocity that is not base(iZKO sin /2; andr =|f] is the distance from the center of a
on the Taylor’s frozen flow assumption is one of the goals o i

f . ) . , .
i o . : scattering region till a detectoE, {v,} is the 2D Fourier
experimental turbult_ance. _Partlcle image veI_omméBW_) 'S" " transform of the velocity componesnt in the forward direction
capable of performing this task but it requires seeding par

: : _ of the beam that is related to the Fourier transform of the
ticles and extensive data transferring from a camera. The = = _ =
city via Fk;{vx}:(l 12ko) cot(&/Z)Fk’S{(V XU),}.

main advantage of the sound scattering compared with pryort ; X ) :
particularly shows up in studies of fast dynamics in a flow. Theh constrl;_ctllgn of the far-ﬂeld_s%atter:jng wave f;]mc“on |
There were a few studies in the past to experimentall;’romt e near-field measurements Is based on a mathematica

probe turbulent flow by the sound-scattering method. Thesgescription of the Huygens principle and derived from the

experiments were based on a single moving transducer ar_aylelgh—SommerfeId integrgl1] as
rangement and concentrated on studies of angular distribu- ‘
tion of scattered waves in atmospheric turbulefideand in W(re,Y)scat
grid turbulence in a wind tunn¢®]. However, the quality of koi ¥2dy’
the data permitted just to test consistency of the relation :f N TR
between scattering cross section and turbulent energy spec- V2mko(ry =Tg)
trum [8]. Later the vorticity distributiorf3] in a swirling jet 2
as well as the temporal dynamics of vorticity fluctuations
[4,5] and a large scale circulation in high Reynolds numbergvherery and r¢ are the distances measured from the cell
flows [6,7] were also investigated. center till the detector and the far-field region, respectively;
In this Rapid Communication we present results of theW(0,y")%., andW¥(x,y)il  are the scattering wave functions
simultaneous acquisition of 62 acoustic detectors arrangeat the detectofas measurgdcand at the far-field, respectively
on the cell wall in front of a linear emitter in the same plane[7].
[7]. The far-field scattering values required by the theory Measuring scattering around the forward direction with
[8-10] are acquired owing to a wave-construction methodhigh-frequency sound guarantees avoiding interference from
similar to the Huygens principle in optics. The limitation due the scattering of sound beam side lobes. Either a finite flow
to either a finite sound beam width or an aperture discusseeixtent or a finite beamwidth eliminate any scattering ampli-
in Ref. [7] is released sinc@) they are of the order of the tude divergence in the forward directiph?]. In general, the
integral scale of velocity fluctuations, arii) the edge dif- scattering field of ultrasound in the small Mach number ap-
fraction of the scattering wave cancels out with time due tgproximation is the result of phase shifts induced by entrain-
the randomness of the flow. Thus, the amplitude of the comment of the wave by the flow, and additional effects are the
plex wave function of the scattering sound in the far-fieldinfluence from the spatial derivative of velocity in the beam
limit can be related to the two-dimensior(@D) spatial Fou-  direction and the influence of diffraction of those distortions.
rier transform of the velocity fieldand also the vorticityas  The latter effect is the reason that simple analysis of the
follows [9,10]: phase shifts is not sufficiently accurate.

glloly =y’ )Z]I[Z(rf_rd)]\lf(rm y,)gcat’
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) ) _ _ FIG. 2. Energy spectrum derived from the data presented in Fig.
FIG. 1. Time-averaged velocity structure function obtained by1. |nset: The scheme of the aperture limit for the sound detector
sound scattering via the far-field construction taken at Re=1.%rray.

X 10° and 3 MHz. Right inset: The same property obtained from
sound-scattering data at the detector without far-field constructionwith 62 preamplifiers. The details of the design and its op-
Left inset: The path in the wave number plaselid ling), on which ~ eration are presented in Reff7]. Every sound pulse is
information on the velocityvorticity) spectrum for a given beam Sampled exactly simultaneously by 62 lock-in detectors com-
direction is obtained; other curvédashed linescontain informa-  bined with sample and hold components, so 0° and 90° prod-
tion on scattering from sound beams emitted in various directionstcts (fluctuation values of the complex wave functicare
recorded. A typical sound propagation time through the cell
The experimental setup is described in detail in Réf. |s.about.20q¢s that is a typ|cal freezing time segment.
The von Karman swirling water flow was produced betweenfwIthln this peﬂod oneh pglse Is sent, anﬁ the ﬂ.OW IS almost
two counter-rotating disks of a diameteR2280 mm with rozen. In sucl way the instantaneous fluctuations in _sound
due to scattering by the flow can be used to characterize the

four triangular blades of 20-mm high and 5-mm thick and ) . X -
with rims. They are driven by two dc brushless motors velocity components in the plane in which the beam propa-
‘gates to the detector array.

whose velocity is controlled with a stability of about 0.1% Scattering f inale incident b ides inf

via optical encoders. This setup is well recognized to gener- cattering from a single Incident béam provides intorma-
ate a strong intensity turbulent flow in a confined redisee, tion about the VE|OC'tW°rt'C'ty) field on_Iy ona S'T‘g'? curve
for example[4]). The flow is confined by a perspex cylinder in a ((kyx. (ky)y) plane(see Fig. 1, left inset, solid lineTo

with an inner diameter 290 mm and 320 mm in height anddet information_on othe_r curves in the plafeee Fig. 1, Ief_t
disks separation of 205 mm. By changing a rotation frelnset, dashed linggequires us to use sound beams emitted

quency, the Reynolds number, Re@R?/ v, is varied be- by different transducers in many different directions simulta-

tween 2.5< 10 and 1.7x 1CP that corresponds to the Taylor neously. Then complete structure functions of the velocity

microscéle Reynolds.numba;\ between 200 and 570. Here (vorticity) fluctuations can be retrieved without any assump-

Q is the angular velocity of the disky is the kinematic tion about isotropy and homogeneity of a turbulent flow.

viscosity, and the energy dissipation, e=4.9 However, with only one emitter at hand and the detector

x 1018Re® W/kg, and the rms of the velocity fluctuations in "&Y W€ should rely on the isotropy and homogeneity as-

the middle planeV,.=0.5x 10°°Re m/sec, obtained from sumptions of the turbulent flow under studies. Thus in the
Mrms . 1

the global torque and the hot wire anemometiyVA) mea- present case the sound scattering provides direct measure-
surements, respectivefg3] ments of the energy spectrum as well as the Fourier trans-

The sound-scattering measurements were conducted mrm of the vorticity structure functiorl in a spatial domain
the middle plane between the disks and in the plane ahat are related a&(ky)=6m/ AkJF{(V x0)}* Here the
30 mm below it. The emitter was 80 mm long and 10 mmkinetic energy per unit mass is defined g¥(k)dk
wide, and the size of the scattering region was defined by the(3/2A)fv§d2r, where A is the cross-sectional area of a
length of the detector designed as a linear array of 62 acousound beam. In Fig. 1 we present a typical result on the
tic detectors with 1-mm spacing and 820 mnt active  time-averaged velocity Fourier transform in the far field ob-
area(from BlateK. Thus, the velocity is averaged across thetained from the scattering wave function via Ef) and the
beam thickness of 10 mm that is quite larger than the Taylofar-field reconstruction according to E@). The same func-
scale. A range of frequencies covered in the experiment wagon, but observed directly in the detector plane, looks dras-
between 1 and 7 MHz. The acquisition system is built in atically different(see right inset in Fig.)1 These data are the
heterodyne scheme that is based on 62 lock-in amplifiersesult of averaging on 60 000 sound pulses at a 1.8-kHz rep-

045601-2



SPATIAL AND TEMPORAL TURBULENT VELOCITY AND...

RAPID COMMUNICATIONS

PHYSICAL REVIEW E 71, 045601R) (2005

5 4
10" 10 ~ 10
+ 7.0MHz Sy,
4 5.5MHz 8, «
. 3.5MHz “n
o 3.0MHz N,
" < 2.5MHz S
L Mg 2.0MHz 104 L EN . (2) i 103
0% e > 1.5MHz 1 oy N
& W ) 2 T B‘, =
' Pigr 1.0MHz = el b, 5
o> e > (1 s
E A Ko g Q%‘ "’j‘ g
0 e , !
|§| z "ct;: [dd 22NN g a 5 %&“ s‘:
h —_— - h
P e w3 =1.7-10° ; A5 2w
= o) - 10° ¢ Re=t710f My N T
R i ﬁ u, Ly > Re=1.510 N
107} a4 Kt s, ] + Re=1.210° . Ny
L) A =1.0.10° . &
Frte, o =
e pansat o Re=4.9-10° =
. . * Re=3.7-10° Ay,
..‘v’.' 44| 102 + Re=2510° e 101
5/3 -3 2 -1
4 : 10 10 10
10 -1 I0 kn
10 4 10
k [mm™]

FIG. 4. (Color onling Scaled energy spectra as a function of the
reduced wave number at various R&) at h=0, (2) at h
=-30 mm. The dashed lines show the Kolmogorov scaling law with
the exponent -5/3.

FIG. 3. (Color online Energy spectra taken at various sound
frequencies from 1 up to 7 MHz at Re=Xx2.0°.

etition rate and at a frequency of 3 MHz taken in the von
Karman swirling flow at Re=1.% 10°. known scaling law for the energy specirb4—-16 that ap-

In Fig. 2 the resulting energy spectrum as a function ofpears as the result of plotting the scaled energy density spec-
the wave number is shown. The dotted line denotes theum 237, 53E(k) vs k7, where 7 is the Kolmogorov dis-
“~5/3" slope according to the Kolmogorov law to demon- sipation scale defined ag=(1*/€)**[16]. The idea is to find
strate that indeed in some range of the wave numbers th@e best match between the scaled spectra at different Re
spectrum follows the expected law. It can be compared witlwith fitting values ofe. It turns out that the scaling exists for
the results on the energy spectra obtained by PIV, wherehe data at all values of Re, and the results for the sound
though, a shorter scaling region is also obsef\d]. In the  scattering in the middle plan@urve 3 and in the plane at
sound measurements shown in Fig. 2 the Wave numbers ag® mm below it(curve 2 are shown in Fig. 4. Each data set
limited by the range of values 0<1k<<0.8 mnT*, outside of  for each Re consists of410P points. The dependence of the
which the spectrum cannot be retrieved. The lower side oénergy dissipatione, on Re is found to be~ Re*1*0-1with
the range ok is limited by the beamwidth, i.e., one cannot a good quality of the fits. The exponent value is rather close
get information on a scale exceeding the beamwiditthe  to 3, the expected one according to the dimensional analysis
energy spectra from PIV the scaling region begins already gt13,17] (compare with the expression fepresented aboye
k=0.06 mm* for Re>1(P). On the higher side of the range,
the ultimate limit is determined by the size of the element in
the detector array, namel,,,= 27 mm* corresponding to 10510'2
a 1-mm detector array spacing. However, even before thi 13
limit is reached, the energy spectrum is cut on the highe
wave number side by the visibility at large scattering angles~ |
through the detector aperture. It means that some sound ra &
are blocked by the limited length of the detector array. Ac-—
cording to the detector array length and the cell diameter ¢ ~
angles exceeding about 6°, the visibility starts to deteriorat = 10°}
(see the inset in Fig.)2 The corresponding limit |§<S("m)

=2Ko SiN(Omaxd 2) = 0.1K,. It gives about 1.3 mit at 3 MHz
compared to 0.8 mit observed. We tested this relation at w-
various frequencies, and the results on the energy spect
taken at different sound frequencies are presented in Fig. .
One finds that by changing the frequency from 1 up to  4o'
7 MHz the upper wave number limit moves linearly toward 10°
the highest value of about 1.5 mfbut still far away from
Kmax= 27 mm%, FIG. 5. Upper curve: Power spectra of the time-averaged vor-
Useful information in terms of the turbulent flow energy ticity as a function ok taken at Re=1.% 10° and frequencies 2.5
dissipation.e, can be gained from the combined presentationasterisky and 5.8(diamond$ MHz. Lower curve: Power spectra of
of the energy spectra obtained from the sound-scatteringpace-averaged enstrophy as a functioh dhe dashed lines show
measurements at different Reynolds numbers. There is tae Kolmogorov scaling with the exponent —2/3.
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The Kolmogorov constan€ in the Kolmogorov equation Kolmogorov predictions[16,18. It can be compared
€ Ry PE(k) =C(kn) ™ is determined experimentally from with the space-averaged over the beam area Fourier trans-
the fit of the plots in Fig. 4, and the value@=0.8 for the  form of the enstrophy in the frequency domaM(f)

curve (1) andC=0.9 for the curve2). _ T » _ =
We also calculate the integral scale in the flow at Re_lleoN(t)eXp( i2arft)dt, where N(t)=L1/ATA/(V

=1.2x10°, using [18] Li=(37/4)[kE(K)dK/[E(kdk X J(t))2|2d2r=(2w)2f|ng(€ X v(t))|?d’ks. The latter shows a
=40+10 mm, based on the system scale 0.02 hand the rather wide scaling regiofsee the lower curve in Fig.)5
scaling region 0.06:k< 1.5 mnT™. This value occurs to be The advection velocityyy, found from the two plots in Fig.

rather close to the beamwidth, and the corresponding wavs s v;=27f/k=0.6 m/s that is rather close to the average
number is located close to the lower end of the wave ”“mbe\Felocity [13].

range of the spectrum.
To test the Taylor hypothesj46,18 for the swirling flow
the energy spectrum in the frequency domain is calculated

We would like to point out also that the mean enstrophy
value, marked in Fig. 5 by asterisk on the left-hand side
€0 B dinate axis, is about an order of magnitude larger than one
E(f)=1/T[gE(Mexp(-i2nft)dt and E(t)=/67°/Ak|Fi(V  corresponding to a rigid body rotation with the same rotation
Xu(t))J°d’ks. A proper energy spectrum can be obtainedyelocity of 300 rpm and the vorticity of 63°% or the enstro-
only if the lowestks is available due to the pole B in the  phy of about 4000€. In the corotational disks geometry at
integrand. So we turn out to the Fourier transform of thethe same parameters and with a large scale single vortex flow

vertical vorticity. In Fig. 5(upper curvgéwe present the time- configuration the enstrophy is also much lovet.
averaged power spectrum of the vorticity as a functiork of

(based on X 10’ pointg at Re=1.2< 1P obtained at the This work was partially supported by an Israel Science
sound frequencies 2.5 MH@sterisk and 5.8 MHz (dia-  Foundation grant, by a Binational U.S.-Israel Foundation
monds. The dashed line with the scaling exponent —2/3grant, and by the Minerva Center for Nonlinear Physics of
represents the expected dependence according to tigomplex Systems.
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