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Experimental study of the evolution of a velocity perturbation in fully developed turbulence
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This Brief Report concerns an experimental analysis of the interaction between a fully developed turbulent
flow and a perturbation generated in the physical domain. A coherent averaging technique permits one to
extract information on the response function of the turbulent flow and to insulate only effects related to
interactions between the background turbulence and the perturbation. It is shown that the linear approximation
of the impulse response function obtained from Kraichnan's direct interaction approximation theory is in
agreement with the present resu[iS1063-651X97)09308-3

PACS numbds): 47.27—i

Turbulence can be considered as a dynamical system in- From an experimental viewpoint, Kellog and Corr§if]
volving a great number of degrees of freeddtj whose and Iltsweire and Van Att§8] analyzed spectrally localized
dynamics is complicated by the nonlinear nature of interacdisturbances in grid-generated turbulence. They observed an
tions among different modes. Therefore, the study of thexponential decay of the spectral line corresponding to the
dynamics of turbulent velocity fields can be conducted fol-perturbation characteristic scale. Qualitative agreement with
lowing different approaches, but always in approximatethe DIA prediction given in Eq(1) also has been docu-
manners. In particular, as for dynamical systems, the studghented[7]. The evolution of a perturbation generated in the
of turbulence can be conducted by means of an analysis gfhysical space has been analyzed only in convective flows
the response of the velocity field to an appropriate perturbaf9]. Specifically, these studies were based on an experimen-
tion. This approach permits the knowledge of response functal analysis of the evolution of a thermal pulse, in strong
tions, interscale dynamics, and interactions between differerpatiotemporal chaotic regimes of Rayleigh-Beheonvec-
scales, which are fundamental aspects for turbulent modelsion in an annulus. As far as we know, neither experiments
theories, and flow control problems. nor numerical simulations have been devoted so far to the

Early theoretical work concerning the effect of a pertur-analysis of the evolution of a perturbation generated in the
bation on turbulent flows was performed by L[] based on  physical domain and moving through a fully developed tur-
a spectral energy transfer analysis. Subsequently, Townsemdilent velocity field, although this approach appears to be of
[3] analyzed the problem in the physical domain by considinterest for a direct characterization of turbulence dynamics.
ering a turbulent field subjected to small variations of theThe study of this subject from an experimental point of view
mean velocity. The direct interaction approximati@IA) is the main purpose of the present paper. Furthermore, the
theory, introduced by Kraichna¥], is also based on the present analysis permits the experimental validation of a
determination of the impulse-response tensor of a fully deDIA response function prediction. In the present experiment
veloped turbulent velocity field in homogeneous and isotrothe perturbation is actually a velocity step generated in the
pic conditions. This theory leads to a closed set of equationghysical domain, which interacts with a turbulent axisym-
that governs the dynamics of velocity fluctuations. Of par-metric jet. The choice of atep functiorhas been dictated by
ticular interest is the linear approximation of the responsehe need of a perturbation spatially localized in addition to
function, based on the assumption of a Gaussian probabilitthe need of precise knowledge of the perturbing energy spec-
distribution of the velocity field. The approximated linear trum. Since a Dira® function cannot be realized in experi-
response functiog(k,r) can be written a$4,5] ments with sufficient accuracy, the step function appears to
be the most appropriate function to be used as external forc-
ing. Furthermore, its energy spectrum, apart oscillations, is
characterized by a power-law decay of the fdi?, which
is sufficiently different from the Kolmogoroy10] k=53
whereuy is the velocity rmsk represents the wave number, shape of the spectra, to be expected in fully developed tur-
and r is the time. This relation applies for homogeneousbulence. Measurements were conducted with a single probe
turbulence and a range of scales sufficiently smaller than theot wire anemometer (probe TSI 1260 of length
perturbation injection wave number. A similar conclusion forl,,=500 xm) in four axial positionss; downstream of a jet
the turbulent diffusion of a passive scalar has been reached of diameter D=120 mm. Specifically, the measurement
Ref. [12] for wave vectors in the inertial range. The experi- pointsx; /D, withi=1, ... ,4,were equal to 12, 16, 19, and
mental validation of Eq(1) is one of the primary aspects that 22, respectively. The analysis in the wave-number domain is
motivated the present work. conducted, from the data acquired at the fixed paxisby

the use of the Taylor hypothesis to convert time in space,
that is,k=27f/V,, wheref is the frequency an¥, is the
*Permanent address: Dipartimento di Meccanica ed Automaticanean velocity of the flow. Actually we used lacal and
Universitadi Roma Tre, Via C. Segre 60, 00146 Roma, Italy. more appropriate application of the Taylor hypothddis],

g(k,7)=e~ (12U, )
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which takes into account the fluctuations of the large-scale
velocity by a suitable sampling technique of the velocity
signal. In this way the analysis in the wave-number domain
can be conducted safely when the turbulence rate is very
high, which is the case for the jet flow, and even when sharp
variations of the mean velocity are observed.

The jet was mounted inside a low-speed wind tunnel with
very low turbulence level (0.3%). Two different flow condi-
tions were considered. The first case was achieved using only
the wind tunnel almost laminar flow without the jet. This
condition will be referred to as thiaminar one. In the sec-
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ond case the jet nozzle was inserted into the wind tunnel. “Iw)
Indicating byu;(x; ,t) the fluctuating turbulent velocity gen- 55 ‘ : ' : : s

. ' .. 1 1.5 2 25 3 35 4
erated by the jet and by; the rms ofu;(x;,t), we had logse K] (1/m)
uj’/V0:25%, which is typical for jet turbulence. Therefore,
the case with jet turbulence will be referred to as tindou- FIG. 1. (a) Wave-number spectra afj(x; ,t) normalized with

lent experiment. The perturbation has been generated by rgspect to the local velocity rms and measured at four different
small jet, coaxial with the large one, with diametemuch  Positions. The straight line represents the slop&/3. (b) Wave-
smaller tharD. Two differentd were considered: 5 and 10 Number spectrum Otfl(xl,t). The dashed line represents the slope
mm. The small jet was driven by compressed air, which was™ 2 and the dotted line the slope5/3.

switched on and off by an electrically controlled valve with a

response time of 0.1 sec. The opening of the valve was corReynolds number based on the Taylor microscale and on the
trolled by the data acquisition system. It has been checkedelocity fluctuation rmy varied from about 280 ak; to
that, at the outflow of the small jet, the velocity signal was aabout 200 ak, for the lowest mean velocity and from about
step function characterized by a sufficiently steep slope cor320 atx; to about 250 ak, for the highest mean velocity.
responding to a scale one order of magnitude smaller than The turbulent fieldu;(x; ,t) was preliminary qualified by
the integral scale of the turbulent flow. Indicating by a spectral analysis. In Fig.(d the wave-number energy
Up1(Xj,t) and uyy(x;,t) the perturbation velocities in the spectra normalized with respect to the velocity rms and cal-
laminar (subscript ) and the turbulentsubscript 2 experi-  culated in the four measurement positions are presented for
ments, the total velocity/(x;,t) achieved in the different the case a¥,=2.5 m/s. The collapse of the curve is satis-
flow conditions can be formalized as follows: in the laminarfactory apart the smallest scales and the inertial range is evi-
experimentVy(x; ,t)=Vo+Uup(Xi,t) and in the turbulent denced by the-5/3 slope in the log-log representation. This
experimentV,(x; ,t) =Vo+u;(X; ,X) + Up2(X; ,X). Notice that  indicates that the jet turbulence(x; ,t) can be considered as

in this notation the interaction of the perturbation with tur- fully developedand that the wake of the small coaxial jet,
bulence manifests itself by the fact thaf, #up,. Further-  which partially obstructs the larger jet orifice, actually does
more, we indicate witts, the original spectrum of the per- not affect the background velocity field.

turbation before the interaction with the turbulent field. As The aim of the laminar experiment was to analyze the
pointed out aboveS,, in our experiment, has the form evolution of the perturbation in the absence of background
So(k) ~k 2. The spectrum of the perturbati@®y ,(x; k) at  turbulence. In Fig. () the spectrum ofVy(xy,t) is pre-

a positionx; can then be written as sented and the expectéd 2 behavior is observed. In the
laminar case it is found that the perturbation is only con-
So,m(ti ;K) = G(t; k) Sp(k), (2)  vected by the mean flow and diffused by viscosity. More

specifically, considering the other positioxs it is observed

wheret;=x;/Vo and m=1,2 depending on thbackground that the functionG,(t; k) [see Eq.(2)] is of the form
flow (m=1 is the laminar case anth=2 is the turbulent ~exp(—2tk?v), where v is the kinematic viscosity and
cas¢. The aim of the present work is to analyze the relax-t;=x;/V,. This means that in the laminar case, the spectrum
ation in time of theexcitedmodes, which corresponds to evolution is controlled by pure diffusive effects.
analyzing the linear response functi@y,(t;,k). This func- WhenV,(x;,X) is considered, the perturbatian,(x; ,t)
tion is the response of the background turbulent flow to acan hardly be observed because it has an amplitude compa-
o-function perturbation. ConverselyGy(ti,k) can be rable to the largest fluctuations af(x;,t). As an example
viewed as the deformation to the perturbation spectrum inwe show in Figs. @) and 2Zb) the velocity signals
duced by the background turbulent field. Furthermore, wev,(x;,t) atx; andx, andV,=8 m/s. The perturbation can-
recall that, by definitiorf13], the response functio®,, has not be clearly observed. Therefore, the evolution of the per-
meaning only if it is obtained as an ensemble average ovewurbation is recovered by means of coherent averages of the
many configurations of the background turbulent flow sub-velocity signals. To do that, the velocity signal acquisitions
jected to the same perturbation. and the perturbation injection are activated simultaneously

In the laminar experiment/, was of about 8 m/s. In the since they are commanded by the same trigger pulse gener-
turbulent case, two different large jet outflow velocities haveated by the data acquisition system. Acquisitions are then
been analyzed, 30 and 15 m/s, corresponding, at the measwenducted in phase for a duration of ab@us with a fre-
ing locations, to a velocity/, of the order of 8 and 2.5 m/s quency sampling of 8 kHz. The sampling time corresponds,
respectively. The corresponding ,Réhat is, the turbulent in terms of spatial length, approximately to the probe size.
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FIG. 2. () Vy(xy,t) and (b) Va(x,,t). We see clearly that the k=130 (27/D)].
perturbation cannot be observed as it has the same amplitude as the
velocity fluctuations. Also shown a comparison betwagiix;,t)  sjve behavioKlinear int;) is observed. This behavior is pre-
(dashed lingand(V;(x; ), (solid ling) for (c) x, and(d) xz. sented in Fig. @) for wave numbersk/(27/D) ranging
from 30 to 130. The plot is in log-linear scale and thaxis

The total amount of acquired files ranges from 300 to 500corresponds totiz. Therefore, the observed linear trend

depending on the turbulence levels at the different p(?Sitio.nélearly confirms that the decay law is an exponential qua-
and velocmes._The er_lsemble_a_vergagmg of the velocity S'9%ratic in time. Analogous behavior is observed in the other
nals synchronized with the injection of the perturbatloncases(different mean velocities and different sidg, which

yields the elimination of the background turbulent fluctua—are not reported here. In order to check Eb. further, we

thhS' characterized by randomly distributed phases. The avpilotted previous data in nondimensional form and an ex-
eraging procedure can be written as

ample is reported in Fig.(B) for the same cases as in Fig.
(Va(X; ,H))n=Vo+ (Upa(X; ,t))n 3(a). Specilfically, the energy magnit_ude-is norma_lized vyith
respect to its value at, whereas the time is normalized with
[since (u;(x;,t)),=0] , where (), indicates the ensemble respect tougk, that ist* =ugkt. In this plot also the linear
averaging oven realizations. As it will be shown later, the fits are reported. It has been found thatierk,, wherek, is
term(upa(X; ,t)), retains the response property of the systenthe injection wave number that is the inverse of the small jet
as a result of the interaction of the perturbation with thediameter, the slope of the fits is close d0.5. This result
turbulent fieldu;(x; ,t), produced by the big jet. confirms that Eq(1) correctly predicts the time evolution of
The velocities(V,(x;,t)), (for Vo=8 m/9 have been the mode amplitudes. In contrast, the weak dependence on
compared with theV/,(x;,t) measured in the laminar case. k of the slope of the fits of Fig.(®) indicates that the mea-
Obviously, in the laminar experiment, no average is neededuredA(k) tends exactly to 0.%(k)? of Eq. (1), only for
in order for the perturbation to be evident. The comparisork>k,. The reasons for this discrepancy are still under inves-
between(V,(x; ,t)), and V,(x;,t) is reported in Figs. @)  tigation. It should be pointed out that similar forms of the
and 2d) for x; andx,, respectively. These figures show the
effect of the coherent averages, which enhance the perturba-
tion fronts and strongly reduce the background turbulence
signal. Furthermore, we clearly observe that the front of the T
perturbation is steeper in the laminar case than in the turbu-
lent one. This indicates that the shape of the perturbation is
affected by the interaction with the background turbulence.
More quantitative results can be achieved by the analysis of
the step energy spectra in the different positions. First of all,
accounting for the local Taylor hypothesis, it is found that in
all cases the energy spectra no longer follow khé power
law. Second, by fixing a certain value of the wave vetitr
is possible to analyze the evolution of a mode as a function
of the distance from the jet or of the time delgy=X;/V, . . L ‘ ‘ ‘
needed by the perturbation to reach the measuring positions. oo . wam
It is found that in the turbulent cases the time evolution of e
modes amplitude follows an exponential law quadratic in G, 4. Comparison between reconstructed and measured spec-
time as~exgd —AKt’], whereA(k) is a quadratic function tra for x, and Vo=2.5 m/s. The error committed in terms of dis-
of k, in contrast with the laminar case where the pure diffu-tance from the jet orifice is about>t

o measured spectrum
+ reconstructed spectrum

-4}

-5}

logio [E(k)] (m®/s?)

-7+
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evolution law were obtained in another previous analj@js tances from the jet belonging to the laminar region of the jet
but considering scalar passive fields. In the present case oflow, confirming that the perturbation is deformed only by
results appear to be more general since the velocity repraliffusion in laminar regions.

sents an active vector field. In any case, the results achieved In conclusion, results obtained from the experimental
so far indicate that the evolution law of the mode amplitudeanalysis of the interaction between a step-function perturba-
is the effect of the interaction between the background turtion and a turbulent velocity field have been reported. Mea-
bulence and the perturbation. Referring to B, itis found ~ Surements have been conducted in four positions down-
that G(t; ,K) # G, (t; ,k), whereG,(t; ,k) is correctly repre- stream of the jet or|f|_ce by single probe _hot wire
sented by Eq(1) for k> ko. As pointed out by Kraichnaf#], anemometry. The analysis has been performed in the_ wave-
G,(t; k) is affected by the large-scale properties of the tur-"umper domain, by the use of a local Taylor hypothesis, and
bulent flow. The interactions betweenp,(x;,t) and :n tk:e ]:ume tc)iorr;(am. Ddepﬂendlr][% on thle rzlaﬁlve turbcllj_ltgnce
u;(x; ,t) are in fact retained in the exponential law quadratic evet of the background Tow, the analyzed Tow conditions

) . I - @ “were classified as laminar or turbulent. In the laminar case it
in t; that reflects the Gaussian form of the probability distri-\\+< found that the dynamics is characterized by pure diffu-

bution function of the large-scale fluctuationst] of  gjye effects with diffusivityv. In the turbulent experiments a
u;j(Xi 1) , ) i ] proper synchronized averaging technigue permits the extrac-
The question that arises is wheth@h(t; k), approxi-  tjon of the perturbation from the background turbulence. In

mated by Eq(1), can be assumed to be the response functiofhis way the evolution of the perturbation interacting with the
of the turbulent system. This point can be addressed by verbackground turbulence has been analyzed and the response
fying its predictive properties. It is possible in fact to recon-function of the turbulent system has been evaluated by the
struct the spectra at each position starting witk & spec-  estimation of each mode evolution law. It is found that the
trum att=0 and using Eq(1). The predictive reliability can time evolution predicted by the linear approximation of Kra-
be validated by estimating the time delay needed to recorichnan’s DIA response function is in good agreement with
struct the spectra measured at each pxjrind comparing it~ present results. Physically this corresponds tmbistic be-

with the measured time de|ayls On the other hand, one can havior Of the VE|OCity front that is related to the |arge-scale
calculate the timéor space delay needed for the measured fluctuations of the background turbulence. The effect of such
spectrum atx; to reach, moving backward, the 2 shape fluctuations is in faqt retalneq by a response function that
expected ak=0. Also in this case, if Eq(1) is correct, the ~CONServes a Gaussian functional form. These results have
reconstructed time delay should be eqtjal In Fig. 4 we been checked by analyzing two different mean velocities and

present a result of the first approach. The reconstructed spegé%:r:ﬁﬁ_fgt f(lazd?cszti?/]:ath?osr;r?iiéeéfﬂt]r?é ﬁﬁgg:arfss E)hnesg?lrjt#é:
trum atx, andV,=8 m/s is superposed with the measured_; : P prop P

one. The agreement between the measured and reconstruc{'eod1 are confirmed.

time delay was good with an error that, in terms of space, R. Benziis gratefully acknowledged for the useful discus-
was on the order of @ downstream from the big jet. The sions and suggestions. R.C. is indebted to the Physique Re-
same results are obtained also at the otheand with the  cherche group of ENS de Lyon for their hospitality during
other approach with an error of the same order. This systenthe course of the experiments. This work has been partially
atic error of about ® downstream is related to the fact that supported by DRET Contract No. 94-2555 and CEE Contract
the background turbulence is not significant at small disNo. ERBCHRXCT 940546.
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