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Small scale intermittency and bursting in a turbulent channel flow
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The statistical properties of the streamwise velocity fluctuations in a fully developed turbulent channel flow
are studied experimentally by means of single hot wire measurements. The intermittency features, studied
through the scaling of the moments of the velocity structure function computed using the extended self-
similarity and through the probability density function of the wavelet coefficients, are found to be dependent on
the distance from the wall. The maximum intermittency effects are observed in the region between the buffer
layer and the inner part of the logarithmic region where it is known that the bursting phenomenon, related to
coherent structures such as low speed streaks and streamwise vortices, is the dominant dynamical feature. An
eduction technique based on wavelet transform for identification of organized motion is developed and used to
analyze the turbulent signals. Streamwise velocity conditional averages computed on events educed with the
proposed method are reported. Events responsible for intermittency are found to consist of regions of high
velocity gradients and are directly correlated with the observed increase of intermittency close to the wall.

PACS numbe(s): 47.27.Nz, 01.50.Pa

[. INTRODUCTION has been paid to the case of nonisotropic and inhomogeneous
conditions where it is well know that large scale organized
structures exist and can be dynamically importésge, for
During the past few years there has been a lot of interesixample, Ref[7]). Only recently, scaling exponents for non-
in the study of the statistical properties of homogeneous anflomogeneous and nonisotropic cases have been determined
isotropic turbulent flows and nowadays it is well acceptedexperimema”y by Camusst al.[8] very close to a grid, by
that scaling exponents of tipemoments of velocity structure pyotaset al. [9] and Gaudinet al. [10] in wakes, by Chilla
function (hereafter denoted a$) are nonlinear functions of and Pintor{11] in a closed von Karman flow, by Amat al.
p (see, e.g., Ref.1]). The nonlinearity of the scaling expo- [12] and Antoniaet al.[13] in a numerical and experimental
nents, also known as anomalous scaling, has been observeannel flow. Most of the results agree on the fact thatthe
by many experimental investigatiof,3], and confirmed by deviation from linearity is much more evident in cases where
numerical simulationf4]. This anomalous scaling, related to anisotropy is present and this phenomenon is presumed to be
the change of the shape of the probability density functiorassociated with passages of coherent structures.
(PDF) of the velocity difference for different scalésom a This aspect has particular importance in the case of
guasi-Gaussian PDF for large scales to a distribution wittboundary layer flows in connection with the typical bursting
exponential tails for small scalgshas been associated with process which is relevant for many practical reas@mergy
small scale intermittency which basically consists of an unbudgets, turbulent production, drag reduction, or heat trans-
even distribution of the turbulent energy rate of dissipationfer properties Especially after the DNS results, it has be-
In parallel with these studies, numerical simulatidss4]  come increasingly clearer that the dynamics and the instabili-
revealed, in isotropic turbulence, the presence of filamentarties of low speed streaks in the wall region are responsible
structures associated with high velocity gradients. From théor the bursting process in the turbulent boundary layer
theoretical viewpoint, a statistical model that takes into ac{14,15. Indeed, as indicated by Sandborn in 19%6], who
count the presence of organized filamentlike structures hasnalyzed band passed signals acquired in a turbulent bound-
been proposed by She andvegue[6] and their prediction ary layer, the presence of low speed streaks might be indi-
of the scaling exponents is in good agreement with experieated by “bursts in the over allall frequenciep hot wire
ments in homogeneous and isotropic turbulence. Howevesignal.” Successive experimental studies were performed in
the nature of organized structures, their role in the mechasrder to develop methods for localizing the bursting events
nism of turbulent energy dissipation, and their connectiorfrom a time series and to have a better understanding of their
with anomalous scaling are aspects not yet clear mainly imelation to small scale intermittend{7-19.
real turbulent flows where inhomogeneous and unisotropic In the present work, an experimental study of the stream-
conditions are encountered. wise velocity fluctuations statistics in a turbulent channel
Indeed, most of the experimental work performed so farflow has been performed. The main task is to analyze how
on the scaling of the velocity structure functions has beerintermittency and scaling anomalies are modified by the
conducted in almost isotropic turbulent flows; less attentiorpresence of the wall and to correlate the observed behaviors

A. Background
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to the bursting process typical of the boundary layer flows. The Kolmogorov theory{26], which does not account for
The experiment has been carried out in an air channdNtérmittency of energy dissipation, predicts a linear depen-
flow placing a single hot wire probe at different distancesdence o, uponp and precisely{,= p/3. The advantage of
from the wall. The Reynolds number in the experiment wasising Eq.(1) instead of the method of E?) is straightfor-
not large enough to achieve an inertial range sufficientlyvard: the range where a scaling law applies is wider, allow-
wide for the computation of thg, . Therefore, the extended ing a good fit for the dgtermlnatlon of the s_callng exponents.
self-similarity (ESS form of scaling, proposed by Benzi Furthermore, the scaling exponents obta_lned by ESS have
et al.[20], has been used to determine scaling ranges and fd¥een demonstrated experimentally to be in good agreement
the accurate calculation of the intermittency exponents. Sta¥ith the scaling found in experiments at very high Reynolds
tistical analysis is also performed using the wavelet decomtumber computed in the standard way). .
position of the streamwise velocity signals. Due to the cor- AS it will be shown later, due to the direct connection
respondence between wavelet coefficients and velocit ith the velocity _d|_fferences,_ the application of the ESS to_
difference, of interest is the analysis of the scaling propertieh® wavelet coefficients obtained by the wavelet decomposi-
and of the PDF of the wavelet coefficients computed at dif-ion of the velocity signals is also straight forward. Here we
ferent scales and at several distances from the wall. In ordefery briefly review some properties of the wavelet transform
to correlate the anomalous scaling of the wavelet coefficientéhich are fundamental in the successive analysis. Wavelet
(or of the velocity differencewith the intermittency phe- coefficients are defined as followsee Ref[27] for details:
nomenon, a method for turbulent events eduction has been 1
developed. The technique, inspired by previous works of w(r,x)=—f o (X =x)Ir)u(x")ydx’, (€]
Fargeet al.[21] and Camussi and G{iR2], is based on the r
wavelet transform. With respect to previous methods whichyhere i is the wavelet function * is the complex coni-
rely on the imposition of a more or less arbitrary threshold,ygate, u(x) is the signal to be analyzed, andtorresponds
in the present approach it is assumed that the turbulent flow a scale. The wavelet transform is capable of revealing
structures are the main features responsible for the nonscaling laws: It can be provef@7] that when the structure
Gaussian PDF of the wavelet coefficients and, on this basigunction of a signal behaves as a power law, then also the
a threshold is automatically selected. Our method is based qRavelet coefficients scale as a power law and the following
the assumption that non-Gaussian statistics are a signature @fation applies:
some coherence in turbulence, in contrast to systems with
random interactions which give Gaussian statistics according (W(r,x))~re, 4
to the law of large number®3]. Turbulent events are then
identified and their relations to the anomalous scaling ar
discussed. Further details on the ESS technique and on t

proposed method for turbulent event eduction are present ponent by averaging only on preselectetf the moments

in the next subsections. In Sec. I, the experimental setup '3t the wavelet coefficients are plotted as functions of the

d_escrlbgd whereas Sec. lll contains the results a_nd diSCURirg order moment of the wavelet coefficients instead of as a
sions. Final remarks and conclusions are reported in Sec. |

unction of the scale, a sort of ESS for wavelet coefficients
- is achieved, rendering the wavelet scaling analysis possible
B. ESS and wavelet decomposition even at low Reynolds number.

As pointed out above, anomalous scalings in the inertial From wavelet coefficients, qualitative indicators of inter-
range are related to the intermittent nature of the turbulenfnittency can be defined. An interesting measure of intermit-
energy dissipation. The intermittency effects on the scalingency has been introduced by Fafg&] and Fargeet al.[21]
of the structure functions can be determined if an inertialend is defined as follows:
range is present and sufficiently extended. For most of the
experimental facilities, since a very high Reynolds number is 1(r,x)=
not so easily achievable, the inertial range is limited to a w013y
narrow band of scales, making the study of intermittency . . o
rather difficult. The introduction of the ESS allows the studyWhich gives an unambiguous characterization of the local
of scaling laws at moderate and low Reynolds number to b&Ctivity of the velocity field at each scale.

where«a is the scaling exponent and the symHol. . ), de-
Gotes an average over the positiongs will be clearer later,
.(4) is very suitable for calculating the conditional scaling

w(r,x)|?

©)

performed. ESS consists of representing it order struc- A second indicator of intermittency is the flatness factor
ture function as a function of the third order one. Formally©f the wavelet coefficients:
this reduces to (W(r, )%,
& F(r) = PR VE (6)
Sp(r)~Ss(r)°e, D (W(r,x)%)x

For real waveletsf - andf, are strictly related: by squar-

where £} is known he relativ ling exponent in con-, . :
ered, 1s known as the relative scaling exponent in co ing and averaging definitiotb) over x, it follows that

trast to the absolute scaling exponépt Sy(r) is the struc-

ture function computed with the absolute value of the veloc- F(r)=1(r,x)?),. (7
ity difference (for a discussion on the use of the absolute
value, see Refg24,25): TheF andl represent the basic ingredients for the imple-

mentation of the present method of events eduction which is
Sp(r)={[u(x+r)=u(x)|Py~rer. (2)  described in the following paragraph. The application of the
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ESS technique to velocity data, and to the correspondingvas equipped with 35 static pressure taps connected to a
wavelet coefficients, at different distances from the wall will scanivalvesystem in order to evaluate the pressure gradient,

be presented in Sec. IlI. a Setra pressure transducer with amplified output signal was
used for the pressure readings. Further details on the experi-
C. Eduction criterion for events selection mental set up may be found in R¢R9].

In this paper we developed a method for individuating The Reynolds number based on the mean velocity at the

turbulent events using the wavelet transform which seems t6enter of the channel and on the channel half height was
be a natural tool for relating anomalous scaling, intermit-10 800 which corresponds to Re510 (u.=0.213 m/s). In
tency and bursting processee [22,27,28). The present this condition, a fully developed flow was well assessed at a
technique is based on the paper by Camussi and[£]j  distance corresponding to 157 half channel heights down-
who, starting from the definitiort5) and using orthogonal Stream the inlet of the channel where measurements were
wavelets, developed a method for individuating structures ifaken. Longitudinal velocity measurements have been per-
a turbulent flow. Their method consists in selecting a scale formed using a single subminiature hot wire senqmobe

and localizing portion of the signal where the value of thetype DANTEC 55A53 characterized by 2um of diameter
function| is greater than a preselected threshold. They havand 0.45 mm long, which corresponds to 6.6 wall units, low
shown that physically this correspond to select, in the timegnough to obtain a good spatial resolution in the turbulence

series, the instants corresponding to passages of coherdhgasurements near the wgd0]. The probe was connected
structures. to a CTA Dantec 55C01/C10 Bridgén situ calibrations

In order to select systematically the events in all scalesWere carried out before and after each set of measurements

we present a method for the selection of the threshold. wand data were discarded if any significant difference in the
consider the function but, instead of imposing an arbitrary calibration curve was present. Direct current offset voltage
threshold whose effect on statistical quantitiesaipriori ~ Was applied to the signal before amplification of the alternat-
unknown, we select it in such a way that thdor each scale iNg partin order to cover the complete dynamic range of the
is equal to 3. The method can be simply summarized aghalog-digital (A/D) converter. Preliminary power spectra

follows: we compute the flatness factor at each waveletvere performed using a Bruel-Kjear spectrum analyzer in
scale; if it is greater than 3, we impose a threshold onl the order to have indications of the maximum frequencies con-

function and recalculated the flatness factor excluding thosEining significant energy contribution. Time series of
regions in whichl is greater than the selected threshold. 1f230000 data sampled at 6 kHz were collected using a 12-bit
the flatness factor is still greater than 3, the threshold is low/VD data acquisition system and anti-aliasing filtering was
ered and the process is iterated until a flatness factor of 3 igérformed by an analog filteroll off 80 dB/decadg at a
reached for all scales. F is less than 3 for a given scale, requency cutoff of 3 kHz. It has to be pointed out that due to
events are not detected. The method selects as events thd8g relatively small frequency sampling, the dissipative range
regions whose effect on the complete signal is to make thé$ not weII resolved but a suf_ﬁmently_ large number of statis-
PDF of the wavelet coefficients strongly non-Gaussian irfically mdependent samples is acquired. Inde_ed, close to the
each scale. Usually smaller scales require a lower threshold@ll: the typical scale of an eddy may be estimated to be of
As will be shown in the next paragraph, the method a||0W5th_e order_ of 25 viscous lengths, the diameter of the stream-
us to divide the signal into two contributions: the first one, inWiSe vorticessee, e.g., Ref14]). Therefore the total acqui-
which, by definition, all wavelet scales have the same quasiition time window corresponds to more thax 50° eddy
Gaussian PDF and the second one, which is responsible fgyrnover times. Using this value as an estimation of the num-
the anomalous scaling and includes only the events. It has €' Of independent samples, the maximum oplénat may
be remarked tha equals to 3 does not imply that the PDF P& computed for a reliable computation of gjecorresponds
is Gaussian since the PDF is univocally determined by all itd0 @P0Utpma,=6 (see Ref[31]). Therefore, this is the limit
moments, so the signal without events, even though has ¥€ assume for the following analyses. Note also that the use
F=3, is not necessarily strictly Gaussian. of the ESS improves the statistical convergeiisee Ref.
Once the events have been localized, the original signir?’z]) as well as the use of the wavelet coefficients which are

can be phase averaged, in order to obtain a “mean signatutgss affected by the background noig?]. In the case of
event.” positions far from the wall, the flow may be considered

quasi-isotropic. Therefore, an estimation of the eddy turn-
over time may be computed on the basis of the Taylor mi-
croscale[31]. In this case, the number of independent
The experiment has been carried out in a rectangular crosamples results again to be of the order of B* and there-
section channel7 m long, 70 mm high, and 300 mm wide, fore the above considerations on the reliability of the mo-
arranged in five Plexiglas modules. The channel is situated amhents of the velocity structure functions still apply.
the exit of a convergent, which in turn is located downstream The probe positioning was performed by a microposi-
from a settling chamber fitted by the fan section. To avoidtioner characterized by an accuracy ©0.005 mm which
the effects of the vibrations induced by the electric motor onwas mounted on the upper surface of the channel for the
the measurements in the test section, an annular rubber riragcurate location of the hot wire probe. Measurements were
was interposed in between the fan section and the settlingerformed at different heights from the wall. In Figalwe
chamber. The whole duct was also insulated from the groundhow the mean velocity profile in terms of the law of the
by inserting blocks of rubber between the ground itself andvall (von Karman’s constank=0.41) compared with ex-
the channel steel supports. The upper surface of the channe¢rimental data of Antoniat al.[33] at Re=11 600, and the

Il. EXPERIMENTAL SETUP AND FLOW PROPERTIES
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FIG. 1. Streamwise velocity mean profil@), and rms(b), nor-

malized with the velocity skin friction as a function of the distance  FIG. 2. Skewnes£a), and flatnesgb), of the streamwise veloc-
from the wally* . Present experimental data are compared withity as a function of the distance from the wall . Present experi-
results from numerical simulation by Manscetral. at Re=10935  mental data are compared with experimental data from Alfredsson
and with the experimental data of Antoreaal. Re=11600. In the et al. at Re=7500.
plot is also reported the law of the wall.

rion. The achieved results are discussed in the frame of the
numerical data of Mansouet al.[34] at Re=10935; as can possible physical interpretations mainly concerning the dif-
be seen from Fig. (&), a good agreement is achieved. In theferent behaviors observed for different distances from the
same figure the regions corresponding to the buffer layer andall.
the log-layer are also evidenced. The distribution of the tur-
bulence intensityu’/u, (whereu’ denotes the streamwise
velocity rmg as a function of the wall distancg" is dis-
played in Fig. 1b) and compared to the numerical and ex- Figure 3 shows the dependence of the third order structure
perimental data cited above. In FigsaRand 2b) higher  function on the scale™ aty* =15 andy*=310. As ex-
order statistics, respectively, skewness and the flatness, apected, there is no evidence of an inertial range, therefore the
shown. On the same diagrams, to complete the validation dESS was employed to characterize the anomalous scaling. In
present flow conditions, data at R&500 from the literature Figs. 4 and 5, we show some examples of the ESS results
[35] are also reported for comparison, showing good agreesbtained by plotting the fourth and sixth order structure func-
ment.

A. Statistical analysis with no conditioning

FrToT II T T T T TT I| T T L
IIl. RESULTS AND DISCUSSION o . Jana N
In this section results obtained by the application of the £ o N ]
above described postprocessing methods are presented. In all s A W
the analysis the standard Taylor hypothesis has been used in % _ o7 _
order to convert time scales to space scales. The validity of g 30 v vV 1
the Taylor hypothesis for the calculation of the structure L v R + ]
function in a turbulent channel flow has been discussed by 4F v y+=15 -
Antoniaet al.[36]. Data are first analyzed with no condition- S vooy=so
ing and the ESS is applied to both the raw data and to the P L i LT
corresponding wavelet coefficients. In this way we try to 10 + 100

define which region of the boundary layer shows larger in- !

termittency. Then, the connection with the bursting process FIG. 3. Third order structure function at'=15 and aty*
is analyzed statistically by using the events eduction crite=310. There is no evidence of an inertial range.
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LA NI IR BRI BLELELE B B TABLE |. Relative scaling exponents for the Shéveque

08 A
£- - ¥ - - p=4 Slope 1.19 ] model, for the present experimental turbulent channel flow *at
04 F——— p=6 Slope 1.48 E =310 and aty " =15. The scaling exponents have been calculated
oF 3 using the ESS.
~ oaF e ulE
o™04F T & ¢, aty* =310 {paty*=15
= 08 - E She- present present
-12F - 3 p Léveque expt. expt.
E % B
-1.6 ;—, -7 E 1 0.37 0.37 0.43
2F 3 2 0.70 0.70 0.75
Eoava oo b v b by Ly g
-1.8 -16 -14 -12 -1 0.8 06 3 1.00 1.00 1.00
In(S;) 4 1.28 1.27 1.19
5 1.54 1.52 1.34
FIG. 4. Fourth and sixth order moment of the velocity structure ¢ 1.78 1.75 1.48

function aty™ =15 as a function of the third order structure func-
tion. The structure functions are represented by the symbols and the

fits by the dasheds,(r), and solid S(r), lines. In the plot are also  and ¢} are very close to the ones obtained in homogeneous
reported the slopes of the fits. The dissipative range is not includeg, ylence ﬁ =127 andg”g =1.75 compared t(ﬁ =1.28

in the plot. {%=1.78 from Ref.[6]). On the other hand, a substantial

difference is found ay™ =15 where the scaling exponents
tions as a function of the third order one, as indicated by Eqgre £%=1.19 and{% =1.48. For a more guantitative analy-
(1). Two cases, corresponding to two different distancessjs, the scaling exponents obtained famnging from 1 to 6,
from the wall, are considered: The first offéig. 4) corre-  are also reported in Table I. The present analysis, therefore,
sponds to the buffer regiory('=15) and the othe(Fig. 5  confirms that there is an increase of intermittency for de-
to a position almost in the center of the channgl” ( creasing distances from the wall and this effect is revealed by
:310) The smaller scale used for Computing the Scaling_he Strongergp anomalies observed for decreas'vfg_
exponent has been determined by looking at the region |n order for this point to be better understood, the scaling
where the local slope of [1B(r)] vs In(S;(r)) as a function  exponent of the sixth order structure function across the nor-
of y" becomes constant. The upper bounds have been sgyal direction of the channel has been analyzed in more de-
lected by the integral scale calculated through the autocorreajl. In Fig. 6 the so called intermittency paramefét, u
lation function. In both figures the dissipative range and thezz_gg , which gives the anomaly with respect to the Kol-
scales greater than the integral 1 are not reported. ~ mogorov[26] linear prediction and that characterizes by the

The first comment to be underlined here is that, eithelgma| scale intermittency, is shown as a functiorydf. The

close to the wall where the viscosity surely plays an imporgrror bar has been evaluated by the standard deviation of the
tant role at all the scales, and almost at the center of thg,ca derivative, computed over neighboring points, in the
channel, a scaling regiafin the ESS representatipoan be  yange where the scaling was detected. Figure 6 shows a peak
defined. Therefore, even if the dissipative range is not comz; aroundy* =20 and theru decreases moving towards the
pletely resolved, clear scaling is observed andghean be  .anter of the channel. For" =100, within the log-layer, the
computed accurately. Concerning the amplitude of the scakyiermittency factor is almost constant. &t =310 the in-
ing exponents it is shown that gt =310, the values of}  termittency parameter jg=0.26 in agreement with previous

observations in isotropic and homogeneous turbuléeag

S T e o ca o
x""w

Ref.[2]). Similar results where found by Antonét al.[13]

-6 __ "/ ' __ 1 [ TTITT TTTT TT T l TTTT I T T I LI I TTT |-
~-8F - 03[ _
Ol i r ;
210F" = 06 ]

C - -¥%--p=4Slope 127 1 u ﬁ:{ﬂ ]
-12p — v p=6Slope 175 04l }{ ]
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FIG. 5. Fourth and sixth order moment of the velocity structure y+2

function aty™ =310 as a function of the third order structure func-

tion. The structure functions are represented by the symbols and the FIG. 6. Intermittency parameter as a function of the vertical
fits by the dashed5,(r), and solid,Se(r), lines. In the plot are also coordinatey™ . The error bars are given by the standard deviation
reported the slopes of the fits. The dissipative range is not includedf the local relative scaling exponent calculated over neighboring
in the plot. points of the ESS representation.
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TABLE Il. Relative scaling exponents at" =15 calculated wgr————7 71— T 173

with ESS using the structure function and wavelet coefficients. E * y+=310, =403

+ 100;— o y'=15,r'=40 -

Loy =15 E Gaussian 3

p Loy =15 wavelet L 1

G107 E

1 0.43 0.41 s 3

2 0.75 0.75 Mo -

3 1.00 1.00 F © 3

4 1.19 1.19 3L S -

10°E 0“ E

5 1.34 1.35 E &«) 3

6 1.48 1.49 i L ey 1]
1010 5 10

from hot wire, laser Doppler anemometry, and DNS data,t F+|c_;.35i.0ProbaE>|I_|t)1/5defn5|ty flrnit'i)z(?f.the wa_tlvelet_tc;]oefﬂuents
performed at Re=180. The results confirm that a stronger &Y. ~°7: andy =15, for scaler *=40, in semilogarithmic co-

: . . - ordinate. The PDF are centered and normalized such that the area
intermittency is observed close to the wall and indicates aIs%n demneath each is unit
that the largest intermittency is revealed within the buffer -
region and, more precisely, in the rangesiy0” <40.

Analogous results are obtained when the ESS form 0—200) the PDF’s have a quasi-Gaussian distribution, while

or intermediate and small scales the PDF's are characterized

scaling is applied to the wavelet coefficients. In Table II, we, " " . . X L :
report the value of scaling exponents computed using thBy increasingly wider tails. .TO be_tter.hlghllght the differ-
ences between the two regions, in Fig. 8 we compare the

ESS on the velocity signal, and with the wavelet coefficientsPDF aty* =310 andy* =15, computed at the same scale

aty*t=15. il .
To further investigate the intermittency nature of the(r =40). The nght part c_)f th_e PDF over_laps almost_ per-
ctly, the left part instead is wider gt = 15 in respect with

streamwise velocity across the channel, we show in Figsf.e+

7(a) and 7b) the PDF of the wavelet coefficients gt y" =310, indicating a more intermittent process in the buffer
=310 andy™* =15, computed respectively at scates=40 region. This result is consistent with the one obtained by
80, 200. The beh’avior is the typical one of a turbulent f,Iow:BenZie_t al. [_37] in_a numerical simulation of a channel flow
for both distance$Figs. 7@ and 7b)], at large scalesr(  (S€€ Fig. 1 in their papgr

1 : : B. Conditional analysis and bursting effects
10 ; T T T T T T T T T T T T T T T T T E ) ) )
F a) o ;a0 3 The eduction method developed and described in the Sec.
100 o - I(C) has been used to analyze the velocity signals and to
E r =80 E .
£ o+ 3 track events. The present approach, being based on wavelet
L : =200 1 decomposition, permits the effects of organized structures to
0 ausstan - 3 be better evidenced even if the background turbulence en-
o oL h ergy level is much higher than the energy associated to the
107E intermittent structures. Furthermore, with the present tech-
- & 3 nique the contribution to intermittency for different scales
10'35_ oof % E may be analyzed due to the selectivity nature of the wavelet
C S * 5 ] decomposition, and the ambiguity in the choice of the thresh-
1045 5 T old for the events selection is avoided.
+
w(x ,r')
IOIEI T T T T T T T | T T T T | T T T T | |§ o:l LI UL I T 1T 17T I LU | LI I_
- b o a0 3 Py
100 o g0 3 2
B X f=200 ] 2 E ]
1071 E d oF :
E E Gaussian J = 6 3
a, r b = o ]
1028 E E 8o : 3
E 3 v o +° —v— p=1 Slope=0.40 ]
F PN o 1 g B4, ----¥---- p=2 Slope=0.73 ]
¢ * -10F - — - -
3L o ¢ - L.+ o— - p=4 Slope=1.20"]
10™E O & 0 E i —— p=5 Slope=1.36 1
E © ) 3 2B - - + - - p=6 Slope=1.49_]
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FIG. 7. Probability density function of the wavelet coefficients  FIG. 9. Moments from 1 to 6 of the wavelet coefficients as a
aty*=310 (a), andy* =15 (b), for scaler"=40, r*=80, and  function the third order moment conditioned on the nonbursting
r*=20, in semilogarithmic coordinate. The PDF are centered angbart of the signal. The slope of the fits represented by lines are
normalized such that the area underneath each is unity. reported.
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FIG. 10. Moments from 1 to 6 of the wavelet coefficients as a  FIG. 11. Number of educed events per unit length in wall units
function the third order moment conditioned on the bursting part ofas a function of wavelet scate” for y*=15, 28.8, 103, 310.
the signal. The slope of the fits represented by lines are reported. ) ) )

logarithmic region ¥ =103) and close to the center of the

In order to test numerically the eduction method and tochannel §*=310), the number of events is lower. These
confirm that the events educed are really responsible for thegsults are consistent with the ones obtained previously
anomalous scaling, we compute scaling exponents first Coﬁhro_ugh th_e structure function analys_|s indicating the stron-
sidering only the events, Fig. 9, and then excluding thder intermittency of the buffer layer with respect to the other

events, Fig. 10. The exponents are computed using the Esrggéonsf. h h that th b f s i
for the wavelet transform, averaging only on the coefficients 0 far, we have shown that the number of events IS

. ) reater in the buffer region but their mean shape has not yet
corresponding, respectively, to the events and to the nor%een discussed. Indeed, according to previous analgses

events. Th_e sgalmg exponents are reported_ in Table III. ARef. [14]) the dynamics of the coherent structures should
linear scaling is found for the nonevent region whereas ar%

| i th v th i enerate high velocity gradients. In Fig. 12 the averages of
anomalous scaling, with exactly the same scaling exponentye syreamwise velocity conditioned on the educed events are

as those obtained by the complete signal is found for thgpown fory* =15 in the case of accelerated evént used

events(see Table )l _ the Taylor hypothesis, so accelerating events in time corre-
The resultS Of Table 1l therefore Conﬂrm that the StrUC'Spond to dece'erating events in Sphc'ﬁ’]e two curves cor-

tures associated with the detection method here developedspond to two different scales; =40,80, used for thé

are responsible for the observed anomalous scaling. Indeeggmputation and for the selection of the set of instants for the

when such events are eliminated, intermittency anomaliesnsemble averaging. The figure confirms that events selected

are no longer observed and the Kolmogorov prediction ishy the educing technique consist of strong velocity gradients

achieved. The procedure adopted for the threshold selectiomhich are found at all scales.

seems therefore to be capable of separating a strongly non- More detailed information on the shape and topology of

Gaussian contribution with anomalous scaling from thethe wall organized motion responsible for the mean time

quasi-Gaussian background of the turbulent flow whose scabignatures observed in Fig. 12 cannot be achieved by present

ing exponents are a linear function pf pointwise measurements. This aspect remains a task for fu-
According to the phenomenology described above, théure development.

number of events should be greater close to the wall because

of the bursting activity. In Fig. 11 we show the number of IV. FINAL REMARKS AND CONCLUSIONS

detected events per unit length in wall unit;, aty™ =15, _ _ ) )

28.8, 103, and 310, as a function of the wavelet scale where ! thiS paper, an experimental study of the intermittency

the eduction scheme is applied. The number of events ieffects on the statistics of the pointwise longitudinal velocity

about the same, almost zero, for scales greater than 1

T T 17T I LI | LB | LB | LI | T T 17T
=200. For smaller scales, the number of events starts grow- C ]
ing quickly in the buffer layer ¥ =15, 28.8) while in the r _‘7—' r]:=g8 ]
0.5 Y= .
TABLE lIl. Scaling exponents ay* =15 conditioned on the ‘q‘;:
events and conditioned on the nonevents. > o 1
N ;
£ I
Lyt =15 Ly =15 z |
p events nonevents Vosl N
1 0.40 0.334 C ]
2 0-73 0'667 - -I 111 I | I | | 1111 | 1111 | 1111 | 1 1) I-
3 1.00 1.000 -%00 =200  -100 0+ 100 200 300
4 1.20 1.333 *
5 1.36 1.667 FIG. 12. Conditional average over the accelerated events of the
6 1.49 2.001 streamwise velocity component gt'=15 for r*=40 andr*

=80.
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signals acquired in a turbulent channel flow, has been preaeous and isotropic turbulence, whereas fos 0 <40 cor-
sented. responding to the buffer layer, they increase significantly and
The statistical analysis has been performed using differerthe PDF’s tails enlarge. We have developed and applied on
indicators, and the study has been conducted both on th@e streamwise velocity component an eduction technique
velocity structure functions and on the wavelet coefficientgygsed on the wavelet transform. It has been shown that the
obtained by the decomposition of the velocity time serieseyents selected by the present technique are responsible for
For a careful analysis of the turbulent flow considered, gnhe anomalous scaling observed on the velog@itywavele}
unique technique for events eduction has been developegyycture functions. This point has been addressed by the
The method substantially extends a previous identificatiorana|ysis of the ESS computed from the signals conditioned
scheme based on the wavelet decomposition of the velocityn the selected events. Specifically, when the events are re-
signals[22]. In the present approach the uncertainties relateghoved, nonintermittent scalings are observed. It has also
to the choice of the threshold level for events selection ar¢een shown that the number of events increases moving to-
eliminated: the threshold is selected as a separation levglards the wall. From this analysis it appears that the bursting
between quaS|-GaUSS|an and non-Gaussian contribution mocessy typ|ca| of a turbulent boundary |ayer, gives a strong
the velocity signal as a whole. The analysis has been applieghntribution to the intermittency process. Moreover, even
to pointwise velocity signals acquired by a single hot wirethough from the present analysis detailed topological infor-
probe at distances from the wall ranging frgm=7 up 0 mation is not available, the mean structures obtained by
y"=310. enseamble averages of the streamwise velocity conditioned

The present results have shown that the region in whiclyn the educed events are associated to velocity gradients.
the small scale intermittency is stronger corresponds to the

buffer layer. This result has been achieved by the analysis of

the relative scaling exponent; obtained by the ESS form of ACKNOWLEDGMENTS

scaling and by the computation of the PDF of the wavelet

coefficients. It has been found that for positions close to the The authors wish to acknowledge R. Verzicco for helpful
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