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Recent experimental and computational studies by Adrian and co-workers, such aseia@ididd.

Fluid Mech.422, 1 (2000] and Zhouet al.[J. Fluid Mech.387, 353(1999], have proposed that a
dominant structure in wall turbulence is the organization of hairpin vortices in spatially correlated
packets or trains of vortices. In this study this scenario is investigated using the attached eddy model
of Perry and Marusi¢J. Fluid Mech.298 361 (1995] by calculating structure angles, two-point
velocity correlations and autocorrelations and comparing them to experimental measurements across
a zero-pressure-gradient turbulent boundary layer. The results support the conclusion that spatially
coherent packets are a statistically significant structure for Reynolds stresses and transport processes
in the logarithmic region of the flow. @001 American Institute of Physics.

[DOI: 10.1063/1.1343480

I. INTRODUCTION eddy modeling work has been that the attached eddies are
randomly distributed in the plane of the wall and therefore
A substantial amount of evidence has been presented ifire uncorrelated with each other. Recent studies by Adrian
the literature supporting the existence of hairpin orand co-workers suggest that this assumption is not valid, and
horseshoe-type coherent structures in turbulent boundafyrovide evidence suggesting that the hairpin vortices are spa-
layer flows, in the region above the viscous buffer zone. Seaially aligned in the streamwise direction, forming correlated
for example, Ref. 1, the review by Robindamd the articles packets or trains of vortices. In Refs. 10 and 11, it is pointed
in Ref. 3. This evidence comes from experimental flow vi-out that such a correlation leads to Reynolds stresses being
sualization using dye, smoke or other passive markers, anghhanced by the cooperative transfer of momentum between
more recently from numerical datasets using vortex featurethe hairpins, which are not included in the Perry and Marusic
extraction schemes. With the large number of studies havmodel. The evidence for spatial coherence between indi-
also come various labels and descriptions to identify differvidual hairpins has come from both experimettat*3and
ent variations of these structures. In this article, no distincnumerical studie$*~®In the study of Zhouet al,* direct
tion between different variations of hairpin-type vortices isnumerical simulatiofDNS) was used to observe the evolu-
considered, for example, symmetric versus asymmetric, bufon of a single hairpin vortex structure embedded into the
rather the concern will be on shapes which are found to benean flow field of a low Reynolds number (Rel80) tur-
statistically representative on averagm the sense of pylent channel flow. Here Re 8.U./v is the Karman num-
Townsend). Also, no distinction is made between hairpin or per wheres, is either boundary layer thickness or channel
horseshoe shapes and therefore only the term hairpin will bgalf-width, U . is wall-shear velocity, and is kinematic vis-
used. cosity. Zhouet al. found that provided the initial vortex had
Perry and Choriyand Perry, Henbest and Chdngere  gufficiently high circulation in its core, then it would spawn
the first to use the hairpin vortex shape as the representativ@her hairpin vortices which would consequently propagate
eddy in a kinematic model for wall turbulence. The model istogether as a Coherent packet Of structures. S|m||ar genera_
based on Townsend's attached eddy hypothésisd con-  tion processes have been reported by Srettal” In an-
siders an assemblage of eddies with a range of length scalgger numerical study, Liu and Adrihperformed a DNS of
with varying population densities per eddy length scale. Thehannel flow at Re=300 and reported the frequent appear-
eddies are attached in the sense that their characteristig,ce of packets of hairpin vortices with lengths of approxi-
lengths are proportional to the distance at which the eddy iﬁqate|y 3-B,. The computational domain was 13,7n the
located from, or extends above, the wall. Perry and Mafusicsyreamwise direction. Experimentally, Adrian, Meinhart and
and Marusic and Pertyater refined and extended the model Tomkins® studied a zero-pressure-gradient boundary layer
to compute second order statistics, including kinetic energy,er 5 Reynolds number range of 35Re.<2000 using
spectra. Good quantitative agreement was shown for COMPigh resolution PIV(particle image velocimetyy (This cor-
nents of the Reynolds stress tensor given the experiment"iléspondS to a range of Reynolds number based on momen-
mean velocity flow field for arange of differer_n studies.  tum thickness of 936 R,<6845) They concluded that the
One of the main underlying assumptions in the attacheghckets appear regularly in the near-wall region and the loga-
rithmic region of the flow and extend up to the middle of the
dElectronic mail: marusic@aem.umn.edu boundary layer. Packets containing up to ten hairpin vortices
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were reported, spanning streamwise lengths up&o For  |l. TWO-POINT CORRELATIONS AND STRUCTURE
this study the experimental field-of-view was restricted to 3ANGLE

d¢ . Qualitatively, the form of the packets was similar to that o gxperiment

observed in the channel flow simulations. ) ) . .

Adrian et all® emphasized that the idea of organized In order to d.eflne.the two—p0|_nt streamW|§e—veIOC|ty cor-
packets can explain many observations obtained from singlé!ation as obtained in an experiment, consider the arrange-
point time-series measurements. This includes the sequen ent shown in Fig. 1. Fc.)r. streamwise velocity fluctuations
of multiple ejections associated with a burst event as note u)_ measur.ed gt tvyo positions, A and B, the relevant corre-
by Bogard and Tiedermahand Tardd Also, streamwise auon function is given by
packets can explain the long streamwise tail in the near-wall 1 (TR
velocity autocorrelation function known to exist since  Rag= lim $f UaUgdt=UAUg, (1)
Townsend’s studies in the 195bsnd which are also well T ?
documented in other studies including those by Favrevheret is time, upa=u(Xa,02Z4,t) and ug=u(xa+AX,0,z5
et al,?% Kovasznayet al?! and Brown and Thomag.Simi-  +Az,t). As shown in the figure, hereis streamwise posi-
lar findings are also found in experimental spectra where théon while z is distance normal to the wall. The two-point
wavenumber at which the peak contribution to turbulencecorrelation coefficient is defined as
intensity occurs corresponds to length scales five to ten times

-7

the boundary layer thickne$3.Kim and Adriart® noted ~ Ualpg
similar length scales from spectra measured with hot-wires in Rag= \/=2\/=2 )
a turbulent pipe flow. They described these structures as UaVUp

“very large scale motions” and speculated that these could
arise from spatially correlated trains of packets. No direcB. Attached eddy model

evidence of this link is available as yet. _ We wish to use the attached eddy model to calculate the
The direct evidence for packets of vortices has comequivalent velocity correlation coefficient as measured in the
from studying individual realizations of plangexperiment  experiment. Only brief details of the background of the at-
and volumetric(simulation data. In the PIV studies, typi- tached eddy model are presented here as detailed descrip-
cally 100 realizations were considered. Although the evitions have been given in Refs. 6 and 8. The essential feature
dence is very suggestive, the issue remains as to whether gf the model is that it attempts to describe the kinematics of
not packets are the statistically significant contributors to they turbulent boundary layer beyond the viscous-buffer zone
transport phenomena in wall turbulence. by considering a statistical ensemble of coherent vortex
The aim of the present study is to directly investigate thestructures. Many length scales are considered, with the range
link between the existence of packets of vortices to longof length scales increasing with increasing Reynolds number.
time-averaged statistics such as the two-point velocity correAs will be shown in the following, quantities of interest such
lation. This is done using the framework of the attached eddws spectra are calculated first for a random distribution of one
model to compute the spectra and velocity correlation funcscale of structure. From this, an integration across all length
tions using spatially correlated packets of hairpin vortices ascales is considered with weighting functions used to ac-
the representative structures. As will be shown, the role otount for variations in velocity scale and population density
packets is found to be significant with its most importantand distribution across the length scales. Given the mean
contribution being in the turbulent wall regidiogarithmic  velocity field and the mean momentum and continuity equa-
region of the flow. tions, Perry and Marusic outlined the procedure for evaluat-
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FIG. 2. Schematic of a packet of
slantedll-eddies.

ing the weighting functions. In this way the kinematic state Ug o y

of the flow is describedat an instanceand other turbulence Pag(ki0)= WJ A de((—s>, )

statistics can then be calculated. Apart from the mean veloc- xTyS e

ity field, the only direct input is the shape of the representawhere the asterisk indicates a complex conjugate \grahd

tive eddy structure. Ay are geometric constants relating to the random distribu-
In order to compute velocity correlations, the calculationtion of packets in thex,y,0) plane. Equatioii7) is equiva-

begins by computing the induced fluctuating velocity fieldlent to a statement of Campbell’s theorésee Ref. 24 for

from one representative eddy structure and its image in thaniform density shot-noise distributions.

wall. Two types of representative coherent structures are be- The total cross-power spectral density comes from inte-

ing considered here, the first being individual hairpin-typegrating over the range of scales, frafp, the smallest eddy

structures of length scal® and the second being a spatially length scaldassumed to be 160U ,, the Klineet al?® scal-

coherent packet of vortices, shown schematically in Fig. 2ing) to §,, the boundary layer thickness. That is,

Here § is the length scale of the largest hairpin vortex in the s s s\ 1

packet. The velocity field is calculated using the Biot-Savart ¢, (k,5,)= J CPAB( Ky 5) QZ(—) D(—) ~ds, (8

integral and a Gaussian distribution of vorticity is assumed in 2 o) 0

the cores of the vortices. This part of the procedure is th

same as that used by Perry and Mardsic.the z,/6 and

zg/ 6 planes the velocities are represented by

Fv‘/vhereQ andD are weighting functions of the same type as
used in the attached eddy model of Perry and Martigjc.
accounts for the variation of velocity scale for differefis
U X Y 2z andD accounts for how the probability distribution function
U_o: A(5,3,§>, () (pdf) of eddy packet scales departs from-dl power law
and how the population density on they,0) surface varies
ugy X Yy Zg with &.
U_OZ B(g’ }3)1 4 The two-point correlation function is the inverse Fourier

transform of this cross-power spectral density function. That
where U, is the velocity scale of the largest eddy in the; is,

packet, and the superscrifit) denotes thenth eddy in the
packet which consists ofN eddies, say, in total. If
F(ky8,y/8,216) andF(B”)(kl(S,ylﬁ,zBlé) are the Fourier
transforms in the streamwise directionfof andfg, respec-
tively, then, using the shift theorem, the Fourier transformg"
for N eddies in the packet are

Ras(é)= ffm¢AB(k15c)ék15°§d(k15c). 9

whereé=Ax/ S, . Itis important to note that when taking the
inverse Fourier transform, the full complex form df,g
must be consideredk g is guaranteed to be a purely real

. y za| 1 % of s Y Za| i2migx(® function since® pg(—k16.) = Prg(ki ).
Ualko 5T N & | T (K0S s e * Finally, the two-point correlation coefficient is given by
5
N © Raa()= Rag(é) 10
AB - .
¢B(k1 Y 28 ):E D [F(B”’<k15 y Z_B>ei2wklxg”)] VRAn(0) VRes(0)
5 5 N n=1 ! 51 6 !

©) Another parameter which is often used to consider flow
structure is the inferred average structure angle, or simply
wherek; is the streamwise wavenumber axfl’ is the spa-  structure anglé® It is defined as the angled(as shown in
tial streamwise shift of thath eddy in the packet. Fig. 1) for which R,g is @ maximum corresponding té&
The cross-power spectral density resulting from a ran=¢_ . Therefore,
dom array of such packets over the plamey] can be cal-
culated from the spectral density function for just one packet. 0= artar( A? 50) _
m

. (11
The result is
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Ill. ATTACHED EDDY RESULTS port this conclusion with reasonably good agreement be-
tween the experiment and calculation for the correlation
shapes foiz,/ 6, levels above 0.3. It is important to check
Calculations were first done by considering individual the corresponding shapes of the correlation functions gince
eddies as the representative structures. For the following refepends only on the location of the peakRpg. Both the
sults comparisons are made with experimental measuremengs, ; and R, profiles show poor agreement in the near-wall
made with hot-wires in a zero-pressure-gradient turbulengegion, where the experimental results indicate that the cor-
boundary layer at Re4704 (R,=11928). Two arrange- relations extend oveAx~535, while the IT-eddy correla-
ments of hot-wires were used. The first was as shown in Figtions are restricted tAx~ 1.5, . The calculation results are
1, where for a fixed\z the wire at locatiorB was traversed perhaps expected since the largest eddy considered is of
to give different Ax positions, and henc&Rag(§) was |ength scales, and does not correlate with any other struc-
mapped out one streamwise separation at a time. In the segres.
ond arrangement, the wires were positioned at a fixed A further interesting result shown in Fig. 4 is that the
(usually=0) and Taylor's hypothesis of frozen turbulence structure angles computed using eddies inclined only at 45°
was used to infeg. Since both methods agreed, the seconto not necessarily give the 45° result. This is because the
simpler technique was used to gather the final results whicistribution and range of scales of eddies are also important
are presented here. When using Taylor's hypothesis, a fixefictors influencing the result, together with vortex core ef-
convection velocity of 0.82; was assumed at all levels, fects. This makes interpretation 6f results difficult and this
whereU, is the free-stream mean velocity. Full details of theshould be kept in mind when considering other studies re-
experimental facilities, procedures and experimental resultgorting structure angle resut$?2-3!Figure 7 shows the cal-
are given in the thesis by Uddihand in Ref. 27. Calculation cylation for only one scale of 45F-eddies. Here we would
parameters, such @/ 5. andz, /., were chosen to match expect to get; =45° apart from any vortex core effects, and
the experimental conditions. this is what the figure shows. Decreasing the core radius
The first representative eddy shape to be considered igives results closer to 45°. The large deviationg,imt high
the 45°I1-eddy, shown schematically in Fig(a. Marusic  z, /5, relate to probd being in the influence of the vorticity
and Perry suggested that this simple shape may be a goodistribution in the head of the eddy, while the lower prabe
candidate for the representative eddy in zero-pressurgs not. This effect will change for differenkz/5,. Similar
gradient flows based on some preliminary calculations ofesults to this were also found in some earlier work reported
spectra. In those calculations it was assumed for simplicityyy Perryet al32
that the population density per eddy length scale follows a  Figures 4—6 also show the results for calculations done
—1 power law and the same velocity scale is assumed pegith a modifiedII-eddy as shown in Fig.(B). This structure
eddy length scale. Therefor@’D=1 in Eq.(8). The same was chosen in an attempt to get low@rvalues forz, /s,
conditions are applied here. <0.3. While the structure angle results do seem to agree
Figures 4—-6 show the results for the calculation®of  petter with experiment, compared to the 4H%eddies, the
Raa and normalizedRg respectively, throughout the layer. correlation results still are inadequate for the near-wall re-
Figure 4 shows good agreement between experiment and cajion, showing smaller than expected spatial correlations in
culation for the inferred average structure angle but only fothe streamwise direction. It is worth noting that a shape simi-
approximatelyz,/5.>0.3. The results in Figs. 5 and 6 sup- |ar to this type of hairpin vortex was inferred by Jotierom

A. Single representative vortex structure
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FIG. 3. Examples of simple representative attached edtied5° I1-eddy FIG. 4. Structure angles from experiment and calculated using the attached
and (b) slantedlI-eddy. A Gaussian distribution of vorticity is assumed in eddy model using representative eddy shapes shown in Fig. 3. Full range of
the cores. length scales are considered. For both eddy shagés=0.05.

Downloaded 29 Oct 2008 to 128.250.49.72. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 13, No. 3, March 2001 On the role of large-scale structures in wall turbulence 739

[ T T T ] [ T T
e Experiment ]
—— Slanted I1-edd,
R 3 A y
A(g) 1% — — - 45 TI-eddy

2,/8,= 0,095

2,/8,=0.054

FIG. 5. Autocorrelation results at dif-
L L ferent levels through boundary layer.
3 4 0 1 2 3 4 Dotted lines=experimental data of
— T T T Ref. 26, Re=4704. Dashed lines
L J =attached eddy calculation using eddy
] shown in Fig. 8a. Solid line
=attached eddy calculation using eddy

shown in Fig. 8b).

2,5, =0.429 2,03, = 0.630
! L ! I
3 4 0 1 2 3 4
T T T T
7,/3, =0.875 2,/3,=0.984
I I I . ! I I
0 1 2 3 4 0 1 2 3 4

two-point correlation measurements in a recovering turbulenimplies a scenario where spatial coherence between the vor-
boundary layer. This shape is also very similar to the shapéces breaks down in the outer region of the flow.

of individual hairpin vortices suggested by Adria all® Figures 8—10 show the results for this two-part structure
based on their PIV experiments. calculation. Very good agreement is seen for the auto-

correlation and two-point correlation results and also for the
B. Hairpin vortex packets for near-wall region structure angle. Correlation results for highmy/ 8, levels

In order to improve the prediction for the velocity cor- @€ not shown as they will be identical to slantddeddy
relations below approximatelg,/35,<0.3, many different results shown in Figs. 5 and 6. In these calculations, the
shapes of eddies were tried, including very long streamwis@acket was made up of ten individual eddies and the largest
individual structures. In all cases, poor agreement was fountfirst) eddy was equivalent to the slantébieddy shown in
with the shape of the velocity correlation profiles and strucFig. 3b). All lengths of the remaining nine eddies were
ture angle results. This leads to moving away from randomlyscaled geometricallyconstant multiplication factgrsuch
distributed individual structures and considering an orgathat the smallest eddy was height & @here s is the height
nized packet structure, of the type shown in Fig. 2. This isof the largest eddy in the packet. Therefore, following the
qualitatively similar to the structures proposed by Adriannotation in Fig. 2,=0.2 and the length between the small-
et all® Since the single slantefl-eddies gave reasonable est and largest eddy in the packet igs=185. This means
results forz,/8,=0.3, a simple combination of structures is that the largest packet considered is of total length6.7
assumed. That is, for all eddy length scafes0.355., the  The spatial location of each eddy in the packet was jittered,
single slantedI-eddy[Fig. 3(b)] was used as the represen- following a normal distribution, about centers corresponding
tative shape, while a packet of slanttbreddies was as- to equally spaced locations between the ten eddies. The jitter
sumed to the representative structure 8%0.355.. This is applied during the integration ovgr§ in Eq. (7) for each
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FIG. 8. Structure angles from experiment and calculated using the attached

FIG. 7. Structure angles calculated using attached eddy model using onlgddy model using a packet of hairpin vortices #«0.355, and a single

one length scale of 45PI-eddies. Eddy shape shown in FigaB

hairpin[Fig. 3(b)] with r,/58=0.05, for 5>0.355, .
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S value considered in E(8). This corresponded to a dis- ing different eddy shapes and then checking the calculation
cretization of 50 points for Eq7) and 200 points for Eq8). against experiment results is that there is no guarantee that
Finer discretizations showed no discernible differences in théhe optimum solution has been found or that a unique solu-
final result. tion exists. Therefore, to guide in the choice of structures,
Various combinations ok ,, number of eddies and the essentially Occam’s razor has been followed. That is, the
extent of jitter were tried. The combination described aboveewest possible assumptions have been made in order to ex-
worked best to fit the experimental data but various Otheb|ain the experimenta| results. Using this princip|e’ the com-
combinations also gave reasonable results. For exarple, pination of structures chosen corresponds to having a packet
could be less than 10 if more extensive jitter was appliedgf simple hairpin vortices for scale$<0.355., where the
Therefore, no strict importance should be attached. fo largest packet is approximately of size 0535n the wall-
=185 andN=10. The important feature is the organization normga| direction and 64, in the streamwise direction. This

of the eddies into a packet. corresponds to packet structures spanning slightly beyond
the (mean-flow logarithmic region in the flow. In the very
IV. DISCUSSION AND CONCLUSIONS outer region of the flow, for length scalés>0.355., it is

The approach adopted in this study follows Towndgend found that single hairpin vortices provide adequate results.
in that different combinations of eddies are superimposed ifhe choice of eddy shapes that make up the packets was
a trial fashion, in an attempt to mimic the trends of the tur-guided largely by the experimental results of Adrietral 1
bulence statistics. Here, however, the approach is more de- While the above organization of structures was found to
tailed through the use of the attached eddy model of Perrpe the simplest scenario that gave reasonable results, it also
and Marusié One of the difficulties in the approach of try- was the only type of organization tried that worked. It was

Rw(8)
R,u(E)

2,/8,=0.054
05

00 F 3

FIG. 10. As in Fig. 6, but for a packet

10 of hairpin vortices.

0.5
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Downloaded 29 Oct 2008 to 128.250.49.72. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



742 Phys. Fluids, Vol. 13, No. 3, March 2001 Ivan Marusic

clear from the study that single hairpin structures which argitter is applied to the structures. This jitter is physically re-
statistically uncorrelated with any other structures could notated to the intermittency of the outer region of the jet, with
explain the velocity correlation trends in the logarithmic re-the mean position of the eddies and the amount of jitter
gion of the flow. In addition to the singlél-eddy results agreeing well with experimental measurements of the
presented, many different shapes were tried including veryurbulent/nonturbulent interface.

long individual structures. Townsehdpp. 156—162 also

proposed a long representative eddy in the form of a doubleACKNOWLEDGMENTS
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