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(a) Hairpin-eddy
Abstract
Turbulence stress statistics in a boundary laydRet~ 10,000
are measured using custotrhot-wire probes. The results show
logarithmic behaviour in the profiles of the streamwise grahs
wise turbulence intensities against wall-normal distaimcthe
same region in which the mean velocity exhibits logarithbee
haviour, consistent with the predictions of the attachedldu)-
pothesis. Comparisons are drawn with computations applyin
the attached eddy hypothesis using twffedient typical repre-
sentative eddies: (i) hierarchies of individual hairpimsl ii)
hierarchies of packets of hairpins. Promising results htained
when a packet-eddy is used rather than an individual hairpin
eddy, when compared with experimental results in the Idig-ari (b) Packet-eddy
mic region.
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Introduction

In the attached eddy hypothesis, the turbulent boundasr lisy
idealised as a collection of randomly arranged geomelyisah-
ilar representative eddies [11]. From this model, Towndadd
concludes that at siiciently highRe the turbulence intensities
follow
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in the logarithmic region, assumingv/U? = —1, whereU- cor-
responds to the friction velocity, whil&s, Az, B1, B> and B3

are constants which depends on the form of the attachedseddie
Throughout the paper, we use the co-ordinate systeyrandz

to refer to the streamwise, spanwise and wall-normal doest
with u, vandw denoting the corresponding fluctuating velocities,
respectively. Here we use the superscrigttd indicate viscous
scaled quantities, while capitalisation and overbarsciug time
averaged quantities.

(d) Hierarchies of packet-eddy

The representative eddies have characteristic heighgingn 1
from 61, the smallest eddy, tag, the largest eddy of the order ~
of the boundary layer thicknes8)( Eddies of identical charac- 0
teristic height are referred to as a ‘hierarchy’, with nlki hier-
archies representing various energetic scales presem iftotv.
Figures 1(a) and (b) show two examples of simple represeatat Ay/é
eddies (further details of the geometries are provided iater | -4

section), while figures 1(c) and (d) show the idealised baond Figure 1. Representative eddy constructed from (a) a shmglgin vor-

layers with three hierarchies of representative eddy :eand  tex and (b) multiple (seven) hairpin vortices in a packet/sh = 0.02,
Ag correspond to the characteristic heights of the first and thi o = 10°, Ax,/6h = 0.4 in the present analysis. (c) and (d): Idealisation

hierarchy, respectively). It should be noted that the regmea- of a boundary layer composed of three hierarchies of theeseptative
tive eddy is a statistical concept which captures the budkiies  eddies shown in (a) and (b), respectively. It should be ntitet| the
of the average eddy shape. In reality, the shape and size of ecftreamwise and spanwise coordinates are shown here dheeréla, Ay)

dies evolve over their life span and hence it is highly urjike © @n arbitrary position.
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that they would instantaneously resemble the ensemblagee
form. For example, there is evidence suggesting that itestan
neously, vortices can be cane like with a single leg extentbn
the wall [3] rather than the idealised hairpin type emploliede
with both legs extending to the wall. However, since theliike 15
hood of the cane vortices containing a leg with the opposing s

is equal [3], the resulting ensemble-average view will beyve 10
similar to that of a hairpin.
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The initial attached eddy model of Perey al. [8, 9] employed
hierarchies ofA shaped vortices. Perst al. [9] report that the
results from this model show a qualitative agreement with th ~ —>
experimental results. Marusic [5] refined the model of Petry 292
al. such that the representative eddy is formed from multipie ha ¥ (MmM)
pin vortices, rather than a single hairpin vortex. The npléti

vortices align in the streamwise direction, similar to thacket’ (b)
paradigm proposed by Adriaet al. [1]. Marusic found that the
subsequent two-point correlation results from hieracloiethe
packet-eddy are in a better agreement with the experimdatal

than those obtained using a single hairpin as the représenta 0.2 ,
eddy [5]. (Asy) |

X (mm)

Here, we compare the turbulence intensities of all three-com 0.4 (y) *~ P
ponents and the Reynolds shear stress from the attached eddy -
hypothesis against experimental data. A link between tpe re (Asy)

resentative eddies used in the att%hed gjdy hypothesithand Figure 2. Schematic of the custorawire probe (all dimensions in mm).

slope of the logarithmic behaviour i andv?2 is explored. (a) Probe at designed orientation for boundary layer measemts. The
region in the square box is enlarged for (by measurement configura-

Experimental Set-up tion and (c)u-w measurement configuration, with thet& 0.4x 0.2 mm
cuboid volume that encapsulates the sensors shown by thediéises.

The experiments are conducted in the High Reynolds NumberThe platinum sensing elements are shown as solid red lir@$ and (c).

Boundary Layer Wind Tunnel (HRNBLWT), located at the Uni- ) . .

versity of Melbourne. This is an open-return blower tunnighw 10000, under nominally zero pressure gradient condition® Th

a long working section (27 m), which allows a boundary layer bqundary [ayer thickness and frlctlon.velocny have bgen ob

with a thickness of up to 0.35m to be developed. This enablesi@ined by fitting the mean velocity profile to the composite fo

the development of high Reynolds numb&e( boundary lay- ~ Mulation of Chauharet al. [4] yielding 6 = 0.33m andU. =

ers at relatively low freestream velocities. The key adagetof ~ 0-48 'S, respectively.

this approach is that the smallest energetic length andsoales )

are accessible with conventional measurement technigees.  Attached Eddy Formulation

example, aRe- ~ 10,000 the viscous length and time scales cor- |n this section, we outline how the turbulence stress pmfile

respond to approximately 30n and 6Qus, respectively. are determined following the attached eddy formulationthia

present analysis, we use hierarchies of hairpin- and paddies

andw velocities. As thex-brobe can only measure two velocit to construct the turbulence stress profiles. Throughout)seea
: P y Y A vortex as the model for a hairpin, similar to the work of Perry

components simultaneously, thev andw statistics presented et al.[8]. The A vortex has an inclination angle of 4%vith re-

here havg been compiled frqm twg separate profiles taken us'spect to thex direction. Figure 1(a) shows a schematic of the
ing two differentx-probe configurations. All the-probes are

. RS . A hairpin-eddy used in this study. For the packet-eddy, séven
custom “?ade in-house. A schematic hughhghtlng_ key fegxture vortices each separated by, in the x direction are used. Here,
given in figure 2(a). The formed by the two hot-wires defines a - . ;
box with dimensions @x 0.4 mm (14x 14 wall units) and a wire Sh corresponds to the characteristic height of the largespimai
spacing of 0.2 mm[(é* - 7') as shown in figures figure 2(b) and in the packet. The height of eaghvortex is adjusted so that the
(©). These p.robes are significantly more spatially com ¢ heads are aligned in thedirection with a characteristic angle
cor.nmercially available alternatives. The probes are namuf of 10°, mimigkir}g e.xperimental observations [1]. Figure 1(b)
tured such that the sensing elements remain parallel to #fle w zﬂg\mztgg zzlt?dmtﬁgg??ergtsﬁ\?g :ﬁecﬁg‘?trgﬁgraiigﬁcﬁég
when the probe body is inclined at°L® the horizontal (this in- pr pen ;

o Y X the wall, each vortex rod is supplemented with a correspandi
clination is shown in figure 2a), allowing access close toxh#

while also minimising aerodynamic blockagéeets. mirror image about the wall.

Two hot-wires in anx’ arrangement are used to measureuhe

As the representative eddies across the hierarchies atemy
aligned in the attached eddy model, the turbulence stréssas
multiple hierarchies can be calculated solely using thesldanc-
tions Ij; obtained from a single representative eddy following
Campbell's theorem. The Townsend eddy-intensity functign

is given by

The prongs of the custom probe are constructed from four
250um diameter stainless steel wires held together by epoxy
resins. The prong tips are sharpened down tu®0 and a
thin layer  10um) of copper is deposited via electrolysis. The
copper-plating significantly improves solderability oktprong
tips, allowing 2.5um diameter platinum wires to be soldered to
them. Further details of the custom probe and the calibratio z I AT ERTY X y
procedure employed is given by Baidggal. [2]. lij (5_h) = fm ﬁm Uo Ug d(é_h)d((;_h)’ (4)

The measurements are conducted at approximately 18 m downwhereu; andu; are the induced fluctuating velocities due to the

stream of the tripped inlet of the working section with a nom- representative eddy, whildy denote the characteristic velocity
inal freestream velocity of 15, which corresponds tBe- = scale.
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Figure 3. Comparison between Townsend eddy-intensitytiiome for

hairpin- (empty symbols) and packet (solid symbols) repmestive ed-

dies constructed using shaped vortices. The symbols correspondzto:

111, 0 I22, ¢ Iszanda —lq3.
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Figure 4. Turbulence stresses determined experimentatlRe ~
10,000. The symbols correspond t@ u?, o v2, ¢ w2 and A —Tw,
while the dot-dashed and dotted line represent the logaidttaw fit-
ted tou? andv2, respectively. The vertical lines corresponds to location

7" =2.6V6* andz' = 0.155%.

The turbulence stress distribution from multiple hierdeshof
geometrically similar eddies can be calculated using

U (e
'21 =f |ij(£)pH(5h)d5h,
us 61 oh

where py(6h) is the p.d.f of hierarchy scales. Empirically, it is
known that for largeRe —UW" approaches unity, hence for the
attached eddy formulation we selégg such that—W/peak/US =

1 and takdJg asU- for our finite but relatively higtRecases.

Q)

We follow the approach of Townsend [11] and assuymésy) =
1/6n. The 16y, distribution implies a doubling of the representa-
tive eddy density as the characteristic height halves.yReral.
[8] hypothesise that jitter introduced by randomness ld¢ads
continuous distribution rather than a discrete geometsiritu-
tion of scales. It should be noted that equation (5) is maityin
different from Perryet al. [7], where an additional weighting
term Q(6h/Ag) is present to account for non-uniformity in the
vorticity distribution across the hierarchies. In the prasanal-
ysis, the vorticity distribution across the hierarchiesamsid-
ered to be uniform and hend@ = 1. It should be noted that
the 1/6y distribution is a simplified view of a boundary layer,
which in reality is far more complex. However, the simplified
model still manages to capture the logarithmic behaviout of

andTw ~ constant and hence is a useful idealisation of the log

region. Perry at al. [8, 9] propose modifying thg(én) distribu-
tion to obtain the correct mean velocity profile in theflen and
wake regions. However, for the present analysis we are only i

~..(a) Hierarchies of hairpin-eddy
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Figure 5. Turbulence stresses following the attached eggpthesis.
The symbols correspond ta:u2, o v2, ¢ w2 anda —Tw. Representative
eddy constructed using (a) a singlevortex and (b) a packet of multiple
A vortices. Solid lines indicate the logarithmic fit faf, while dashed
lines indicate the logarithmic fit for?. The logarithmic law determined
from experiments, shown in figure 4 is replicated for refeeen

1073

by Townsend. It has also been suggested th@ereint repre-
sentative eddies may be required to model the wake region [7]
Again, this modification is not required here, where we orlgks

to model the logarithmic region.

Equation (5) can be rewritten in the logarithmic form as

Uiy e
3 - ﬁ 1 (WL~ AE) . (6)
where 2 = In(6h/2), 11 =In(61/2) and Ag = In(Ag/2). The

weighting functiorw(d — Ag) = 1 for the /6y, distribution of hi-
erarchies used in the present study.

Results

Figure 3 shows the normalised eddy-intensity functionsttier
hairpin- and packet representative eddy. It is evidentdbatsy,
decreased;;; andl,, approach a constant whilgz andl13 ap-
proach zero since # 0, v # 0 andw = 0 at the wall. The normal-
isation factorM is chosen so that

Mf l13()da=-1. @)

0

It follows then that the constants given in equations (1))-céh
be related to the functions as:

Ap = Ml11(2 = ), (8)

Az = Ml = ), %)
and

B3 = Mj:o 133(2)da, (10)

as given by Perry at al. [9]. Figure 3 indicates that Zof, <
1073 (1 3 7), the eddy-intensity functions havefSciently ap-

terested in the log region and hence have used the form pdpos proached the corresponding asymptotic values. This imiat



51/Ag = 1073 is suficiently close to the asymptotical state, since weak relationship betweem? andz is observed experimentally
Tuipeak“ fo°° l13dA for 61/Ag < 1073, in the log region, in contrast to the constanD/aIue preditig

the attached eddy hypothesis. The departure?dfom the con-
stant value may be attributed to finiReeffects, which results in
contribution from high-wavenumber motiondféring with thez
position [7].

In the near-wall region, the velocity contribution from thair-

pin legs dominates due to the hairpin legs’ proximity to tralw
and hence the value &f; andl,; at the wall is primarily due to
the geometry of the hairpin leg. A low streamwise momentum
region exists between the legs of hairpin vortices, whilthdag The experimental turbulence stress profiles are compartd wi
is flanked by elongated regions of low and highHence, ina  the profiles from hierarchies of hairpin- and packet-eddies
packet-eddyu contributions from each vortex overlap and com- tained from the attached eddy hypothesis. The profiles from h
bine, whilev contributions from each vortex remain isolated with erarchies of hairpin-eddies underestimate the slope ofotjee
little overlap between adjacent vortices. Henlgg,atz/6h=0 rithmic law in U2, while the slope of? is over estimated. Im-
scales approximately with the number of hairpins in the pack proved results are obtained using hierarchies of pacldiesd

while 11 atz/d, = 0 does not. Although the area under #lss oo an increase in the slope of the logarithmic lavudnis
curve is adjusted to equall, theuw contribution for the packet-

eddy is concentrated at a lower wall position compared to theobserved as well as a decrease in the slope®in Therefore,
individual hairpin-eddy. This is because the hairpin hdadsa  the packet scenario is a better idealisation of the reptates
characteristic angle of 20n the packet-eddy and hence a higher attached eddy for the logarithmic region of wall turbulecoen-

proportion ofuw containing motions are at a lowercompared pared to.an individual vor.tex structure. Thege resul@s ased
to the hairpin-eddy. on the simplest constructions of representative eddies fam

ther refinement would be needed to obtain more precise quanti
The experimental data provide evidence of the logarithneic b tative predictions. The trends, however, (packet versiigigual
haviour inu? andv2, as predicted by equations (1) and (2) and eddies) are not expected to béfeient.
are shown in figure 4. The value for the gradient in equatijon (1
A; ~ 1.2 reported by Marusiet al. [6] is in good agreement with  Acknowledgements

the current data, whilé; ~ 0.28 is obtained based on alinear re- The authors gratefully acknowledge support from the Alisima
gression in the region.@Vs+ < z+ < 0.156*. Comparison with  Research Council.
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