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Streamwise velocity and wall-shear stress are acquiredlsimeously with a hot-wire and an
array of azimuthgspanwise-spaced skin friction sensors in large-scaleampeboundary layer
flow facilities at high Reynolds numbers. These allow for aelation analysis on a per-scale
basis between the velocity and reference skin friction aigmo reveal which velocity-based
turbulent motions are stochastically coherent with tughulskin friction. In the logarithmic
region, the wall-attached structures in both the pipe anchfary layers show evidence of self-
similarity, and the range of scales over which the selfdgirity is observed decreases with
an increasing azimuthygpanwise fiset between the velocity and the reference skin friction
signals. The present empirical observations support tlstesce of a self-similar range of
wall-attached turbulence, which in turn are used to ext@edniodel of Baargt al. (J. Fluid
Mech, vol. 823, 2017, R2) to include the azimutlsplanwise trends. Furthermore, the region
where the self-similarity is observed correspond with tladl veight where the mean momentum
equation formally admits a self-similar invariant form desimultaneously where the mean and
variance profiles of the streamwise velocity exhibit lotfariic dependence. The experimental
observations suggest that the self-similar wall-attacktedctures follow an aspect ratio of
7 :1:1inthe streamwise, spanwise and wall-normal direstioespectively.

Key words:

1. Introduction

Following the discovery of quasi-periodic features witkall-bounded turbulence that are
thoughtto be associated with the physical mechanism therge turbulence — from production
at the expense of the mean flow to eventual dissipation duestows forces at the fine scales
(Robinson 1991), substantigferts have been made to better understand these criticadgses
(Jiménez 2011). The quasi-periodic features remain coha@oss a finite three-dimensional
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domain, and in this study we focus on the coherent structhedgeside in the inertial range of
the energetic scales that become increasingly promindriglatReynolds number, and therefore
account for a large portion of overall turbulence produtt{i&mitset al. 2011). One of the
challenges of examining high Reynolds number flows is touwraghe broadband turbulence over
the extensive range of scales, which by definition of Reysioldmber R¢ corresponds to the
separation of scales between the smallest and the largasgtatic motions present within a flow.
From an experimental point of view, the range of scales ailglesis typically constrained by
the physical size of the sensor at the small scales and thigyféar the large scales. Hence, our
approach here is to utilise large-scale facilities, thiwahigh Reflows while still maintaining
the smallest energetic length scales such that they aresibleusing conventional techniques.
Here, we present novel pipe flow experiments where an azamhathay of skin friction signals
are simultaneously sampled with a velocity sensor. Due ecstinplicity of axially symmetric
mean flow, the fully developed pipe flow is a classical configion to examine wall-bounded
turbulence. The results from the pipe flow are also compagathat a turbulent boundary layer
dataset, where simultaneous skin friction measurememisweiocity have been acquired.

One of the conceptual models for wall-bounded flows whichrkasived considerable atten-
tion is the attached eddy hypothesis (AEH) proposed by Tewth1976). The AEH idealises
wall-bounded flow as a collection of inertia-driven cohergnuctures that are self-similar and
are randomly distributed in the plane of the wall. The AEHsgrébes these coherent structures,
or eddies, to scale with the distance from the wall with thiglhteof the eddies following a
geometric progression (Perry & Chong 1982). To assess thsisglarity of coherent structures
in a wall-bounded flow, del Alamet al. (2006) examined their size based on dimensions of
a vortex core identified by thresholding the discriminanthaf velocity gradient tensor, using
direct numerical simulation (DNS) datasets. They find thattall vortex clusters which extend
from the near wall (below 20 viscous units) to the logaritbmégion, scale with wall height.
Furthermore, work by Hwang (2015) suggests that thesessalfar structures can self-sustain
and therefore play a key role in driving the wall-boundedtlence. Experimentally, fully
resolving the velocity gradient tensor is challenging, &plcally the streamwise velocity is
used as a surrogate. For example, Hellstabal. (2016) uses Proper Orthogonal Decomposition
(POD) on instantaneous snapshots of the streamwise wefomih a radial-azimuthal plane in a
pipe flow. They find that the POD mode shapes of the radial+ahiah structure within the pipe
flow follow a self-similar progression that obeys wall sogli That is, the various POD mode
shapes show a one-to-one relationship between azimuttdeé mamber and their characteristic
wall-normal extent. An excellent overview of key assumpsi@nd limitations associated with
AEH is provided by Marusic & Monty (2019).

When examining flow data in the context of the AEH, a commoredibje is to search
for scaling laws in energy spectra (Baidgaal. 2017; Nickelset al. 2005) and wall-normal
profiles of the turbulent stresses (Marusical. 2013). In energy spectra of the streamwise
velocity component, & ! behaviour in the inertial range (whetgcorresponds to the streamwise
wavenumber) would reflect a self-similar wall-attachedicture of the turbulence envisioned
in Townsend’'s AEH. Likewise, a semi-logarithmic wall-nahdecay in the variance of the
streamwise velocity also reflects such a structure. Forrakgtecades it has been challenging to
observe these scaling laws in raw velocity data and con@wesinpirical evidence has remained
elusive (Marusicet al. 2010). Davidson & Krogstad (2008) propose that the one-dsiomal
spectrum is not an ideal tool to investigate the self-simbkehaviour due to an aliasingfect,
whereby a large wavenumber, whose wavenumber vector iséttlvith respect to the direction
of measurement, is interpreted as a contribution to thedimensionalu-spectra at a lower
wavenumber (Tennekes & Lumley 1972), presumably containigpéhek; ! behaviour. Indeed,

a clear trend towards self-similarity is evident in two-@insionalu-spectra (here the spectral
energetic content can be examined as a function of streananid spanwise wavenumbers) with
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increasingRe although this behaviour does not necessarily translagertemre prominenk*
behaviour once an integration is performed along the spgsmwavenumbers to obtain the one-
dimensional spectra (Chandrat al. 2017). Instead ok;! behaviour in the one-dimensional
u-spectra, Davidson & Krogstad (2008) advocétan? ~ log(rx) scaling for the structure
function as an indicator of self-similarity, whesfa = u(x + ry) — u(x) is the diterence in the
streamwise fluctuating velocity, separated in the streamwise directignwith a displacement
rx. Subsequent assessment performed by de ®iival. (2015) showed a decade of log(
behaviour in the structure function for higteboundary layer flow. Noticeable deviations from
the logarithmic behaviour occur however for the pipe flow atomparableRe (Chunget al.
2015). Chunget al. (2015) suggest that theseffgrences in théAu)2 behaviour between the
pipe and boundary layer flows are due to a crowdiffgat in the pipe, whereby a restriction
is imposed on the width of the structures by its geometrytHaumore, at an even high&e
(Re ~ 10°) universality of(Au)? ~ log(r) behaviour is retained between the pipe and boundary
layer flows. More recently, Yangt al. (2017) generalise the scaling of structure functions in
arbitrary directions in the three-dimensional space basetie AEH.

In this paper, we will follow the approach of using a correlatbased metric to examine
the wall-attached structure of the wall-bounded turbuderes opposed to an assessment of
(Au)?2 ~ log(ry) behaviour, which is based on correlation statistics atnglsi wall height
practically computed by assuming Taylor’s hypothesis, eretemploy synchronised measures
of turbulence at two wall-normal positions. A referencebtdent skin friction at the wall is
acquired using hot-film sensors glued to the wall. These oreatents are complemented by
a sequence of velocity measurements performed at variolihgight (2) locations. Using the
two-point measurements, it can be revealed to what degedarhulent scales in the flow remain
coherent with the wall-reference signal. The aim of thisgydp to characterise the coherent
part of the velocity signal, associated with the wall-dtiat structures (Baaes al. 2016), as a
function of its wavelengthAx = 2r/ky), transverse fiset (As) and wall-normal ffset ¢); and to
extend the observations by Baa&tsal. (2017) in thel,—z plane to incorporate tha&s trends.

2. Experimental set-up

Tables 1 and 2 list the experimental conditions and sengitised for the pipe and boundary
layer datasets considered in this paper, while detailsaf eaperiment are given in subsequent
paragraphs. Here, we report the friction Reynolds nuniRer,= LoU./v, wherelLp, U, and
y correspond to the outer length scale (pipe radius and boyitelger thickness), mean friction
velocity and kinematic viscosity, respectively. While ffipe radiusR, can be directly measured;
the boundary layer thickness, is determined here by fitting the mean velocity profile to a
modified Coles law of the wallvake formulation (see Permgt al. 2002). In additionx, y and
z denote the streamwise, spanwise and wall-normal diresti@spectively; and superscript*
indicates normalisation by viscous units (el = U/U,, z"@ = zU,/v andAt" = AtUZ?/).
Capitalisation and overbar denote time-averaged quasititvhile lower cases correspond to
fluctuations from the time-averaged mean values.

2.1. Pipe flow

The pipe flow experiments are conducted at the Centre fornatimnal Cooperation in
Long Pipe Experiments (CICLoOPE) facility belonging to thailersity of Bologna, located
in Predappio, Italy. The inner diameter of this unique lasgele facility is 0.9 m, with the
measurement station located at the downstream end of a ldrigpipe, where a fully developed
turbulent pipe flow, for the first- and second-order statsstis established (Orlét al. 2017).
The large dimension for the outer length sc&ecorresponding in this case to the pipe radius,
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v TsUcL TsUs
Flowtype Re  Symbol Uc,, Us RG U U, Ts R ' ¢
(mst) (m) (ms?h) (um) (s)
10000 4 9.8 034 46 115 2500
Pipe 21500 m 229 045 074 21 100 5000
39500 @ 435 135 11 60 5800
Boundary 4,000 4 203 033 067 23 300 19000

layer

Table 1: Summary of experimental conditioblg,. andU,, denote the centreline and free-stream
velocities in the pipe and boundary layer flows, whilgcorrespond to the total sampling time
at each wall-normal locationz,

Hot-wire details Hot-film details
Flowtype Re d | I* OHR 1/At At* | [* OHR 1/At At*
(um) (mm) (H2) (mm) (H2)
10000 11 0.12 33 1.2
Pipe 21500 25 05 24 1.8 65000 0.59 15 72 1.05 6500 5.9
39500 44 1.97 131 19.7

B‘T;;‘gf‘ry 14000 25 05 21 1.8 60000 0.47 0.9 38 1.05 60000 0.47

Table 2: Summary of velocity and skin friction sensors s#itl. OHR denote the overheat ratio
used for each sensor, whil¢At corresponds to the sampling frequency.

allows access to high Reynolds numbers while the smallesgetic scales still remai@(10 ptm)
and therefore can be resolved using conventional techsi@izéamelliet al. 2009). For further
technical and flow characterisation details on the fagilitye readers are referred to Bellani
& Talamelli (2016), Willertet al. (2017) and Orluet al. (2017). The current experimental
set-up consists of an array of 51 skin friction sensors kxtait various azimuthal positions
spanning from 0—2along the pipe circumference simultaneously sampled whibtavire probe,
nominally located at the sameocation as the hot-films. In addition, the hot-wire proba ba
traversed from near the wall to the pipe centreline as showfigure 1(a). It should be noted
that the large pipe also allows the skin friction to be bettsolved in the azimuthal direction
by virtue of being able to accommodate a larger number ofssradong the circumference (see
figure 1), compared to an alternate approach to high Reymoicibers that relies on smajiu.,
typically achieved through reduction of the kinematic @isity (e.g. Zagarola & Smits 1998).
The velocity sensor is a hot-wire consisting of a Wollastarewnounted onto a modified
55P15-type Dantec probe and etched to expose ar@.8iameter platinum core of 0.5mm
length. The platinum wire is heated and maintained at a aohgtmperature with an overheat
ratio of 1.8 using a Dantec StreamLine Pro anemometer systerthermore, here we maintain
a hot-wire lengthlj to diameter @) ratio of 200 to avoid contamination from end conduction
(Ligrani & Bradshaw 1987). Before and after each experinthiethot-wire is traversed close to
the centreline{ 0.93Rdue to the limited range of the traverse) and the mean voisaggibrated
in situ against the centreline velocity, which is measured usingat-Btatic tube. This allows
construction of a one-to-one relationship between the flelwaity and the anemometer output
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Figure 1: Schematic of experimental set-ups. (a,c) Shoatioas of hot-film @) and hot-wire
sensors (not to scale) for the pipe and boundary layer floldeb) shows comparison of the
outer length-scaleR andé respectively, in physical units.

voltage. Although this means that calibration is not perfed in a near-potential flow, the ratio

\/}/U atthe centreline is sticiently small to make insignificantfiéerences to the potential flow
calibration (Monty 2005; Orliét al.2017). An intermediate calibration relationship between t
hot-wire voltages and velocities is generated for each-m@limal point during the measurement,
based on an assumption that deviations between pre- andaidsttion curves are the result
of a linear drift in the hot-wire voltage with time. Figurea2h) shows comparisons of the
streamwise velocity mean profiles from the pipe experimédénoted by symbols) against
the dataset of Ahret al. (2015). Despite the departure from ideal calibration ctons, the

U profiles from the current datasets show good agreement h&tDNS of Ahnet al. (2015)
(---) in the inner region when scaled in viscous units. In addjte good agreement with the
DNS is also observed for the deficit profiles in the outer negidnlike the mean, the measured
variance profiles are dependent on the sensor spatial tieso{llutchinset al. 2009; Ligrani &
Bradshaw 1987). For the variance profiles shown in figuresa{(d (d), the spatial resolution in
the azimuthal direction varies from 6 viscous units betwenenadjacent grids (at the wall) for
the DNS to 40 viscous units for tHee ~ 40 000 dataset from the current experiment. However,
since the influence of the spatial resolution diminishe$ it increasing, a good collapse of
the u2 profiles is observed for the regi@iR > 0.1 in the outer scaling. Oud and W2 results
and the conclusions drawn agree with the findings of @tlél. (2017) from the same facility.
Note, the present analysis is particularly insensitivdiginscalibration diferences (including the
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Figure 2: Streamwise velocity statistics from the pipe ekpents. Panels (a,b) and (c,d) show
the mean and variance profiles, respectively. The symbolgtdeltferentRecases, i.ea: Re ~
10000 (* = 11),m: Re ~ 22000 (* = 24) ande: Re. ~ 40000 (* = 44), while the dashed
(---) lines correspond to the statistics from Abnal. (2015) atRe. ~ 3000 (ZR*/Ny = 6,
whereNy is the number of grids in the DNS along the azimuthal diredtio

AS/R
0 _2r/3  4n/3 2r
Linear Linear
Log array array | array Il
A A AL
0.25{° 3 5 3
[+
q’%°°°c90¢p°cb

N\

0.2

o |

AS, j/R

0.151 °
©®O 0
0.11 o o °°°oo%

0.051 9

0 5 10 15 20 25 30 35 40 45 50
]

Figure 3: Azimuthal spacingASy, between the adjacent sensors in the hot-film array, for the
pipe experiment.

mismatch in thez locations between the hot-wire probe and Pitot-static tiréng calibration)
since only relative changes in the skin friction andelocity are considered.

Senflex hot-film sensor arrays from Tao systems are used teurethe skin friction. The
three configurations depicted in figure 1(a) are used: a loayaa linear array | and a linear
array Il. The closely spaced sensors around the hot-wirersa plane capture the small-
scale contributions to the two-point statistics betweeand u,, while the coarsely spaced
sensors capture the large-scale contributions (thesectserence much more gradually with
increasing azimuthalffset,As). The azimuthal fisets of the sensors in the log array increase



Skin friction and velocity measurements in pipe and bouptarer flows 7

logarithmically fromAs/R ~ 0.006 to 022. Following the log array, the spacing in the linear
array | is maintained aAs/R ~ 0.22 from the 20th to 35th sensor. This spacing is halved to form
linear array Il. Furthermore, the sens&s1-17 are printed on to a single substrate, allowing the
azimuthal dfsets to be precisely set, while the remainder are manuadiyipoed and the fisets
recorded. The hot-wire is set to traverse nominally in theeglane as, 2. Figure 3 shows
the azimuthal &'set between the adjacent hot-film sensors for the pipe erpati whereAS,, |
denotes the spacing between jtand j + 1th sensors. To calibrate the hot-film sensors, the mean
voltage outputs are recorded against the mean shear sil#agjed from measuring the axial
pressure drop in the pipe before and after each experimbstc@libration curve for the hot-
films follows a similar technique described for the hot-wpreviously. However, since the hot-
films are fixed in space, the voltage drift over time can beresttd throughout the measurement
without the need for interpolation. Each of the 51 hot-filmgperated by individual Melbourne
University Constant Temperature Anemometer (MUCTA), Rar8treamLine, AA labs AN1003
and Dantec Multichannel Constant Temperature Anemometach set to an overheat ratio of
1.05.

To ensure that the 51 hot-film voltages and the hot-wire geltare acquired simultaneously,
a common clock signal is utilised across five data transiaid9836 data acquisition boards
used for analogue-to-digital conversion. To accommoddtester temporal response expected
from the hot-wire, it is sampled at a higher frequency thanhht-films. Furthermore, the two
frequencies are chosen such that their ratio is an intelges, allowing the hot-wire signal to
be downsampled at the hot-film sampling frequency. In aoldita common hot-film voltage is
shared between the five acquisition boards which is then taseerify the synchronicity of the
acquisition. The hot-wire and hot-film details are sumnetis table 2.

2.2. Boundary layer flow

The boundary layer dataset is from Hutchatsal. (2011), which was acquired at the high
Reynolds number boundary layer facility located at the @rsity of Melbourne. The boundary
layer thickness at the measurement location is approxlyn@tg3 m. As with the pipe exper-
iments, this larges allows access to the higRe regime using conventional techniques (see
figure 1b for comparison against the pipe facility in phybigaits). Consistent with the pipe
measurements, a 2u8n platinum Wollaston wire with a length to diameter ratio 602s used as
a velocity sensor, while ten Dantec 55R47 glue-on-typ€ihmtsensors are used to measure the
skin friction. The spanwise spacing between all ten hotdilsrkept constan?{Sy, 1-9~ 0.086)
and the hot-wire is located nominally above the sixth seri&p6, as illustrated in figure 1(c).
The hot-films and hot-wire are operated using AA labs AN1002\ Gystems with overheat
ratios of 1.05 and 1.8, respectively. The hot-wire sensoalibrated in the free stream against a
Pitot-static tube before and after the measurement anaklinieterpolated based on the working
section temperature recorded during the measurement. gthfirh sensors are calibrated via
an empirical relationship between the free-stream velauiid the mean wall-shear stress. For
further details, the reader is referred to Hutchénal. (2011).

3. Basic features of the data

The limited temporal response of a typical hot-film sensombined with spatial averaging
effects due to finite sensor size, precludes full resolutiomefsmall-scale skin friction contri-
butions. This is evident when the ratio between the standewéhtion and mean measured skin
friction, o(1)/7, is calculated. Direct numerical simulation and resolvegdegiments indicate
o(r)/T ~ 0.3-0.4 with a wealRe dependency at higRe (de Silvaet al. 2014), while the
ratio reported by hot-film experiments is typically approzately 01 (Alfredssonet al. 1988).
Despite the inability of hot-film sensors to accurately capthe amplitudes of the skin friction
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P(u:)

uT/ w2
Figure 4: Probability density function of fluctuating fiimt velocity,£(u,). The solid symbols
correspond to hot-film dataset from a pipe flowRe ~ 10000 @), 22000 @) and 40000
(@). Further, the open symbod) and dashed line € -) show#(u,) from a boundary layer flow
at Re. ~ 14000, obtained using hot-films and high-magnification Pl Gilvaet al. 2014),
respectively. The solid line-{-) indicates the standard normal distribution.

fluctuations, they still retain many of the characteristatfires of the resolved skin friction
measurements (Alfredssen al. 1988). Hence, in this paper, we will report fluctuating fioct
velocities relative to the measured standard deviatidgherahan the absolute value.

3.1. Single- and two-point statistics

Figure 4 shows the probability density function (pdf) ofcfion velocity, #(u;), from the
current dataset, wherg = +/r/p andp the density of the fluid. As is evident from the figure,
the data merge across the range of Reynolds numbers exgmiveet, has been normalised by
its standard deviation. Furthermore, this agreement dstémboundary layer flows where the
friction velocity is measured using hot-filmg)( Also note that, in contrast to pdf of wall-shear
stress,P(r), which is positively skewed (de Silvet al. 2014),P(u,) is near symmetric. The
missing contributions from small scales in the hot-film meaments are primarily associated
with the unresolved skin friction contributions from theanavall dynamics. In contrast, the well-
resolved large-scale contributions are associated wiffefastructures residing in the logarithmic
region. Since thel velocity is less Gaussian in the near watt (s 20) than in the logarithmic
region, this leads to a more Gaussian pdf when compared tdteresolved dataset {-)
obtained using high-magnification particle image velo¢mé&P1V) techniques (de Silvat al.
2014) (e.g. the skewness and kurtosigafecorded by the hot-film areIb and 29 respectively,
in contrast to-0.55 and 72 obtained from the high-magnification PIV dataset).

Figure 5(a,b) shows the two-point correlationef R, ,, from the current dataset as functions
of longitudinal (streamwise) and transvers@sets, respectively. It should be noted that the
streamwise fiset, Ax in (a) is obtained through use of Taylor’'s frozen turbulehgpothesis
(Taylor 1938), where a convection velocity, is used to convert the hot-film signal from the
temporal to the spatial domain. Following work of Hutchétsl. (2011), who examined space—
time correlation of two hot-film sensors separates,ithe convection velocity for the large-scale
u, fluctuations is estimated to be the mean velocity atztteeation where the very-large-scale
u fluctuations are strongest (i.e. the large-scaléeatures convect at the same rate as the very-
large-scaleu fluctuations residing in the logarithmic region). This wa#ight approximately
corresponds tat = v15Re according to Mathigt al. (2009), hence based on the logarithmic
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Figure 5: Two-point correlation of fluctuating friction welity, R, .. The correlation ca&cients
are shown as functions of (a) the longituding|, (. (Ax, 0)) and (b) transverseR(_,_ (0, As))
offsets. The solid symbols correspond to pipe floiRat ~ 10000 (), 22 000 @) and 40000
(@), while the open symbolsyf correspond to boundary layer flow Be ~ 14 000. For the
insets, a logarithmic scale is used for the displacemémntandAs, between the two points.

law we obtain

% = %In v 15Re + A, (3.1)

T

wherex = 0.39 andA = 4.3 are the Karméan constant and the logarithmic intercept for
canonical wall-bounded flows (Marusét al. 2013). Although the frozen turbulence hypothesis
is known to breakdown for the small scales in the near-wgiomre (del Alamo & Jiménez 2009;
Piomelli et al. 1989), since the hot-film sensors only resolve large-saatgributions, it is a
reasonable approximation for the signals obtained froredlsensors. For the transversiset,
the correlation is calculated from two sensors separatedisignceAs in the azimuthal and
spanwise directions for the pipe and boundary layer flonsgeetively. It should be also noted
that, while only selectivé\x locations (corresponding to a specifitoffset in theu, time series)
are shown in figure 5(ajAs locations from each hot-film pair are shown in figure 5(b).

As is evident from figure 5(a,b), good agreement is obserwe f,, from the current dataset
(a, m ande) for both streamwise and azimuthafsets, when normalised by the outer length
scale. This is because the correlations beyfr(R, As/R > 0(0.1) are dominated by the large-
scale motions which scale with the outer length scale. 8mmdsults have been observed for two-
point correlations of streamwise velocity (Hutchins & Msiw200a). However, for smalAx,
the collapse oR, . across dierentReis no longer expected when normalised by the outer length
scale, since the scale separation between the viscous aridliy dominated scales increases
with increasingRe This is also evident in the experimental data when a |dgaiit scale is
used forAx (e.g. figure 5a inset), wherg, , at Ax/R ~ 0.1 no longer exhibits a collapse.
Notably, the collapse oR,,, for a largeAx extends to the boundary layer casg¢ Wwhen the
streamwise fiset distance is normalised by its respective outer lengtlle sas seen in figure 5(a).
However, figure 5(b) shows that unlike the streamwifieas, R, . from the pipe and boundary
layer flows exhibit discernible fferences in the transverse direction even after tigebhas
been normalised by the outer length scale. A similéiiedénce between internal (channel and
pipe) and external (boundary layer) flows is reported by Mattal. (2007) for correlations of
u. They attribute the dierences to variations in the coherent structures that extieyiond the
logarithmic region ¢/R, z/§ > 0.15). In internal flow, these coherent structures are persist
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Figure 6: Instantaneous fluctuating friction velocity, recorded by hot-film sensors Be. ~
40000. (a) Shows a three-dimensional viewuptlong a pipe surface, while its projection on to
a flat plane is shown in (b).

while in the external flow they breakdown more readily intoadier eddies, resulting iRy,
decreasing faster in the transverse direction. As a relelgnti-correlated region wheRg ,,_ is
most negative shifts fromds/R ~ 0.6 to As/§ ~ 0.4 between the internal and external flows (see
figure 5b), replicating th&,, behaviour observed in the logarithmic region (Silletal.2014).

3.2. Instantaneous visualisations

Figure 6 shows an instantaneous view of the friction veydedm the current dataset, Be. =
40000. Since the spacing between the hot-filmsiR6 0.2Rfor the two linear arrays (covering
almost 85 % of the total pipe circumference), Racaled features dominate the instantaneous
view. TheseR-scaled features are associated with very-large-scal®nso(VLSMs) (Kim &
Adrian 1999) that largely reside in the logarithmic regiordavhose influence extends down
to the wall (Hutchins & Marusic 20@&j. Thus, these footprints impose large-saaldeatures
that meander and extend ovM@(10R) in the streamwise direction with a width 6i(R) in the
azimuthal direction (Montgt al. 2007).
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4. Spectral coherence with respect to the wall

In order to assess the scale-based linear coupling betiveastreamwise velocity fluctuations,
u, and the fluctuating friction velocity at the wall, we emplayspectral coherence analysis.
We use the spectral domain equivalent of a physical twotpmirrelation, known as the linear
coherence spectrum, to compute the correlation per scaar¢Bt al. 2017). The coherence
spectrumy?, is defined as

2

|(ﬁ(z; )T (As ) |buu (DS Z )
2(AS, Z Ay) = = , 4.1
S P (aasaf)  dwet)dntsty Y

where, u(z, 1x) = F[u(2)] denotes the Fourier transform afz) in the x direction; while the
asterisk §), angle brackets( () and vertical barg| () designate the complex conjugate, ensemble
averaging and modulus, respectively. Theig, corresponds to the cross-spectrum between
andu,, while ¢, and¢,_,, denote theu- andu,-energy spectra, respectively. The denominator
of (4.1) is such thayf normalisation occurs per-scale (and hence provides treread a scale-
specific correlation cdicient) and for all scales is bounded Within<0yf < 1. This property

of y2 is especially useful when using the hot-film data, as itsesdabendent energy attenuation
does not #ect a per-scale normalised correlation (Bagral.2017; Bendat & Piersol 2010).

As described in §3.1, temporal data are obtained from botHilno and hot-wire sensors.
Thus,yf is calculated in the frequency domain and convertet oy invoking Taylor’s hypoth-
esis. Here, the local mean velocity afcorresponding to the wall-normal location where the
u velocity is acquired) is used as the convection velocityis grocedure results in coherence
spectra that agree well with that calculated directly froM3(Baarset al. 2017), with the
exception of the near-wall small scales, where the assuimgection velocity no longer holds
(del Alamo & Jiménez 2009; Piomeét al.1989). As the focus of this paper is on the logarithmic
region, the errors associated with Taylor's hypothesibkmvat affect the conclusions drawn.

4.1. Comparisons between pipe and boundary layer flows

Figure 7(a,(b)) shows? between the streamwise velocity,and the friction velocityy., as a
functions of wavelengtii,. The solid circles®) in both (a) and (b), correspond to the coherence
spectrum for the pipe flow whenmis acquired a¥/R ~ 0.01 and is measured directly abawg
as illustrated in (c). Similarly, the empty circles)(correspond to the coherence spectrum for the
boundary layer flow, where is measured 015 aboveu,.

As stated in the introduction, one of the aims of this papédoisxtend the observation of
Baarset al.(2017), which supports wall-bounded turbulence obeyiegtiH. Figure 8 shows a
sketch illustrating relative scales in the AEH, where admiehny of self-similar structures is used
to represent the logarithmic region in a wall-bounded flohe Bize of each hierarchy level is
shown in a diferent colour, and the hierarchy follows a geometric pragoeswith a common
ratio of 2 up to a height equal to the outer length scale. s shhematic the population density
halves in thex andy dimensions for each increment in the hierarchy level. Thudigure 8
a total of four hierarchy levels are shown, and eddies at éaah have an extent in the y
andz directions characterised here Wy, W; andH;, respectively. Here, subscripte 1-4 is
used to denote each hierarchy level, with the smallest agddafollowing#; ~ O(v/U,) and
Hy ~ O(6), respectively (Perry & Chong 1982). It should be noted ihatality, these structures
are forward inclined relative to the flow direction (Robinst991). Since, however, only the
magnitude of the coherence (and not the phase) is consitieredthis detail is not relevant to
the present discussion. Now, consider probes placad(ateasuringl,;) ando (measuringu)
as illustrated in figure 8(a), leading to recorded signamfthese probes as in figure 8(b). It is
therefore evident that the signal from thesensor misses contributions from the smallest eddies
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Figure 7: Coherence spectrumi,, between the streamwise velocity,and the friction velocity,
u,, as a function of wavelength,. The solid @, 4, ¢) and open®, 2, ¢) symbols respectively
correspond to the pipe and boundary layer (BL) flows. Alse,fipe and boundary layer flows
are atRe. ~ 22000 and 14 000, respectively. (a) Two wall-heightR, z/6 ~ 0.01 @, ©) and
0.07 (a, ») at As =~ 0; and (b) two hot-film setsAs/R,As/é ~ 0 (@, ©) and 0.07 ¢, ¢) at
z/R, z/6 ~ 0.01 are shown. (c) Schematic of hot-wire and hot-film pos#tinsed to generate (a)
and (b), wheram symbol denotes the reference skin friction sensor.
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Figure 8: (a) Schematic showing a hierarchy of attachedesddsed to model wall-bounded
flows. Here, four hierarchy levels are shown, where a voluhénfbuence from each is
represented by a flierently coloured cuboid, while the symbols indicate probeations. (b)
The contribution tai or u, signals at four locations (as indicated by correspondingys in a)
over a streamwise distanee L, ‘W; andH; denote the streamwise, spanwise and wall-normal
extent of arith hierarchy level eddy.

when compared to the signal from tlmesensor. In contrast, the large-scale component of these
signals is still mostly coherent, leading to a steady denaaf ifrom ~ 0.8 to 0 with decreasing
Ax, as observed in figure 7(a,b).

Figure 7(a) shows theffect of increased separation betwesmndu, in thez direction. Here,
A symbols correspond to a case whaiis obtained at a higherlocation than the symbols as
illustrated in figure 7(c). A decreaseyﬁ is observed at all scales in both the pipe and boundary
layer flows with increased separation. In terms of the AEH, this relates to a reduction i
the number of common members of the hierarchy encounterédimireased, as shown by
idealisedu signals atb anda in figure 8(b). Similarly, figure 7(b) shows th&ect of increased
separation betweemandu, in the transverse direction, with thkesymbol corresponding to a
case wherai is obtained with an azimuthabanwise fiset, As, compared to the@ symbols
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Figure 9: Coherence spectrum betwegm@ndu, yE, as a function of wavelengthy, and wall-
normal location,z, whereu is measured. (a,c) PipRe ~ 22000 and (b,d) boundary layer
Re ~ 14 000 flows, whereis shown in linear and logarithmic scale on the top (a,b) asttbin
(c,d) rows, respectively. The grey scale contours cormedgo coherence when the hot-film
sensor f) is at an diset ofAs ~ 0 from the hot-wire @), while the line contours show coherence
at an dfset ofAs/R, As/§ ~ 0.07 (o). Both line and grey scale contours are at levels 0.1:@®1:0.
and the dash-dotted lines indicate the= AR,z relationship, whereRy, = 14 corresponds to
empirically observed aspect ratio betwegrandz for the self-similar hierarchy.

as indicated in figure 7(c). Again, a decreasgxﬁnat all scales is observed in both the pipe
and boundary layer flows with increasAd separation, but the decrease is much more severe
compared to that observed for an equivalent increage &g discussed later, theseférences
can also be explained by considering an idealised modetihmasthe AEH.

Figure 9 shows coherence spectra as functiongyadnd z. The left (a,c) and right (b,d)
figures correspond t@f for the pipe and boundary layer flows, respectively. The &p)(and
bottom (c,d) figures correspond to the same coherence apbatz is shown in the linear and
logarithmic scales, respectively. It should be noted thate exists a slight discrepancyRe.
between the two flows (22 000 for the pipe compared to 14 O0théoboundary layer), however
across this range, we expect Re effects on the large-scale features to be minimal when scaled
by the outer length scales (Hutchins & Marusic 28®J. Consequently, here we presagtand
znormalised byR ands respectively for the pipe and boundary layer flows.

From figures 9(a) and (b), it is evident that the large-scataponent ofu motions remains
coherent over a largerextent for the pipe compared to the boundary layer flow whemabsed
by the corresponding outer length scale, in agreement \withobservations of Montgt al.
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(2007). In an internal flow such as a pipe, instances existevadarge-scale event remains
coherent over & extent larger thamR (i.e. penetrates beyond the centreline while starting at
the wall) (Silleroet al. 2014), while¢ for the boundary layer flow is closer to the outermost
edge of the turbulent region, and beyond which only a nobttient flow exists (Chauhaat al.
2014). This mismatch in the outer length scale used for thenatisation relative to the size
of the largest coherent motions presumably leads to someeafifferences observed between
the coherence spectra from the pipe and boundary layer flaheinvake region. It should be
noted that, a choice @y (i.e. thez location wherdJ = 0.99U,,) as the outer length scale for
the boundary layer instead 6f yields a better agreement in the wake region as evident from
thez = 0.6 699 position indicated on figure 9(b). Despite the modificatiothte choice of outer
length scale, the flierences in the-spectra between the internal and external flows still persi
since as demonstrated by Momyal. (2009), it is not possible to achieve a full merging of the
spectra across the entire large wavelength range, irrgpec the outer length-scale definition
chosen.

Another potential source offiierence between the internal and external flows in figure B(a,b
may be due to use of Reynolds decomposition in obtainingitfiectuations. While this is a
standard practice, if multiple states witltdrent mean exist in a flow (such as turbulent and non-
turbulent regions), all states are reduced to a single cammmean (Kworet al. 2016). Hence,
the use of Reynolds decomposition can exacerbate obserffecedces between internal and
external flows under outer scaling, as demonstrated by K&0hg), who improved the collapse
of the two-point correlation of a boundary layer and a chaneimg an alternate decomposition
that separated the turbulent and quiescent/noreturbulent regions. However, it should also
be noted that both choices for theluctuations provide similar results in the logarithmic and
near-wall regions as the turbulent portion dominates atethéocations.

The grey scale contours in figure 9 correspond to the cohergmectra betwean andu for
As ~ 0, while the line contours showfL when an azimuth@panwise fiset of As/R As/§ =~
0.07 exists between the hot-film and hot-wire (see inset, sysmbande). Based on the attached
eddy model illustrated in figure 8, we would expect the twofilot sensors to share large-scale
u, features since they share a common footprint from eddig¢spamn across both sensors. This
is indeed reflected in figure 9, where the two coherence spatrs = 0 andAs/R, As/§ ~ 0.07
show good agreement fal /R, Ax/6 > 3 andz/R,z/6 > 0.2 (top-right regions encapsulated
by the dotted lines in figure 9c,d). As th&ext of the difering outer boundary conditions
between the internal and external flow is diminished closethe wall, a good agreement is
also observed between the pipe and boundary layer flows (e f0c,d) in the logarithmic
region. This includes the iso-contours of the coherencetspdollowing al, ~ z scaling
(shown as dot-dashed lines). This behaviour is consistéhttive AEH, which assumes that
the coherent structures are self-similar and scale withdiknce from the wall (Townsend
1976). The dash-dotted lines in figure 9(c) and (d) show thetiomship 1y =ARy,z, where
ARxz = 14 corresponds ta, where wall-shear stress andelocity starts to exhibit coherence in
the logarithmic region (Baarst al. 2017). Thus, these features are much longer tempared
to their z-extent (i.e./Rx; > 1), indicating that the coherent motionsurare likely associated
with multiple streamwise aligned eddies travelling in akEt¢Adrianet al. 2000), rather than a
single isolated eddy.

Here, we propose to characterise the dimensidghsg (W x H) of the self-similar attached
eddies based omf iso-contours, following Baarst al. (2017). Note that, while the attached
eddies are confined in the wall-normal direction by the pres@f the wall, no such confinement
exists in the spanwise direction leading tffeliences in how? approaches zero as a function of
Asandz (e.g. figure 7). As an example, consider the idealised, elis@ddy, scenario shown in
figure 8, when an eddy passes over a reference skin frictisoseAs illustrated in figure 10(b),
this requires the reference skin friction sensor (denotedylnbolm) to be located within the
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Figure 10: An illustration of size of aith hierarchy level eddy; x ‘W, x H;, extracted based

on Ay, Asandzwherey? = I' (I is a threshold). (a) Wall-parallek{y plane) view of volume

of influence and (b) cross-plang-¢ plane) view (along A—A in figure 10a) showingfidirent
scenarios where the volume of influence passes over a reteskin-friction sensora(). The
blue and red regions in (a) and (b) denote negative and y®sitrespectively, whilex’, y and

Z are coordinates relative to the eddy. The solid lines in)(stibw idealised coherence as a
function of dfset distanceg andAs between the two sensors in the wall-normal and spanwise
directions, respectively. The dashed line in (d) shows aivatent step-like profile proposed.

low shear stress footprint of the eddy with an equal prolitgbifor a case when the shear stress
and velocity sensors are spanwise aligned, the velocityrded at a wall-normalfsetz, u(2),

is perfectly correlated with the wall-shear stress senﬁor:( 1) if z < H;, otherwise the two
signals remain uncorrelateszlf(: 0), regardless of the spanwise position of the eddy, leaing
a step Iikeyf as a function ok as shown in figure 10(c). In contrast, for a case whesnz 0,

the likelihood that influence of the eddy extendyte Asis no longer equal to unity even when
z < H;. This is because unlike thes = 0 case, there are instances when the eddy does not span
across the two sensors as illustrated in figure 10(b). Furthiee from the figure, it is evident that
the portion of eddies that reagh= As decreases linearly with increasidg until As = W,
from which point onwards the signals from the two sensorsaienuncorrelated. Therefore,
y? = max(1- As/W;,0) for this idealised case, as illustrated in figure 10(dprider to resolve
the diference iny? as a function ofAs andz, here we propose that the linegrdependency with
Ascan be transformed to an equivalent step-like function ieskfor z by preserving the area
under the graph, in a similar manner to how an integral ssal&érred fromR,,. It should also
be noted that the procedure is related to a ‘coherence hamgtefined by Jiménet al. (2004).
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In the present case, however, the integration is carriednotite spanwise direction. Based on

these arguments, we propose to extrectandW; based orz andAs locations whereff =T

(herel” corresponds to a threshold), leadingip= Z|72—r andWw; = 2As|y respectively. For
2=

t=r
the streamwise extent since the coherence spectra areyadply = 0.5/1X|72:r, as negativel
fluctuations only remain coherent over half of the total wergth, and because of association
with the Fourier transform a positiwefluctuation portion of the same size follows to form one
full wavelength as indicated in figure 10(a) (blue and redmegdenote negative and positie
respectively). In the later section, we obtain the mean dsions,L; x ‘W; x H;, of the attached
eddies that lead to a self-similar hierarchy in the loganithregion, and show that they agree
with previous studies that have examined the in-plane d&ioes at a similaRe

4.2. Effects of Reynolds number

Figure 11(a,(b)) shows the coherence spectra from the mipeatRe ~ 10000 and 40 000
respectively. The grey scale and line contours again déwottansversefiiset scenariods ~ 0
andAs/R, As/é ~ 0.07, as in figure 9. Increasirigeis accompanied by a larger scale separation
between the viscous and inertial scales, and thereforetslsan increase in the number of
hierarchy levels required to model a wall-bounded flow. biehis is reflected in an extended
range of scales for which th;{ = 0.1 iso-contours (for thé\s ~ 0 scenario) follow thel, ~ z
scaling with increasingefor the pipe flows, as observed in figure 12. Also shown in figiras
vertical dotted lines arg), =R, Z’ ., relations for eaclRecase, where’ .. = 2.6 /Re and
3.6V Re for the pipe and boundary layer flows, respectively (Moiilinter et al. 2017; Wei
et al.2005). Hereznerial COrresponds to wall height where the mean viscous forcesfrsbmes
sub-dominant in the mean momentum balance, and notablyhe 0.1 iso-contours in the
near-wall region closely align with the; =Ry, Z .., relation for both the pipe and boundary
layer flows. Note that the-independent trend of? iso-contours observed in the experiment is
not present in the coherence spectra from DNS (Bebgas. 2017). Hence, the experiments are
unable to capture the wall-attached structures that resitlee regionz < Zneria- A potential
cause for this is a small but finite spanwise misalignmertteékists in the experiments between
the skin friction and velocity sensors, which would lead toadtenuation ofZ. A lower limit
for the Ay ~ z scaling in theyf = 0.1 iso-contours is indicative of the presence dfetient
physical mechanisms of the wall-attached turbulence irrélyen close to the wall, which are
not captured by the experiments. The current results sugggsthese mechanisms are closely
associated with an increased prominence of the viscousitethe mean momentum balance
for the near-wall region (Morrill-Winteet al. 2017; Weiet al. 2005). It should be noted that
the theory associated with the mean momentum balance shaivhe scales of motions in the
inertial domain are proportional tg and thus the wall-distance scaling is an analytical result
rather than requiring assumptions as in AEH.

Unlike the As ~ 0 case, an extension in the rangedgfvalues that remain coherent does
not occur atAs/R,As/§ ~ 0.07 with Re (e.g. dashed lines in figures 11a,b). This behaviour
can be related to the transverdéset remaining fixed in the outer scale for these datasets, and
effectively acting as a low-pass filter based on the outer schkravscales smaller than the
cutaf A4 do not remain coherent. In other words, the range of scaldsatie coherent is fixed
betweenO(0.1R) and O(R) for both cases, leading to coherent scales that are sefamgta
factor ofR/0.07R ~ O(10) regardless oRe Furthermore, for the large-scale contributions, the
iso-contours in figures 11(a) and (b) show good agreemensijstent with the AEH.

4.3. Effects of transverseffset

Figure 13 shows thefkect of azimuthal GisetAs for theyf = 0.1 iso-contours fronRe ~
40000 pipe flow. An azimuthalftset between tha, andu sensors leads to a loss of common
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Figure 11: Value of/? for a pipe flow at (aRe- ~ 10000 and (bRe- ~ 40000. The grey scale
and line contours are as in figure 9.
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U, signals atAs ~ 0 for pipe and boundary  u, signals aRe- ~ 40 000 as function oAs;
layer flows. The symbols are as in figure 5, As/R =~ 0 (<), 0.02 ), 0.03 ¢), 0.06 (»)
while the vertical dotted lines correspondto and 0.13¢).

x =AMz Z i FENAtIONS fOr each cases.

contributions encountered by the two sensors at the snsaldes since these scales do not span
across the fiset. Thus, a departure from thes ~ 0 contour occurs for angs offsets larger than
the width of the smallest attached eddy in the hierardhvy, with the departure occurring at a
higheri, whenAsincreases further.

To further assess thdfect of transverseftset, figure 14 shows the coherence spectrum as
a function of 1, and As. While figure 11(b) shows coherence spectra between a nefete
andu as thez offset is varied, in figure 14 thas offset (see inset, symbolsande) is varied
instead. Similar to figure 11(b), two scenarios are consitigrhere now the grey scale and line
contour correspond to cases when tiheensor is at/R ~ 0.01 and 0.07 respectively (see inset,
symbolsm andn). It should also be noted that figure 14(a,b) are the samepéfar As being
shown in linear and logarithmic scale, respectively. Theedsntours az/R ~ 0.01 and 007
agree well, at largay and As, while an increase iz location whereu is acquired leads to a
loss of coherence below a cifitol, that scales with the distance from the wall. Furthermore,
unlike figure 11(b) the iso-contours do not obey,a~ As (shown as dot-dashed line) scaling,
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Figure 14: Value ofy?, as a function of wavelengthl,, and hot-film sensor ftset distances
along the circumferencés, for the pipe flow aRe ~ 40 000. The grey scale and line contours
correspond to coherence when the hot-wire is/Bt~ 0.01 (m) and Q07 (@) respectively, with
the hot-film @) at an azimuthal fiset ofAs. Both contours are at levels 0.1:0.1:0.9, whlgis
shown in (a) linear and (b) logarithmic scale.

even atRe ~ 40000, and instead, ~ As'® behaviour is observed (shown as dotted line)
for x/R ~ O(1) andAs/R ~ 0(0.01). This is contrary to the AEH which predicig ~ As
behaviour owing to eddy self-similarity and the wall scglin both they andz directions. The
failure of 1« ~ Ay, behaviour has also been noted by del Alaetal. (2004) who examined
the two-dimensional spectra affrom DNS. This failure, however, could be related to |&e&
effects, as Chandraet al. (2017) found evidence that thig ~ Ay scaling may still emerge at
the large scales at a highRe (Re ~ O(10P)) leading to an emergence #f ~ As scaling for
these scales. Hence, the current datasBeats 40 000 may not be shiciently high to see the
Ax ~ As behaviour. Furthermore, similar to thg ~ Ay scaling in the two-dimensional spectra,
the Ax ~ As scaling ofy? contours are expected (at affsciently highRe to first emerge at a
zlocation corresponding to the lower limit of the logaritlimegion. This is because here the
contributions from all hierarchy levels exist, while at gtérz the contributions from hierarchy
levels whereH; < z diminish. The dash-dotted line in figure 14 indicatigs=A\As, where
ARy = 28 now is the predicted self-similar behaviour based-Hie= W, (i.e. Ry = 2Ry, Since
Zlyf:l"z 2As|yE:r, see figure 10). Furthermore, singgis expected to be twice as large as the

region of streamwise coherengg (see figure 10a), this leads to an aspectratioof 7 : 1 : 1 for
the self-similar eddy in the, y andz directions, respectively. It has to be noted that Ketgl.
(2019) found a clear dependence of this aspect ratio on Het ¢é stratification, via analysis

of atmospheric surface layer data. For our adiabatic wak cthe aspect ratio agrees well with
the dimensions of attached eddies found in DNS, while treastwise extent is slightly longer
than that typically reported from DNS (del Alanebal. 2006; Hwang 2015). However, the value
obtained for the streamwise extent of the attached eddiesnisistent with the observation of
Chandraret al. (2017) that at a comparabiRe an energetic ridge in the two-dimensional
spectra follow an aspect ratio of 7 : 1 in tkandy directions.

4.4, Extending the model of Baaet al.

Figure 15(a—d) shows a model fgf based on results shown in §§ 4.1-4.3 and following the
AEH. In (a),y? as a function of boti, andzis shown at a constarts, and hence the contours
at the lower value oAs whereAs ~ 0 is equivalent to the model of Baagsal. (2017). In this
model, the contribution tg‘zf from each hierarchy level remains uniform acrags- Ry, ;. The
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Figure 15: A model fon? following the attached eddy hypothesis. (a-c) Corresporttie case
with four hierarchy levels, with (a) and (b) showimg at a constarsandz, while (c) illustrates
the iso-contours oixf as functions ofly, As andz Meanwhile, (d) shows the iso-contours for
the case with ten hierarchy levels, which corresponds tglagnRescenario.

hierarchy scaling prescribed by the AEH; ~ 20-D#y, leads to a triangular region in thé
iso-contours bounded byR,,H1 < Ax S ARxHn,. HereNy denotes the number of hierarchy
levels used in the model, whichiedependent (e.d\Ny = 4, for the examples shown in figures

8 and 15a-c). Whens > 0.5W, the lower bound of the triangular region increases, simdtha
hierarchy level with widthW; < 2As does not remain coherent across the two points, leading to
yE ~ 0 at the smaller scales as shown in figure 15(a).

Figure 15(b) shows? as a function ofAs and 1, at a constant. Although thed, ~ As
scaling indicated in the figure did not materialise for th@erkmental data, evidence points
towards its emergence atfigiently highRe whenRe. ~ O(10°) (Chandraret al. 2017). Thus
in the asymptotic limit, the hierarchy of eddies are expaétbdebe truly self-similar (i.e. the wall
scaling holds in all three directionsx; y and 2), and therefore we expect a triangular region
for they? contours in thel,—As plane in an analogous manner to thez plane. Furthermore,
the triangular region through this slice is now bounded By, W1 < Ax $ARxWhn, (since
H; ~ W;) whenz < H;, since contributions tgrf from all hierarchy levels are captured at those
locations (see figure 15b at a lonzlocation). Beyond this wall height, the lower bound of the
triangular region increases due to loss of coherence fremsrialler members of the hierarchy.

Combining the results from figure 15(a,(b)), figure 15(c)idepthe full three-dimensional
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picture ofyf contours as a function ofy, As and z. Here, the triangular regions observed on
constantAs andz planes now correspond to the face of a skewed pyramid, ag®titht do
not meet theW; > 2Asand; > z criteria do not remain coherent over the two points used
to calculatey?. At a higherRe the number of hierarchy levels required in the model insesa
leading to a more extended pyramidal region forgféso-contours as shown in figure 15(d).

5. Summary and conclusions

Experiments in the large-scale pipe and boundary layelitiasiare conducted to examine
wall-attached structures at high Reynolds number. The Lisege-scale facilities enables access
to high Reynolds number flows while retaining resolvable Isstale features using conven-
tional measurement techniques. For the pipe experimenéray of 51 azimuthally spaced
skin friction sensors are simultaneously sampled in cdneih a traversing velocity sensor.
The boundary layer experiment features an array of 10 sgaagpaced skin friction sensors,
which are also simultaneously acquired with a velocity senbhe velocity measurements, in
conjunction with a reference skin friction signal at the lwate used for a coherence analysis in
the spectral domain (Baaes al. 2016). Furthermore, the array of skin friction sensors &b
examination of the linear coherence spectryf,as a function of the streamwise wavelength
(1x), azimuthaglspanwise fiset (As) and wall-normal ffset ¢).

At a comparable Reynolds number, the pipe and boundary fgyexhibit a similar depen-
dence only, As andz In general, a reduction imf is observed as the two points are moved
apart due to loss of contributions from the common structp@nning across the two points.
When normalised by the respective outer length scales, itferehces between the pipe and
boundary layer flows is evident fof? in the wake region. However, in the logarithmic region
(where the &ect of the boundary conditions is minimal), good agreement’i is observed
between the pipe and boundary layer; namely, the iso—cmtm:yf exhibit aiy ~ z behaviour
in both flows (see figure 9). This is consistent with the attachddy hypothesis (Townsend
1976), which assumes thg ~ z scaling due to the existence of a hierarchy of self-similar
eddies that scale with distance from the wall. Moreoverrégton where the present empirical
observations indicate self-similar behaviour correspipnghere the mean momentum equation
formally admits a self-similar invariant form, and simul&ously where the mean and variance
profiles of the streamwise velocity exhibit logarithmic dagence.

A loss in coherence at an increased azimygipanwise separation between the velocity and
skin friction sensors leads to a reduction in the range ofsdhat follow thel, ~ z scaling.
Thus, a hierarchy of self-similar eddies is expected to fieaha pyramidal region for thgf
iso-contours in {x, AS, Z) space as shown in figure 15. Based on experimental obs@nsatie
presume these self-similar eddies to follow an aspectoéfia 1 : 1 in the streamwise, spanwise
and wall-normal directions, respectively.
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