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Abstract

A review of recent advances in the study of high Reynolds remblrbulent boundary layers is given. The emergent regifne o
very large-scale structures in the logarithmic region dmadrtsubsequent influence on the near-wall cycle challengesy of the
previously held assumptions regarding scaling of turbiuteundary layers at high Reynolds numbers. Experimensailieare
presented to illustrate the superimposition of largeeseakrgy onto the near-wall cycle, together with an intésaatell described

by an amplitude modulatiorfiect. Both phenomena are shown to increase in magnitude if@saced to viscous-scaled events) as
Reynolds number increases. These observations lead ts#éleaniodel for a statistically representative near-walbeity signal
(giving accurate energy spectra) based on a given filterlettitye signal from the log region of a high Reynolds numbebtuent
flow.
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1. Introduction is plotted for three Reynolds numbeRg = 100Q 200Q 10°.
Here, Re = 6U./v, whereé is the boundary layer thick-

Wall-bounded turbulent flows have attracted considerable an€ss- This plot is similar to that shown by Panton [42] in
tention over many years, which is not surprising given theirwhich a very §mal|var|at|0n in the production curves wagdot
prevalence and importance in many engineering and scientifffom low to high Reynolds numbers. Based on these observa-
applications. Up until fairly recently a majority of studibave ~ tONS, and the fact that the measurements of the mean weloc!t
focused on the near-wall region of wall-bounded flows, ancfhd the Reynolds shear stress showed the expected thabretic
due to practical considerations, many of these investigati R€ynolds number trends, Panton [42] commentede’could
have also been conducted at low Reynolds numbers. To a Iar%éter that physical processes producing discovered at low
extent, such studies have their origins in the observatidns Reynolds numbers are likely to also be relevant at higher val
near-wall streaks [25] in the velocity field and the realmat U€S: This is not to say there will not be modifications or new
that recurrent near-wall structures can play a key roleipu ~ €VeNts, however, it is likely that the dominant processes ar
lence regeneration. More recently our understanding ofi suc'oughly similar. Th!s sentiment has been'a.per5|stent narrative
events has tended to shift towards a self-sustaining natir-w throughout the majority of literature pertaining to low Reyds
cycle, in which the near-wall structures propagate andagust number flows. However, it should also be noted that prodactio
without need of external triggers. Such autonomous views arcurves, when plotted semi-logarithmicly as they are in gur
based largely on insightful low Reynolds number simulation (&), can be misleading. On these axes, if one considers the
by Jimenez & Pinelli [22] and Schoppa & Hussain [49]. At contr!but!onto the global or bulk kinetic energy produatithe
low Reynolds numbers, the over-riding focus on the neat-walcontribution to the integral of P), then the importance &flthg
region is justified by the fact that the dominant kinetic gyer T€gion is not immediately clear, particularly as one goesnfr
production occurs within the viscousber layer, at a nominal 10w to very high Reynolds numbers. The inset of figure 1(a)
wall-normal distance ot* = zU,/v ~ 12 [* This is demon- highlights the increasing production contribution duehte log
strated in figure 1(a), where an estimate for the turbuleretic ~ r€gion as Reynolds number increases. For a graphical espres
energy production, defined as the product of Reynolds shed@tion, where equal areas indicate equal integral coritdbs,

stress and mean shear a premultiplied plot is required when using semi-logarithm
axes. This is shown in figure 1(b) and here it is clear that the
P —Wv*di (1) contribution to the bulk production comes from the loganitt
dz’ region for stficiently high Reynolds number. This is further

illustrated in figuré 2 where the contribution to the bulk ata
production is compared for given regions in the boundargiay
!Throughout this paper the coordinate systemy andz, refers to the  The figure shows that the viscous near-wall region configbut

streamwise, spanwise and wall-normal directions, and tipeoéise fluctuating to the bulk production is dominant at low Reynolds numbets bu
velocity components are denoted oy andw. U- is friction velocity andv is

the kinematic viscosity of the fluid, and the superscFiplenotes normalization itis the log region that is the major Contribthr at. high Relgs
with viscous units. numbers. The cross-over at which the contribution from dlge |
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Figure 1: Turbulence kinetic energy production for a ranfRe&ynolds num-
bers. HereP is estimated using the law of wall-wake formulation for mean
velocity for ZPG boundary layers, and the correspondingRis shear stress
profile as given in Ref. [46]; & semi-logarithmic representationp)(pre-

multiplied version of figure H).
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Figure 2: Ratio of contribution to kinetic energy productito bulk produc-
tion. Near-waLL (solid line) refers to the viscous near-wall region conttion,
taken as 0< zt < 30; Loc recioN (dotted line) refers to contribution from the

logarithmic region, taken nominally as #0z" < 0.15Re..

region (taken tentatively to be #0z" < 0.15Re) is equal that
from the near-wall region (taken tentatively to bec@" < 30)

is seen to b&ke ~ 4200.

The question of how wall turbulence changes at high
Reynolds numbers has received heightened interest oviasthe
decade or so. This has resulted in the construction or pignni
of high Reynolds number facilities, including the Pringe8u-
perpipe[52], the development dBLTEST an atmospheric test
facility in the Great Salt Lake Desert, Utah [24], and a seak
high Reynolds number wind tunnel facilities in Chicago (NDF
[39]), Stockholm (MTL [41]), Melbourne [40], Lille [5], and
Stanford [7].

With these new measurements have come questions about
measurement techniques [44, 18] in high Reynolds number
regimes, and a re-examination of the boundary-layer sgalin
high Reynolds number and its asymptotic scaling in the limit
of infinite Reynolds number. Besides refinements of the -clas
sic’ scaling (see e.g. Ref. [35]), new theories have been pro
posed questioning the form and basis of classic scaling laws
[4, 11]. For existing data, the log-law appears to persishas
preferred description of the mean velocity profile in wali-tu
bulence. However, open questions remain regarding the uni-
versality of its parameters, and the extent of the logarithm
overlap region. These issues are discussed further by Marus
et al.[30].

In this paper we will concentrate on issues related to the uni
versality of the near-wall region and the influence of ot
motions on this near-wall region.

2. Experimental details

To consider thefect of increasing Reynolds number, exper-
imental data measured by the authors are used. The data-sets
come from boundary layer studies in three separate fadliti
and a summary of the experimental parameters is given in Ta-
ble[1. The lowest Reynolds number B = 500 are hot-
wire measurements in the boundary layer wind tunnel at the
University of Nottingham, with full details of the experimis
given by Hutchins [14]. The remaining laboratory data, dlier
rangeRe. = 2800- 19000, are from hot-wire measurements in
the large boundary layer wind tunnel at the University of Mel
bourne (also known as HRNBLWT), which has a 27 m long
working section. The full details of these experiments &rerg
in a recent paper by Hutchiret al.[18]. The largest Reynolds
number data are obtained from atmospheric surface layeg usi
a wall-normal array of 9 sonic anemometers at SLTEST. Full
details of the SLTEST conditions and set-up are given in Refs
[28, 15].

The measurements in the Melbourne tunnel were carried out
with hot-wires that had sensing lengths matched to the s&me d
mensionless lengtht = 22. This was done to avoid the com-
plication of spatial resolution problems that are prevaleith
many turbulence measurements in the near-wall region [18].
For thisl* value only a small amount of attenuation of the tur-
bulent kinetic energy is expected. The Nottingham wind &inn
results were taken with a hot-wire with sensing lengthof 8,
and figure B(a) shows the streamwise turbulence intensity pr
file across the boundary layer. Also, shown on the figure is
the estimated value of turbulence intensity that a hot-wita
I* = 22 would measure & = 15, the nominal position of the



o U, Us no. domain

Re Facility (m) (mys) (ms) I* AT*  points of measurement

500 Nottingham  0.071 0.114 246 8 0.9 43 7= 48-z/6=16
2800 Melbourne 0.098 0.442 1197 22 0.53 53 zt= 91-2/6§=20
3900 Melbourne 0.140 0.426 11.87 22 0.49 49 7 =118-2z/6 =20
7300 Melbourne 0.326 0.330 9.82 22 0.37 51 zt= 55-z/6=14
13600 Melbourne 0.315 0.671 20.63 22 0.48 54 7t = 74-z/6=14
19000 Melbourne 0.303 0.960 30.20 22 0.59 53 2= 87-z/6=14
650000  SLTEST 60 0.180 - 850 96 9 z/6 =0.02-2z/6 =0.43

Table 1: Experimental parameters for turbulence measurenidatspurne and Nottingham wind tunnel experiments were cotedlwith single hot-wire probe;
SLTEST data were acquired with sonic anemometers. No. of poidicates the number of wall-normal positions.
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Figure 3: (a) Streamwise turbulence intensity results frasitingham wind tunnel foRe. = 500. (b) Corresponding premultiplied spectra versus wagtteat
zt = 15 compared to result where velocity signature has been madifimimic a hot-wire with sensing length = 22 .

peak intensity. This estimation is based on a correctiormeh Hoyas [20] considered thEse iss_ues using DNS and experimen-

developed recently by Chiet al.[6] using a DNS dataset of tal data and concluded that andv2 do not follow wall-scaling,

wall turbulence to study the attenuatiofieets of a modeled and nor does wall pressure or the local static pressure.

hot-wire with finite spatial resolution. Theftrence between . i —

I* = 8 andl* = 22 is seen to be small. Figure 3(b) shows Many other recent studies have confirmed tifatis indeed

how the correction schemdfects the premultiplied-spectra  dependent on Reynolds number (albeit weakly) [7, 34, 29 Fi

for z = 15. where the area under the curves equ—@wg The ure’ 4 shows results over the range of Reynolds numbers consid

- 1 T" - . .

differences are again seen to be small and are confined to smSTF_d in the Melpou.rne and Notp_nghgm _W'nd turmels. The data,

wavelengths approximateli; < 3000. which show a rise in the peak i¥ with increasing Reynolds
number, clearly suggest a failure of wall-scaling in thernea

) " wall region.
3. Turbulenceintensities and spectra

, In order to understand why the peakLil_ﬁ+ changes with

Recently, substantialfferts have been devoted towards un- geynolds number, it is helpful to consider the correspapdin
derstanding the high Reynolds number scaling behavioureof t gpecira, and this is shown in a premultiplied form in figurét5.
streamwise turbulence intensitieg)and the corresponding s worth noting that the representation here in terms ofstre
spectra, as well as to a lesser extent the other components @fse length-scaleA() is only a reflected mirror image of the
turbulence intensityv@, w2) and Reynolds shear stressigy). conventionalkyp,,/U? versus logk;) plot (equal areas under
Wall scaling has been widely used in computation schemes arttle curve will still denote equal energy). The figure shovat th
assumes, like the mean flow, that the turbulence second ordéte near-walli-spectra scale well in wall variables for allex-
moments and spectra scale only with wall units in the neargept the large scales. In other words, the increase? inis
wall region (for say,z/6 < 0.15). Alternative theories such irectly attributed to an increase in energy due to largdesc
as the attached eddy hypothesis [51, 45, 31] suggest O8®rwimotions, which do not scale on viscous wall variables. A simi
and predict that while the wall-normal turbulence intenaitd  |ar trend has been observed on the spanwise pre-multiptied e
Reynolds shear streseAq and -tw) will follow wall-scaling,  ergy spectra of the streamwise velodisp,, (see DNS studies
the streamwise and spanwise componemtsafdv?) will not, Refs. [8, 1, 19, 13]), showing that near the wall there is an in
and will depend orRe.. Jimenez & Moser [21] and Jimenez & crease withRe. of the energy ok,®,, in the large spanwise
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Figure 5: Pre-multiplied energy spectra of streamwise vsldtictuations at . . .
the inner-peak locatior{ = 15). log region. There is considerable overlap between thesesod

with the large-scale extending down to the wall, and a disfini
ing small-scale influence penetrating to the edge of the thoun
wavelengthk,. ary layer.

To see how large and small scale motions contribute to the To explore the role of the large-scale motions further, fig-
broadband turbulence intensity, and to investigate thithém  ure [7 gives an overview of the pre-multiplied streamwise en-
we decompose the fluctuating velocity signalsinto asnwales  ergy spectra (shown with contours), across the full height o
(whered, < 6) and a large-scale (wherg > 6) contribution  the turbulent boundary layer for a range of Reynolds numbers
using a simple cut4® spectral filter. The valugy = § is cho-  with both inner (left column) and outer length scaling (tigh
sen after Hutchins & Marusic [15], and appears as a reasorgolumn). Two distinct peaks can be clearly observed in figure
able value provided the Reynolds number ifiisiently highto 7. The first peak, located in the near-wall region, is the en-
have a separation of inner and outer length scales. Figade 6(ergetic signature due to the viscous-scaled near-waleoytl
shows a streamwise broadband intensity profile decompased glongated high- and low-speed streaks (Klatel. [25]), and
this way, and figure]6(b) shows how the decomposed compads located az" = 15 andA; = 1000. We will refer to this
nents change with increasing Reynolds number. The smalpeak as the “inner-peak”, it corresponds to the locationdei
scale component is seen to be invariant with Reynolds numbefent with the peak value o . The large length-scale energy
across most of the boundary layer, while the outer-componenhat encroaches at = 15 with increasing Reynolds number,
clearly increases in magnitude across all wall-normaltfm® s seen to be part of a very large-scale structure assoaiatied
with increasing Reynolds number. The increasing influence ithe second distinct peak in the spectrogram, which appears i
the near-wall region is noted, consistent with the specésilt  the logarithmic region. We will refer to this peak as the ‘&t
in figure[5. The result in figure 6 shows that tigU? profile  peak’”. Itis of interest to note that this peak is not visiktléosy
can be considered to be the sum of two competing modes: Reynolds numbers (wheRe < 1700, see Ref. [16]) due to in-
small viscous-scaled component primarily located in therne suficient separation of scales and a diminishing strength at low
wall region, and a larger outer-scaled component peakitttein  Re This outer peak is most likely the energetic signature due t
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Figure 7: Reynolds numbeffect — Iso-contours of the pre-multiplied energy spectraratshwise velocity fluctuatiokyg,u/U2; (2) Re- = 500; ©) Re: = 3900;

(c) Re = 7300; ) Re: = 19000; Contour levels are from 0.2 to 1.8 in steps of 0.2; Hngd “+ " marks the inner-peak locatiorz’( = 15, 4} = 1000); The
vertical dot-dashed line shows estimate of the middle of tgdadger (39R(=,1/2). The plots in the left column are scaled with inner variapidsile the plots in the
right-hand column are scaled with outer-scale variables.



the superstructure type events described by Hutchins & Saru
[15] (or VLSM as described by Kim & Adrian [23]). Hutchins

T
6l © Other studies

& Marusic [15] showed that the magnitude of this outer peak ! m Presentstudyz = 15 8
(whenkygy, is scaled withU,) increases with Reynolds num- 14| @ Presentstudyz" = 3.9Re"? @
ber. The wall-normal location of the outer peak is of particu . ---- 039InRe + 438 5
lar interest. Initial observations of Hutchins & MarusicS[1 g 12f — 069InRe +265 =

suggest that the location of this peak scales in boundasrlay &y~ o1 069InRe ~085

thickness:z/6 = 0.06 andi, = 66. However, here the data in S
figure 7, which cover a larger Reynolds number range, show tﬁa 8
location of the outer peak to correspond well with the geoimet 7
center of the logarithmic region (on a log plot), which isiind B
cated by the vertical dashed lines on each plot in figure 7. The 4 .
- . : .. > . 107 10° 10* 10° 10
location and scaling of the ‘outer peak’ in thespectra is of in-
terest as it relates to the origin or source of the supeitsires
which, as discussed in the next section, exert a direct inflele - _ _

h _wall cvele in a mechanism akin to a pure amplitud Figure 8: Variation of the peak value of the inner-scaledastiwise turbulence
on the n?ar wall Cy - p p %tensity with Reynolds number at the inner- (aroufid= 15) and outer-peak
modulation. Recently, Balakumar and Adrian [2] have stud-z+ ~ 3.9ré"?) location. The data labeled ‘other studies’ is as reponefi.
ied the most energetic mode fkyd,,, in pipes, channels and 8in Ref. [15].
zero-pressure gradient boundary layers, suggesting ébpmss

scaling in outer units of the wavelength of the spectral pefak ‘ L= '
the \I/I?SIM uterunt waveleng P P et al.[33] also show double peaks in o profile, but these

have been attributed to roughnegeets (which would reduce

The kinetic energy contribution coincident with the outerthe level of thez" = 15 peak). The trends in figure 8 sug-
spectral peak is also of interest. If we assume that the loca€st that the two peaks in the Metzgral. [33] results might
tion of the outer spectral peak follows = 3.9Re"? (consistent be present even if the flow was hydrodynamlcally ;mooth, byt
with the nominal centre of the log region) then the energiiat t further_data at high Reynolds number anql with minimal spatia
location is seen to increase, approximately following afity- ~ resolution &ects are needed to resolve this.
mic function ofRe.. This is shown in figurel8 (points with solid .
filled circles). Figuré 8 also shows very high Reynolds numbe3-1- Spanwise and wall-normal components
data from SLTEST experiments, which should be used with due As mentioned above, there are considerably less studies tha
caution due to measurement convergence and other uncertaddress the spanwise and wall-normal turbulence intessiti
ties. However, these data together with the laboratoryiddta ~ and their spectra. Jimenez & Hoyas [20] review most of the
cate a consistent trend with ti@ values at the inner spectral €XiSting experimental studies and show detailed compesiso
peak ¢* ~ 15) and the outer spectral peak & 3.9Re"?) both of all components of spectra and cospectra for DNS of channel
increasing nominally with the logarithm &e.. The slope for ﬂOW,S studies up t&e. = 2000. They find that the large out.e.r
the logarithmic trend foz* ~ 15 is debatable, and two lines motions (or modes) of the spanwise and wall-normal velegiti

are shown on the figure. One line (with slope 0.69) matches thif! Poundary layers are stronger than found in channel flouts, b
. . o —+ conclude that similar outer-layer structures seem to @xisbth
slope of the line for the outer location, and in this eventithe

) X . . channels and pipes and as in boundary layers at high Reynolds
value atz' ~ 15 will continue to remain the dominant and sole PP ryiay 9 y

. numbers.
peak across the layer as one extrapolates to very high Reynol Of the previous studies, most support wall scaling for the
numbers. However, if one accepted the second line (witheslop .

0.39) then the trends shown in figure 8 indicate that a seconﬁeyno,ld.S shear stress amd [2,6' 21], but the data is some-
cakin thal" orofile will emerge at siiciently high Reynolds what I|m|ted: Kgnkel & Maru5|c.[26] showed collapse of the
P " w-spectra with inner (wall) scaling over three order of mag-

number for a smooth wall flow (the levelo? inthe |Og region nitude Change iRe by making measurements in the |og re-
will exceed thez" = 15 value forRe: %_1+06)- The critical level  gion of laboratory wind-tunnels and in the atmospheric sur-
of Re at which such an outer peak id would appear is un- face layer. However, Zhaet al.[53] recently made similar two
clear, as the quantitive trends assigned here should bedezha component hot-wire measurements in the Princeton Superpip

as preliminary and are only an estimate based on the limitegng suggest tha@ and thew-spectra in the log region depend
data that is available. Previous studies by Morrisoal. [38] in Weak|y on Reyno]ds number. Further experimenta| Study seem
the Princeton superpipe have proposed that an outer peak dogarranted to resolve this issue and other ambiguities.

exist foru2 . This has been the subject of some controversy, One of the dificulties here is that extremely small probe sizes
with concerns raised regarding the spatial resolution ef¢h are required to measure spanwise and wall-normal statistic
measurements. For example, Hutchénsl. [18] show that by  the near-wall region at high Reynolds numbers. This is high-
increasing the sensing length of the hot-wire, the data showlighted in figure 9, which shows spectrograms dipw andw at

in figure[4 will also appear with a second peak. Other experRe. = 7300, forx-wire measurements taken in the Melbourne
iments at very high Reynolds number at SLTEST by Metzgetunnel [17]. The absence of data in the near-wall regionvfor
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+ and atmospheric surface layer (SLTEST).
ol 410
mediately evident is the inclined ridge of energy for all com
% + Ly ponents, where the length scaly {s proportional to distance
107 j A% from the wall ). This is indicative of attached eddies. How-
ever, an important distinction between thandw components
. 1107 for the near-wall region is that the wall-normal fluctuasdack

0 a large-scale energetic contribution, in contrast to thengjse
fluctuations which exhibit near-wall energy at large ‘sigbeerc-

(b) Spanwise

1000 110 ture’ type length scalesi{ ~ 66). Such behaviour is consis-
tent with the notion of attached eddies, where the wall-radrm
10tk J10° fluctuations lack a large-scale component at the wall duldo t
+ ‘blocking-effect’, or equivalently, the image attached vortices in
, 110* the wall [43]. Itis also consistent with the notion that twpesr-

10" £ . .
structure events are associated with a very large-scalgesu

rotating roll-mode [16], which produces a significant elategl

spanwise signature (but na) for the region below the log re-

gion.

107k 310 However, as indicated above, new high-quality experiments

are needed over extended Reynolds number ranges to really ad

ol (c) Wall-normal Liot dress these issues. Questions certainly remain regardéng t
- e - s strength of this ‘roll-mode’ (and the correspondingignature)

2/6 and how this might change with Reynolds number. A number
of studies at very high Reynolds number in the atmospheric su
face layer (ASL) suggest that the spanwise intensity anctspe

mg are significantly ected by increasing Reynolds number. An
Kb example of this is shown in figure 10 where the three compo-
u? nents of velocity spectra are compared at a fixed locatiohen t
_ o _ log region but where the Reynolds numbers aftedint by al-
Figure 9: Contours of pre-multiplied energy spectra faj étreamwise . -
Kybuu/ U2 (b) spanwiseked/ U2 (C) wall-normalkyd/U2 fluctuations. Con- rno_st three orders of magmtude. The laboratory gcquweai .dat
tours are from @ to 18 in steps of A (see gray scale). +] symbols de- 1N figure/ 10 are taken in the Melbourne tunnel using hot-wires
note approximate locations of innex*(~ 155 ~ 1000) and outerst ~  while the ASL data were measured using sonic anemometers
39Re%, 1x/6 ~ 6) peaks iru spectra. From Ref. [17] at the SLTEST site in 2005 [15]. The ASL spectra are calcu-
lated from just one hour of data (taken from a period of pro-
longed neutral buoyancy and steady wind conditions), ansl th
andw (due to the size of the-wire probes) is very evident. the statistics for the largest scales cannot be consideibd f
For reference the location of the inner and outer peaks a&s ide converged. Cautiously noting this caveat, the results urég
tified in theu-spectra are also marked with)(symbols on the do, however, strongly suggest that while the wall-normal
spanwise \) and wall-normal W) spectra. Despite the lack of component is little fiected by the large change in Reynolds
near-wall data, the spectra show some interesting tremds. | number, the spanwise and streamwise components will uaderg
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t(s) Figure 13: Example fluctuating velocity signals from fRe ~ 950 channel
of del Alamoet al.(2004) atz" = 15. (@) fluctuatingu component, thicker
line shows large-scale componerit) all-normalw fluctuation; €) spanwise
v fluctuation; @) Reynolds shear stress fluctuation. Dashed vertical linew s
region of negative large-scale fluctuation. Figure as shoviRef. [16].

Figure 11: Time traces from Ref. [27] measured in the atmosptseniface
layer,Re. = O(10P). Fluctuating velocity at five wall-normal positions in the
log layer are simultaneously shown with the fluctuating veakkar stresz(s =
0.0024, 0.005, 0.0091, 0.0165, 0.0293). Significant coherencoted between
the wall shear stress and the velocity signals at this higm&ds number.

that rather the small-scale structures were subject toltadeg
gree of amplitude modulation by the much larger scales that

dramatic changes, particularly with a large increase imsfEe  inhabit the log-region. An example of this is seen in figure
kinetic energy associated with large length-scales. E®n- (12 where a decomposition of a typical fluctuating sigmaht
sistent with a Strengthening of the SUperStrUCtUre eventkea wall-normal positiorz*‘ =15 (inner-peak) is shown. Here a de-
scribed above. composition is used for scales below and above aftleogth-
scale, taken here to bk/6 = 1 based on the spectra shown in
figure 7. (Tests with dferent cutdf length-scales show that the
basic trends are insensitive to choice of ¢bifig/5.) The large-

Strengthening of the large-scale log-based superstestur scale component shown in figlire bpis highly correlated with
implies that the near-wall region will be increasing influed  the large-scale component in the log region, and is thezefor
at high Reynolds number and this extends to the skin-frictio taken as representative of the footprint of the superstracit
signature at the wall. Marusic & Heuer [27] conducted ex-z" = 15. For the large-scale component shown in figurb, 12
periments at SLTEST and used a wall-normal array of soni@ prolonged region of negative fluctuation occurs (betwaen t
anemometers together with purpose-built skin-frictionsse  dashed lines), typical of the footprint caused by the deatde
that could measure time-resolved wall-shear stress [12]. Avortion of a superstructure-type event [15]. It appearbiitiien
sample time trace from simultaneous measurements in this exhis negative large-scale excursion occurs, the amplitdidee
periment are shown in figure 11. A high level of correlation small-scale fluctuations; is significantly reduced (figure £
is noted between the low-frequency components of the skinwWhen similar analysis is conducted for a positive largeesea}
friction signal and fluctuating streamwise velocity in tleg| cursion, the opposite scenario is true and the amplitudaeof t
region. This refiirms the notion that the large-scale structuressmall-scale fluctuations is increased. These results sutgs
impose a “footprint” on the near-wall region. This conchrsi the low-wavenumber motions associated with the footpionfts
itself is not new and has been previously observed in DNS studsuperstructure type events influence the nearaflictuations
ies in Refs. [1],[50] and [13], and more recently in Ref. [48] in a manner akin to a pure amplitude modulation.
where the influence is noted of large scale motions at the wall The modulating influence is not restricted to only the stream
However, what is new in these ASL results, is the increasingvise fluctuating velocity. For this we consider the DNS ddta a
magnitude of this influence at high Reynolds numbers. Re = 934 of del Alamoet al.[9]. Here, the same trends are

An important feature of the “footprint” of the superstrugts  evident in thev andw fluctuations, both of which are more ac-
on the near-wall flow was noted by Hutchins & Marusic [15], tive under positive large-scale excitation (these tremdsckear
who observed that the interaction of the large-scale msticas  even though at these Reynolds numbers the footprint of the
more than a mere superposition (or mean shift) on to the neasuperstructure is relatively weak). This is seen in figure 13
wall fluctuations (as per the attached eddy hypothesis [ai]) which shows simultaneous signals for all three velocity €om
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Figure 12: Example of fluctuating signal in the near-wall region from Melbourne wind tunnel Re. = 7300 atz" = 15; (@) raw fluctuating componentp)
large-scale fluctuationy /s > 1; (c) small-scale fluctuationy/s < 1; Dashed vertical lines show region of negative largeesfiattuation. Taken from Ref. [32].

ponents along with the instantaneous Reynolds shear stness several dificulties for the interpretation of the harmonic spec-
atz" = 15. The small-scale activities for all signals are notablytral decomposition of temporal signals. Matleisal. [32] ex-
less intense during a large-scale negatiflectuation (between plore this further through analysis based on the Hilberigra
the vertical dashed lines). As an additional point, it iddevit ~ form, which is well suited for quantifying modulatioffects.
from figure 13 that the wall-normal velocity fluctuation (figu
[13b) does not hgve a large-scale compon.ent, whilauthed 5. Towardsa modd for inner-outer interaction
v components (figure 13a,c) do, as noted in energy spectra by
Hoyas & Jimenez [13] and previously in this paper in figure 9.  The above results clearly show an influence of the largeescal
Therefore, in the near-wall region, we have observed thdéun superstructures in the near-wall region. Ideally we woikd |
large-scale high-speed events (footprint of the supastsire),  to build these observations into a mathematical model, fwhic
the local instantaneous Reynolds stresses (all componghts could enable a prediction to be made of the fluctuating veloci
v2, w2 anduw) are amplified, while the opposite is true under statistics in the near-wall region given only informatidooat
large-scale low-speed events. This is as expected sinde-the the large-scale signal in the log region.
cal shear rate near the wall (and hence input of vorticitynfro ~ As a first step towards this we can consider the viability of
the wall) is higher under high-speed events as compared with model based on simple superposition. This will not capture
low-speed superstructure signatures. These findings are cothe non-linear amplitude modulatiorfects, but such phase-
sistent with previous studies [3, 47] showing that largeeput related information is unlikely toféect the second-order statis-
scaled structures are active in rearranging and integaetith  tics. Therefore, as a first attempt we propose a simple model f
the near-wall structure. Furthermore, similar observatim  the prediction of a statistically representative signa‘at 15
the wall-shear stress fluctuations have been obtained DXt®e  as
work of Abeet al.[1]. They shown that positive and negative
regions of the streamwise wall-shear stress fluctuationg-co
spond, respectively, to high- and low-speed events of tiges Here,u; is the predicated-signal atz" = 15, u.s is the fluc-
scales in the outer layer, whereas active regions in theripan  tuating large-scale signal from the log-regioi, is referred to
wall-shear stress fluctuations coincide with high-speetbres  as the statistically “universal” signal at = 15 (normalized in
of the very large-scale motions. wall units), andr is a constantu;.. is the universal inner-scaled
The modulation interaction is not easily detected in a Feuri signal that would exist if there were no large-scale infleenc
representation. Because of the extremely low frequens®s-a and would be the total signal if wall-layer modeling applied
ciated with the superstructures, the signature of the imtddit  The large-scale signal) s, is obtained from thau-signal in
sideband frequencies generated by this amplitude modulati the log region (at a giver/s value, say 0.06) involving two
are dfficult to determine in the power spectrum. The increassteps. First, the-signal is low-pass filtered to retain only large
ing importance of this nonlinear interaction across scptses  scales above, saylx > 6. Second, since we are equating a
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Figure 14: Prediction of pre-multiplied energy spectra atitiner-peak loca-  Figure 15: Prediction of streamwise turbulence intensitthatinner-peak lo-
tion (z* = 15) cation ¢ = 15) using equation (2).

log-region signal (fronz/s = 0.06) toz" = 15 the measured needed if one required higher-order statistics and othantiju
u-signal is shifted forward in the streamwise direction gass  ties that involve phase information. For second-ordeisites,
ing Taylor's hypothesis with convection velocity equal ket €quation (2) is seen to be largely adequate.
local mean velocity) to account for the mean inclinationlang
of the large-scale structures ()4 This angle corresponds to
the coherent structure angle of Marusic & Heuer [27], whic
they found to be invariant over three orders change in Rejgnol ) )
number. The shift@ectively corresponds to the time-delay that An overview of Reynolds numberffects in wall-bounded
locates the maximum in a cross-correlation between the largiurbulence is Giered. It is shown that the contribution from
scaleu-signals a/s = 0.06 andz" = 15, ande corresponds to the Ioganthmlc region to the overaI'I turbulence prodgu:tm»
the cross-correlation céiicient between these signals. TheseCréases with Reynolds number. This would seem to imply that,
are assumed to be invariant and once obtained from a previo@ Reynolds number increases, the large-scale motionsithat
experiment, can be used at any Reynolds number. habit _th_|s region, becqme increasingly important in terrhs o
The procedure for finding; is as follows. An experiment is sustaining and_producmg _turpulence. (as Compamd to the nea
conducted at an arbitrary Reynolds number (in this cee= wall cycle). This observatlor? is consistent with the emaage
7300) in which theu-signals from two hot-wires mounted at (an_d subsequent strengthenmg)_ofalarge-scale secoadary .
2/5 = 0.06 andz" = 15 are simultaneously sampled. From getic _peak that has l_)een noted in the sp_ectra of the streeamwis
thisa (the correlation of the large-scale component between th elocity flucuiations In the log region of high Reyn-olds ”L!mb
two signals) is measured and found to be 0.70. Giverthe _oundary layers. Th|s secondary emergent peak is the _etrmerge
universal signali;. is then obtained by simply solving equation S|grjature fdue to h|ghly|elong§1ted (ar)q corre(;ated) m\?margjer
(2) as for this casey s andut are known. regions of spanwise alternating positive and negativiic-

th U dar K d dtobei . di tuations that have been observed in the log and wake regions
With uyg, anda known, and assumed to be invariant, predic- ¢ a1 hounded turbulent flows (so-called superstructuse

tions ofuj, can now be made using equation (2) where the OnIWLSM [23, 10, 15, 37, 36]). It is noted that the energetic sig-

input is the large-scale-signal atz/6 = 0.06. Figure 14 shows .10 que to these features increases with Reynolds number

such (post-) predictions of spectra for the experimentgipre as compared to the energy due to the near-wall cycle). It has
ously carried out in the Melbourne tunnel and these comparé

. = een observed that these large-scale features maintabota ‘f
extremely well with the true measurements shown in figure 5

Also, included in figure 14 are two predictions of what thecspe print or presence in the near-wall region. Through this hzec
! nism, large-scale (log region) energy (which will get longed
tra atzt = 15 would be foRe. = 6.5x 10° andRe = 1.4x 10°, 9 (log region) 9y ( 9 9

) i i . stronger withReas compared to the near-wall cycle) percolates
which corresponds tq experiments atSLTEST.m Utah for whic own to the befer and viscous sub-layers. Hence, the emer-
U.s were available (in these cases from sonic anemometersyon e from careful comparisons of experimental data ove
To test ”E"a“d'ty of the model further, predictions wetsoa extended Reynolds number ranges, is that the viscousdscale
made fori?  and these results are shown in figure 15. The prednear-wall peak of streamwise velocity fluctuations incesas
ications are seen to agree very well, as expected sincedhese with Reynolds number (as opposed to the previously assumed
simply the area under the curves in figure 14. viscous-scaling of near-wall fluctuations). In additionhas

The model given by equation (2) will likely need to be re- been shown that the spanwise velocity component close to the
fined and extended to include the amplitude modulatibeceé  wall also has a very large-scale energetic component. Data f
described in the previous section. However, this would tvely the atmospheric surface layer has been presented which ten-
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tatively suggest that this large-scale spanwise compomiint
also grow in magnitude as Reynolds number increases.

In addition to the superimposition of large-scale log regio
energy onto the near-wall region, evidence is also predente
which suggests a more subtle underlying non-linear mechdi1]
nism whereby the large-scale structures amplitude maglulat
the small-scale fluctuating energy at the wall. This amgétu [12]
modulation occurs for all three velocity components and als [13]
the Reynolds shear stress. Thus the large-scale log-remien
tions appear to actively modulate or influence the prodnctio (14!
of turbulence at the wall. The superpositidteet of the large-
scale superstructures onto the near-wall region is seeav@lh  [15)]
modeled with a simple mathematical model. It is able to pre-
dict the second-order statistical quantities of the véjosignal [16]
atz" = 15 given a large-scale filtered signal from the loga-
rithmic region. Though at this stage this model is prelimpa [17]
future extensions could be of great benefit to turbulence-mod
eling dforts, where the near-wall signal is predicted given only[18
large-scale information from the log region. Such inforiomt
is precisely what is needed for affective near-wall model for
large-eddy simulations (LES) of high Reynolds number wall-[19]
bounded flows.
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