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Abstract

Measurements of the streamwise and spanwise fluctuating ve-

locity components are obtained in a high Reynolds number tur
bulent boundary layer using custom made sub-miniature hot
wires. These measurements are made over a range of Reynold
numbers fromRe- ~ 3,000 toRe- ~ 10,500, but at fixed unit
Reynolds numbel., /v (Re = 6U./v; wherev is the kine-
matic viscosityU- is the friction velocity and is the boundary
layer thickness). In this way the measurement volumes of the
probes are approximately fixed for &b at 14x 14x 7 viscous
units. This gives dsfliciently resolved velocity measurements,
allowing observation oRe: trends in isolation from spatial res-
olution dfects.

The resulting velocity measurements show clear scale sepa-

ration in both streamwise and spanwise velocitieRRat ~
10,500. The pre-multiplied spectra for both components show
a near-wall peak which is fixed in viscous units and an outer re
gion peak fixed in outer scaling, which grows in magnitudédawit
Re.. The large scale wavelengths associated with the outer site
extend all the way down to the near-wall region for both compo
nents demonstrating the presence of large scale motiohsawit
footprint that stretches to the surface for both of the streise

and spanwise fluctuations.

Introduction

The broad-band nature of turbulence, and the increased scal
separation between the smallest and largest energetessasil
Reynolds number increases, mean that it is highly challeng-
ing to obtain well resolved measurements of fluctuating com-
ponents in high Reynolds number flows. Hot-wire anemome-
try using a single-wire has been successfully applied tainbt
suficiently resolved streamwise velocity components at a high
Re[4]; however, there is a dearth of measurements for the other
two velocity components at similarly higke Here, we attempt

to redress this issue by simultaneously measuring thenstrea
wise and spanwise fluctuating velocity components using sub
miniature cross-wires.

For this paper, we highlight the similarities and th&efiences
in Reynolds number trends for the streamwise and spanwise
components. We consider in particular, the contributiamifr
small and large scales in the flow to the turbulence intesssiti
and the pre-multiplied spectra. Here, we use superscript
to denote viscous scaling of length (edd.= zUr/v), velocity
(e.g. U* = U/U7) and time (e.g.t* = tU2/v). Capitalisation
(e.g. U) and overbar (e.gu?) indicate time averaged quanti-
ties, while lower case (e.gl) shows fluctuating components.
We employ the co-ordinate systemy andzto refer to stream-
wise, spanwise and wall-normal directions; withv andw the
corresponding fluctuating velocities.
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Figure 1: (main figure) Custom cross-wire probe, (inset &yur
expanded view of the prong tips, with cuboid volume of0
0.4x0.2mm shown overlaid. All dimensions in mm.

The experiments are conducted in the High Reynolds Number
Boundary Layer Wind Tunnel (HRNBLWT), located at the Uni-
versity of Melbourne. This is an open-return blower tunnighw

a working section of 2% 2x 1m with a boundary layer thick-
ness of up to 0.35m. This facility follows the ‘big and slow’
approach, meaning that high Reynolds numbers are attained i
boundary layers where the smallest length and time scades ar
still accessible to conventional measurement techniques.
example aRe- ~ 10,000, the viscous length scale is approx-
imately 3Qum and viscous time scale is approximately60
This permits the use of 2u8n diameter @) hot-wires which

are in general less prone to breakages and drift than théesmal
diameter wiresq < 1.5um) while maintaining viscous scaled
sensor length of approximately 20 & 20), and thus providing
suficiently resolved velocity measurements.

Probes

All the cross-wire probes are custom made in the laboratory.
This has been primarily driven by the lack of a commer-
cially available cross-wire probe smaller tha@%1.2x 1.2mm.
Also, with the commercially available probes, the closesi-w
position attainable with sensing elements parallel to th# is
3mm when accounting for the probe holder. This corresponds
to zt ~ 100 at the Reynolds number of these experiments, ren-
dering the entire Hier zone inaccessible. For our custom cross-
wire probe, we settled on a final dimension o 0.4mm in

the streamwise and spanwise direction with a wall-normatsp
ing of 0.2mm. To allow access close to the wall and minimise
blockage €&ects, the probe has been manufactured such that
the sensing elements are parallel to the wall when the probe
is inclined at 10 to the horizontal. Figure 1 (main) shows
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Figure 2: Typical jet calibration showing calibration pwirf0),
constant jet velocity lines<) and constant yaw angle lines)
determined from calibration points.

the custom probe, which is constructed from four 250di-
ameter stainless steel prongs and a ceramic body held avgeth |
by epoxy resins. The prong tips are sharpened using a grind-
ing process so that the tip diameter tapers down ton2@ver
10mm. The platinum wires are then welded across the prong
tips, as shown in expanded view in figure 1. For clarity, the
prongs closest to the viewer have been coloured red in figure 1
(those furthest away are coloured blue). Figure 1 (insst) al
shows a cuboidal volume with dimensions 4R 0.4x 0.2mm
(Ixxlyx As7) encapsulating the sensing elements. The back end
of the custom probe is designed to be compatible with the stan
dard Dantec cross-wire probe holders (55H25).

Calibration

The calibration is performeid situto eliminate the need for the
probe to be moved between the calibration and measurement,
stage. This removes the possibility of probe misalignment b
tween the calibraton and the measurement, improving the ove
all accuracy of the experiments. The calibration facilipsists

of a jet mounted on a two-axis-traverse allowing rotatiothwi
two degrees of freedom. For the calibration of the wires mea-
suring streamwise and spanwise velocities, the probe ézgla

at the axis of the rotation and the jet is yawed using a stepper
motor about wall-normal axis. An encoder attached to the axi
provides an accurate measurement of angle of the jet relativ
the wire. For diferent jet velocitiesWjer) and calibration yaw
angles ), the corresponding voltages from wire 1 andE3 (
and Ey) are recorded to build a voltage to velocity conversion
map. A typical calibration curve is shown in figure 2. Blue
and red lines show contours of constalyd; andy respectively,
determined from the calibration data using linear intemioh.

Results

Experiments have been conducted using the custom cross-wir
to measureu and v simultaneously at various streamwise lo-
cations (2< x < 18m) from the trip while matching the unit
Reynolds numberU./v, whereU, is the free-stream ve-
locity). In this manner the same probe geometfiprals ap-
proximately matched viscous-scaled sensor lengjhahnd sen-

sor spacing 4s*) (since U, variation in x is very small,|I*

or As* variation is limited to+1 viscous unit) across the en-
tire range ofRe.. This aids in observing thRe trends rela-
tively free of spatial resolutionfiects [2]. Consequently, the
probes have matched measurement volumes of approximately
14x 14x 7 (£10%) viscous length scales acrossRé. The
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Figure 3: Mean (top), streamwise turbulence intensity ¢taj
and spanwise turbulence intensity (bottom) as functiongadif
normal positionsZ") for various Reynolds numberRé¢.); a -
Re- ~ 10,500,0 - Re- ~ 10,500,0 - Re- ~ 6,000,¢ - Re: ~
3,000; solid symbol - single-wire; open symbol - cross-wire
vertical bars on the turbulence intensities profile are t#soeai-
ated repeatability of the measurement.

friction velocity U, is determined from the mean velocity pro-
file using a Rotta-Clauser fit [5].

Statistics

The streamwise mean velocity profiles and turbulence Statis
from the cross-wire are shown in figure 3 with open symbols for
three diferentRe.. A single wire measurement with matched

U /v andl* atRe ~ 10,500 is also shown with solid symbols.

It can be seen that both the streamwise mean and turbulence
intensity measurements from the cross-wire agree well thigh
single-wire results and any discrepancy is within the expen-
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Figure 4: Two dimensional pre-multiplied spectraRg ~ 3,000 (top), 6,000 (middle) and 10,500 (bottom); horizbmthite line
indicate cut@ wave length between small and large scale for each prephettispectra; dashed white vertical lines indicate laeati

z" =100 0.155%; ‘+’ symbols show location of inner (white) and outer (blackergy sites forkye{; black line shown ist}

500 (7" < 100), A} =5z (100< z+ < 0.35%), A} = 1.55* (z" > 0.35%).

tal errors. The errors associated with the mean measursment smallest and larged®e; is several times greater than the ex-

are indicated by the size of the symboiD1U* [3]), while
the repeatability of measurements associated with thellemb

intensity measurements are indicated by vertical ha@d)@l@

and +0.04v2 for streamwise and spanwise, respectively). The
peak spanwise turbulence intensity occurg*a 50 which is
further away from the wall than the streamwise intensitykpea
location atzt ~ 15. The measurements suggest that both the
streamwise and spanwise turbulence intensities grow \uih t
Reynolds number, as thefiirence between intensities for the

pected errors. Both spanwise and streamwise turbulenee-int
sities, are also seen to exhibit a logarithmic region in sufppf

the attached eddy hypothesis of Townsend [6]. These feature
are the subject of further investigation.

Pre-multiplied spectra

Figure 4 shows pre-multiplied spectra maps for both thestre
wise and spanwise velocity fluctuations for the three Reysol
numberRe- ~ 3,000, 6,000 and 106500. The energy spectra



for the streamwise fluctuations (left-hand plots) followngar

trends to those observed by Hutchetsal. [1]. An inner ener-

getic peak associated with the near-wall cycle remainscagpr
imately fixed atz" ~ 15 andl} ~ 1000. However, as Reynolds
number increases, a large-scale energetic peak emerdas in t

log region approximately located zit ~ V15Re and A ~ 66.

The inner and outer energetic sites are marked by the white an
black ‘+' symbols respectively. As Reynolds number increases, |
the symbols become increasingly separatet! ianda}; reflect-

ing the increasing scale separation.

The energy spectra for the spanwise fluctuations (rightthan
plots) are very dferent. There are no clear inner or outer en-
ergetic peaks in the sense of thespectra. Rather it appears
that forz* < 100, there is a clear ridge of energy.&t ~ 500.
Through the log region there are clear signs of energy sgalin
with distance from the wall, with the energetic ridge seamin
to follow A5 = 5z for 100< z" < 0.36*. For the wake region
the energy seems to reach a ridge at constgfit = O(1). The
energetic ridge iv spectra is indicated by the black lines in fig-
ure 4. It is evident that the bulk of the energy in the streasawi
fluctuations is confined to a larger wavelengths than the line
representing the energetic ridgevrspectra. Hence, this line ~
seems to correspond to a demarcation between non-energetié =
and energetic wavelengthsurspectra fozt > 100.

+

Scale separation

Figure 5 shows contributions to turbulence intensitiesftbe
small and large scales as a function of wall-normal distance
The cut-df wavelength between the small and large scales for
steamwise and spanwise is.gt ~ 7,000 andiy ~ 2,000, re-
spectively; and are shown as horizontal white lines in figure
4. As expected, the small scale contributions collapse dtin b
streamwise and spanwise velocitiesfok 100, while the large
scale contribution grows witRe;.
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Figure 5: Contribution of the small and large scales to the tu
bulence intensities of streamwise (top) and spanwisedimtt
velocities;0 - Re- = 10,500,0 - Re- = 6,000,0 - Re: ~ 3,000;

solid symbol - contribution from large scales; open symbol -

Summary and conclusions

Suficiently resolved streamwise and spanwise velocity com-
ponents are obtained using a custom cross-wire probe in high
Reynolds number turbulent boundary layers wRb- up to
10,000. The custom probe is manufactured such that the sens-
ing elements remain parallel to the wall while the probe is in
clined at 10 to the horizontal, enabling measurement as close
asz' ~ 10 from the wall while also minimising the blockage
effects. By changing the location of the streamwise distance (1]
from the trip and matchint /v, streamwise and spanwise ve-
locity measurements are obtained with matched measurement
volumes of approximately 1414 x 7 in viscous length scales
across dierentRe,, isolating the &ects of spatial resolution.

(2]

Resulting statistics and pre-multiplied spectra showrceale
separation in both streamwise and spanwise velocitiBsat
10,500. The inner site which is fixed in position and mag-
nitude based on viscous units, represents the contribdiien

to the near-wall cycle. It has been suggested by Hutckins
al. [1] that the outer site which grows in position and magni-
tude when scaled with viscous units, represents the coitioib
due to very long meandering features or ‘superstructuBssth

the streamwise and spanwise fluctuations clearly have a larg
scale component with a footprint that stretches to the sarfa
The magnitude of the large scale component appears to grow [5]
with Reynolds number. This may be related to the growth in
strength of the large-scale roll-modes that have been shown
accompany superstructure events.

(3]

[4]

(6]
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