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Abstract

Here we present an experimental technique using hot-wire
anemometry to measure the two-dimensional (2-D) energy
spectra of the streamwise velocity componant (The mea-
surements are carried out in a turbulent boundary layeicat fr
tion Reynolds numbers of 1950 and 3350 and are validated
against the 2-D spectra obtained from the direct numerigal s
ulation (DNS) of Silleroet al. [9] at matched Reynolds num-
bers. Based on these comparisons, a correction is intrddaoce
account for the spatial resolution associated with théirsep-
aration of the hot-wires. These findings establish the mego
technique for high Reynolds number flows in future works.

Introduction

Spectral scaling laws are important in turbulent boundaygt
studies as they provide information regarding the geometry
of turbulent structures and their contribution to the tlebiti
kinetic energy. Among thenk;l scaling of one-dimensional
(1-D) streamwise spectra afin the inertial region of turbulent
boundary layer is of specific interest as it indicates thel wal
scaling of turbulent structures. Her&y is the streamwise
wavenumber. Previously, theoretical predictiongpt scaling
were based on dimensional analysis [6] and spectral overlap
arguments [7]. These findings were also found to be consisten
with the attached eddy hypothesis of Townsend [10], which
predicts the existence of geometrically self-similar eddi
Consequently, a range of length scales exist that congribut
equally to the turbulent kinetic energy and thereby results
ak, ! behaviour in the 1-D streamwise spectra at sufficiently
high Reynolds numbers. Nevertheless, these predictichsadi

get complete support from high Reynolds number experiments
and the existence of Ig(l law still remains an open question
[5, 8].

Davidsonet al. [2] highlighted that the 1-D energy spectra
might not be an ideal tool to observe self-similarity. Their
work suggested that aliasing could contaminate the 1-D
streamwise spectra by artificially shifting the energy tado
wavenumbers. Whereas, a 2-D spectrum details the contri-
bution of both the streamwise\{ = 21/ks) and spanwise
(Ay = 2m/ky, whereky is the spanwise wavenumber) length
scales to the total turbulent intensity. On the other hand, a
1-D spectrum is a line integral of a 2-D spectra and does not
reveal any information along the direction of integratidfor
example, a 1-D streamwise spectrum only provides the energy
contribution by a particular streamwise length scalg, and
does not inform us of the range af associated with that
particular Ax. This leads to the aforementioned aliasing in
1-D spectra. The 2-D spectrum is devoid of such aliasing&rro

From dimensional considerations, Chueg al. [1] argued
that, in order to have & ! behaviour in the 1-D spectrum,

a region of constant energy in the 2-D spectrum should be
bounded byAy/z ~ f1(Ax/2) and Ay/z ~ f2(Ax/2) where f;

and f, are identical power laws. At low Reynolds number,

Del Alamo et al. [3] reported that such a region of constant
energy is bounded at larger scales by a square-root redaijpn

of the form Ay/z ~ (Ax/22.  However, on the basis of
attached eddy hypothesis, the existence of geometrically
self-similar eddies (whose lengths scale with suggest
such a region at high Reynolds numbers to be bounded by
a linear relationshipAy ~ Ax. However, to discern such a
behaviour, 2-D spectra at high Reynolds numbers need to
be examined. As a first step towards high Reynolds number
results, this paper is concerned with establishing a reliab
experimental technique to measure 2-D spectia dalidation

of the experimental results with required corrections taba

well resolved 2-D spectra is described in the following e

It should be noted that, throughout this studyy and z de-
notes the streamwise, spanwise and wall-normal directiens
spectively andy, v andw denotes the corresponding velocity
components. Superscript' indicates the normalisation us-
ing viscous length and velocity scales which ay&); andU;
respectively, where is the kinematic viscosity and; is the
friction velocity.

Experimental Setup

The experiments are conducted in the open return turbulent
boundary layer wind tunnel at The University of Melbourne.
The facility is a zero pressure gradient (ZPG) tunnel witbst t
section volume of & x 0.94x 0.38 nP. The experiments are

all conducted at a streamwise location»f 3.8 m, further
details are provided in table 1. Here we define the boundary
layer thicknessd as the wall-normal distance where the mean
velocity achieves 99 % of the freestream velocity. Furtties,
friction velocity, Uy, is obtained by a Clauser chart method
using the log law constants,= 0.4 and A= 5.

The tailored experimental technique uses two single-wire
hot-wire probes: HW1 and HW2 (as shown in figure 1). The
length () and diameterd) of the hot-wire sensors are 50&

and 2.um respectively to maintain alyd ratio of 200 and

|+ ~ 17. The hot-wires, operated using an in-house Melbourne
University constant temperature anemometer (MUCTA), are
sampled at 30kHz fol = 120 seconds. This corresponds to
about 32000 and 49000 boundary layer turnover tifrg.{/d)

for Rg = 1950 and 3350 respectively. Both hot-wires are
calibrated immediately before and after each measurement.
This allows us to account for any drift in the hot-wire vokag
during the measurements. HW1 is calibrated in the freastrea
with respect to the known mean velocities obtained with a
Pitot-static probe. Since the arrangement did not allow HW2

Us (Mm/s) d(m) U;(m/s) Reg z©
15 0.056 0.545 1950 100
15 0.056 0.545 1950 200
25 0.061 0.86 3350 200

Table 1. Details of experimental data.



to move to the freestream, calibration information from HW1
is used to calibrate HW2, while placed inside the boundary
layer. This is achieved by placing both wires at the same
wall-normal location. Since this calibration is carriedt ou
inside the turbulent boundary layer, the sampling time is
increased compared to the freestream calibrations to etiser
convergence of mean velocity.

Ruu

At the start of the measurement, HW1 and HW2 are positioned
close to each other, at a fixed wall-normal location, as shown
in figure 1. dyinitiar corresponds to the initial centre to centre
spacing between the hot-wire sensors. For the present neeasu
ments, both HW1 and HW2 are sampled simultaneously, with
HWL1 at a fixed position, while HW?2 is traversed in the span-
wise direction upto a final spacing Af ~ 3.50 (see figure 1). Ay/§ s 547
To acquire spatial information at smaller spanwise distartbe

spanwise traversing mechanism of HW2 is traversed on a loga-

rithmic scale.
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Figure 1: Schematic of the arrangement of hot-wires to nreasu
the spanwise correlation.
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Calculation of 2-D Spectra
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In the present work, the streamwise velocity fluctuatiams,
andu,, acquired simultaneously using HW1 and HW?2 respec- 02r
tively (for different spanwise spacingdy() are used to con- 0
struct the 2-D correlation and thus the 2-D energy spectra of 10° 10°

u. To this end, HW?2 is physically traversed to construct the AL
correlation in the spanwise direction. Thereafter, the afse
Taylor’s frozen turbulence hypothesis allows the consipacof
correlation functions at different streamwise spacidgg.(We

note, since the hot-wires (HW1 and HW2) are stationed at the
same wall-normal location, spanwise homogeneity withi th
turbulent boundary layer can be assumed. As a consequence
the entire spanwise correlation can be constructed fromt a se
ries of independent two-point measurements conducted-at di

ferentAy. Hence, a 2-D correlation can be constructed by cross-  spectrum of streamwise velocity fluctuations which is aixi

correlating the streamwise velocity time series acquirgdgi by taking a two dimensional Fourier transformRyfy(Ax, Ay),
HW1 and HW2 by computing,

Figure 2: (a) Normalised 2-D correlation constructed from t
velocity time series with projections of 1-D correlation®\a =
0 andAy = 0, (b) 2-D spectra obtained from the 2-D correlation
and (c) 1-D streamwise (—) and 1-D spanwise () spectra

' obtained by integrating the 2-D spectra.

Quikok) = [ [ Ruloxay)e skt daxday).
()

Figure 2(a) shows the 2-D correlation obtained along with th ~ Here j is a unit imaginary number. Results fgy(ky, ky) are
projections of 1-D correlations. The black and red contours presented as a function @ and Ay. If one considers the
correspond to the 1-D streamwise and spanwise correla@sns streamwise Xx) and spanwiseXy) length scales as the length
spectively. HereR,, is normalised using the variance of the ve-  and width (respectively) of the eddies in the flow, the 2-Dcspe
locity time series to geR,. Figure 2(b) shows the 2-D energy ~ trum can be considered as energy contribution of differsat a

RUU(AXa Ay) = U]_(X, y)UZ(X+AX7y+Ay) (1)



pect ratio eddies. Figure 2(c) shows the 1-D streamwise and
spanwise spectra af obtained after integrating the 2-D spec-
trum (shown in figure 2(b)) acrogs, andAx respectively. We
note that the area under the 1-D streamwise and spanwise spec
tra is equivalent to the variance of the streamwise veloaity
that wall-normal location.

Validation & Correction using DNS

The results obtained from the experiments are validatethsiga
the DNS of ZPG boundary layer data of Sillezbal. [9]. To

this end, a two-dimensional Fourier transformation isiedrr
out on the 2-D correlation obtained from the DNS database.
Figure 3 shows a comparison between a contour of constant
energy from the 2-D spectra, mky%u/uf = 0.15, from both
experiments and DNS. The results show good agreement be-
tween the experimental-() and DNS ) results az™ ~ 200
(figure 3b), however, closer to the walt(~ 100) a larger
disagreement in the small scale region is present (figure 3a)
This discrepancy is likely to be caused by insufficient spati
resolution of the experiments due to the initial spacoighfial )
between the hot-wires (see figure 1). It is to be noted that the
spatial resolution issue dealt with in this study is relatethe
initial spacing between the hot-wired){;itial) and not to the
sensor sizel(). From figure 1, the smallest spanwise length
scale that can be resolved by this arrangement of hot-wares i
limited todyinitia . Therefore, all the points betwedy = 0 and

Ay = d¥initial I the spanwise correlation map are obtained by
linear interpolation (other interpolation schemes weranfbto

be more susceptible to noise present in the experimenta).dat
Hence, the wavelength corresponding to a spanwise spating o
dy; oy Would act as a cut-off wavelength (dashed line in figure
3) and all the smaller scales (below the dashed line) could
be impacted by the uncertainty of the interpolation scheme.
We note that this discrepancy is more significant closer ¢o th
wall as there is more contribution from scales closer to the
cut-off wavelength (az™ ~ 100). Further, the area under the
2-D spectra has to be equal to the variance at that wall-riorma
location, therefore, any unresolved energy at smallerescal
would be redistributed across larger scales. Hence, tamssi
such a scenario, ideallyy;;,, should be sufficiently smaller
so that the smallest scales are well resolved. Howeverhtor t
present experimental technique, it is not physically gaedio
reduced)ﬁitial below a limit where the two hot-wires come
in contact with each other. This calls for the necessity of a
correction scheme to account for the spatial resolutioneiss
associated with the initial spacing between the hot-wires.

Accordingly, a method is adopted based on the DNS data avail-
able, to correct for the spatial resolution issue assatiaféh
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Figure 3: Comparison of experimental and DNS results for
kxky@uu/UZ = 0.15 atRe ~ 2000 and, (ay* ~ 100 and (b)

zt ~ 200; where,------ uncorrected experiment; —— cor-
rected experiment and— DNS

dylﬁmelI . Figure 4 shows the 1-D correlation in the spanwise di-
rection obtained using DNS data, which is interpolated ttcima
the experimental resolution. Here, the data points coom$p
ing to a spanwise length dfy* < dy; ..., is initially omitted
from the original correlation but is recomputed using linea
terpolation scheme (red symbols in figure 4) to match therexpe
imental conditions. The computed 2-D spectra from the pali
and interpolated DNS correlation functions are shown in fig-
ures 5(a) and 5(b) respectively. The differentky @) of

the two spectra is computed and shown in figure 5(c). This dif-
ference corresponds to the amount of energy redistributed d

to dy$itial . The 2-D spectra calculated from experiments is now
corrected by adding this difference to it. Namely,
kyky kyky
Akxky(\oij‘—u = { : y;ﬂ.lu} - { x y(zﬂ,lu} 3
Ut lbnso Ut Jpnsi
kyky kyky
o) ko] e, @
Ut Jexpe Ut Jexp

where the subscripisnso andpnsi represents original and in-
terpolated DNS results respectively. Similagypc andexp
represents the corrected and uncorrected experimentadtses
respectively. As one would expect, the difference is largear

Ay corresponding t“jy.?meu (see white dashed line in figure
5§. A contour of constant energy in the corrected experialent
spectrum (—) is compared against the DNS(@s shown in fig-

ure 3. Agood agreement with DNS is observed at smaller scales
where as the uncorrected experimental spectrum ghows a
mismatch.

Relevance to High Reynolds number Measurements

The present work is aimed to set the stage for a larger experi-
mental campaign at higher Reynolds numbers. To this end, the
correction method discussed is highly relevant as the sstall
scales are typically harder to resolve with increasing Rism
numbers. Consequently, one would require even smaller spac
ing between the hot-wires to maintain a fixed spacing in vis-
cous units. Hutchinst al. [4] has shown that at smaller scales,
the energy contribution shows minimal variance with insrea
ing Reynolds numbers. Equipped with this knowledge, the pro
posed correction scheme can be easily applied to high Reégnol
number databases as well. To illustrate this, the DNS data ob
tained atRe ~ 2000 is used to correct the experimental data
obtained aRe = 3350 at matched". The results are given in
figure 6 which show good agreement at the smaller scales be-
tween the uncorrected experimental and interpolated DE6&-sp
trum (figure 6a). Furthermore, after the correction, thelsma
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Figure 4: 1-D spanwise correlation demonstrating the ntetho
of correctingdy;’ ., error.
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Figure 5: (a) 2-D spectra obtained from the original DNS elation, where— and- - - represent the relationshipg/z ~ Ax/z and
Ay/z~ ()\x/z)l/ 2 respectively as reported by Del Alamebal. [3], (b) 2-D spectra obtained from the interpolated DNS elation and

(c) difference between (a) and (b).
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Figure 6: Comparison of experiment&td = 3350) and DNS
(Re ~ 2000) results akyky@uu /UT2 = 0.15, (a) before correc-
tion where,------ uncorrected experiment and---- interpo-

lated DNS and (b) after correction where, —— corrected ex-

periment and—— original DNS

scales now agree with the original DNS 2-D spectrum (figure
6b). The agreement is only expected at smaller scales since
we are comparing two different Reynolds numbers. Therefore
the proposed correction enables one to compare the 2-Drapect

across multiple Reynolds numbers and wall heights, whille st
maintaining a practical yinitial -

Summary and Conclusions

An experimental technique to measure the 2-D energy spectra

of the streamwise velocity in a turbulent boundary layemnis i

troduced. The technique involves the use of a pair of hogwir

sensors that are sampled simultaneously for differentvgisan
spacings. A description of how to construct a 2-D correfatio

as a function of streamwise and spanwise distance, fromethe v

locity time series is presented. This procedure is then tsed

compute the 2-D spectra, as a function of streamwise and span

wise wavelengths. Results are validated against the titatis

computed from DNS databases at matched Reynolds numbers.

This comparison revealed the importance of the initial Bgac
between the hot-wires and its detrimental impact on resglvi
the small scale region of the 2-D spectra. To account for ¢his

correction scheme is outlined based on results computed fro

DNS databases. Collectively, the proposed experimental te
nique and correction schemes lay a foundation for futureksvor
at higher Reynolds numbers.
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