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Spanwise structure of wall pressure on a cylinder in axial flow
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The spanwise structure of wall pressure fluctuations was measured in an axisymmetric turbulent
boundary layer on a cylinder parallel to the mean flow at a momentum thickness Reynolds number
of 2530 and a boundary layer thickness to cylinder radius ratio of 4.81. The measurements were
made using miniature hearing aid type condenser microphones with spanwise separations of 0°, 10°,
20°, 30°, 60°, and 90°. An improved wall pressure power spectrum was obtained at low frequencies
by utilizing a two-point subtraction method to remove low frequency acoustic background noise of
the wind tunnel. The spanwise correlations indicate that the spanwise coherent length of the wall
pressure is 30° (7#8u, or 0.115). The spanwise coherence is weak and concentrated in a frequency
band that is substantially lower than the most energetic frequency band of the wall pressure
spectrum. A mode number—frequency decomposition of the wall pressure spectrum indicates that
the greatest quantity of energy is in the circumferential modes nearest zero. Mddes! contain

most of the wall pressure energy. Conditional sampling by pressure peak and VITA detection
schemes(where VITA was applied to wall pressure to detect strong pressure gradient )events
indicate that the spanwise extent of the high pressure peaks and high wall pressure gradients is 60°
(156v/u, or 0.225). © 1999 American Institute of Physid$§1070-663(99)00101-4

I. INTRODUCTION is not significantly different from that on a flat plate when the
boundary layer thickness is of the same order or smaller than
Pressure fluctuations at the wall beneath a turbulenghe radius of the cylinder. Fa¥/a>0(1) the transverse cur-
boundary layer are the result of the integrated effect of thgature of the cylinder begins to alter the characteristics of the
velocity fluctuations over the wall:* The wall pressure fluc-  fiow. The mean velocity profile is fuller and there is an in-
tuations are important in flow induced vibration of structures;rease in the coefficient of frictichHowever, the maximum
and acoustical self-noise of structures moving through fluidsy, pylence intensity and VITA detected events in a cylindri-
Research on wall pressure has centered on planar wall, yyrhulent boundary layer are similar to those of planar
bounded flows with an emphasis on the wall pressure spegy4|_hounded flows suggesting that the near wall structure of
trum and the relationship between the velocity fluctuations Nhe boundary layer is similar to that of planar flows with the
a boundary layer and the wall pressure fluctuations. Ofte’ﬂ)urst—sweep cycle being the underlying mechanism for the
situations of pr.actic.al i-mportance result in boundary layer eneration of turbulenc®>” The majority of studies on cy-
on surfaces with significant transverse curvature, such ihdrical boundary layers have concentrated on the velocity

flow along a long slender cylinder. This particular geometryfield while wall pressure measurements have been few. Only

brings up several unique ISSues regarding the structgre of tr\f/illmarth and Yand Willmarth et al.® and Snarski and
turbulent wall pressure. For instance, when the cylinder ra-

dius a is small compared to the boundary layer thicknéss Lueptow have made velocity—pressure cross-correlation

the character of the flow is somewhat wake-like and Coherer{peasuremet?ts, anld Nepomuceno ?nd, Luebtuave made
turbulent structures can pass from one side of the cylinder tgressure—shear-velocity cross-correlation measurements.

the other with relative eade. This situation could lead to a Different spectral bands for the wall pressure correspond

strong relationship between the velocity and the wall preslo contributions from velocity fluctuations in different re-

sure around the cylinder for which there is no analog withdions in the boundary layer based on the use of scaling rela-

the boundary layer on a flat plate. The cylindrical geometry“O”Sh'ps that lead to the collapse of various regions of the

also suggests a periodicity of the wall pressure around th@all pressure spectrum or on wall pressure event or correla-

cylinder with specific mode numbers, the circular analog oftion measurements:®~?° Turbulent sources in the inner re-

spanwise wavenumber. The mode number distribution of thion (y*<30) contribute to the high frequency band of the

turbulent wall pressure spectrum is of potential importancavall pressure spectruniThe + superscript denotes nondi-

in certain sonar applications. In this paper, we experimenmensionalization of the distance from the wglwith the

tally investigate the spanwise wall pressure relationship unfriction velocity u, and the kinematic viscosity.) Through

der a turbulent boundary layer on a cylinder in axial flow. the use of conditional sampling techniqusgse Wilczynski
The turbulent boundary layer on a cylinder in axial flow et al? for a review, large amplitude wall pressure fluctua-
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/‘\ r\ The 4.72 m long, 0.953 cm OD cylinder was suspended
along the centerline of the test section with its ellipsoidal
nose cone 20 cm downstream of the last inlet screen. The
nose cone was attached by a wire to a support airfoil located
above the last 4 screens of the inlet section. The airfoil was
oriented at a right angle to the side of the cylinder containing
the wall pressure microphones to minimize any possible ef-
fect of turbulence downstream of the support. The cylinder
consisted of a 3.35 m long upstream section with an ellipsoi-
dal nose cone which was fabricated from two sections of
0.953 cm OD, 0.16 cm wall acrylic tubing with lengths of
brass tubing inside to add rigidity. The 1.37 m long down-
stream instrumented section was made from 0.953 cm OD,
0.076 cm wall brass seamless tubing that was carefully se-
lected for its straightness and roundness. The joints between
~ » the sections were smoothed to assure that the flow was not
FIG. 1. Sketch of the vertical wind tunnel with a cylinder along its center- disrupted. A 1.1 kg weight was attached to the downstream
line (not to scalg The velocity probe was removed during wall pressure end of the cylinder to keep it in tension. A spring-loaded,
measurements. foam-lined gripper located 0.5 m downstream from the
probes held the cylinder in position and minimized vibration.
_ . _ Visual observation using an 8X telescope showed that the
t'onswhl%‘i?zzgge” associated with the burst-sweegansyerse oscillation amplitude was less than 0.003 cm at
cycle. ™% the 10.6 m/s test velocity inducing a wall pressure due to the
Turbulent sources in the log region of the boundary layekipration that is several orders of magnitude smaller than the
(y">30 to y/§<0.6) contribute to the intermediate fre- \yq| pressure due to turbulence.
guency range of the wall pressure. The turbulent sources in A 1.7 mm high O-ring trip was used 2.10 m upstream of
the outer region of the boundary layei/6>0.6), including  the microphone€0.40 m downstream of the beginning of the
the interface between the boundary layer and the potentigbst sectionto ensure a fully-developed turbulent boundary
region outside the boundary layer, contribute to the low freqayer, This distance corresponds to over 1230 trip heights or
quency portion of the wall pressure spectrtin:®2° about 92 boundary layer thicknesses between the trip and the
The objective of the investigation described here was tQneasurement location. The cylinder was centered in the test
determine the spanwise relationship for the wall pressure besection by measuring the distances between the cylinder and
neath a turbulent layer on a long cylinder. This includedne duct walls at four axial positions. The alignment with the
determination of the average spanwise relationship of th@ow was confirmed based on measuring the wall shear stress
wall pressure based on cross correlation, coherence and Ciﬁsing several 0.056 cm OD, 0.015 cm wall, Preston tti#ds
cumferential mode decomposition, as well as evaluation ofgsitioned around the cylinder just downstream of the micro-
the spanwise relationship of particularly energetic wall prespnones. Small Preston tubes have been shown to provide
sure events. accurate measurements of the wall shear stress on a cylinder
based on a flat plate calibrati6A’ The wall shear stress
measured using the Preston tubes varied by less than 2.5%
from the mean indicating that the boundary layer was essen-
This investigation was conducted in a low-speed, low-tially axisymmetric. The streamwise mean velocity profile in
noise open circuit wind tunnel shown in Fig. 1. The wind the boundary layer measured using a hot wire was slightly
tunnel test section is vertical to eliminate boundary layerfuller than predicted by the cylindrical log law of Lueptow
symmetry problems associated with cylinder sag due to gravet al.,*° but it was within the expected range of variation. A
ity. The test section is 3.05 m long with a slightly divergentsummary of the experimental and flow conditions are pro-
0.36 m square cross section resulting in a negligible streamvided in Table I, wherdJ, is the free stream velocityd*
wise pressure gradient. The test section and inlet section aend 6 are the displacement and momentum thicknesses for a
separately supported by a beam system on the second floor ¢glindrical boundary layet and 7, is the mean wall shear
isolate them from floor vibrations and each other. The flex-stress. Of particular note is that the curvature ratic/ia
ible coupling between the diffuser and fan as well as the 90%=4.81, indicating that the boundary layer is much thicker
bend and acoustical lining of the diffuser reduce the propathan the cylinder. Furthermora," =au,/v=148.5, indicat-
gation of acoustical noise or vibration from the fan to the tesing that about 10 low-speed streaks could be expected
section. The wind tunnel is identical to that used in our eararound the circumference of the cylinder assuming the usual
lier research®?” with the exception that the muffler on the value of 100 wall units for streak spacing.
blower outlet was removed after finding that it did not reduce = The pressure fluctuations on the surface of the cylinder
noise contamination in the test section. The turbulence interdue to the turbulent boundary layer were measured using
sity in the test section is less than 0.18% at a free strearsubminiature electret condenser microphofi@sowles EM-
velocity of 12 m/s. 3068. The microphones have a pressure port inner diameter

blower

Il. EXPERIMENTAL SETUP
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TABLE I. Experimental and flow conditions. Willmarth et al® found a significant cross-correlation of 0.15
, — — at an axial separation as largexd$* = 8.7, which is 5 times
Experimental conditions Boundary layer conditions . . - . .
our maximum axial separation and 25 times our minimum
At =0.744(time resolution 6=0.0229 m separation. Third, other results for two-point correlations of
Umjllg-:;“ﬁ% gﬁaz“ﬁi 0 the wall pressure fluctuations for a DNS investigation of a
p=1 g =4. m . _
15004105 s e 3.65< 103 m turbulent boundary layer on a cylln_&érand wall pressure
a=4.76<10°3 m Re,=2530 streamwise \_/elocn_y qorrelatlons in a turbulent _boqndary
at=1485 7,=0.271Pa layer on a cyl|nde3r2 indicate a strong cross-correlation in the
d* =22 (microphone resolution u,=0.477 m/s streamwise direction even for zero lag time. Thus, we as-
d/6* =0.17 (microphone resolution u,/U.=0.045 sume that the effect spanwise separation between micro-
Pms=0.618 Pa phones was much more important than the effect of the

streamwise separation. Of course, the streamwise separation
of microphones required a correction that is based on the

of 0.70 mm, corresponding " =du_/»=22 for the flow convection velocity of structures in the boundary layer, as

conditions. The microphones were calibrated applying thé!€Scribed later in this paper.

technique used by Snargkivhich calibrates both the ampli-

tude and phase of the microphone using a comparison with g, SPECTRAL AND CORRELATION RESULTS

reference microphonéruel and Kjaer 4134in a diffuse .

sound field. The data from the microphones were sampled at  1h€ power spectral density of the wall pressure was
20 kHz after low pass filtering at 10 kHz and high passcomputed with the fast Fourier transform using seven inde-

filtering at 1 Hz. The microphones were placed at separatioR€ndent time series for each microphd@8.7 s total pro-
angles of=10°, 20°, 30°, 60° and 90° around the circum- viding 560 realizations with 1024 points per realization hav-

ference of the instrumented section of the cylinder. Not alind & frequency resolution of 19.53 Hz and a random error of
desired angle combinations could be included on one cylin0-042. In the past studies in our lab, the power spectral den-
der, so three different instrumented sections were used. Thilty was limited to frequencies between 60 Hz and 5228 Hz

also acted as a check on the repeatability of the data obtain&l® to the low frequency acoustic background noise of the
from different instrumented sections at the same angles. wind tunnel and the poor coherence between the condenser

Although the microphones were small enough to fit in-Microphones in the cylinder and the calibration microphone
side of the cylinder, it was necessary to separate them bélring the calibration at high frequencié$.The high fre-
tween 1.5 mm and 6.8 mm in the streamwise direction due tguency cut-off is of little consequence, since there is virtu-
their size. The angles between microphones and the corrélly N0 energy in the wall pressure at high frequencies. On
sponding spanwise and streamwise separations are given i Other hand, significant low frequency energy is lost by
Table II. In this study we assume that when comparing thé&Xcluding frequencies below 60 Hz. To minimize the effect
response of microphone pairs, the spanwise spacing of tH the low frequency wind tunnel noise on the wall pressure
microphones is the primary effect, while the axial spacing ofSPECITUm, & two measurement point subtraction scheme was
microphones is secondary in importance based on the fokSed to remove the low frequency noise permitting measure-
lowing arguments. First, Willmarth and coworkéfgound ~ Ment of the wall pressure spectrum down to 40 Hz. The
that even for the maximum axial separation in our study, Subtraction scheme utilizes time series from two micro-
—1.655*, the maximum cross-correlation between axially- phones that are subjected to the same low frequency back-
spaced microphones f@a=2 and 4 was nearly 0.5. Even ground noise but are spatially separated so that the turbulent
higher correlations resulted for smaller axial separations. Ye{/@ll pressure is uncorrelated between thidrin this case a
our measurements of the cross-correlation between the mpair of microphones separated by 90° were used for calcu-
crophone spaced axially and circumferentialhown later  'ating the spectrum using the subtraction scheme, since sig-
in Fig. 3 have maximum cross-correlations that are small"@!s from this microphone pair had a negligible correlation
fractions of those found by Willmarth for similar separations. &S shown later in thl_S paper. The _corrected power spectrum
Thus, the axial spacing of the microphones makes only &f the wall pressure is shown in Fig. 2a along with the free
small contribution to the reduced cross-correlation, while theStréam background noise spectrum. The background noise

spanwise separation is clearly the dominant factor. Second!ith the cylinder in place was measured using a Bruel and
Kjaer UA 0436 Turbulence Screen with a 1/2 inch Bruel and

Kjaer 4134 microphone. This system is specifically designed
TABLE II. Spanwise and streamwise separation of microphones. to measure acoustic noise in a flow environment. The effec-
tiveness of the two-point subtraction scheme in removing

. Spanw':f separation . S”ea":("ﬁ'se separation - acoustic noise from the wall pressure spectrum at low fre-
quencies is evident.

10° 26 0.036 84 Also plotted in Fig. 2a is the wall pressure spectrum for

20 52 0.073 47 a planar boundary layer at a similar Reynolds nuniBer.

30° 78 0.109 131 ; I i

60° 156 0218 84 There is no significant difference between the flat plate mea-

90° 233 0.327 212 surements and the cylindrical boundary layer measurements

at high frequencies when plotted in the usual inner variables.
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102 quencies than for a flat plate boundary layer. Based on Fig.

101 _ 2b, it appears that there may be only a very slight shift in the
distribution of spectral energy with frequency due to trans-

100 [ verse curvature, at least for small transverse curvature of the

order encountered in this study. But differences between the
planar and cylindrical wall pressure spectra at low frequen-

TV 102 L cies evident in Fig. 2a may result from the scaling variables,
u, and &*, being different for planar and cylindrical bound-
10° | ary layers. Plotting the data in Fig. 2b using outer scales
wd6* /U, instead of inner scales gives evidence of this. In
0% F this case data for the flat plate are shifted to the right so that
10° L— s R s the data fall below that of the cylinder at low frequencies and
0.001 0.01 0.1 1 10 slightly above that of the cylinder at high frequencies.
(a) v/ u2 A new result of the experiments presented here com-
pared to the previous measurements in our lab is the ex-
0.6r panded range of the spectrum to frequencies beloWui
: + =0.028. The current results go to a low enough frequency so
0-5:‘ that the value of the first moment of the spectrum clearly
: approaches negligible values. With the first moment of the
0 () 04t spectra approaching zero at both high and low frequencies, it
—"2—03._ is evident that all of the spectral energy has been accounted
Prms 0 C for. Because earlier measurements did not go to as low of a
0.23_ frequency, it was not certain that all of the spectral energy at
: low frequencies was included.
0_13_ The temporal cross-correlation between the wall pres-
i sure measured at two microphones provides a measure of the
* . temporal relationship between the two signals. The correla-
- 0.01 01 v 1 10 tion coefficient,p,,(7), defined as the cross-correlation nor-

malized by the rms value of the two wall pressure signals for
FIG. 2. (@) Power spectra of the wall pressure fluctuations in inner scalingd delay time ofr, was calculated using Fourier transform
(u,, 7, andv). -, free-stream noise level; —§/a=4.81, Rg=2530  methods. The cross-correlation results were ensemble aver-
(pfeste”)? f"t r:';?‘tvlmtevrgg:uﬁf‘géii;jo%s(bi?}Fiir:rs]tefr“ggi’;t O;;r:ge f‘f’(‘;‘;er aged over 560 realizations consisting of 1024 data points
ESI?errr?cz(;l boundaryplayers. —pla=4.81, Rg=2530 (pregen): AV ola along with 192.4 zeros to avoid vyrap around a“as’mg—he
—5.04, Rg=2869 (Ref. 32: +, s/a=5.14, Re=2220 (Ref. 9: @, flar  data were digitally band pass filtered over frequencies 60
plate, Rg=3386 (Ref. 35. <f<5228 Hz to avoid problems with low frequency noise
and poor high frequency calibration coherence. Snarski
found that such band pass filtering only slightly altered the
At low frequencies the differences in the spectra are consigpressure—velocity correlations but did not change the char-
tent with previous researchét8 Since the spectra were ob- acter of the correlation¥.
tained at similar Reynolds numbers using microphones of The auto-correlation and the cross-correlation coeffi-
similar size, the difference between the spectra can only beients at the various spanwise separations are shown in Fig.
attributed to transverse curvature. A useful form in which to3. The correlation peaks are aligned to a delay time of
plot power spectra to answer this question is the first momentU., / §* =0, effectively ignoring the streamwise offset of
of the power spectrumy @, () versus logw, as shown in  the measurement microphones. The auto-correlation, labeled
Fig. 2b, wherew is the angular frequency anbl,(w) is the  0° is nearly identical to that obtained by Willmarthal. for
spectral density of the wall pressure. This format provides a/a=4.% The maximum correlation decreases as the span-
visual indication of the relative contribution of a frequency wise distance between the pressure probes increases. In ad-
band to the rms wall pressure because equal areas under tiliéion there is an accompanying small increase in the width
curve have equal contributiod&The wall pressure spectrum of the correlation. The largest angle for which there is a
of Snarski and Lueptofiand Nepomuceno and Lueptdfor  significant correlation is 30°, corresponding to a spanwise
the boundary layer on a cylinder are included in Fig. 2b forseparation ofs*=su./v=78 and s/6=0.11, where s
comparison. The current spectrum compares favorably with=a¢. The correlation between the microphones spaced at
the previous measurements on a cylinder. Differences ar@0° is quite small, while at 90° it is negligible. Based on the
likely caused by slightly different experimental conditions spanwise cross-correlation between the near wall streamwise
and experimental error. Willmarth and Y&nand Willmarth  velocity and the wall pressure, Snarékiound that the ve-
et al® proposed that energy in the wall pressure spectrum folocity was related to the wall pressure peak for angles up to
a cylindrical boundary layer is shifted to higher frequencies40°. Thus, the results for the spanwise correlation of the wall
for 6/a=2 and 4 resulting in lower spectral energy contentpressure in Fig. 3 is consistent with that for the pressure—
at low frequencies and higher spectral energy at high frevelocity correlation.
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maximum correlation with outer variables is based on the

wall curvature. The curvature of the wall of a cylinder results
08 in a turbulence structure “touching” the wall over a limited
spanwise extent, since the wall drops away from the struc-
06 ture. The turbulence structures that are large enough to result
Pabl® | in significant spanwise correlation are larger structures which
04r scale with the boundary layer thickness. The degree to which
ozl the turbulence structure “touches” the cylinder is dependent
T on the ratio of their scalesjy/a. Based on this simple geo-
of metric argument, one would expect for a givéa the angle
over which the turbulence structure “touches” the cylinder
0oL : Lo on o, would be independent of inner scales. Thus, the geometry of
6 <4 2 0 2 4 8 the boundary layer transverse curvatuééa, governs the
TU, /8" spanwise relationship for the wall pressure independent of

inner scales.

If the geometry of the boundary layer transverse curva-
ture does indeed control the spanwise extent over which the
pressure is correlated, then changifig while keeping the

Plotting the maximum of the temporal cross-correlationReynolds number the same should result in a variation in the
as a function of dimensionless spanwise separation results iihgle for which the pressure is correlated around the cylin-
the spanwise spatial cross-correlatipgy(s), shown in Fig.  der. Indeed, Neves and Mdtfound that the angle for
4 along with previous measurements and simulations. Thehich spanwise correlation extended around the cylinder in-
three cylindrical boundary layer cases plotted in Fig. 4 repcreased a$/a increased for the same momentum thickness
resent a narrow range of curvature ratios based on outg®eynolds number. Thus, for a giveita, the spanwise cor-
scales (4.% 6/a<5), but a wide range of inner scaled radii relation extends about the same angle around the cylinder,
(43<a’=<1359) and Reynolds numbers (44Re, regardless of Reynolds number. The angle is dependent pri-
<22,300). Also shown is the cross-correlation for the turbu-marily upon the geometryd/a.
lent boundary layer on a flat plate for comparison. The span-  The coherence provides a direct indication of the
wise correlation drops to zero more quickly for the cylindri- strength of the relationship between two signals as a function
cal boundary layer than for a flat plate boundary. In all casesof frequency. The degree to which two signals are linearly
the spanwise correlation approaches zero for a separatigglated in the frequency domain can be determined from the
angle of about 60°. The similarity between the results ofcoherence, defined as
different investigations suggests that an outer scaling is ap-
propriate for the spanwise correlation. Further evidence of 5 |<Dpapb
this comes from the poor agreement for these cases whenthe Yab™ @ ¢ - @
maximum correlation is plotted as a function of the inner- PaPa ™ PoPo

scaled spanwise distance between microphosés,rather \where® is the single sided spectrum for signals and p,,
thans/8. When plotted in this way, a Stronger correlation from microphonesi and b. The coherence was Computed
results as the radius of the Cyllnd&f increases for similar using fast Fourier transforms after app|y|ng a Hanning win-
spanwise separations. An explanation of the scaling of th@low to 533 pairs of subrecords of 1024 points each, with a
resulting frequency resolution ofAw=123rad/s, or
Awv/u?=0.00825, and random error of 0.043. The records
were corrected for the time delay resulting from the small
streamwise offset of the microphones using the convection
velocity as described later for the event detection schemes.
The coherence was smoothed using a moving average over a
variable number of points. Because of acoustic noise at low
frequencies, poor calibration coherence at high frequencies,
and the moving average scheme, the results are presented for
0.024< wv/ufs 1.8, a slightly narrower frequency range
than used for the wall pressure spectra.
The coherence for the microphone pairs at various sepa-
_ . ration angles is shown in Fig. 5. As expected, the coherence
0 0.2 0.4 0.6 0.8 1 is strongest for the smallest spanwise separation and de-
s/ creases as the spanwise separation decreases. The greatest
] ] ] __spanwise separation for which there is any significant coher-
FIG. 4. Spanwise correlation of the wall pressure as a function of dimen- s AMo (et _ .
sionless arclengthO, a™ =149, §/la=4.81, Rg=2530 (presen, ---, a* ence is¢=30 (S_ __7_8’ 8/5_0'11)_' the_ Same as the maxi-
=43, 5la=5, Re~414 (DNS) (Ref. 33; -, a*=1359, sla=4.1, Rg  MuUmM angle for significant correlation in Fig. 3. Since only
=22 300(experimental (Ref. 6); —, flat plate, Rg=38 000(Ref. 10. the large scale pressure structures span the distance between

FIG. 3. Temporal cross-correlation of the wall pressure fluctuations for
various spanwise angles between the microphones.

| 2
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&~0 resulting in a cross-spectrud®(¢,w) for —w<d¢

0'4. <. The circumferential moden component of the wall
pressure cross-spectrum is defined as
0.3 1 ™ im
D =— f D(d,w)e "M?de. 2
2 (@)= 5 | ®(g0)e Mdg @
0.2
I The components of the mode number—frequency spectrum,
@ (w), make up the circular analog of the wavenumber—
frequency spectrum. However, the cylindrical geometry re-
0.1r sults in discrete spanwise modes instead of a continuous
function of the spanwise wavenumber. Mode 0 corresponds
to the circumferentially averaged wall pressure. Moden
00 o1 s "'“(')1 s 1 s ""“10 and —m are identical due to symmetry. The wall pressure

@v/ Ui frequency spectrum at a poinb(w), is recoverable as the

sum of the spanwise modes,
FIG. 5. Coherence of the wall pressure fluctuations for various spanwise
angle separations between the microphones. o

D(w)= D, Ppyw), ©)
m=—o
microphones, the coherence is strongest at lower frequencies. ) )

The greatest coherence occurs at frequencies significant uch like the W_a" pressure frequency spectrum is recover-
lower than the most energetic frequency band in the specPle from the integration of the wavenumber—frequency

trum. For instance, ap=10° the coherence has a peak atSPECtrum over all wavenumbers in the planar case.
wv/u§~0.l, even though the peak in spectral energy occurs The circumferential components of modes 0 through 4 of

at wv/u3%0.35. Thus, only a small portion of the spectral the mode number—frequency spectrum were estimated from

energy, that at the lowest frequencies, is felt at both transt—he circumferential - space-time wall pressure cross-

ducers correlations as follows. First, the cross-correlation data was

The coherence between the pressure and the streamwig%early'interpolated ing. For the interpolation, the cross-
velocity measured at/ 5=0.095 andy/5=0.19 in a similar correlation was assumed to be zerapat 180° based on the

boundary layer has elevated levels over the frequency barf&e?“g':le cross-corlrel_atlodn measure(rj]@t:go ._The mtir- q
0.05< wv/u?<0.13, while either closer to the wall or further polated cross-correlation data were then Fourier transforme

from the wall the frequency band with elevated levels isto obtain the ;ross-spectrum as a contin.uous function of an-
lower.” A similar frequency band for elevated pressure—gular separation and frequency(¢,w). Finally, the mode

pressure coherence in Fig. 5 suggests that turbulence Strur&gmber—frequency spectrum was calculated from .

tures responsible for the relationship in the spanwise pressufoé,‘temat'vely’ it would be possible to begin with the cross-
are in the same region of the boundary layer and would havaPectrum calculated from the raw data rather than the cross-

a size of about 0.15 This scale for the turbulence structures correlation, but this method was not used because it requires

is consistent with the spanwise separation for significant co’Ehe interpolation of both the real and the imaginary parts of

herence and correlatiors=0.115. The pressure—velocity the cross-spectrum i prior to using Eq.(2) and is more

coherence is quite strong for boundary layer-sized structure%enﬁ_'ﬂve to t?? methgd (())f |rr]1terp(;llat|oré.e4 | level
at a frequency Ofuv/Uf@0.0?:.? The pressure—pressure co- e resuiting mode 0 through mo spectral levels

herence shown in Fig. 5 is not particularly large in this fre-2r€ shown in Fig. 6a. The magnitu|Qe gf;he r:no;je number-—
guency range suggesting that boundary layer—sized Struér_equency spectrumP(w), normalized by the frequency

tures are not the dominant contributor to the pressure—s'_pGCtlrurtn’q)(“’)’.IS plottedt.as a funct|ort1) of the_ nor)(Lijen-
pressure coherence. sional streamwiséconvective wavenumberk.a=wa/U,,

for convenience, wher&, is the convection velocity. The

spectral levels decrease with an increasing mode number at a
IV. MODE NUMBER DECOMPOSITION OF THE WALL particular convective wavenumber. Except for mode 0, the
PRESSURE mode number spectra have a maximum that appears at a

higher wavenumber as mode number increases. These results

The flow-induced excitation of cylindrical structures is are consistent with the smaller scale structures associated

most easily expressed in terms of the circumferential modevith the higher mode numbers. It is also evident that al-
number. The cross-spectrum for the wall pressure measuratdough the energy in a particular mode decreases with mode
beneath a flat plate boundary layer at two points with streamaumber, there is still substantial energy in the higher modes.
wise separationé and spanwise separatios) is $p,p,  Nevertheless, much of the energy is included in the modes
=®(¢,s,w). For this case of a cylindrical boundary layer, shown in the figure. The upper solid curve represents the
the spanwise coordinate in the cross-spectrum is replacesim of the contributions of modes4 to 4. Only at higher
with the arc lengths=a¢, and the streamwise separation is wavenumbers is there substantial energy in the modes higher
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Evaluating(2) using the cross-spectrum model(#) us-
ing a convective wavenumbei,= /U, results in

Bkea[1—(—1)"e  AkeT]
[ (Bk.a)*+m’]

This result is very similar to that obtained when transforming
the Corcos model of the wall pressure cross-spectrum into
the wavenumber domain using a constant convection veloc-
ity for a flat plate, except the exponential term(#) remains
because the field is periodic in the circumferentidanwise
direction.

The estimated mode spectrum normalized by the wall
pressure frequency spectrum is shown in Fig. 6b using a
value of 0.5 for the decay constafgt This decay constant
was chosen based on matching the experimental data to the
model at high wavenumbers where all modes collapse. Vary-
ing the value forB acts to shift the curves horizontally. Us-
ing a value of3=1.3 results in a better match between the
model and the experimental data for the maximum in the
spectra for modes 1 to 4, but does not result in the decay at
higher wavenumbers matching the experimental results. At
very low convective wavenumberfow frequency, the
model predicts the wall pressure to be coherent around the
entire circumference of the cylinder and hence the mode 0

q)m(kc)zcb(kc)

®)

pressure asymptotes to the wall pressure spectrum. This is an
unrealistic result based on the measured decay in the coher-
ence at large circumferential angles. But the model seems to
represent the character of the mode number spectrum for the
higher order modes more realistically, especially at higher
o wavenumbers. Nevertheless, the similarity is only qualitative
FIG. 6. Mode number decomposition of the wall pressure spectfam. . ident b . th del lts for th
Experimental results for modes 0 to@; mode 0;X, modes*1; +, modes as IS evident by comparing thé mo results tor the

+2 % modes+3; ®, modes+4. The upper solid curve with circles is the Model to experimentgalso shown in Fig. 6b This is con-
sum of modes-4 to 4. The lower solid curve is mode 1 of the mode).  sistent with the failure of the Corcos model to predict the

Model of modes 0 to+4. The solid curves from top to bottom: sum of cross-spectrum on a cyIind‘eor in the direct numerical

modes—4 to 4, mode 0, modes 1, modes+2, modes*+3, modes+4, the . lati f | b d | y‘@T N hel h

upper solid curve with circles is the sum of experimental modégo 4; X, simulation 0. a planar boundary la Nevertheless, the

experimental results for mode1. total energy in modes-4 to 4 for the model matches that for
the experiment quite well.

-3
10 - :
10" 10° 10" 10°
(b) (oa/Uc

than those considered. The mode 0 through 4 spectral levels EVENT DETECTION
converge fok.a>10 indicating that all spanwise scales con- Local positive peaks in the wall pressure in a wall-
tribute at higher convective wavenumbers. bounded turbulent flow are related to shear layers close to
A simple model of the mode number—frequency SpecCthe wall?-2244243Thjs relationship is bi-directional. That is,
trum can be based on the Corcos md## which approxi-  \yhen local near-wall shear layefstreamwise accelerations
mates the wall pressure cross-spectr({,s,w), as @ are detected, sharp positive peaks in wall pressure occur, and
product of exponentials. The cross-spectrum decays with ingice versa. This bi-directional relationship supports the con-
creasing streamwise separatigh,and spanwise separation, tention that positive pressure peaks are connected to the local
s, while convection occurs in the streamwise direction at @ccelerating shear layers associated with the burst
velocity U.. . Replacing the spanwise coordinate in the CrosSgycle? 922-244243\egative pressure peak events, which ap-
spectrum modgl for a flat plate geometry with the arc Iengthpear with about the same magnitude and frequency as the
s=a¢, results in positive pressure peak events, are not generally associated
<I)(§,gb,w):(D(w)[e*“""g’uc‘*i(“’f’U&][e*B'“’(a‘/’)’Uc'], with a particular turbulgnce SFTUCIL_JI’E near the y\{all, although
4) they regularly appear in conjunction with positive pressure
peak events?1:25
wherea and B are the streamwise and spanwise decay con- Typical wall pressure peak events are constructed by de-
stants, respectively. The convection velocity is assumed corecting instances when the wall pressure exceeds a predeter-
stant with respect to frequency and spatial separafoor ~ mined level and ensemble averaging such occurrefcas.
¢), although variations itJ . as a function of spatial separa- positive event occurs when a wall pressure peak exceeds
tion could be accounted for using a numerical anal§sis.  kp,ms, Wherek is usually between 2 and 3, and a negative
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pressure peaks#(=0° in Fig. 7) have time durations of
about 10 viscous time units, a magnitude of approximately
+3.3pms: and small humps of opposite sign before and after
the main peak, all of which are consistent with previous ex-
perimental resulfs>"?12442 and  DNS channel flow
results?®

The ensemble averaged pressure signatures at micro-
phones with spanwise separation from the detection micro-
phone are shown in Fig.(a@ as a function of inner scaled
time, t+=tuf/v, for positive pressure peak events. At
=10° (s*=26) from the detection microphone, the magni-
tude of the pressure peak has decreased by nearly two-thirds
to 1.2p,,,s and the peak has broadened slightly. The small
humps of opposite sign before and after the main peak dis-
appear at this separation and all greater separations. As the
separation angle increases slightly, the magnitude of the peak
decreases to 04, at »=20° and 0.p,,s at $=30°, and
the duration of the peak increases, suggesting spanwise de-
cay of the intensity of the event and smearing in time. At
larger separation angles a pressure peak is not evident. The
detection schemes detect the strongest peaks, so it can be
2 15 10 -5 0 5 10 15 20 assumed that the detected peaks are the center of a pressure

(b) t event. In other words, the detection scheme filters out the

FIG. 7. (a) Conditional average of positive pressure peaks 2.5) at a other Weaker peaks that eX|St. to the side of the center. Thl,!S
spanwise angle dfrom largest to smallest at =0) ¢=0° (1829 events ~ the Spanwise extent to one side from the center of the posi-
$=10° (1829 events ¢=20° (1720 events ¢=30° (1645 events ¢  tive pressure peak is abouit=30° (s*=78). This leads to a
=60° (1631 events ¢=90° (1652 events (b) The conditional average of  total spanwise extent of the positive wall pressure peak of

negative pressure peakk=2.5) at a spanwise angle ¢from largest to —RO° (ot — —
smallest att™=0) ¢=0° (2031 events ¢=10° (2031 evenis ¢=20° about $=60° (s 156, s/6=0.22), where the underbar

(1958 events ¢=30° (1815 events ¢=60° (1782 events ¢=00° (1798 duantities¢ ands represent the total spanwise extent of the
events. peak structure.

Results based on detection of negative pressure peaks,
shown in Fig. 7b, show the same trend as positive pressure
event occurs when a pressure peak is more negative thaeaks. The magnitude of the pressure peaks adjacent to the
—kpms. Here we detect significant wall pressure events atletection microphone decrease froml.lp, s at ¢=10°
one particular microphone and monitor what is happenings™=26) to —0.2p,,,s at ¢=30° (s =78), with a slight
simultaneously at other microphones. The ensemble averagbsoadening of peak with increased separation. At greater
of the pressure peaks are shown in Fig. 7 for both positivespanwise separations, there is no significant pressure signal
and negative peak detection whére 2.5 and the ensemble associated with the detected negative peak. Thus, as with the
averaged event at the detection microphone is ¢he0° positive pressure peak, the total spanwise extent of the nega-
curve.(The bracketg ) represent ensemble averaged quantitive wall pressure peak is aboup=60° (st =156, s/§
ties) Other curves represent the ensemble averaged signal &t0.22).
microphones separated from the detection microphone by the To check for interference effects of the upstream trigger
specified angle. microphone on the downstream microphone, the peak detec-
The streamwise offset between microphones was taketion scheme was reversed so that the downstream micro-
into account by assuming pure advection of the turbulenc@hone was the detection microphone. The results are indis-
field with no distortion at a convection velocity &f./U., tinguishable from those shown in Fig. 7. This result has two
based on the time shift associated with the maximum crosdgmplications. First, the upstream microphone does not inter-
correlation amplitude associated with the particular microfere with the wall pressure measured at the downstream mi-
phone pair. The convection velocity was typically, /U, crophone. Second, the wall pressure peaks are essentially
=0.76+0.10 where the range reflects uncertainty for a giversymmetric from the upstream side to the downstream side
microphone pair. Snarski and Lueptbwomputed the con- about a spanwise line through the wall pressure peak. This
vection velocity using the pressure—velocity correlations atesult is consistent with the symmetry of ensemble averaged
different streamwise and normal positions to the wall andwall pressure peak events in a direct numerical simulation of
found similar convection velocities for the velocity probe 85 wall-bounded turbulent flow for a trigger level &f=3.2°
and 169 viscous units from the wall. Furthermore, the  Near wall shear laygiVITA eventsg have been shown to
present convection velocity is consistent with the mean conbe associated with positive and negative wall pressure peak
vection velocity measured using streamwise separated mevents around a cylinder for angles up to 498uggesting a
crophones for cylindrical boundary layrand flat plate total spanwise extent of the velocity structure of about 80°.
boundary layers® Both positive and negative detection wall The spanwise extent for the spanwise pressure—velocity

3L
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events are slightly larger, but still consistent with the results 2
for the wall pressure events shown in Fig. 7. For a DNS
channel flow, Lueptof found the total spanwise extent of
the positive and negative pressure peaks t@/lée=0.39 to
0.56, somewhat larger than the present experimental results.
The lack of any peak in the wall pressure at larger separation
angles ¢=60° and 90Y indicates that pressure events are
not large enough to extend around the cylinder.
Dinkelackef* obtained similar results for a turbulent flow in

<p>

prms

a pipe. . ) 20 15 10 5 0 5 10 15 20
The frequency of occurrence for positive and negative t+

pressure peak events is of the same order of magnitude and N _

the contribution 0P ms of both positive and negative excur- FIG. 8. The conditional average of adverse prestr;ure gradiknt8.6) at a
- anwise angle offrom largest to smallest at™=—5) ¢=0° (1726

S|0ns_of_ the wall pressure from the e%???s%-? qearly the sangems’ $=10° (1923 events $=20° (1879 events ¢=30° (1726

for this investigation as_well as others. "= h_|s SUJYESIS  events, ¢=60° (1755 events ¢=90° (1732 events

that positive and negative events are equally important. Wil-

czynskiet al?! suggested that the positive and negative pres-

sure peaks are part of a larger structure, one in which @1.7p,.) than negative peak—{1.4p,nd. Lueptow® and
negative pressure peak is upstream of the positive pressufgepomuceno and Lueptdifound the negative peak to be
peak resulting in a local adverse pressure gradient. They detightly larger in magnitude than the positive peak. The rea-
tected dual peak events and found that the ensemble aveson for the difference is not clear and not particularly impor-
aged event was a composite of a negative peak upstream gfnt for this analysis.

the positive peak. Astolfi and Foresfieprovided further At the microphone that isp=10° (s"=26) from the
evidence for this by detecting on shear layers close to th@etection microphone, the relative magnitudes of the positive
wall (y*=10). They found a negative peak upstream of aand negative peaks are equal to one another and have de-
positive peak of nearly equal magnitudeositive peak fol-  creased to 0f,,s. The magnitude of the peaks continue to
lowed by a negative peak in timeUsing Taylor's frozen decrease with increasing separation so thaipsy30°, the

field approximation and the relation between the pressurgdverse pressure gradient signature is barely evident. Thus,
gradient and the spanwise vorticity, a local adverse pressufigijs separation appears to define the spanwise edge of the
gradient ¢p/dx>0 or dp/dt<0) can be related to an inflec- structure. The resulting spanwise extent of the adverse pres-
tional velocity profile}?> which can be interpreted as a local syre gradient is abouty=60° (s* =156 or s/6=0.22),
shear layer in the velocity field. These investigations point toagain assuming that the detection signal is at the center of the
the adverse pressure gradient as being a characteristic waNrent. This is the same spanwise extent as was found based
pressure structure, although Nepomuceno and Lueptow noth pressure peak detection. In a turbulent channel flow
that a positive pressure peak is always associated with pueptow?® found that for an adverse pressure gradient the
streamwise velocity acceleration near the wall regardless ofpanwise extent of/5=0.39, somewhat larger than the

how the pressure peak is detected. present results for the boundary layer on a cylinder.
Variable Interval Time AveragingVITA) provides an

effective means of detecting local pressure gradients. Th
VITA detection techniqu® is typically used to detect large
gradients in the near-wall streamwise velocity associated The present investigation succeeded in quantifying the
with the shear layer of a burst. Applying this technique tolowest frequency rangew(v/ufs 0.028) of the power spec-
pressure fluctuations is unusual, although we have used itum of the wall pressure fluctuations through the use of a
successfully to detect wall pressure gradient evefitsAn  two-point subtraction scheme. With the better resolution of
event is said to exist when the short term variancethe low end of the spectrum than has been previously
var(t,T)>kpr2mS, whereT is the time over which the short achieved, nearly all of the spectral energy is included in the
term variance is calculated atkds the threshold level. The spectrum. The spanwise correlation and coherence results in-
number of events detected dependToandk. Pressure gra- dicate that the wall pressure is related, on average, about 30°
dient events are further subdivided into negative eventsround the cylinder corresponding tov/8, or 0.115. Com-
(dp/ot<0) corresponding to adverse pressure gradientparing the cross-correlation results to other similar results
(dp/9x>0) and positive eventsdp/dt>0) corresponding indicates that the spanwise correlation is best scaled on outer
to favorable pressure gradientgp{x<0). scales. This scaling can be attributed to the degree to which
Ensemble averaged adverse pressure gradient events adurbulence structure that scales with the boundary layer
shown in Fig. 8 fork=1.7 andT"=15. These values fdk  thickness “touches” the cylinder wall, which is clearly in-
and T are based on obtaining a similar number of pressurelependent of the inner scalingu,.. As a result, regardless
gradient events as pressure peak events and are similar &b Reynolds number, turbulent boundary layers with similar
those used by Nepomuceno and Luepfoithe ensemble ratiosé/a will have similar scaling for the spanwise relation-
averaged adverse pressure gradient event at the detection raiip of the wall pressure around the cylinder, measured in
crophone ¢=0°) has a larger positive peak amplitude terms of either the angle or the spanwise distance scaled with
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