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The fluctuating wall shear stress, wall pressure, and streamwise velocity were measured
simultaneously in a cylindrical boundary layer at a momentum thickness Reynolds number of
Re,=2160 and a boundary layer thickness to cylinder radius rat& a5 using a hot wire wall

shear stress probe mounted just upstream of a hearing aid microphone and a hot wire velocity probe.
Variable Interval Time AveragingVITA) event detection on streamwise velocity indicates that
streamwise accelerations are associated with positive wall pressure peaks and sudden increases in
wall shear stress. Likewise, positive pressure peak events are associated with streamwise
accelerations and sudden increases in wall shear stress. VITA detection on wall shear stress reveals
that increasing wall shear stress corresponds to streamwise accelerations and small-amplitude
pressure rises, not distinct intense pressure peaks. Detection of strong adverse and favorable
instantaneous pressure gradients indicates that a shear layér=dt3 coincides with a positive

peak in the wall pressure, suggesting that a positive wall pressure peak event is the key wall pressure
signature associated with the burst cycle. Measurements of the cross-correlation indicate that the
pressure—shear stress relationship is about two times weaker than the pressure—velocity relation and
about ten times weaker than the shear stress—velocity relation. Thus, a strong relationship exists
between wall pressure and streamwise velocity as well as between wall shear stress and streamwise
velocity, but the relationship between wall shear stress and wall pressure is quite weak. Because of
the similarity of the near-wall structure of all wall-bounded turbulent flows, regardless of transverse
curvature, these conclusions should be applicable to planar boundary layef997American
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I. INTRODUCTION peaks are related to shear layers about 20 viscous units above
the wall1>1®

Turbulent velocity fluctuations in the boundary layer ad- The fluctuating wall shear stress has been studied less
jacent to a wall give rise to shear and normal stresses at thextensively than the wall pressure. It is generally accepted
wall. Considerable effort has been expended over the lashat the rms level of streamwise wall shear stress fluctuations
decades to understand the fluctuating wall pressure and wa$i about 40% of the mean valdé,although this value is
shear stress, both of which are quite difficult to measure. Buhighly dependent upon the shear stress measurement
little is understood about the relationship between the waltechniquet® Eckelmann showed similarities in the signals of
pressure and the wall shear stress. The pressure and shéa streamwise velocity and the wall shear stress for the ve-
stress at the wall are related to the flow in the boundary layelocity probe positioned above the wall gt <251° where
above the wall in quite different ways. The wall shear stresshe + superscript denotes nondimensionalization using the
7w IS locally determined by the velocity gradient immedi- friction velocity u, and the kinematic viscosity. Cross-
ately adjacent to the wall. On the other hand, the wall preseorrelations between the wall shear stress and the streamwise
sure is a weighted integral of the effects of the velocity fieldvelocity indicate the existence of large-scale coherent struc-
over the half-space above the whll. tures, or “backs,”? inclined at an angle of 13°-18° with

The fluctuating wall pressure has been studied in greatespect to the wall®?1?2Conditionally sampled signals ob-
detail over the last few decad&s Wall pressure fluctua- tained by applying variable interval time averagifgTA)
tions result from both large-scale disturbances that originatéo the wall shear stress appear similar to those for VITA
in the outer portion of the boundary lafe? and small-scale detection on the streamwise velocity near the wall, except
disturbances near the wall, presumably related to the bursthat the deceleration of the fluid just prior to the detected
sweep cyclé?Wilczynski, Casarella, and Kammeyer pro- event is substantially less for the wall shear stress than for
vide an excellent review of conditionally sampled simulta-the streamwise velocit}$>*?*The streamwise velocity near
neous measurements of wall pressure and velocity near titee wall leads the wall shear stress, presumably because the
wall.1® Large positive peaks in the wall pressure are relatedurbulent structure is inclined to the waft?®
to accelerations in the streamwise velocity and negative Given that strong shear stress events are related to strong
peaks are related to decelerations in streamwisstreamwise velocity events and strong wall pressure events
velocity 1°-1® Favorable pressure gradients are associatedre related to strong streamwise velocity events, one might
with ejection events, while adverse pressure gradients corrdwpothesize that wall pressure events and wall shear stress
spond to sweep event$®!* Direct measurements of the events should be related to one another. Our objective was to
streamwise velocity gradient indicate that positive pressureletermine the nature of the relationship between the wall
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shear stress, wall pressure, and streamwise velocity in a tustreamwise mean velocity profile measured using a hot wire
bulent boundary layer by simultaneously measuring thesagrees well with the cylindrical log law of Lueptoet al°
three quantities. We are aware of only one sfuitdywhich The wall pressure and wall shear stress measurement
all three quantities were measured simultaneously. Unfortuprobes were contained in an insert located halfway between
nately, in this study the microphone and hot-film shear probehe ends of the downstream instrumented section. The wall
had wide streamwise separation, making interpretation of thpressure and wall shear stress probes were mounted with a
measurements quite difficult because structures appearing e¢nter-to-center streamwise spacing of 0.11 &M= 33) in
one probe advected a significant distance before encountea-plastic insert machined to match the cylinder’s wall curva-
ing the second probe. Crucial to the success of our measuraire. The shear stress probe was installed upstream of the
ments was the small size of the transducers to provide adnicrophone, since data taken with the opposite configuration
equate spatial resolution and the close spacing of the waluggested that the microphone pinhole may disrupt the flow
pressure microphone and the wall shear stress hot-wire trangist downstream of it. The hot-wire-on-the-wall shear probe
ducer to minimize the problems related to the advection ofvas similar to that used by Wietrzak and LueptbwThe
turbulent structures over significant distances between thspanwise width of the element wi¢" = 7.7, well within the
probes. range of widths of 3—45 used successfully by Shah and An-
The experiments were conducted in a turbulent boundarjonia for measuring the wall shear stré$§he wall shear
layer on a cylinder in axial flow. While the canonical flat stress probe was calibrated against a 0.056 cm o0.d. Preston
plate boundary layer is often used for studies of the structurtube taped to the cylinder and aligned with the flow at the
of turbulence, the turbulent boundary layer on a cylindersame streamwise position as the shear probe, but offset 90°
models many practical engineering applicati¢ios example in the spanwise direction following the calibration procedure
streamlined vehicles, submarines, aircraft, missiles, and s@f Wietrzak and Lueptow? The fluctuating wall pressure
nar arrayy and has been studied extensively over the pasivas measured using a Knowles EM 3068 electret condenser-
few years both experimentally and computation&fty?6-2  type hearing aid microphone like that used by Snarski and
Lueptow!? The dimensionless microphone diameterdof
Il. EXPERIMENTAL SETUP =21 provided adequate resolution to minimize spatial aver-

This investigation was conducted in the Northwesternagmg and attenuation due to zeros in the wave-number re-

; : 31
University low-speed, low-noise wind tunnel described inSPonse funct|_on of the microphori The freql_Jency re-
detail in our previous work?!® except that the muffler on sponse(magnitude and phajéor the Knowles microphone
the blower outlet was removed after finding that it did notas obtained by performing a comparison calibration in a

reduce noise contamination in the test section. The 4.57 rﬂiffuse random sound field with an adjacent Bruel and Kjaer
long, 0.953 cm o.d. cylinder was suspended along the cerdlodel 4134 1.27 cm {in.) pressure-response microphone
terline of the test section with its ellipsoidal nose cone 20 cnising the method of Snarski and LueptéfwThe mean and
downstream of the last inlet screen by a wire attached to afluctuating streamwise velocities were measured using a
airfoil located above the last four screens of the inlet sectioncustom-built, hot wire probe mounted to the end of a stream-
The Support airfoil was oriented at r|ght ang'es to the side Ofined strut Similar to that Used in our preViOUS WOI‘k. The data
the cylinder containing the wall pressure and shear stred§om the velocity probe, wall shear probe, and microphone
measurement probes to minimize any possible effect of turwere simultaneously digitized at 20 kHz for 5.0 s using a
bulence downstream of the support. The cylinder consisted2-bit data-acquisition board after low pass filtering at the 10
of an ellipsoidal nose cone at the upstream end of a 3.35 rkHz Nyquist frequency. Both the hot wire probe and the
long by 0.953 cm o.d. acrylic tube with lengths of brassShear probe were operated at a 30% overheat ratio. All mea-
tubing inside to add rigidity. The 1.22 m long downstreamsurements were performed at a free-stream velocity) of
instrumented section was 0.953 cm O.d., 0.076 cm wall stain= 10.6 m/s. Details of the flow conditions at the axial loca-
less steel seamless tubing. The cylinder was tensioned {ipn of the wall pressure and wall shear stress transducers are
assure straightness, and spring-loaded, foam-lined gripper Ié2cluded in Table I.
cated 0.55 m downstream from the probes and sewing thread
3 cm down.stlregm frqm the probes held the cylinder in posi—m_ RESULTS: EVENT DETECTION
tion and minimized vibration.

To ensure a fully developed turbulent boundary layer, a  Variable interval time averagin@/ITA) and peak detec-
1.7 mm high O-ring trip was used 2.13 m upstream of thetion were used for conditional sampling. VITA detects a
measurement probd®.40 m downstream of the beginning large short-time variance in the signal that indicates a steep
of the test section This distance corresponds to over 1250temporal gradient® VITA is typically applied to the fluctu-
trip heights or about 87 boundary layer thicknesses betweeating streamwise velocity, but we also applied VITA to the
the trip and the measurement location. The alignment wittwall shear stress and the wall pressure. Applying VITA to
the cylinder with the test section was confirmed using fourthese signals is somewhat unusual, although physical signifi-
0.056 cm o.d., 0.015 cm wall, Preston tubes every 90tance can be attached to steep temporal gradients in the wall
around the cylinder 1 cm downstream of the measuremerghear stress and wall pressure, as described later in this pa-
probes. The wall shear stress measured using the Prestpar. We use the traditional thresholdlof 1 times the vari-
tubes varied by less than 2.3% from the mean, indicating thaance to detect bursté:>2~34The averaging time was set to
the boundary layer was essentially axisymmetric. Thel* =15, a time indicative of the time scale of the structures
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TABLE |. Experimental conditions and flow parameters.

Experimental conditions: 20f
Free-stream velocity U.,.=10.6 m/s 10l
Density p=1.180 kg/ni (26 °C) :
Kinematic viscosity v=1.57x10°% m¥s
Cylinder diameter 3=9.53x10"°m 00F
Boundary layer parameters: 1.0}
Boundary layer thickness 6=2.45<10 2 m ,
Momentum thickness 6=3.2x10"3m ! ! — : L : .
Curvature ratio  §/a=5.14 fw) 30F (b) I
Reynolds number Re-2160 Yrms
Mean wall shear stress 7,=0.273 Pa ) 20}
Friction velocity u.=0.481 m/s Prms
rms wall shear stress 7,,,=0.102 Pa (7, 1.0
rms wall pressure p,,=0.624 Pa Toms
0.0F
Resolution parameters:
Sampling frequency f.=20 000 Hz ! — EE— — :
Dimensionless sample time At™=0.74 3.0F
Streamwise probe separationx™ =33
Shear probe spanwise widthW*=7.7 20
Velocity probe spanwise width 17 =20
Microphone port diameter d*=21 1.0}
0.0 |
being detected and within the range of 10—-24 that is com- 50 -40 -30 20 -10 0 10 20 30 40 50

monly used for VITA detection on the streamwise velocity
and wall shear streds-8:24:33

Peak detection identifies high-amplitude peaks in the 3 3 _
fluctuating signal that exceed a particular threshold. We useBIG. 1. Cond|t|0nal averages of positive events detecte;d using VITA and

. . peak detection techniques. Here —)/Unms; - (7o) Tims: ——,

a.th.reshold ofk=2.5 times the rms value, a level that is (P)/Pome. Detection signals are bolda) VITA detection onu (k=1, T*
within the range of 1.25—-4 commonly used for peak detec-15, 236 events (b) peak detection op (k=2.5, 294 events (c) VITA
tion on the wall pressure signft®*?%°For both VITA and  detection onr (k=1, T* =15, 179 events
peak detection, the ensemble-averaged conditionally de-
tected events are plotted versus inner-scaled timle,
=tu§/v, with t* =0 corresponding to the instant that the

event is detected. The mean portions of the signals are r%c_{OP below the mean, indicating the passage of a low-speed

moved. To compensate for the shear probe being positione : .
P P gp treak and then rise steeply corresponding to the passage of a

33 viscous units upstream of the wall pressure and velocit | to a hiah level iated with The sh
probes, the shear stress signal was delayed by three viscoﬁ%‘z""lr ayerto a high level associated with a sweep. The snear

time units based on a convection velocitylof/u, =118 stress is delayed with respect to the streamwise velocity, in-
- ;

We consider the conditionally averaged signature of twgdicating the conl\zloectlon of a "back” turbulent structure in-
signals upon the occurrence of a positive event in a thirglined to the walk™ The sharp increase in velocity indicative

detection signal, shown in Fig. 1. In all cases, the detectio®f & Shear layer is associated with a peak in the ensemble-

signal is the bold curve. The velocity probe was positioned agveragleot_jlz 3\évall pressure(p), similar to previous

y*=13, directly above the wall pressure probe. To be asfesults: . N
sured that the upstream position of the wall shear probe and Upon the detection of a positive wall pressure peak,
the close proximity of the velocity probe above the micro-shown in Fig. 1b), the corresponding streamwise velocity
phone did not degrade the wall pressure measurements, thnature shows a sharp increase. The simultaneous occur-
hot wire velocity probe was removed altogether, the wallrénce of a pressure peak with a sharp increase in velocity for
shear stress probe was turned off, and the instrumented segoth detection on streamwise acceleratipfg. 1(a)] and

tion of cylinder was reversed so the microphone was upwall pressure peaks-ig. 1(b)] indicates a bidirectional rela-
stream of the wall shear probe. The wall pressure spectrufionship between positive pressure peaks and shear layers
for this setup was nearly identical to that for the measurelike that found by Snarski and Luepto\,indicating that
ments presented here, indicating that probe interference waaositive wall pressure peaks and shear layers just above the
not a problem. The detection of shear layers using positivavall are related through a turbulence structure. The pressure
VITA detection on the fluctuating streamwise velocityis  peak in Fig. Ib) occurs slightly ahead of the midpoint of the
shown in Fig. 1a). The ensemble-averaged fluctuating more gradual increase in wall shear stress, as would be ex-
streamwise velocitfu,) and fluctuating wall shear stress pected from an inclined shear layer. Since an inclined shear
() are similar to previous results for both flat plate bound-layer passes the velocity probe at<1p* <20 at the same

ary layeré*?*and cylindrical boundary layer§.Both signals  instant that a wall pressure peak occtfr®the impact of the

nfv
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similarity between the streamwise velocity conditional aver-
ages in Figs. () and 1c) and the wall shear stress condi-
tional averages in Figs.(d and Xc) clearly shows a bidi-
rectional relationship between the wall shear stress and the
streamwise velocity, confirming the results of Wietrzak and
Lueptow for a boundary layer on a cylind€rOn the other
hand, a sharp increase in the wall shear stress corresponds to
only a weakly elevated wall pressure that is qualitatively
different from the pressure peak for VITA-aneor pressure
peak detection. The pressure rise lasts about 24 viscous time
units, approximately twice as long as a positive pressure
event in Fig. 1c). A small pressure rise appears before and
LZB after the central pressure maxima that is not evident in either
Prms 20} (b) A VITA-on-u or pressure peak detection. Thus, the wall pres-
sure and the wall shear stress have only a very weak bidirec-
tional relationship, compared to the relationships for the
streamwise velocity and wall shear stress or the streamwise
velocity and the wall pressure.
Although positive wall pressure events can be related to
\ the streamwise acceleration resulting from a sweep following
'\ an ejection, the amplitude distribution of negative and posi-
v tive wall pressure fluctuations about the mean is nearly
identical® and the frequency of negative and positive events
— is similar®® Thus, positive and negative events appear
-50 -40 -30 -20 -10 ? 10 20 30 40 50 equally important. Wilczynsket al*® suggested that positive
wz /v and negative wall pressure events may actually be subsets of

FG. 2. Conditional . dient s detected _a single composite event characterized by a negative peak
. 2. onditional averages o1 pressure graaient events aetectea usi e TH
VITA N p. Here — (Up)/tpme: 1 (7} 7ms: —— ()P, Detection "Wpstream of a positive peak. They explored such a possibility

signals are bold(a) Adverse pressure gradiet=2, T* =15, 281 events by de_teCtmg nearby positive and r_1_egative pgaks and con-
(b) favorable pressure gradietk=2, T* =15, 228 events structing an average temporal positive—negative event. Al-

though they found an order of magnitude fewer dual peak
events than single peak events, the ensemble-averaged dual
Reak event indeed looks like a composite of a positive pres-
gure peak followed in time by a negative pressure peak. Fur-

pressure peak. The lead of wall pressure peak with respect {Ber ewdenpe of a dlual peak event was provided by AStOIf'
the midpoint of the increase in wall shear stress is aboui?md Forestier detec_tlng on strong shear layéihen their
three viscous time units less for pressure peak detelfign Shear layer detection pr_o_be was close to _the_ wall (
1(b)] than for VITA-onu detectionFig. 1(a)]. This discrep- :10)’_ they found a positive peak _followed in time by a
ancy may be related to the “flattening” in the shear stresd'egative pea!< of nearly equal magnitude. . .
signal that occurs just after the pressure peak in which th An effgctwe det_ecnon method for composite events. IS
rise in shear stress is momentarily interrupted for about thre(i,he detection of regions of large adverse pressure gra@ent,
viscous time units, then continues to increase. The brief flatép/ax>0' A method to detect Iocql pressure grad.'e”Fs Is to
tened portion of the shear stress signature is delayed inght@pply VITA to the wall pressure signal. The application of

after the pressure peak, suggesting that it might be related %ITA to the wall pressure is quite unusual. Steep temporal
gradlents in the wall pressure, however, can be related to the

the part of the inclined shear layer very near the wall tha oo . .
would reach the shear probe shortly after it encounters th elocity field as follows. The streamwise pressure gradient at
the wall can be related to the spanwise vortiaity at the

velocity probe aty™=13. Haritonidis, Gresko, and Breuer I 4 h N th ¢ . locit
[Fig. 2(a)] found a feature of similar duration and character V@ and, ence, 1o € slreamwise  velocity,

1.0F

!

!

1.0} !
!

-1.0F

i

shear layer at the wall shear stress probe would be fe
slightly after it passes the velocity probe and, hence, the wa

. . Lo U=U;+uyg,>

in the sharply decreasing wall-normal velocity signature ob-

tained upon VITA-ond event detectiod? but they did not ap dw, d?U

discuss it and it is not clear that it is related the flattening in =~ 5 =~ 7 M2 : )
Yly-o Yoly-o

the wall shear stress signature in Figh)l
Detection of sharp increases in shear stress using VITAAssuming that the streamwise wall pressure gradient can be

on-r, shown in Fig. 1c), shows that the sharp increase in related to the time derivative byp/dx= —(1U)aplat, %8

wall shear stress lags behind the sharp increase in streamwigdereU, is the local convection velocity, the temporal wall

velocity by approximately seven viscous time units, the samgressure gradient can be related to the velocity field by

as that for the VITA-ond detection. The difference in am-

. ) oo d #*U
plitude of the wall shear stress signal in Figéa)land Xc) P _ —uU, —= ) 2)
results from different detection signals in each case. The Jt Iy y=0
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When the local pressure gradient is adve{@p/dx>0 or  Fig. 2(a) and for the adverse pressure gradient following the
dpl9t<0), the second derivative of the streamwise velocitypressure peak in Fig.(8).
with respect to the wall-normal coordinate is positive Negative wall pressure peaks are apparently not directly
(6?U/ay?>>0). The positive curvature of the velocity profile related to the burst cycle. VITA-op-detection of pressure
at the wall requires an inflection point at some distancegradients indicates that negative wall pressure peaks occur
above the wall. Although the classic unstable inflectional veeither before or after the positive pressure peak. In fact,
locity profile requires the assumption of steady, inviscid,aligning negative and positive VITA-op-events on the
two-dimensional flow, it is not unreasonable to interpret anypositive pressure peaks would result in a negative pressure
inflectional profile as a local shear layer instabififyConse- ~ depression leading and following the pressure peak. A small
guently, an adverse pressure gradient event detected usifgpression in the wall pressure on both sides of the pressure
negative VITA-onp should coincide with a shear layer in peak is evident in Fig. (b), and other researchers have typi-
the velocity field. Favorable wall pressure gradients arecally found such regions of negative wall pressure leading
thought to correspond to ejections, and adverse wall pressugd following positive wall pressure peak&:3303>4%rhjs
gradients are believed to be related to sweééps?Here we  suggests that positive wall pressure peaks, which are related
propose that an adverse wall pressure gradient is directlip the burst cycle, are either preceded or followed by nega-
related to the shear layer in a burst cycle based on the instéve wall pressure peaks. Because of the random nature of the
bility of an inflectional velocity profile. turbulence and the burst cycle itself, the negative wall pres-

Figure 4a) shows the resulting streamwise velocity andSsure that leads or follows the positive pressure peak may be
wall shear stress for negative VITA-qn{dp/dt<0), which  €ither quite large or nearly insignificant. The appearance of a
detects on adverse pressure gradient eveipssk>0). The  hegative wall pressure peak alotte;****%ike that detected
VITA detection scheme used the same averaging tifie, Using negative pressure peak detection, is probably just a
=15, as used for VITA-on+ detection, and the trigger level remnant of the peak detection sampling method, since there
was set ak=2 to obtain approximately the same number of€Xists only a weak bidirectional relationship between nega-
events as found with the previous detection schemes. THéve pressure peaks and the velocity fiéldThus, we can
steep decrease in wall pressure does indeed seem to be asg@oclude that the negative wall pressure peaks are not the
ciated with an acceleration in streamwise velocity and Airect result of a specific turbulence structure. Instead, nega-
moderate increase in the wall shear stress. Like positivéive wall pressure peaks typically appear in conjunction with
VITA-on-u and positive wall pressure peak detection, thePositive wall pressure peaks, and it is these positive wall
positive peak in the wall pressure signal occurs simultaPressure peaks that are directly related to coherent turbulence
neously with the midpoint of the sharp streamwise accelerastructures, specifically the burst cycle.
tion. Again the increase in the wall shear stress is slightly
delayeq with respec’lc .to the streamwise acceleration. IV. RESULTS: CROSS-CORRELATIONS AND

If, instead, positive VITA-onp events are detected SPECTRA
(ap/ot>0), corresponding to favorable pressure gradients
(9p/9x<0), the signature of the streamwise velocity and the = The normalized cross-correlation coefficient between the
wall shear stress is similar to that for negative VITA{on- fluctuating wall shear stress, and the fluctuating stream-
events, as shown in Fig(l®. The streamwise flow acceler- wise velocityu, is defined as
ates at nearly the same instant as the positive peak in wall —_—
pressure occurs, and the wall shear stress increase is slightly Rau(t)= 10 (HU1({+ 1)/ Trmdirms, 3
delayed with respect to the increase in the streamwise velogvhere the overbar denotes a time averads the delay time
ity. In fact, the streamwise acceleration for favorable presbetween the signals, and the rms subscript denotes the rms
sure gradient events is stronger than for adverse pressuvalue of the particular quantity. The cross-correlation is simi-
gradient events. larly defined for wall pressure/streamwise velocity and wall

The crucial result obtained from Fig. 2 is that the wall pressure/wall shear stress. In all cases, the wall shear stress
pressure peak and the streamwise acceleration*at13, signal was shifted by three viscous time units to compensate
which is related to a shear layer, occur simultaneously. Thifor the shear probe being positioned upstream of the wall
suggests that the positive wall pressure peak itself, not thpressure microphone and velocity probe. The cross-
adverse pressure gradient upstream of it nor the favorableorrelations were computed using fast Fourier transforms
pressure gradient downstream of it, is directly related to thavith 100% zero padding.
burst cycle. Clearly, any positive peak in wall pressure will The cross-correlation between the wall shear stress and
have pressure gradients of opposite signs preceding and fdhe streamwise velocity measured above the wall pressure
lowing it. This idea fits nicely with the results of Fig. 1, probe, shown in Fig. @), weakens as the wall-normal po-
which shows a strong bidirectional correlation between posisition of the velocity probe increases. The positive peaks
tive wall pressure peaks and streamwise accelerations thatdicate that the wall shear stress and streamwise velocity
are related to the shear layer in a burst cycle. Furthermordiave the same sign, consistent with event detection results,
Eq. (2) clearly indicates that adverse pressure gradientsvhich show that the wall shear stress and the streamwise
(dp/at<0) should be related to an inflectional profile that velocity have similar signatures. The negative lag times in-
would likely result from a shear layer. Such a shear layer iglicate that the streamwise velocity leads the wall shear
detected for both the detected adverse pressure gradient stress, suggesting a turbulence structure that is inclined to the
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FIG. 4. Spectra of the streamwise velocity(at y*=13), wall pressure

p, and wall shear stress, ; — current results; ---, previous measurements
(Refs. 12, 18
010} ©
0.05 reduction in the magnitude of the pressure—velocity correla-
" ool tion for a velocity probe ay* =14 Instead, the weak bi-
directional relationship between wall shear stress events and
-0.05 | wall pressure events evident in Fig. 1 must account for the
; ; ; , , weak pressure—shear correlation. A curious aspect of the
-150 -100  -50 0 50 100 150 pressure—shear correlation is the kink evident near a delay
n /v time of zero. The physical origin of this kink in the event

detection and cross-correlation is unknown, although it

FIG. 3. (a) Cross-correlation between wall shear stress and veldRity; might be related to the flattening of the shear stress signature
(b) cross-correlation between wall pressure and velod®y,; (c) cross- shown in Fig_ 1b).
correlation between wall pressure and wall shear stfess, Note the ver- Spectra of the streamwise velocity wall shear stress. and
tical sgale change.+ Wall-normal locations of velocity probe y*==13; wall pressure were Computed using fast Fourier transforms
——,y"=83; —, y" =349, ; X :

Y Y after applying a Hanning window to 97 subrecords of 1024

points each, with a resulting frequency resolution b

1821 ] =123 rad/s, orAw+=Acov/uf=0.0083. The spectra are
wall.”>=" The cross-correlation between the wall pressure,|qited in Fig. 4 so that equal areas under the curve contrib-
and the streamwise velocity, shown in FigbB is much 16 equally to the mean square energy to permit easy analysis
weaker than that for the wall shear stress and the streamwi$g \ynich band in the spectrum contributes most to the rms of
velocity, and the cross-correlation weakens as the veloCityhe measuremefi?. The spectra measured here match previ-
probe is positioned farther from the wellNote the change in ;5 measurements of the spectra quite well, given slight dif-
scale for the vertical axisThe negative correlation for nega- fgrences in the boundary layer parameters. The wall shear
tive lag times is consistent with the positive pressure peakiess and streamwise velocity spectra are similar to each
lagging the negative peak in streamwise velocity in Fig. 1.oiner. Both spectra have maxima @t ~0.06. The maxi-
Similarly, the positive pressure peak leads the positive peal,um in the wall pressure spectrum occurs aat ~0.4
in the streamwise velocity, resulting in a positive Cross-pearly an order of magnitude higher in frequency. The rela-
correlatlon. pea!< at a positive lag time. Similar results haVGiiver tall and narrow peak in the wall pressure spectrum
been obtained in planar boundary layePs. _ indicates that the energy is distributed over a narrower loga-

Our key interest here is the cross-correlation between thginmic frequency band than the energy of the wall shear
wall pressure and the wall shear stress. This correlation hagress or the streamwise velocity. Thus, the wall shear stress

the same shape as the pressure—velocity correlation but is @4 wall pressure have very different energy distributions in
order of magnitude weaker than the shear—velocity correlag,q frequency domain.

tion and about one-half as strong as the pressure—velocity

. X U
correlat_lon(for the velpcny pro_be ay"=13inall c_a_se)s 8\, DISCUSSION
shown in Fig. &c). This result is somewhat surprising given
that the wall shear stress is directly related to velocity at the  Turbulence events in the boundary layer above a wall
wall and that the pressure—velocity correlation increases igive rise to both pressuf@ormal stressg@snd shear stresses
strength as the velocity probe is moved closer to the wall ast the wall. Our key interest here is the relationship between
shown in Fig. 3b) for y*=13. The weak pressure—shear the wall pressure and the wall shear stress, given that both
correlation is unlikely to result from the streamwise separaarise from the velocity field adjacent to the wall. Event de-
tion between the probes of 33 viscous units, since a streantection and correlation results all indicate that there is a
wise separation of 680 viscous units is needed for a similastrong relationship between the wall shear stress and the

Phys. Fluids, Vol. 9, No. 9, September 1997 H. G. Nepomuceno and R. M. Lueptow 2737

Downloaded 23 May 2001 to 129.105.69.194. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



streamwise velocity and there is a moderately strong relarelated to the streamwise velocity very near the waly
tionship between the wall pressure and the streamwise velog-"<3) based on the results of KirfFig. 19,° even though
ity. Based on these results and the knowledge that the wathe results presented in this paper and by otflet3indicate
shear stress and the wall pressure both arise from the adja-relationship between the wall pressure and the streamwise
cent velocity field, a reasonably strong relationship betweenelocity for 5<y+ <85. As a result, the wall pressure and
the wall pressure and the wall shear stress would seem likelyhe wall shear stress are only weakly related to each other,
Instead, the relationship between the wall pressure and theven though both are closely related to the streamwise ve-
wall shear stress is quite weak, as indicated by the lack of kcity aty ™ >5.
bidirectional relationship between wall pressure events and A second issue is the characteristic, or fundamental, wall
wall shear stress events, as well as weak correlation betwedtiessure event that is related to a coherent structure in the
the wall pressure and wall shear stress. velocity field. Several different characteristic wall pressure
The question that arises is why should the relation beevents can be detected, including positive and negative wall
tween the wall pressure and the wall shear stress be so wegkessure peaks and favorable and adverse pressure gradients.
when each are the direct result of the flow field above théVhile Eq.(2) indicates that a local adverse pressure gradient
wall? The character of the relationship of the wall pressureshould correspond to an inflectional velocity profile that may
and the wall shear stress to the velocity field provides sombe related to a shear layer, the shear laygr'at 13 always
insight. The wall pressure is related to the weighted integragoincides with a positive peak in the wall pressure, regard-
of the effects of the velocity field in the half-space above thdess of whether the positive peak is associated with a favor-
wall.! Kim calculated the contribution to the mean-squareable or adverse pressure gradient detected using VITA-on-
wall pressure of the linear and nonlinear terms in this relap (Fig. 2 or a positive pressure peak found using peak de-
tion as a function of distance from the wall and found thattection[Fig. 1(b)]. Figure 2 further indicates that the shear
the greatest contribution of both terms occurs ngawx13  layer is stronger for a stronger positive pressure peak. These
(based on Kim’'s Fig. 10° Thus, turbulence action in this results indicate that the critical feature in the wall pressure
region, where our streamwise velocity probe was positionedi€ld that is related to a burst cycle is a sharp positive peak in
strongly contributes to the wall pressure. As a result, wePressure. Any positive peak in wall pressure will necessarily
found a moderately strong correlation and a bidirectionahave an adverse pressure gradient upstream of it and a favor-
event relationship between the wall pressure and the strear@ble pressure gradient downstream of it. Furthermore, a posi-
wise velocity at this wall-normal position. tive wall pressure peak may be related to the growth of a
The direct relationship between streamwise velocitywa” pressure wave cluster, as evidenced by the development
fluctuations and fluctuations in the wall shear stress is mo<¥f wall pressure peaks tracked in a direct numerical simula-
easily demonstrated as follows. In the viscous sublaygr, tion of channel flow’” The wave cluster will have negative
+ 7= ud(U,+u,)/dy instantaneously and,=pu JU,/gy  Pressures as Wel.llas positive pressures assqmated .With it.
on average, where,, and 7/, are the average and fluctuating Although the positive pressure .peak is associated with the
wall shear stress and is the dynamic viscosity. The differ- burst cycle, negative pressures in thg'wave cluster may exist
ence between these two equations results.jm x du; /dy upstream or downstream of the positive pressure peak. But
~uu,ly, sinceu; andy are zero at the wall. While the VITA-or_w-p de_tectl_on shows thgt_ a negative pressure _pez_;tk
direct relation between velocity fluctuations,j and wall ~ Occursin conjunction with a positive pressure peak that is, in
shear stress fluctuations() is strictly true only in the sub- U™, related to a shear layer. Thus, positive pressure peaks

layer, an increase in velocity just outside of the sublager are the “fundamental” event in the wall pressure field th_at
sayy* = 13) will typically result in an increased wall shear &N be related to turbulent structures above the wall, particu-

stress. Thus, fluctuations in the wall shear stress should fol2Y trr:e shear Ilayer azsomgted with the burst cyc;le. I
low fluctuations in the streamwise velocity, resulting in a Tdeselresu ts ar? asel odn me?s%rements ohalturbubent
strong bidirectional event relationship and cross—correlatiorl}’Oun ary layer on a long slender cylinder. Nevertheless, be-

between the wall shear stress and the streamwise velocity S£Y5¢ the structure of t“fb“'eﬂgfs‘ggzg near the wall is quite
yt=13 similar to that for a flat platé?'®?843these conclusions

The weak relationship between the wall pressure and théhould be applicable for all wall-bounded turbulent flows.

wall shear stress may arise from the very different ways in
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