22 AIAA JOURNAL

VOL. 25,NO. 1

Scaling of Wall Shear Stress Fluctuations
in a Turbulent Duct Flow

D.A. Shah* and R.A. Antoniat
University of Newcastle, Newcastle, Australia

Instantaneous fluctuations of the wall shear stress have been measured in a fully developed turbulent duct
flow over a factor of 10 variation in the Reynolds number. Distributions for the average frequency of detections
obtained using the variable-interval time averaging technique suggest that scaling on outer variables or perhaps a
mixture of outer and inner variables is more appropriate than scaling on inner variables when the Reynolds
number is sufficiently large. The Reynolds number behavior of the average frequencies of zero crossings and
local maxima of the shear stress fluctuation rules out the possibility of outer scaling and indicates a weak
Reynolds number dependence when scaled on inner variables. These apparently conflicting trends are discussed
in the context of published results on the scaling of wall shear stress fluctuations.

Nomenclature
,B,n =calibration constants
=duct half-width
=instantaneous voltage
=average value of voltage
= average zero-crossing frequency (=75 1)

N =average frequency of local maxima of instan-
tancous shear stress fluctuation (=7, 1)

Sa =average frequency corresponding to the second
zero crossing of the autocorrelation of instan-
taneous shear stress fluctuation (=7,/)

A =low-pass cutoff frequency

£y =average number of VITA detections per second

(=T;'), see Fig. 2

=threshold factor

=sensor length

=streamwise extent of the film or diameter of the

wire

R, =Reynolds number based on duct half-width
(=Uyd/v)

R; =Reynolds number based on boundary-layer

thickness (= U;6/»)

=momentum thickness Reynolds number (= U,0/v)

=time

=integration time used in VITA

=instantaneous velocity fluctuation

=local mean velocity

=mean velocity at the duct centerline

= boundary-layer freestream velocity

i = friction velocity (=7/p)"

=streamwise distance from the duct entrance

=distance normal to the wall

=boundary-layer thickness (distance from wall at
which U=0.99U,)

=momentum thickness ={3(poU/p, U,)(1 - U/U,)dy

= Taylor microscale in time [ = a2/ (da/31)?] %,
where « is a fluctuating quantity

= zero-crossing time scale (=1/%f;)

= kinematic viscosity of fluid

=molecular Prandtl number of fluid

= instantaneous wall shear stress fluctuation
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7 =average value of wall shear stress

[ = conditional average, defined in Eq. (3)

O =normalization by inner variables » and U,

Yy =rms value of fluctuation, centered about its average
value

(7)  =low-pass filtering, used for VITA, defined in
Eq. 2)

Introduction

T is well accepted that the bursting phenomenon plays a

major role in transports of mass, heat, and momentum
and in the production of turbulent energy in turbulent
boundary-layer and duct flows. However, significant con-
troversy surrounds the scaling of the frequency of bursting,
the latter being identified with the complete cycle of events as
described by Kim et al.! The bursting frequency has been ob-
tained by a wide range of techniques in different turbulent
flows. For example, Narahari Rao et al.? found that the
average frequency of pulses, identified from band-pass
filtered velocity fluctuations, scaled on the outer variables U,
and é. Blackwelder and Haritonidis® found that the average
frequency f, of detections obtained by the variable-interval
time averaging technique (VITA) scaled on inner variables U,
and ». Alfredsson and Johansson* found that f, scaled on
neither the inner nor outer variables, but rather on the
geometric mean of the inner and outer variables. These latter
measurements were made in a turbulent duct flow, whereas
those of Narahari Rao et al.? and Blackwelder and
Haritonidis® were for a turbulent boundary layer.

There is little evidence to suggest that the different trends
may be associated with the different flows. In any case,
Blackwelder and Haritonidis® suggested that inner scaling ap-
plies to both duct and boundary-layer flows, whereas
Narahari Rao et al.’s? outer scaling in a boundary-layer result
was found to apply to a duct flow.® Perhaps the main reason
for the opposite trends is the inability of different conditional
techniques, usually applied to information obtained at only
one point in the flow, to detect the bursting phenomenon cor-
rectly.®® Although the need for calibrating one-point tech-
niques remains, there are at least two other difficulties that
have to be overcome before the question of scaling can be
resolved.

The primary difficulty is the need for experiments to cover a
sufficiently large range of Reynolds numbers. Reynolds
number similarity is not usually reached until a certain
Reynolds number is exceeded and may only be achieved
asymptotically at infinitely large Reynolds numbers.” In a
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boundary layer, the Reynolds number effects on the outer
layer (as reflected, for example, by the strength of the
“wake’’1% or by properties of the large-scale structure!12) do
not disappear until R, exceeds a certain value, somewhere be-
tween 3000 and 5000. There is also evidence'>'* that proper-
ties of the outer region of a fully developed turbulent duct
flow do not become independent of the Reynolds number until
a certain Reynolds number is exceeded. In this sense, it is sur-
prising that the possibility of ‘low Reynolds number effects”’
has been ignored in scaling investigations.?!

Another difficulty, not completely unrelated to the previous
one, may be the inadequate spatial resolution of sensors used
in the detection process. For example, Blackwelder and
Haritonidis® noted that only sensors with ¢+ <20 were free
from spatial averaging effects. This effect appears'*!6 to be
largest in the buffer layer, reflecting the importance of ejec-
tions (rapid motion of fluid away from the wall) with rela-
tively small spanwise length scales in this region. Closer to the
wall, inside the viscous sublayer, sweeps (faster moving fluid
toward the wall) with larger spanwise length scales are more
important and spatial resolution effects seem to be less impor-
tant. Offen and Kline® noted that, as the fluid motion past a
fixed point near the wall due to a low-speed streak is
noticeably slower than the local mean velocity for a detectable
amount of time, the temporal behavior of a single sensor
should be a reliable indicator of spatially coherent events.
Chambers et al.!? exploited this by using a flush-mounted hot-
film sensor as a wall shear stress probe to determine f, in a
duct flow. They found that scaling on inner variables was
more appropriate than scaling on outer variables over the
Reynolds number range 2.6 x 10° < R ;< 1.3 x 10*.1 This result
is in conflict with the boundary-layer observations!® that the
period T,, obtained with a hot wire mounted flush with the
wall, scales on outer variables. It is also in conflict with the
result, in a turbulent duct flow,' that the zero-crossing fre-
quency f, of the wall shear stress fluctuation tends to scale on
outer variables for asymptotically large values of the Reynolds
number.

Recently, Badri Narayanan et al.!> considered wall shear
stress fluctuations in a turbulent boundary layer over the
range 1000 sR,=<5500 and found that f, scaled on outer
variables over the complete range of R,. However, they noted
that f,, the average frequency of local maxima of 7 (these
authors called f; the ‘‘average frequency of fluctuations’’),
scaled on inner variables.

The main aim of the present measurements was to shed
some light on the conflicting trends for f,, f,, f,, and f, deter-
mined from wall shear stress fluctuations. It was important
that the measurements covered as wide a Reynolds number
range as possible and that the bursting frequency be obtained
by several different techniques using different sensor lengths
to assess the influence of spatial resolution in the same flow.
Accordingly, estimates of f,, f|, fy, and f, were obtained from
wall shear stress fluctuations measured in a turbulent duct
flow using two different sensor lengths over a factor of 10
variation in R, (3300-33,000).

Experimental Details and Conditions

The duct used for the measurements formed the working
section of an open-circuit type of blower tunnel, as described
in Shah et al.!* The duct has a length of 7.32 m, a height of
0.76 m, and a width of 42 mm. One of the vertical walls of the
duct is made of 19 mm thick Perspex panels. The other wall is
made of 11 mm thick aluminum panels. For the present
measurements, the wall shear stress probe, described below,
was mounted flush with the Perspex wall at a distance x = 195d
from the duct entrance. The inlet boundary layers were

1The Reynolds numbers quoted by these authors were based on the
hydraulic diameter and the bulk velocity. They have been converted to
R, using Dean’s!? empirical relations.
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tripped at x=40 mm with 1.6 mm diameter rods spanning the
full height of the duct. Previous hot-wire measurements'# in-
dicated that the flow is fully developed at the measurement
station over the range 3300 <R, < 33,000.

To avoid possible difficulties with the complex low-
frequency characteristics of a hot film associated with the
thermal interaction between film and supporting substrate,? a
hot wire, mounted very close to the surface, was preferred to a
flush-mounted hot film. Advantages of the wire over the film
have already been noted.?!?> The hot wire was mounted (Fig.
1) on a machined Perspex plug; two holes, 5 mm apart, of
0.8 mm diameter were drilled in the plug and jewellers’
broaches were then inserted in the holes. The tips of the
broaches were adjusted to be flush with the plug surface
before filling the holes with epoxy cement. A pre-etched
Wollaston wire was placed on the surface of the plug and soft
soldered to the tips of the broaches. It was ensured, by viewing
under a microscope, that the wire was straight, just touching
the surface. Most of the measurements were made with a 5 um
(Pt/10%Rh) wire of length £=0.7 mm. A few measurements
were made with a 2.5 um (Pt) wire of length 0.38 mm. The
Perspex plug-wire assembly was then fitted to one of the
removable Perspex plugs used in the duct working section.
The frequency response of the plug-wire assembly/DISA
55M10 circuit was checked using the square-wave technique
(e.g., at R;=7000, the —3 dB frequency was estimated to be
about 25 and 30 kHz for the long and short wires, respec-
tively). The wall probe was calibrated in situ, 7 in the duct be-
ing determined from either the mean static pressure gradient
or a Preston tube. Agreement between the latter two estimates
of 7 was within +£5%. The calibration constants A, B, and n
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Fig. 1 Schematic arrangement of the wall shear stress gage (all
dimensions in millimeters).

PERSPEX PLUG-WIRE
ASSEMBLY

{ . l‘o;l;axima (G)
ze%gs 0.018 sec ‘
(b)

SO [ WY PR  N

i )’\ ‘\'\ )

L ~——time

Fig. 2 Typical sample of wall shear stress fluctnation 7 and the cor-
responding VITA variance and detection output (R;=17,100): a)
fluctuation 7; b) VITA variance function for 7+ =13; ¢) VITA detec-
tions for k=1.0. There are 48 zero crossings (fy =657 Hz), 55 local
maxima (f; =753 Hz) and 3 VITA detections (f, =41 Hz).
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in E2=A+ B7" were determined from a least-squares fit to
the calibration points. Calibrations, carried out on different
days, yielded values of » in the range 0.68-0.73. These values
were significantly higher than the value of 0.33 usually quoted
for a wall-mounted hot-film probe. Spence and Brown?
showed that, for a wall shear stress gage, a necessary require-
ment for n=0.33 is U, L/»>6.6/¢". This requirement is not
satisfied for the present probe and experimental conditions
(U,L/v= 0.43-3.23). The effect of thermal conduction from
the hot wire to the wall is small due to the combination of the
relatively low thermal conductivity of the Perspex wall and the
small overheat of the wire. In any case, the in situ calibration
of the wire should inherently account for the transfer of heat
from the wire to the wall.

The probe was operated at a constant temperature in a
DISA 55M10 circuit. Most of the measurements were made
at an overheat ratio of 0.2, although a few measurements
were also made with overheat ratios of 0.1 and 0.3. The ef-
fect of overheat was not noticeable for the present
measurements. After offsetting the dc voltage from the
anemometer, the fluctuating voltage was amplified and
recorded on an FM tape recorder (HP3960) at 38.1 cm/s.
Records of about 60 s were digitized using an 11 bit + sign
A/D converter, at sampling frequencies selected in the range
of 2.5-12 kHz, depending on the particular Reynolds
number used. Prior to digitizing, the signal was low-pass
filtered using a Krohn-Hite filter. For a particular R,, the
filter cutoff frequency f. was selected such that f, exceeded
the value at which the zero-crossing frequency f, became
constant. A sampling frequency equal to 2f. was used. The
extent of this plateau decreased with increasing R,, as
previously noted by Sreenivasan and Antonia.'® By assuming
the validity of the relation? E2=A4 + Br", the values of A4,
B, and n being those determined by calibration, the time
series for the fluctuating voltage was converted into a time
series for 7. Statistics of 7, relative to 7, were then computed
using a PDP 11/34 computer.

Results and Discussion

Root mean square values of 7, viz. 7/, obtained with the
long wire are shown in Table 1. Also included in this table is
U, and {*. The ratio 7’ /7 is essentially constant except for
the smallest value of R, where a slight decrease in relative in-
tensity is observed. Such a decrease was also observed!* in
the ratio #’/U, measured at y* =15 and was interpreted to
reflect a reduction in relative intensity of the large-scale mo-
tion of the flow.

The magnitude of 7'/F compares favorably with pre-
viously published data. For example, Eckelmann? reported
a value of 0.24 at Reynolds numbers of 2800 and 4100 in a
turbulent duct flow. Sreenivasan and Antonia!® obtained
0.25, also in a turbulent duct flow, over the range
6x10°<R,<1.2x10* Kreplin and Eckelmann?® obtained
0.25 for R,;=3900. Thomas® obtained 0.22 in a turbulent
boundary layer over the range 6.7X10°<R;=<10.1x10%.
Badri Narayanan et al.!* do not report values for 7’ /%, while
Chambers et al.'” present unusually low values in the range
0.057-0.065 (it is unlikely that they were caused due to a
high-pass cutoff frequency of 0.1 Hz). The reason for these
low values is not clear.

In Chambers et al.’s'? experiment, {* was in the range
22-98. For Badri Narayanan et al.’s" experiment, £* was
estimated, using information given in Badri Narayanan et
al.?® to be in the range 32-153. The average spanwise spacing
of low-speed streaks is about® 100 viscous lengths (1 viscous
length is equal to the ratio »/U,), independent of Reynolds
number. The average spanwise distance between low- and
high-speed streaks would appear® to be of order 50 viscous
lengths. Smith’s®! observations suggest that the spanwise ex-
tent of energetic near-wall eddies may be several times their
streamwise extent, typical estimates for the latter ranging
20-40 viscous lengths.? These considerations would suggest
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Fig. 3 Dependence of the VITA detection frequency on the integra-
tion time 7 a) wall scaling; b) outer scaling; ¢) mixed scaling (vertical
bar | indicates maximum uncertainty).

Table 1 Statistics of wall shear stress fluctuations

Ug,m/s U, m/s R, il 7'/5 1/ /UEx 10
2.4 0.13 3,300 6.1 0.23 7.4
5.0 0.25 7,000 1.7 027 6.31
8.2 0.39 11,500 182  0.29 6.06
12.2 0.55 17,100 257 0.29 5.57
15.1 0.67 21,100 31.3 0.29 5.31
19.3 0.83 27,000 387  0.28 5.05
23.3 0.97 33,000 453 0.27 4.63

that statistics obtained with wall shear stress probes with a
spanwise extent greater than about 40 viscous lengths will be
affected by spatial averaging. Johansson and Alfredsson’s!®
results for #’ tend to indicate that the spatial averaging ef-
fect on u’ becomes less important as the sublayer is ap-
proached; however, data for different f* are not shown for
y* <35, so that it would be difficult to extrapolate these
results to y=0. It is also not possible!? to extrapolate to y =0
the observation of Blackwelder and Haritonidis,> made at
y* =135, that f, is reduced for {* =20.

In light of previous considerations, measurements of
7 were made with a short wire so that {* was in the range
3-25 over the full range of R,. The values of 7"/7 agreed, to
within +4%, with those shown for the longer wire in Table
1. This result is at variance'#'%3 with the measured in-
fluence of f* on u’, measured at y* =15, and suggests that
spatial resolution effects are not as important within the
viscous sublayer as at y* =15. The observed independence
of 7/ /7 with £+, over the present range of {*, is in agreement
with the notion that the viscous sublayer is dominated by
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sweeps that have been observed (e.g., Ref. 32) to have larger
spanwise extents than ejections. Consequently, spatial
averaging effects are less important at the wall than at
y* =15, This is consistent with the conclusion, based on
measurements'*'¢ of the probability density function of u at
several values of y*, that spatial resolution effects on #’ and
higher-order moments of u# become less important as
sublayer is approached.

VITA has been applied to the shear stress fluctuations in
similar fashion to Chambers et al.!” A detailed description of
the method was given by these authors and the original
users® of the method. It is sufficient to recall that the out-
put D of the detection algorithm is unity when the following
conditions are satisfied:

72— 7> kr'? (1a)
or
>0
at (1%)

and is zero for other values of the digital time series.
The tilde represents a low-pass filtering operation with a
cutoff at 7-!, viz.,

t+T72

#en =] " r(s)as @

where 7 is understood here to be taken with respect to its
mean value. The second condition was included, as in the
case of Chambers et al.!” and Blackwelder and Haritonidis?
(VITA was applied to u at y™ =15), to focus the detection
on events with positive acceleration, presumably associated
with the occurrence of a sweep at the probe location. The
frequency with which the above detection criteria are
satisfied is identified with f,(=T,'). The magnitude of f,
depends critically on the choices of the threshold 4 and
averaging time 7. We have used the same value of k(=1)
selected in previous studies.®*'* Chambers et al.'” used a
much lower value of k(=0.3) to increase the number of
detections and improve the sensitivity to the total signal.
This was not considered necessary for the present investiga-
tion. We established that f, decreases exponentially with in-
creasing k as in the case of velocity fluctuations. %3 We also
noted that the normalization used by Blackwelder and
Kaplan®* to collapse ensemble averages of u for different
values of k£ was applicable to 7(k=0.3—2.5). Therefore, it
seemed justifiable to retain the same values of &k for the
analysis of shear stress fluctuations. Note that a duration of
60 s was sufficient for determining stable values of f,.

A short segment of the wall shear stress flu.tuations is
shown in Fig. 2a and the corresponding normalized variance
function (=%~ 72/7'?) and the output D of the detection
algorithm for the selected values of T and & are shown in
Fig. 2b and 2c, respectively.

Johansson and Alfredsson?®s recommended that, when in-
vestigating the scaling of the duration of VITA events, it was
important to consider the distribution of f, for various values
of T since the duration of the detected event is closely related
to T. We have followed this recommendation and distribu-
tions of f, are shown in Fig. 3 for the three types of scaling
over a wide range of 7.

The distributions of Fig. 3 have a tendency to collapse at
relatively large Reynolds numbers when the scaling is on either
the outer or mixed variables. The use of mixed variables brings
out a collapse at a smaller Reynolds number (R,=11,500)
than indicated by outer scaling (R, = 21,100). There is no sug-
gestion of an approach toward a universal distribution when
inner scaling is used. We also ascertained that the distributions
at the largest values of R, were not affected by wire length
since the distributions obtained with the short wire were iden-
tical to those shown in Fig. 3. The most probable value of f,
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occurs at TU,/d=0.8 or T(U2U,/vd)* =6. For comparison,
Johansson and Alfredsson® obtained a collapse only on
mixed variables and their most probable value of f, occurred
at T(U2U,y/vd)" =5 for y* =6.

Chambers et al.!” (also Blackwelder and Haritonidis®) con-
sidered the variation of f, with Reynolds number for only
one particular value of T, viz. T+ =10. The present distribu-
tions for a particular value of 7 (=13) are shown in Fig. 4.
Clearly, the conclusions that can be drawn from this figure
do not differ from those drawn in Fig. 3, although the use of

-only one particular value of 7% can result in a more am-

biguous interpretation of the data than is possible when the
results for all values of T+ are available (Fig. 3). The
magnitude of £, continues to decrease systematically as R,
increases, undermining previous suggestions®!'? that inner
scaling is more appropriate than outer scaling. It has been
suggested®® that the use of a particular value of T
normalized with inner variables may bias the outcome. We
found that normalizing 7 with either outer or mixed
variables did not alter the result. In each case, f, scaled bet-
ter on outer or mixed variables than on inner variables.

It is difficult to decide between outer and mixed scaling as
the most appropriate choice. Such a decision would require
independent evidence of the Reynolds number dependence of
the large structure of the flow. The best evidence we have!*
that such a dependence is real and should not be overlooked
when searching for an appropriate scaling is that such
Reynolds number effects are evident on distributions of
f,d/’Uy vs TU,/d obtained with a hot wire located in the
outer part of the duct, e.g., at y/d=0.3 or 0.5.

It is of interest to briefly examine the VITA conditional
averages, viz., the average signature of the events detected by
the VITA technique. Conditional averages of 7 are obtained,
subsequent to the identification of the detection instants 7,
using

N

(r()y=N=1 Y, (1, +1) 3

n=1

where Nis the total number of detections. The value of N used
to obtain the conditional averages varied 150-1500 over the
range of R,. Note that {r) contains information about the
amplitude of VITA events; therefore, it is not surprising that
the distributions (Fig. 5a) of {7)/7 vs tU?/v are essentially in-
dependent of R, since v’ /7 is essentially independent of R,,.
When outer variables are used (Fig. 5b), the maximum value
of (r)y/U% decreases with R,; at the largest Reynolds
numbers, the trend is toward a unique distribution, reflecting
the declining rate of U,/U, as R, increases. The conditionally
averaged distributions in Fig. 5 are in qualitative agreement
with those presented in a duct'” and in a boundary layer.?”%7 It
can be seen that (7) is almost constant before the sudden in-
crease at =0 (the detection instant), while the return of ()
toward an undisturbed state is rather slow.

The accuracy of zero-crossing frequency measurements can
be significantly influenced by various factors, such as the
dynamic range of the signal, the discriminator characteristics,
the filter frequency, and the possibility of noise contamina-
tion. Sreenivasan et al.’® discussed the dead-band effect of
their analog comparator, the comparator output being trig-
gered only when the signal level crosses this dead band. In the
present measurements, counting was carried out on the com-
puter, but the influence of an effective dead band of am-
plitude k£, on the number of crossings was examined at
various Reynolds numbers. A crossing was deemed to occur
only when the full width of this band was crossed. When the
crossing frequency is plotted as a function of k,, a significant
plateau was obtained near k; =0 at all Reynolds numbers.
Typically, the width of the plateau was about 0.47’. The
signal-to-noise ratio was also checked by examining the effect
of the filter cutoff frequency on f;,. A significant plateau was
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found, as in the experiments of Sreenivasan and Antonia!®
and Sreenivasan et al.®®, suggesting that the signal-to-noise
ratio was adequate.

The magnitude of T,U,/d continues to decrease as R, in-
creases (Fig. 6b) and exhibits a rather strong Reynolds number
dependence (~R,;~%%). This result is in agreement with the
findings of Sreenivasan et al.?® based on several measurements
of f, for y* <3, that T,U,/d~R;%7. It is in conflict with
Badri Narayanan et al.’s finding that f, scales on outer
variables and an earlier speculation by Sreenivasan and An-
tonia!® that T,U,/d may become constant at asymptotically
large Reynolds numbers.

Present measurements at y* =15 and at y/d=0.5 con-
firmed the strong Reynolds number dependence of T,U,/d.
This result is consistent with the equality between the zero-
crossing time scale A and the Taylor microscale A (in time), ir-
respective of location in the flow. The observed dependence of
T,U,/d on R, in the outer layer (~R,~%%) is consistent with
a R; % variation for N\/d (where A= U\, assuming Taylor’s
hypothesis to be valid) if we assume that production and
dissipation of turbulent energy are approximately equal. All
the previous observations corroborate the conclusion by
Sreenivasan et al.?® that the zero-crossing length scale contains
no more information than the Taylor microscale.

The weak dependence in Fig. 6a of T,U2/v on R, (~R;*")
also corroborates Sreenivasan et al.’s’® relation T U2/
v~ R)12, established over a wider range of R,. It is worth
briefly recalling the physical, although perhaps over-
simplified, explanation offered by these authors. Since a large
number of zero crossings is associated with small-scale fluc-
tuations, which are viscosity dependent, the zero-crossing fre-
quency should scale, to a large degree, on inner variables. The
weak R, dependence is no doubt due to a small number of
longer intervals associated with large structures.
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quency for T =13: a) wall scaling; b) outer scaling; ¢) mixed scaling
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The average frequency f; was determined by counting the
number of local peaks on computer plotted traces of 7, such as
shown in Fig. 2a. The magnitude of f; is usually, but not
always, slightly (=10%) larger than f,, but the Reynolds
number variation of f; is essentially identical to that of f, and
consequently the scaling trends established for f, are ap-
plicable to f,. This contrasts with Badri Narayanan et al.’s!*
finding that f,, scales on outer variables, whereas f, scales on
inner variables. The average frequency f; has also been in-
ferred from Eckelmann’s? traces of 7 (Fig. 4 of Ref. 25)in a
turbulent duct flow for three relatively small values of R,.
Eckelmann’s?’ values are also shown in Fig. 6b, the error bar
for these data representing the maximum variation in these
quantities inferred from the determination of f; on the basis
of 10 separate records of 7 (Fig. 6 of Ref. 25) at R, =4100.
The agreement between the present results and those of
Eckelmann® is reasonable considering the relatively short
record duration and small Reynolds numbers in Ref. 25.

Laufer and Badri Narayanan'® estimated T, from the long-
time autocorrelation of signals from a hot wire mounted flush
with the wall. More precisely, the extent of the second zero,
corresponding to the end of the negative portion of autocor-
relation curve was used to represent 7,. The average period T,
was found to scale on the outer variables (1800 < R, < 6000)
with T,U,/8=5 and T;=0.65 R)7. It should be noted that a
precise determination of T, from the autocorrelation curve is
difficult due to its wavy nature. In the present investigation,
the curves were smoothed to estimate 7,. The measurements
of T, for R;=7000 qualitatively support the conclusion of
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T =13: a) wall scaling; b) outer scaling; ¢) mixed scaling.
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Laufer and Badri Narayanan!® with T,U,/d=19(%4) and
T;~RY%7 (Fig. 7).

Fleischmann and Wallace® found that the product of the
mean period of organized structures, as obtained by different
investigators using various techniques, and the convection
velocity of these structures, is proportional to the shear layer
thickness. This result, which was based on data for boundary-
layer, pipe, and duct flows, was approximately independent of
the Reynolds number or of the flow location at which the
mean period is measured. The convection velocity, inferred
from space-time correlations of shear stress fluctuations, has
been shown*’ to be equal to about 0.5U, for the present R,
range, asymptoting to 0.6U, for R,>35,000. Fleischmann
and Wallace’s® proposal is therefore consistent with the outer
scaling observed for the present measurements of 7, and T,
but is not consistent with the scaling for T, or T;.

When viewed in the context outlined by Fleischmann and
Wallace,®® outer scaling implies the existence of spatially
coherent structures, perhaps in the form of hairpin eddies
that, although stretched across the shear layer, can be detected
at the wall. In support of this scenario is the reasonable agree-
ment between the present values of f, and those obtained, for
the same VITA parameters, at several locations in the same
flow.!4 For example, the present maximum value of f,d/Uj,
corresponding to 7U,/d=0.8, is about 0.11 for R,=21,100.
At y* =15 and y/d=0.5, the corresponding values are 0.12
and 0.08. This type of agreement tends to suggest that VITA
generally detects the same structures irrespective of location in
the shear layer, corroborating the physical picture of Fleich-
mann and Wallace.?® The decrease in the value of f,d/U, at

y=0.5d may reflect in part the likelihood that not all hairpin
eddies will stretch across the full width of the shear layer.?®

Conclusions

Estimates of the average frequency of detection obtained
by applying several methods to the wall shear stress fluctua-
tion, measured in a fully developed turbulent duct flow, in-
dicate conflicting trends for the scaling of this frequency.
The average frequencies inferred from VITA and from the
autocorrelations suggest that scaling on either outer or mixed
variables is more appropriate than scaling on inner variables.
Results for the average frequency of zero-crossings and of
local maxima rule out the possibility of outer scaling, but ex-
hibit a definite (albeit weak) dependence on Reynolds
number when inner scaling is used. We also have sufficient
evidence to suggest that the same trends will be obtained
when the different techniques considered here are applied to
the longitudinal velocity fluctuation, irrespective of location
in the shear layer. The disagreement between the present
trend for the VITA detection frequency and that obtained in
other investigations (e.g., Refs. 3 and 17) may be due to a
failure, in these investigations, to account for genuine depar-
tures at insufficiently high Reynolds numbers from the
Reynolds number similarity and for an insufficient spatial
resolution of the sensors. In this context, it would clearly be
desirable to extend the present investigation to a larger
Reynolds number range. We should also emphasize that,
unlike the results of Badri Narayanan et al.,'* f; and f; ex-
hibit nearly the same Reynolds number dependence. An
analogous behavior for f, and f; is easy to reconcile with
the close and physically plausible relationship that should ex-
ist between zero-crossings and local maxima of an instan-
taneous signal.

The apparent conflict between the Reynolds number trends
of, on one hand, f, or f, and, on the other hand, f; or fi, is
not too surprising when viewed in the context of the relatively
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complex interaction that presumably occurs between the inner
and outer regions of the shear layer. The interaction is in-
herent in the bursting process and, in particular, the manner in
which wall streaks interact with the outer region of the shear
layer. The wall shear stress fluctuation exhibits a low-
frequency component and a higher-frequency component with
a strong likelihood of a coupling between these two (e.g.,
Refs. 27 and 41). It is reasonable to expect f; or f; to weight
the higher-frequency part of the signal more strongly than the
low-frequency part. In this sense, the stronger leaning in Fig. 6
on inner than on outer scaling is not surprising. By contrast,
the stronger leaning in Fig. 4 on outer than on inner scaling
reflects the emphasis given by VITA detections on structures
that generally extend across the full width of the shear layer.
Although VITA suffers from the disadvantages of one-point
detection methods, there is a significant correlation between
VITA detections and a characteristic feature associated with
these structures (e.g., Ref. 8). The observation that the fre-
quency f, scales on outer variables (Fig. 7) reflects the
weighting of the low-frequency part of the shear stress signal,
presumably associated with these large structures via the
second zero-crossing of the long-time autocorrelation.

The results of Figs. 4, 6, and 7 suggest that mixed variables
may also be appropriate for scaling f,, f; or f, and f,. The
evidence for this is not strong and even larger Reynolds
numbers than could be considered here may be necessary
before definite statements can be made. No clear physical
meaning has been given to mixed scaling, except for the ten-
tative suggestion by Alfredsson and Johansson? that this scal-
ing reflects the interaction between the inner and outer
regions. As noted earlier and, as discussed in Kline,*? both the
outer and inner regions are likely to be important to the
dynamics of the flow. The geometric mean of inner and outer
time scales is presumably only one of the different scalings of
the mixed form that are possible. It would be unproductive to
explore these possibilities until a firmer assessment can be
made on the relative appropriateness of mixed and outer scal-
ing, noting that outer scaling need not necessarily exclude the
possibility of an interaction between the inner and outer
regions.
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