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Decay of Fluctuating Wall-Pressure Field
of Mach S Turbulent Boundary Layer

O. H. Unalmis* and D. S. Dolling’
University of Texas at Austin, Austin, Texas 78712-1085

The fluctuating wall-pressure field of a nominally two-dimensional, zero-pressure gradient, adiabatic, turbulent
boundary layer on the floor of a Mach 5 blowdown tunnel has been investigated experimentally. Various proce-
dures are examined for scaling the streamwise decay of the maximum cross-correlation coefficient of the fluctuating
wall-pressure signals with increasing streamwise spacing. For small streamwise separations less than about five
boundary-layer thicknesses, the available data from this and other studies can be collapsed in terms of stream-
wise distance normalized by boundary-layer thickness. For larger separations the database is too sparse to draw
a definitive conclusion. The maximum cross-correlation coefficient for incompressible, subsonic, and supersonic
boundary layers can be collapsed in terms of a Strouhal number, for Strouhal numbers greater than about 5. In
this case the Strouhal number is based on streamwise separation distance, narrowband frequency, and structure
convection velocity within that narrow band. Fluctuating pitot-pressure measurements were also made and ana-
lyzed in conjunction with hot-wire data obtained in the same facility and with hot-wire experiments at Mach 3.
The boundary-layer large-scale structure angles, spanwise scale, and intermittency distributions agree well with
results at Mach 3. Based on the higher values of the cross-correlation coefficient in the Mach 5 flow, it appears that

turbulent structures are somewhat larger than those at Mach 3.

Nomenclature

= transducer diameter

= frequency, Hz

= boundary-layershape factor, =§* /0

= pitot probe height above wall

= Mach number

= velocity power law exponent

= instantaneous pressure

= cross-correlationcoefficient

= Reynolds number

= Reynolds number based on momentum thickness

= temperature

= local mean velocity

= convection velocity

= friction velocity, =/(t /0w)

= streamwise coordinate

= vertical coordinate

= spanwise coordinate

= streamwise separation

= vertical separation

= spanwise separation

= boundary-layervelocity thickness, .99U,

= boundary-layerdisplacement thickness

= boundary-layermomentum thickness

= wavelength

= kinematic viscosity

= smallest separation between transducers,
0.1151n. (2.92 mm)

= wake strength

= density

= time delay or shear stress

= wave-number frequency, =27 f,
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Subscripts

w = wall condition

0 = stagnation condition

oo = freestream condition

Superscript

+  =normalized by boundary-layerinner variables

Introduction

VER the past 40 years there have been many investigationsof

the fluctuating wall-pressure field under a turbulent boundary
layer. These studies have provided the theoretical background and
experimental data needed for the solution of some challenging en-
gineering problems, such as the prediction of cabin noise produced
by the boundary layer on an aircraft fuselage. To date, most of the
experimental studies have been done in incompressible or subsonic
flows. Compared to that for the incompressible boundary layer, the
database for the compressible boundary layer is rather sparse, and
therefore the properties of the fluctuating wall-pressure field for
compressible flow are less clear. One essential reason for this is the
difficulties (spatial resolution, bandwidth, etc.) of making accurate
measurements in high-speed flows.

One distinguishing feature of supersonichypersonic boundary-
layer turbulence appears to be the long streamwise decay of the
large-scale structures. The few available data suggest that the decay
distance increases with Mach number. Chyu and Hanly' made fluc-
tuating wall-pressure measurements on an ogive cylinder at Mach
numbers from 1.6 to 2.5 and observed that for a fixed streamwise
separation distance between transducers the peak cross-correlation
coefficientincreased with Mach number. It appearsthat the pressure-
producing eddies do not have enough time to lose their identities
and, consequently, remain coherent for wider separations. Owen
and Horstmann® and Owen et al.> made extensive two-point cross-
correlation measurements with hot wires at Mach 7.2 and from
space-time correlations concluded that “larger eddies persist for
downstream distances of the order of 50 §,.”

Experimental work by Smits et al.* indicates that the turbulence
structure of subsonic and supersonicboundary layers differ in some
interesting ways, such as in the streamwise length scales derived
from space-time correlations, in the intermittency function, and in
the dynamics of the large-scale structures. They noted that “the
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large-scale structures in the subsonic boundary layer also appear to
move slightly slower, and lean more towards the wall, than those
observed in supersonic flows, and their shear stress content is dis-
tributed differently among the four quadrants?” A recent review by
Spina et al.’ discusses what is known and what is not known about
supersonic turbulent boundary-layer structure. They point out that
for moderate Mach numbers the outer region of the boundary layer
is dominated by the entrainment process rather than by turbulence
production, and therefore the available studies of supersonic turbu-
lent boundary-layerstructure are primarily relevant to the processes
by which the boundary layer grows. This is in contrast to subsonic
boundary-layer studies, where the focus has largely been on the
near-wall turbulence production processes. Additionally, whereas
supersonic experiments have been conducted at very high Reynolds
numbers, the majority of subsonic research has been at quite low
Reynolds numbers. Therefore, definitive statements about the dif-
ferences between subsonic and supersonic boundary layers are not
easy to make.

Other distinguishingfeatures of supersoniclarge-scalestructures
are as follows. In a study at Mach 3, Spina et al.’ found that the
onset of intermittency was closer to the boundary-layer edge than
in incompressible flow. The average structure angle ranged from
45 to 60 deg across most of the Mach 3 boundary layer with a
decrease near the wall and an increase near the boundary-layer
edge. They also report that, based on hot-wire results and schlieren
photography, the structures convect downstream at approximately
90% of the freestream velocity, and outer-region space-time cor-
relations suggest that the spanwise extent of the largest eddies in
the Mach 3 turbulent boundary layer is approximately half of the
boundary-layerthickness. The streamwise scales in the same bound-
ary layer were found to be about twice those of incompressible
turbulent boundary layers, which “seems to be the most signifi-
cant structural difference between the two flows—incompressible
and compressible—yet found, although both Reynolds number and
compressibility could be responsible”

The primary objective of the current work was to examine the
fluctuating wall-pressure field under a Mach 5 turbulent boundary
layer. Of particular interest is the “turnover” time (or “lifetime”)
of the large, pressure-generating structures and appropriate meth-
ods for scaling their streamwise decay. In addition, to assist in the
explanation of the results and for comparison with data from other
compressible boundary layers (notably the work at Mach 3 and 7
just discussed), single and dual-channel fluctuating pitot pressures
were measured, and hot-wire data obtained in the same facility were
examined.

Experimental Program

Wind-Tunnel and Flow Conditions

All of the experiments were conductedin the Mach 5 blowdown
tunnel of the University of Texas at Austin. The constant-area test
section is 6 in. (15.2 cm) wide x 7 in. (17.8 cm) high and has a
length of 12 in. (30.5 cm). Removable side doors allow access to
an instrumented floor section. A total of about 140 ft* (4 m?) of
compressed air is provided by a Worthington HB4 four-stage com-
pressor and stored in external tanks at a pressure of about 2500 psia
(17.24 MPa). Two 420 kW banks of nichrome wire resistive heaters
located upstream of the stagnation chamber heat the incoming air
to the desired stagnation temperature, which is measured by a Type
J thermocouple. The stagnation pressure and temperature for the
present experiments were 325 psia (2.24 MPa) (£1%) and 356 K
(£1%), respectively. With these stagnation conditions stable run
times of up to 1 min could be obtained. The freestream Mach num-
ber, velocity, and unit Reynolds number were 4.95, 768 m/s, and
48 x 10°/m, respectively. The incoming turbulent boundary layer
undergoesnatural transition and develops under approximately adi-
abatic wall conditions.

Instrumentation

Fluctuating wall-pressure measurements were made using Kulite
Semiconductor Products, Inc., Model XCQ-062-15A and XCQ-
062-50A transducers. These transducers have a nominal outer di-
ameter of 0.0625 in. (0.159 cm) and a pressure-sensitivediaphragm
of 0.028-in. (0.071-cm) diam. Based on transducer outer diameter,

d* (=du,/v,) is about 120. Perforated screens above the di-
aphragms protect them from damage caused by any dust particles
in the flow but limit the frequency response of both models to about
50kHz. With the assumptionthatlarge-scalestructuresin the bound-
ary layer may range from 1 to 44, in extent, the characteristic fre-
quency range of these structures will be

Us
1-48,

~ 12-50kHz

Fluctuating pitot-pressure measurements were made using three
different probe designs: two single-tipped probes and a double-
tipped probe. One of the single-tippedprobes and the double-tipped
probe could be inserted into the test section through the tunnel ceil-
ing and moved vertically during a run. This allows a user to take
multiple segments of data at different vertical positions in a single
run. The manual drive mechanism provides 1 in. of travel per 40
turns. A dial gauge, which is accurate to 0.001 in. (0.025 mm), was
used to determine probe position. A Kulite Model XCQ-062-100A
miniature pressure transducer installed in a tapered stainless-steel
tube was used in the single probe. Its tip protrudes 0.05 in. (1.3 mm)
upstream of the steel tube.

The double-tipped probe has two Kulite Model XCQ-062-50A
miniature pressure transducers. The installation of the transducers
is the same as that of the single probe just described. The vertical
separation between the probe tip centersis 0.165 in. (4.2 mm). The
second single probe projects through the tunnel floor and has a
shaft of wedge cross section (wedge angle is smaller than 5 deg)
to help minimize interference. This probe cannot be moved during
a run, but its height above the floor can be changed between two
runs. The center of the transducer could be placed vertically from
0.2 to 2.251in. (0.51 to 5.72 cm) above the tunnel floor.

All fluctuating pressure transducers were calibrated statically at
least on a daily basis, using a Heise digital pressure gauge (Model
710A) accurate to 0.001 psia.

Data Acquisition

Output from the Kulite pressure transducers was amplified by ei-
ther Dynamics (Model 7525), Vishay Measurements Group (Model
2311), or PARC (Model 113) amplifiers. The amplified signals were
then filtered using Ithaco (Models 4113 or 4213) analog filters. The
filter cutoff was generally set at 50 kHz, although some additional
tests were made at lower settings. For large streamwise transducer
separations low sampling rates (200 kHz) were chosen to capture
more common “events” over the longer time duration. For spanwise
measurementsand small streamwise separationshigh samplingrates
(up to 1 MHz) were used to provide good timing resolution for cross
correlations. The signal-to-noiseratio was about 100 in most of the
cases but overall ranged from 50 to 150.

Data were acquired using two LeCroy analog-to-digital (A/D)
converterswith 12-bitresolution(Model 6810 waveformrecorders).
Each A/D converter has 4 megabytes of memory and can sample
one channel of data at rates up to 5 MHz or four channels of data
simultaneouslyat rates up to 1 MHz per channel. The two A/D con-
verters can acquire data from eight channels simultaneously when
triggered using the same clock. In the current work usually either
262,144 or 524,288 data points per channel were acquired. All data
analysis was performed on an HP 9000 Series 380 computer.

Test Program

The experiments can essentially be divided into two parts: fluc-
tuating wall-pressure measurements and fluctuating pitot-pressure
measurements. A schematic of the various experimental arrange-
ments is givenin Fig. 1. For fluctuating wall-pressure measurements
acircularbrass plug was installed with its instrumented surface flush
with the tunnel floor. This plug has a row of 26 transducer ports on
its centerline,and the distance between consecutiveportsis 0.115in.
(0.292 cm & 0.25,). With the help of two additional smaller plugs at
different locations in the floor, it was possible to obtain data over a
range of streamwise separationdistances from 0.2 to 285, (Fig. 1a).
Rotating the circular plug by 90 deg made it possible to perform
spanwise measurements and obtain data over a range of spanwise
spacings from 0.2 to 48, (Fig. 1b). In addition, measurements were
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AY=0.5, 1, 2.5, 4§,

Fig.1 Schematic of experiments: a), b), and ¢) show fluctuating wall-
pressure measurements; and d) and e) show fluctuating pitot-pressure
measurements.

also obtained using transducers separated in both streamwise and
spanwise directions (Fig. 1¢).

Single pitot experiments were conducted at several vertical loca-
tions from 0.3 to 45, (Fig. 1d). These data were used to determine the
intermittency profile across the boundary layer. Two-point measure-
ments were made using the double-tipped probe at several stations
across the boundary layer. The inclination angles of the large-scale
boundary layer were determined using these data.

Another set of pitot experiments employed the two independent
single-tipped pitot probes, one projecting through the floor and the
other through the ceiling (Fig. le). The tips of the transducers in
these two probes were located at the same streamwise and vertical
position, and the spanwise separation distance between the probes
was changedfor each experiment. This was done for several vertical
positionsinside and outsidethe boundarylayer. The purpose of these
experiments was to determine the spanwise length scale of the large-
scale boundary-layer structures within the boundary layer and the
reference no-correlationlevel in the freestream.

Mean Boundary-Layer Properties

The incoming velocity profile derived from pitot probe measure-
ments is shown in Fig. 2 (Ref. 6). Static pressure and total tem-
perature were assumed constant through the boundary layer in the
computation of this profile. The profile is a good fit to a power law
with an exponent of n =9.5, which is consistent with a compilation
of data of n vs Re, given by Settles.” To determine the skin-friction
coefficient C; and the wake strength parameter I, the data were
fitted to the law of the wall/law of the wake using the method of
Sun and Childs.3 Good fits were obtained, an example of which is
shown in Fig. 3 (Ref. 9). The boundary-layer thickness &, is based
on the heightin the boundary layer where the mean velocity reaches
99% of the freestream value, unless specified otherwise. Values of

+ McClure

U =(y/3g) S

/8

u/U,,
Fig. 2 Boundary-layer velocity profile.
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Fig.3 Mean velocity profile in terms of u™ vs y* (from Ref. 9).
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Table1 Incoming boundary-layer parameters

Parameter Value

0.591in.(1.50 cm)
0.701in.(1.78 cm)
0.26 in. (0.66 cm)

(80)0.99U+
(80)0.99(pU) oo
8*

H 10.2(10.2)
u 0.78(0.78)
Reg 2.97 x 10* (2.97 x 10%)
Cr(x10% 7.74(7.74)

Skewness
-

-2

Y78,

Fig. 4 Skewness coefficient across boundary layer: o, Alving, incom-
pressible; A, Spina, M =2.9 (hotwire); ®, present, M =5 (hotwire); —-,
present, M =5 (lower pitot); - - -, present, M = 5 (upper pitot); and [,
Owen et al., M = 7.2 (hotwire).

several undisturbedturbulentboundary-layerparameterson the tun-
nel centerline at approximately the center of the instrumented plug
are given in Table 1.

The skewness coefficient of the pitot-pressure fluctuations thro-
ugh the boundary layer is shown in Fig. 4. The results were cal-
culated using signals from the double-tipped probe, thus the solid
and hatched curves provide a measure of the repeatability of the
measurements. Hot-wire data obtained in the same boundary layer
were also analyzed and are also shown in Fig. 4. They agree well
with the fluctuating pitot-pressuredata. Also shown in Fig. 4 are the
results of Alving!® (incompressible), Spina!! (M =3), and Owen
etal3 (M =17.2) obtained from hot wires. The skewness coeffi-
cient is negative across most of the boundary layer in the incom-
pressible case. At Mach 3 and 5 the skewness is slightly positive
for 0 <Y /8y <0.7. Although the profiles for the incompressible,
Mach 3, and Mach 5 cases show similar trends in general, the Mach
7 data of Owen et al.® have a different character: the skewness
has negative values up to Y /§, ~ 0.2, approximately zero value for
0.2 <Y /38y < 0.7 and is then positive above Y /8, ~ 0.7 (also note
that for this data set the boundary-layerthickness §, is defined as the
height in the boundary layer where the pitot pressure reaches 99%
of the local freestream value?). One observationis that the skewness
profile of the Mach 7 data takes on positive values at approximately
the same station at which the Mach 3 and Mach 5 data take on
negative values. The reason for this discrepancy is unknown.

The flatness coefficient profiles across the boundary layer for
the same data sets are given in Fig. 5. Up to Y /8, ~ 0.6 the sub-
sonic data exhibit a flatness value of about 3 (Gaussian). Beyond
Y /80 = 0.6 the flatness coefficient increases. In contrast, the super-
sonic and hypersonic data do not increase above approximately 3
until Y /&, is about 0.9 or larger. Thus, the onset of intermittency in
supersonichypersonicboundary layers occurs farther from the wall
than in incompressible boundary layers. This result, which is also
reportedin other studies,’*!"!2 is one of the differences between in-
compressible/subsonic and supersonichypersonic boundary-layer
flows. Another form of presentation, shown in Fig. 6, is one in
which intermittency is defined as 3/flatness coefficient. Note that
the supersonic and hypersonic data, irrespective of the measuring
techniques and Mach numbers, seem to collapse quite well for the
region 0.5 <Y /8, <0.9.

15 T

Q Alving, incompressible
1251 A\ Spina, M=2.9

’ @ Present, M=5 (hotwire) A

— Present, M=35 (lower probe)
10 [ - - Present, M=5 (upper probe)
0O Owen et al. M=7.2

Flatness
~
wn

Y78,

Fig.5 Flatness coefficient across boundary layer.
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Fig. 6 Boundary-layer edge intermittency defined as 3/(flatness coef-
ficient) (legend as in Fig. 5).

Wall-Pressure Field

Streamwise and Spanwise Length Scales

Cross correlations of the wall-pressure signals for six stream-
wise separation distances ranging from 0.2 to 20.9§, are shown in
Fig. 7a. The inclined dashed line in the figure shows the location
of T =0 for each streamwise separation. For clarity, each curve is
shifted up by 0.1 units in R[AX, 0, 0] 7] relative to the one below
it. With increasing separationdistance the maximum correlation co-
efficient decreases in magnitude, and the time delay at maximum
cross-correlationcoefficient increases. This behavioris as expected
and is a result of the pressure field gradually losing its coherence
as it convects downstream. In addition to the peak correlation co-
efficient becoming smaller, the curves lose their sharp peaks and
become broader. The corresponding coherence function curves are
given in Fig. 7b. (Note that for clarity the curve for AX /8§, =16.2
is not shown.) Although coherence, which is a measure of the de-
gree of linear correlation between two signals, does not give any
information on nonlinear relationships, it provides a qualitative in-
terpretationof the correlationin the frequency domain. As the sepa-
ration distance increases, the maximum coherencedecreases,and at
large separation distances only the very lowest frequencies remain
coherent.

Figure 8 shows the normalized broadband convection velocity,
obtained by dividing the separationdistance A X by the time 7, at
which the maximum correlationoccurs. Data from other supersonic
studies" '3 are also shown, as are the subsonic results of Bull.!*
Note that although U,/ Uy, asymptotes to the same value (%0.9U,)
for the Mach 2.9 and Mach 5 data sets the streamwise separation
in terms of §* at which this occurs differs by a factor of about 3,
suggesting that §* is not the appropriatelength scale. Assuming that
large-scale, pressure-producing structures will retain their identity
over a longer streamwise distance than small-scale structures and
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9 T T
curve AX/3,
1 0.2
558
7 / 1 13
/ 5 16.2
/ 6 20.9

R [AX, 0, 0 It}

T [ms]

a) Wall-wall cross correlations

6r

Coherence

f [kHz]

b) Corresponding coherence function plots

Fig.7 Sample streamwise correlations.

1 T T
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9 <><><><> ° [ 1
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< Tran, M=2.9
6P O Chyu & Hanly, M=2.5 |
H O Bull, M=0.3
5 . ‘ ‘
0 20 40 60 80
AXs8

Fig. 8 Normalized convection velocity as a function of normalized
streamwise spacing.

thatlarge-scalestructuresare centered farther from the wall and have
higher convection velocities, larger separations should correspond
to higher convection velocities. An asymptotic value of 0.9U, is
physically reasonable.

The decay of the maximum cross-correlation coefficient in
terms of §, in the streamwise and spanwise directions is given in
Figs. 9 and 10, respectively. From Fig. 9 two observations can be
made immediately. First, a correlation exists for large streamwise
separations (up to 15-203,), and second, there is good agreement
with other supersonic data at small separations. As far as the au-
thors are aware, no other supersonicdata are available at separations

.8 1
% i -+ Present, M=5
,_E 6 % /\ Spina, M=2.9 B
£ H O Chyu& Hanly, M=2.5
g O Chyu & Hanly, M=2.0
ﬁ 4l O Chyu & Hanly, M=1.6
a4
27 % l
0 R S
0 10 20 30
AX/8,

Fig. 9 Decay of maximum cross-correlation coefficient streamwise as
a function of AX/éy.

: :
.6 ’4 1
) \A @ Present, M=5
g ! A\ Spina, M=2.9
B 4t gA O Chyu & Hanly, M=2.5
g7 O Chyu & Hanly, M=2
= “ < Chyu & Hanly, M=1.6
= \
® af .‘B 1
0 f'"“--‘——ﬂun_
0 2 4

AZ/5,

Fig. 10 Decay of maximum cross-correlation coefficient spanwise as a
function of AZ/§.

greater than about 5§, thus the validity of §, as the proper length
scale is in question. In a broad sense the first observation is con-
sistent with Owen and Horstmann’s observatior? using hot wires at
Mach 7.2 that “the larger eddies persist for downstream distances
of the order of 508,.” For the spanwise case (Fig. 10) the results of
the present study show that a correlation exists up to a separationof
2-368y. The agreement with other supersonicdata from the literature
is good, although no other results appear to be available beyond
AZ /8y~ 1.5. Because fluctuating pitot-pressure measurements by
the current authors'®~!7 (and hot-wire data of Spina’s!! at Mach
2.9) show that the turbulent structure has a spanwise scale of order
0.58y, this result is somewhat confusing. It raises the question of
whether the wall-pressure correlation at larger separationsis gener-
ated by turbulent structures or some other mechanism(s). This same
question is also raised by Fig. 11, which shows cross-correlation
results for four different situations. Two of the curves (1 and 3)
are from transducers separated streamwise only whereas the other
two (2 and 4) are from transducers separated streamwise and span-
wise. The normalized spanwise separation AZ/§, for curves 2
and 4 is 1.6. Comparison of curve 1 with curve 3 shows no un-
usual features; as was just described, there is a rapid decrease in
cross-correlationmagnitude with increasing streamwise separation,
which is the characteristic behavior of turbulent structures. How-
ever, the small, but nonzero value of the maximum cross-correlation
coefficient for curves 2 and 4, and the fact that the decrease in
cross-correlation magnitude is small as AX/§, increases from 2.5
to 8.9 suggests that the cause is probably not turbulent structures.
This issue was addressed by the authors in a separate experimental
study, the results of which are reported in Refs. 6 and 15-17. In
brief, an experiment was conducted in which the spanwise sepa-
ration between two transducers was held fixed while the pair was
systematically shifted across the tunnel floor. A very small, but sys-
tematic variationin the cross-correlationmaximum, with a period of
about2§,, was observed.Based on the fact that a deliberatelycreated
vortex pattern (obtained using vortex generators of different types
placedupstreamofthe transducerarray) causeda similar variationin
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curve AX/3y AZ/d,
1 2.5 0
2 2.5 1.6
st 3 89 o0
4 89 1.6

RI[AX, 0, AZIT]

T [ms]

Fig. 11 Cross correlations for transducers separated spanwise and
streamwise.

0O M=5, [0-10kHz)
(digital filtered)

A M=5, [10-50 kHz] R
(digital filtered)

o

R[AX, 0, 01T] ax
~

¥ 4
8

5&@5

® M=5, [0-50 kHz]
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. D
fee 33|
0 1
4] 10 20 30
AX/3,,

Fig.12 Decay of maximum cross-correlation coefficient streamwise as
a function of AX/4 for different bandwidths.

cross-correlationmaximum, it was inferred that there exists a weak,
naturally occurring vortex structure in the undisturbed tunnel floor
boundarylayer. The suggestionwas made, but not proven, that these
naturally occurring vortex structures might be Gortler vortices.!> 16
The long tail of the spanwise decay curve of the fluctuating wall-
pressure field may be related to this phenomenon.

Low/High-Frequency Components of the Wall-Pressure Field

Examinationof Figs. 9 and 10raised the questionof whethersome
low-frequency phenomenon in the flowfield (or in the recorded sig-
nals), which becomes relatively more significant with increasing
separation distance, may contribute to the correlation at larger sep-
arations. First, to determine whether electronic noise in the data
acquisition system played any role at all, data were taken without
flow in the test section. There was zero correlation between any
pairs of spanwise-positioned transducers. Second, to explore the
relative contributions of the high- and low-frequency components,
the fluctuating pressure signal was high-pass and low-pass filtered.
Figure 12 shows the decay of the maximum cross-correlation co-
efficient of the pressure signal for two different frequency ranges:
(0-10-kHz) low pass and (10-50-kHz) high pass. The physicaljusti-
fication for this choice, as was stated earlier, is based on the assump-
tion thatlarge-scalestructuresin the boundarylayer may range from
1 to 44, in extent. In this sense the high-passcomponentreflects the
pressure signals of the large-scale turbulent structures.

As canbe seenin Fig. 12, the maximum correlation coefficient of
the high-frequency component of the signal decays faster than the
low-frequency component. The decay curve for the unfiltered data
(0-50 kHz) lies between the curves of the high-frequency and low-
frequency components. It appears that the earlier observationbased
on Fig. 9 (i.e., correlation exists up to 15-203,) does not reflect

8 T
« O M =35, Present Study |
o
,_,E § @ ana. filtered (0-50 kHz)
X \ O dig. filtered (0-12 kHz)
D ab Adig. filtered (12-50 kHz) ]
s ‘6 o} O dig. filtered (20-50 kHz)
s | %
~ (e}
20 . e} |
E
LW
0 DA 2 %% -0 -.9.9¢|
0 2 4
A7/,

Fig. 13 Decay of maximum cross-correlation coefficient spanwise as a
function of AZ/§ for different bandwidths.

R [AX, 0, Olt] 0

O L L L L
0 10 20 30 40 50

S [kHz]

Fig.14 Maximum cross-correlation cofficient streamwise as a function
of bandwidth: o, AX/§*=1.7; @, AX/6* =8.2; [1, AX/6* =13.4; and
W, AX/6* =16.

the lifetime of the large-scale structures, unless the extent of these
structures is far in excess of the 4§, just used. The same analysis
was performed for the spanwise case (Fig. 13), and the results show
that low-frequency and high-frequency components of the signal
also have very differentdecay characteristics. The digitally filtered
data (20-50 kHz) indicate a decay distance of order 0.5§, (defined
roughly by R & 0.1, as was also assumed by Spina), which is
consistentwith experimentalflowfield measurementsusing hot-wire
pairs (such as those of Spina'') as well as with the fluctuating pitot
probe measurements by the current authors.! 17

The comments made about Fig. 12 are also supported by Fig. 14
in which the maximum cross-correlationcoefficient obtained in dif-
ferent frequency bands is plotted vs the center of that frequency
band. The fluctuating pressure signal, which has an analog fre-
quency range of (0-50 kHz), was band-pass-filtered with a band-
width of 5 kHz. Thus, the data were divided into 10 different fre-
quency bands, namely, (0-5 kHz), (5-10 kHz), etc. For each band
conventional time series analysis was applied, and the peak cross-
correlationcoefficient was determined. This procedure was repeated
for several transducer separations. As the separation increases, the
correlation becomes increasingly dominated by the low-frequency
component of the signal.

This approach of dividing the pressure signal into 10 narrow-
band frequency ranges was also employed in Fig. 15, which shows
the streamwise decay of the maximum cross-correlationcoefficient
as a function of Strouhal number wAX/U,.(w). Instead of cen-
ter frequency f, the wave-number frequency w (=2nf,) is used.
The present Mach 5 data (including some additional results on a
flat plate) along with Bull’s subsonic data'* are plotted for various
separations. Although the R[AX, 0,0 t]n.x curves for different
separations do not collapse at small Strouhal numbers, they do so
at large Strouhal numbers. Thus, for higher valuesof wAX /U, (w),
two pressure-producingeddies of different sizes decay at the same
rate and generate the same correlation coefficient. The physical sep-
aration distances over which the eddies lose their coherence are dif-
ferent but are proportional to the wavelengths of the eddies. Bull
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Fig.15 Decay of maximum cross-correlation coefficient streamwise as
a function of Strouhal number.

reports this proportionality factor as 4 with the assumption that a
componentloses its identity when the correlation value falls to 0.05.
The value of 4 wavelengths is quite consistent with the results of
the current work. For example, consider a component of the wall-
pressure signal whose frequency is 10 kHz. This frequency is low
enough for this specific structure to survive large separations. From
the U./ Uy vs AX/8* plot (Fig. 8) a convection velocity of 0.9U,
seems appropriate. The corresponding wavelength of this structure
is then found to be

A= U.(w)/f ~ (700m/s)/(10,000Hz) = 0.07m ~ 4.75,

In Fig. 12 the maximum cross-correlation coefficient is given for
different bandwidths. For an approximate decay length the (0-
10 kHz) bandwidth can be used. The value of R[AX, 0, 0| T]max
falls to 0.05 at about 25§,. Keeping in mind that only the 10 kHz
structureis of interest, the decay length could be approximated with
a reasonable 208,. Thus, the corresponding decay length in terms
of wavelength of the structure of interest can be determined as

decay length ~ 205, ~ 4.3A

Althoughthe proportionalityfactor4.3 is approximate,itis sufficient
to suggest that the decay rules of the incompressible wall-pressure
field also apply to the Mach 5 wall-pressure field. Figure 15 shows
that a common curve is valid for incompressible, subsonic, and
supersonic data for Strouhal numbers above about 5.

Length-Scale Issues

One of the questions raised earlier was whether or not the
boundary-layervelocity thicknessis an appropriate length scale for
correlating the streamwise decay of the wall-pressure fluctuations.
In earlier work Dolling and Dussauge'® argued that the eddy life-
time or “turnover time” should be proportional to the timescale of
the turbulence given by A//u’?, where A is some length scale,
an integral scale perhaps, and /u’? a typical value of the velocity
fluctuations. For the majority of the flows for which wall-pressure
fluctuation data exist, such parameters are not documented, and thus
Dolling and Dussauge actually picked U, as the velocity scale and
8o as the length scale of the energeticeddies. Results from a number
of studies!*~?" plotted as a function of (X /8,)(U, /U.) are shown
in Fig. 16. The data show considerablescatter. Accordingto Dolling
and Dussauge, the curves with relatively large values correspond to
cases that have limited bandwidth. Dolling and Dussauge suggested
that the discrepancy between the data of Kistler and Chen?® and
the data of other studies might be due to a low signal-to-noiseratio
of these measurements for which the reported rms values are the
largest. The present data, also given in the figure, are quite con-
sistent with the other supersonic data. However, from an overall
perspective the parameter (X /o) (U, /U.) does not seem to be the
appropriate scale because of the large scatter between the curves.

The only way to reach a definitive answer regarding the validity
of §, alone as a length scale is through examination of detailed data
from different boundary layers. Unfortunately, as far as the authors
are aware, no single investigation using common instrumentation
with an adequate bandwidth has been made.

RAX, 0, Oitlax

(AXUD/SyU)
Present study M =495 u]
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Fig. 16 Decay of maximum cross-correlation coefficient streamwise
using scaling of Ref. 18.
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Fig. 17 Decay of maximum cross-correlation coefficient streamwise
using scaling of Bull'*: e, M =5 (present, floor); B, M =5 (present,
plate); A, M =2.9 (Spina'l); x, M =0.5 (Bull); +, M =0.3 (Bull); and
0, M =0.18 (Willmarth and Wooldridge?).

An alternative scaling parameter, based on wall variables, was
suggested by Bull.!* Bull noted that when he plotted his subsonic
data and the incompressible data of Willmarth and Wooldridge®® in
this form there was a fairly good collapse (Fig. 17). The data of the
presentstudy along with Spina’s Mach 2.9 data!! are also plotted. In
both cases, v is evaluated at the wall. Although for incompressible
and subsonic data AX U, /v, seems to be an appropriate parameter,
it does not appear so for supersonic flows. Although the friction
velocity U, and separationdistance A X are usually of the same order
of magnitude in different supersonic flows, v,,, which is a function
of Mach number M and stagnation pressure Py, may differ by an
order of magnitude. For instance, although the wall temperature 7,
and u, are essentially the same in the current study and that of
Spina,!! the stagnation pressure differs by a factor of 5.

Flowfield Measurements
Several flowfield experiments were conducted. They included
fluctuating pitot-pressure measurements using single- and double-
tipped pitot probes, a combination of wall-pressure transducersand
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Fig. 18 Structure angle across boundary layer: M, present, M =
5, AY/3p=0.28, hot wire; ®, present, M =5, AY/§, =0.28, pitot; o,
Spina,'! M=2.9, AY/5,=0.09, hot wire; and A, Spina, M =2.9,
AY/dy=0.30, hot wire.
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Fig. 19 Maximum cross-correlation coefficient across boundary
layer: W, present, M =5, AY/§,=0.28, hot wire; e, present, M =5,
AY/8) = 0.28, pitot; o, Spina,'! M =2.9, AY/§), =0.20, hot wire; and
A, Spina, M =2.9, AY/§, = 0.30, hot wire.

pitot probes, and two independent pitot probes at the same stream-
wise location with different spanwise and vertical separations. Hot-
wire data that had been obtained in the same facility were also
analyzed.

The average angles of the turbulent structures across the outer
region of the boundary layer were deduced using the dual normal
hot-wire and double-tipped pitot probe signals. The structure angle

18 given by
( )
6 tan
LC Tmax

where AY is the vertical distance between probe tips, U, is the
convection velocity, and t,,, is the time at which the maximum
correlation occurs. Figure 18 shows structure angles across the
boundary layer for the Mach 3 data of Spina!! and the presentMach
5 data. Because the structure angle is a function of the convection
velocity and the accuracy of Ty, Which is strongly influenced by
sampling frequency, there is some uncertainty in the values given.
Estimates for the current fluctuating pitot-pressuredata, which were
acquired at 1 MHz, indicate that the uncertainty is £3 deg in the
worst case. Thus, it is fair to say that Mach 3 and Mach 5 data are in
reasonably good agreement. Also the results of hot-wire measure-
ments in the same Mach 5 boundary layer support this result (with
an uncertainty of £5 deg, the same as that of Spina’s). Overall, it
appears that in supersonic boundary layers the large-scale structure
angles in the outer region of the boundary layer vary from about
40-60 deg, with larger values toward the edge.

Cross-correlation maxima from the current Mach 5 study and
those of Spina'' at Mach 3 are plotted in Fig. 19. For the current
study the vertical separations between the tips of the probes and
the wires are approximately the same (AY /§, = 0.28), whereas the

vertical hot-wire separationsin Spina’s work are AY /8, ~ 0.30 and
0.20. Examination of the maximum cross-correlationcoefficients at
Mach 5 shows that there are some substantial differences between
pitot and hot-wire cross-correlation maxima especially toward the
edge of the boundary layer. A comparison of the Mach 5 and Mach
3 hot-wire data for a vertical spacing of AY/§, ~0.30 shows that
the maximum cross-correlationcoefficient is higher for the Mach 5
flow, suggestingthatthe turbulentstructuresin the Mach 5 boundary
layer are somewhat larger than those at Mach 3.

Conclusion

Fluctuating wall-pressure measurements have been made under
a Mach 5 turbulent boundary layer for streamwise transducer sep-
arations of up to 284, and spanwise separations up to 4.58y. These
data, in conjunction with data from other studies (all with smaller
ranges of transducerseparations), have been examined in an attempt
to determine the parameter(s) that correlate the decay of the maxi-
mum cross-correlation coefficient of the pressure signal pairs. The
sparseness of the database has made this task particularly difficult
and highlight the need for additional experimental data in differ-
ent boundary layers. Nevertheless some conclusions can be drawn
from the available data. For streamwise separations less than about
five boundary-layer thicknesses, the maximum correlation coeffi-
cient can be collapsed in terms of separation distance divided by
boundary-layer thickness. The maximum cross-correlation coeffi-
cient for incompressible, subsonic, and supersonic boundary layers
can also be collapsed in terms of a Strouhal number, for Strouhal
numbers greater than about 5. In this case the Strouhal number is
based on streamwise separation distance, narrow-band frequency,
and structure convectionvelocity within thatnarrow band. For larger
separations the database is too sparse to draw a definitive conclu-
sion. The large spanwise decay distance of the maximum cross-
correlation coefficient appears to be related to a weak, naturally
occurring vortex pattern, possibly Gortler vortices induced in the
wind-tunnel nozzle. Experimental investigation of such a phe-
nomenon will be extremely challenging, particularly if the vortex
pairs meander, as has been observed at lower speeds. Fluctuating
pitot-pressure measurements were also made and analyzed in con-
junction with hot-wire data obtained in the same facility and with
hot-wire measurements at Mach 3. The boundary-layerlarge-scale
structure angles, spanwise scale, and intermittency distributions
agree well with results at Mach 3. Based on the higher values of
the cross-correlationcoefficient in the Mach 5 flow, turbulent struc-
tures appear to be somewhat larger than those at Mach 3.
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