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Decay of Fluctuating Wall-Pressure Field
of Mach 5 Turbulent Boundary Layer

Ö. H. Ünalmis¤ and D. S. Dolling†

University of Texas at Austin, Austin, Texas 78712-1085

The � uctuating wall-pressure � eld of a nominally two-dimensional, zero-pressure gradient, adiabatic, turbulent
boundary layer on the � oor of a Mach 5 blowdown tunnel has been investigated experimentally. Various proce-
dures are examined for scaling the streamwise decay of the maximumcross-correlation coef� cient of the � uctuating
wall-pressure signals with increasing streamwise spacing. For small streamwise separations less than about � ve
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 de� nitive conclusion. The maximum cross-correlation coef� cient 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 coef� cient in the Mach 5 � ow, it appears that
turbulent structures are somewhat larger than those at Mach 3.

Nomenclature
d = transducer diameter
f = frequency, Hz
H = boundary-layershape factor, ´±¤=µ
h = pitot probe height above wall
M = Mach number
n = velocity power law exponent
P = instantaneouspressure
R[ ] = cross-correlationcoef� cient
Re = Reynolds number
Reµ = Reynolds number based on momentum thickness
T = temperature
U = local mean velocity
Uc = convection velocity
U¿ = friction velocity, ´

p
.¿w=½w/

X = streamwise coordinate
Y = vertical coordinate
Z = spanwise coordinate
1X = streamwise separation
1Y = vertical separation
1Z = spanwise separation
±0 = boundary-layervelocity thickness, .99U1
±¤ = boundary-layerdisplacement thickness
µ = boundary-layermomentum thickness
¸ = wavelength
º = kinematic viscosity
» = smallest separation between transducers,

0.115 in. (2.92 mm)
5 = wake strength
½ = density
¿ = time delay or shear stress
! = wave-number frequency, ´2¼ fc
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Subscripts

w = wall condition
0 = stagnation condition
1 = freestream condition

Superscript

C = normalized by boundary-layer inner variables

Introduction

O VER the past 40 years there have been many investigationsof
the � uctuating wall-pressure � eld 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 incompressibleor subsonic
� ows. Compared to that for the incompressibleboundary layer, the
database for the compressible boundary layer is rather sparse, and
therefore the properties of the � uctuating wall-pressure � eld for
compressible � ow are less clear. One essential reason for this is the
dif� culties (spatial resolution, bandwidth, etc.) of making accurate
measurements in high-speed � ows.

One distinguishing feature of supersonic/hypersonic boundary-
layer turbulence appears to be the long streamwise decay of the
large-scalestructures.The few available data suggest that the decay
distance increases with Mach number. Chyu and Hanly1 made � uc-
tuating wall-pressure measurements on an ogive cylinder at Mach
numbers from 1.6 to 2.5 and observed that for a � xed streamwise
separation distance between transducers the peak cross-correlation
coef� cientincreasedwith Mach number. It appearsthat thepressure-
producing eddies do not have enough time to lose their identities
and, consequently, remain coherent for wider separations. Owen
and Horstmann2 and Owen et al.3 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 ±0 .”

Experimental work by Smits et al.4 indicates that the turbulence
structure of subsonicand 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 � ows, and their shear stress content is dis-
tributed differently among the four quadrants.” A recent review by
Spina et al.5 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-layerstructureare 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 experimentshave been conductedat very high Reynolds
numbers, the majority of subsonic research has been at quite low
Reynolds numbers. Therefore, de� nitive statements about the dif-
ferences between subsonic and supersonic boundary layers are not
easy to make.

Other distinguishingfeaturesof supersoniclarge-scalestructures
are as follows. In a study at Mach 3, Spina et al.5 found that the
onset of intermittency was closer to the boundary-layer edge than
in incompressible � ow. 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 streamwisescales in the same bound-
ary layer were found to be about twice those of incompressible
turbulent boundary layers, which “seems to be the most signi� -
cant structural difference between the two � ows—incompressible
and compressible—yet found, although both Reynolds number and
compressibility could be responsible.”5

The primary objective of the current work was to examine the
� uctuating wall-pressure � eld 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 � uctuating 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 conducted in the Mach 5 blowdown
tunnel of the University of Texas at Austin. The constant-area test
section is 6 in. (15.2 cm) wide £ 7 in. (17.8 cm) high and has a
length of 12 in. (30.5 cm). Removable side doors allow access to
an instrumented � oor section. A total of about 140 ft3 (4 m3 ) 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 £ 106/m, respectively. The incoming turbulent boundary layer
undergoesnatural transitionand developsunder approximatelyadi-
abatic wall conditions.

Instrumentation
Fluctuating wall-pressuremeasurementswere 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,

dC .´ du¿ =ºw/ is about 120. Perforated screens above the di-
aphragms protect them from damage caused by any dust particles
in the � ow but limit the frequencyresponse of both models to about
50kHz.With theassumptionthat large-scalestructuresin the bound-
ary layer may range from 1 to 4±0 in extent, the characteristic fre-
quency range of these structures will be

U1

1–4±0
¼ 12–50 kHz

Fluctuating pitot-pressuremeasurements 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 protrudes0.05 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 centers is 0.165 in. (4.2 mm). The
second single probe projects through the tunnel � oor 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 � oor can be changed between two
runs. The center of the transducer could be placed vertically from
0.2 to 2.25 in. (0.51 to 5.72 cm) above the tunnel � oor.

All � uctuating 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 transducerswas ampli� ed by ei-

ther Dynamics (Model 7525), Vishay MeasurementsGroup (Model
2311), or PARC (Model 113) ampli� ers. The ampli� ed signals were
then � ltered using Ithaco (Models 4113 or 4213) analog � lters. The
� lter 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
measurementsandsmall streamwiseseparationshigh samplingrates
(up to 1 MHz) were used to providegood timing resolutionfor 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-bit resolution(Model6810waveformrecorders).
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: � uc-

tuating wall-pressure measurements and � uctuating pitot-pressure
measurements. A schematic of the various experimental arrange-
ments is given in Fig. 1. For � uctuatingwall-pressuremeasurements
a circularbrassplugwas installedwith its instrumentedsurface� ush
with the tunnel � oor. This plug has a row of 26 transducer ports on
its centerline,and the distancebetweenconsecutiveports is 0.115 in.
(0.292 cm ¼ 0:2±0/. With the help of two additionalsmaller plugsat
different locations in the � oor, it was possible to obtain data over a
range of streamwise separationdistances from 0.2 to 28±0 (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 4±0 (Fig. 1b). In addition, measurements were
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b)

c)

d)

e)

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

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

Single pitot experiments were conductedat several vertical loca-
tions from 0.3 to 4±0 (Fig. 1d). These data were used to determinethe
intermittencypro� le across the boundary layer.Two-pointmeasure-
ments were made using the double-tippedprobe at several stations
across the boundary layer. The inclinationangles of the large-scale
boundary layer were determined using these data.

Another set of pitot experiments employed the two independent
single-tippedpitot probes, one projecting through the � oor and the
other through the ceiling (Fig. 1e). 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 severalvertical
positionsinsideandoutsidetheboundarylayer.The purposeof these
experimentswas to determinethe spanwise lengthscale of the large-
scale boundary-layer structures within the boundary layer and the
reference no-correlation level in the freestream.

Mean Boundary-Layer Properties
The incoming velocity pro� le 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 pro� le. The pro� le is a good � t to a power law
with an exponent of n D 9:5, which is consistentwith a compilation
of data of n vs Reµ given by Settles.7 To determine the skin-friction
coef� cient C f and the wake strength parameter 5, the data were
� tted to the law of the wall/law of the wake using the method of
Sun and Childs.8 Good � ts were obtained, an example of which is
shown in Fig. 3 (Ref. 9). The boundary-layer thickness ±0 is based
on the height in the boundary layer where the mean velocity reaches
99% of the freestream value, unless speci� ed otherwise. Values of

Fig. 2 Boundary-layer velocity pro� le.

Fig. 3 Mean velocity pro� le in terms of u++ vs y++ (from Ref. 9).
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Table 1 Incoming boundary-layer parameters

Parameter Value

.±0/0:99U1 0.59 in. (1.50 cm)

.±0/0:99.½U /1 0.70 in. (1.78 cm)
±¤ 0.26 in. (0.66 cm)
H 10.2 (10.2)
5 0.78 (0.78)
Reµ 2:97 £ 104 (2:97 £ 104)
C f .£104/ 7.74 (7.74)

Fig. 4 Skewness coef� cient across boundary layer: ±±, Alving, incom-
pressible; 4 4 , 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).

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

The skewness coef� cient of the pitot-pressure � uctuations 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 � uctuating pitot-pressuredata.Also shown in Fig. 4 are the
results of Alving10 (incompressible), Spina11 (M D 3), and Owen
et al.3 (M D 7:2) obtained from hot wires. The skewness coef� -
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=±0 < 0:7. Although the pro� les for the incompressible,
Mach 3, and Mach 5 cases show similar trends in general, the Mach
7 data of Owen et al.3 have a different character: the skewness
has negative values up to Y=±0 ¼ 0:2, approximately zero value for
0:2 < Y=±0 < 0:7 and is then positive above Y=±0 ¼ 0:7 (also note
that for this data set the boundary-layerthickness±0 is de� ned as the
height in the boundary layer where the pitot pressure reaches 99%
of the local freestreamvalue2). One observationis that the skewness
pro� le of the Mach 7 data takes on positivevalues 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 � atness coef� cient pro� les across the boundary layer for
the same data sets are given in Fig. 5. Up to Y=±0 ¼ 0:6 the sub-
sonic data exhibit a � atness value of about 3 (Gaussian). Beyond
Y=±0 ¼ 0:6 the � atness coef� cient increases. In contrast, the super-
sonic and hypersonic data do not increase above approximately 3
until Y=±0 is about 0.9 or larger. Thus, the onset of intermittency in
supersonic/hypersonicboundary layers occurs farther from the wall
than in incompressible boundary layers. This result, which is also
reported in other studies,5;11;12 is one of the differencesbetween in-
compressible/subsonic and supersonic/hypersonic boundary-layer
� ows. Another form of presentation, shown in Fig. 6, is one in
which intermittency is de� ned as 3/� atness coef�cient. 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=±0 < 0:9.

Fig. 5 Flatness coef� cient across boundary layer.

Fig. 6 Boundary-layer edge intermittency de� ned as 3/(� atness coef-
� cient) (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±0 are shown in
Fig. 7a. The inclined dashed line in the � gure shows the location
of ¿ D 0 for each streamwise separation. For clarity, each curve is
shifted up by 0.1 units in R[1X; 0; 0 j ¿ ] relative to the one below
it. With increasingseparationdistancethe maximum correlationco-
ef� cient decreases in magnitude, and the time delay at maximum
cross-correlationcoef� cient increases.This behavior is as expected
and is a result of the pressure � eld gradually losing its coherence
as it convects downstream. In addition to the peak correlation co-
ef� cient 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 1X=±0 D 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 frequencydomain. 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,
obtainedby dividing the separationdistance1X by the time ¿max , at
which the maximum correlationoccurs.Data from other supersonic
studies1;11;13 are also shown, as are the subsonic results of Bull.14

Note that althoughUc=U1 asymptotes to the same value (¼0:9U1 )
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,
suggestingthat ±¤ is not the appropriatelength scale.Assuming that
large-scale, pressure-producingstructures will retain their identity
over a longer streamwise distance than small-scale structures and



1092 ÜNALMIS AND DOLLING

a) Wall–wall cross correlations

b) Corresponding coherence function plots

Fig. 7 Sample streamwise correlations.

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

that large-scalestructuresare centeredfartherfrom thewall andhave
higher convection velocities, larger separations should correspond
to higher convection velocities. An asymptotic value of 0.9U1 is
physically reasonable.

The decay of the maximum cross-correlation coef� cient in
terms of ±0 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 15–20±0 ), 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 availableat separations

Fig. 9 Decay of maximum cross-correlation coef� cient streamwise as
a function of D X/±0.

Fig. 10 Decay of maximum cross-correlation coef� cient spanwise as a
function of D Z/±0 .

greater than about 5±0 , thus the validity of ±0 as the proper length
scale is in question. In a broad sense the � rst observation is con-
sistent with Owen and Horstmann’s observation2 using hot wires at
Mach 7.2 that “the larger eddies persist for downstream distances
of the order of 50±0.” For the spanwise case (Fig. 10) the results of
the present study show that a correlationexists up to a separationof
2–3±0 . The agreementwith other supersonicdata from the literature
is good, although no other results appear to be available beyond
1Z=±0 ¼ 1:5. Because � uctuating pitot-pressure measurements by
the current authors15– 17 (and hot-wire data of Spina’s11 at Mach
2.9) show that the turbulent structure has a spanwise scale of order
0.5±0, this result is somewhat confusing. It raises the question of
whether the wall-pressurecorrelationat larger separations is 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 1Z=±0 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-correlationmagnitudewith increasingstreamwise separation,
which is the characteristic behavior of turbulent structures. How-
ever, the small, but nonzerovalue of the maximum cross-correlation
coef� cient for curves 2 and 4, and the fact that the decrease in
cross-correlationmagnitude is small as 1X=±0 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 � xed while the pair was
systematicallyshifted across the tunnel � oor. A very small, but sys-
tematic variationin the cross-correlationmaximum,with a periodof
about2±0, was observed.Based on the fact that a deliberatelycreated
vortex pattern (obtained using vortex generators of different types
placedupstreamof the transducerarray) causeda similarvariationin
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Fig. 11 Cross correlations for transducers separated spanwise and
streamwise.

Fig. 12 Decay of maximumcross-correlation coef� cient streamwise as
a function of D X/±0 for different bandwidths.

cross-correlationmaximum, it was inferred that there exists a weak,
naturally occurring vortex structure in the undisturbed tunnel � oor
boundarylayer.The suggestionwas made, but not proven, that these
naturally occurring vortex structuresmight be Görtler vortices.15;16

The long tail of the spanwise decay curve of the � uctuating wall-
pressure � eld may be related to this phenomenon.

Low/High-Frequency Components of the Wall-Pressure Field
ExaminationofFigs. 9 and10 raised thequestionofwhethersome

low-frequencyphenomenon in the � ow� eld (or in the recorded sig-
nals), which becomes relatively more signi� cant 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
� ow 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 � uctuating pressure signal was high-pass and low-pass � ltered.
Figure 12 shows the decay of the maximum cross-correlation co-
ef� cient of the pressure signal for two different frequency ranges:
(0–10-kHz) lowpassand (10–50-kHz)highpass.The physicaljusti-
� cation for this choice,as was statedearlier, is basedon the assump-
tion that large-scalestructuresin the boundarylayermay range from
1 to 4±0 in extent. In this sense the high-passcomponent re� ects the
pressure signals of the large-scale turbulent structures.

As can be seen in Fig. 12, the maximum correlationcoef� cient of
the high-frequencycomponent of the signal decays faster than the
low-frequency component. The decay curve for the un� ltered data
(0 –50 kHz) lies between the curves of the high-frequencyand low-
frequencycomponents. It appears that the earlier observationbased
on Fig. 9 (i.e., correlation exists up to 15–20±0) does not re� ect

Fig. 13 Decay of maximum cross-correlation coef� cient spanwise as a
function of D Z/±0 for different bandwidths.

Fig. 14 Maximumcross-correlation cof� cient streamwise as a function
of bandwidth: ±±, D X/± ¤ = 1:7; , D X/± ¤ = 8:2; , D X/± ¤ = 13:4; and

, D X/± ¤ = 16.

the lifetime of the large-scale structures, unless the extent of these
structures is far in excess of the 4±0 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 different decay characteristics.The digitally � ltered
data (20–50 kHz) indicate a decay distance of order 0.5±0 (de� ned
roughly by Rmax ¼ 0:1, as was also assumed by Spina), which is
consistentwith experimental� ow� eldmeasurementsusinghot-wire
pairs (such as those of Spina11 ) as well as with the � uctuating pitot
probe measurements by the current authors.15 – 17

The comments made about Fig. 12 are also supportedby Fig. 14
in which the maximum cross-correlationcoef� cient obtained in dif-
ferent frequency bands is plotted vs the center of that frequency
band. The � uctuating pressure signal, which has an analog fre-
quency range of (0–50 kHz), was band-pass-� ltered 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-
correlationcoef� cientwas determined.This procedurewas 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-correlationcoef� cient
as a function of Strouhal number !1X=Uc.!/. Instead of cen-
ter frequency fc the wave-number frequency ! . D2¼ fc/ is used.
The present Mach 5 data (including some additional results on a
� at plate) along with Bull’s subsonic data14 are plotted for various
separations. Although the R[1X; 0; 0 j ¿ ]max curves for different
separations do not collapse at small Strouhal numbers, they do so
at large Strouhal numbers. Thus, for higher values of !1X=Uc.!/,
two pressure-producingeddies of different sizes decay at the same
rate and generate the same correlationcoef� cient.The physicalsep-
aration distances over which the eddies lose their coherenceare dif-
ferent but are proportional to the wavelengths of the eddies. Bull
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Fig. 15 Decay of maximumcross-correlation coef� cient streamwise as
a function of Strouhal number.

reports this proportionality factor as 4 with the assumption that a
componentloses its identitywhen the correlationvalue 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 speci� c structure to survive large separations.From
the Uc=U1 vs 1X=±¤ plot (Fig. 8) a convection velocity of 0.9U1
seems appropriate. The correspondingwavelength of this structure
is then found to be

¸ D Uc.!/= f ¼ .700 m/s/=.10;000Hz/ D 0:07m ¼ 4:7±0

In Fig. 12 the maximum cross-correlation coef� cient is given for
different bandwidths. For an approximate decay length the (0–

10 kHz) bandwidth can be used. The value of R[1X; 0; 0 j ¿ ]max

falls to 0.05 at about 25±0 . Keeping in mind that only the 10 kHz
structure is of interest, the decay length could be approximatedwith
a reasonable 20±0. Thus, the corresponding decay length in terms
of wavelength of the structure of interest can be determined as

decay length ¼ 20±0 ¼ 4:3¸

Althoughtheproportionalityfactor4.3 is approximate,it is suf� cient
to suggest that the decay rules of the incompressible wall-pressure
� eld also apply to the Mach 5 wall-pressure � eld. 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 thickness is an appropriate length scale for
correlating the streamwise decay of the wall-pressure � uctuations.
In earlier work Dolling and Dussauge18 argued that the eddy life-
time or “turnover time” should be proportional to the timescale of
the turbulence given by 3=

p
u02 , where 3 is some length scale,

an integral scale perhaps, and
p

u02 a typical value of the velocity
� uctuations. For the majority of the � ows for which wall-pressure
� uctuationdata exist, such parametersare not documented,and thus
Dolling and Dussauge actually picked U¿ as the velocity scale and
±0 as the length scale of the energeticeddies. Results from a number
of studies1;19¡27 plotted as a function of .X=±0/.U¿ =Uc/ are shown
in Fig. 16. The data show considerablescatter.Accordingto Dolling
and Dussauge, the curves with relatively large values correspond to
cases that have limitedbandwidth.Dolling and Dussauge suggested
that the discrepancy between the data of Kistler and Chen20 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 � gure, are quite con-
sistent with the other supersonic data. However, from an overall
perspective the parameter .X=±0/.U¿ =Uc/ does not seem to be the
appropriate scale because of the large scatter between the curves.

The only way to reach a de� nitive answer regarding the validity
of ±0 alone as a length scale is through examinationof 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.

Fig. 16 Decay of maximum cross-correlation coef� cient streamwise
using scaling of Ref. 18.

Fig. 17 Decay of maximum cross-correlation coef� cient streamwise
using scaling of Bull14: , M = 5 (present, � oor); , M = 5 (present,
plate); 4 4 , M = 2:9 (Spina11); ££ , M = 0:5 (Bull); ++ , M = 0:3 (Bull); and
±±, M = 0:18 (Willmarth and Wooldridge28).

An alternative scaling parameter, based on wall variables, was
suggested by Bull.14 Bull noted that when he plotted his subsonic
data and the incompressibledata of Willmarth and Wooldridge28 in
this form there was a fairly good collapse (Fig. 17). The data of the
presentstudy along with Spina’s Mach 2.9 data11 are also plotted. In
both cases, º is evaluated at the wall. Although for incompressible
and subsonic data 1XU¿ =ºw seems to be an appropriateparameter,
it does not appear so for supersonic � ows. Although the friction
velocityU¿ andseparationdistance1X areusuallyof thesameorder
of magnitude in different supersonic � ows, ºw , which is a function
of Mach number M and stagnation pressure P0 , may differ by an
order of magnitude. For instance, although the wall temperature Tw

and ¹w are essentially the same in the current study and that of
Spina,11 the stagnation pressure differs by a factor of 5.

Flow� eld Measurements
Several � ow� eld experiments were conducted. They included

� uctuating pitot-pressure measurements using single- and double-
tipped pitot probes, a combinationof wall-pressure transducersand
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Fig. 18 Structure angle across boundary layer: , present, M =
5, D Y/±0 = 0:28, hot wire; , present, M = 5; D Y/±0 = 0:28, pitot; ±±,
Spina,11 M = 2:9; D Y/±0 = 0:09, hot wire; and 4 4 , Spina, M = 2:9;
D Y/±0 = 0:30, hot wire.

Fig. 19 Maximum cross-correlation coef� cient across boundary
layer: , present, M = 5; D Y/±0 = 0:28, hot wire; , present, M = 5;
D Y/±0 = 0:28, pitot; ±±, Spina,11 M = 2:9; D Y/±0 = 0:20, hot wire; and
4 4 , Spina, M = 2:9; D Y/±0 = 0:30, hot wire.

pitot probes, and two independent pitot probes at the same stream-
wise locationwith 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-tippedpitot probe signals. The structure angle
is given by

µ D tan¡1

³
1Y

Uc¿max

´

where 1Y is the vertical distance between probe tips, Uc is the
convection velocity, and ¿max is the time at which the maximum
correlation occurs. Figure 18 shows structure angles across the
boundary layer for the Mach 3 data of Spina11 and the presentMach
5 data. Because the structure angle is a function of the convection
velocity and the accuracy of ¿max , which is strongly in� uenced by
sampling frequency, there is some uncertainty in the values given.
Estimates for the current � uctuatingpitot-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 supersonicboundary 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 Spina11 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 .1Y=±0 ¼ 0:28/, whereas the

vertical hot-wire separationsin Spina’s work are 1Y=±0 ¼ 0:30 and
0.20.Examinationof the maximum cross-correlationcoef� cients 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 1Y=±0 ¼ 0:30 shows that
the maximum cross-correlationcoef� cient is higher for the Mach 5
� ow, suggestingthat the 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 28±0 and spanwise separations up to 4.5±0 . These
data, in conjunction with data from other studies (all with smaller
rangesof transducerseparations), have been examinedin an attempt
to determine the parameter(s) that correlate the decay of the maxi-
mum cross-correlationcoef� cient of the pressure signal pairs. The
sparseness of the database has made this task particularly dif� cult
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
� ve boundary-layer thicknesses, the maximum correlation coef� -
cient can be collapsed in terms of separation distance divided by
boundary-layer thickness. The maximum cross-correlation coef� -
cient for incompressible,subsonic,and supersonicboundary 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 structureconvectionvelocitywithin thatnarrowband.For larger
separations the database is too sparse to draw a de� nitive conclu-
sion. The large spanwise decay distance of the maximum cross-
correlation coef� cient appears to be related to a weak, naturally
occurring vortex pattern, possibly Görtler 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-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-correlationcoef� cient in the Mach 5 � ow, turbulent struc-
tures appear to be somewhat larger than those at Mach 3.
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