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POWER- AND CROSS-SPECTRA AND SPACE-TIME CORRELATIONS

OF SURFACE FLUCTUATING PRESSURES AT MACH

NUMBERS BETWEEN 1.6 AND 2.51

By Wei J. Chyu and Richard D. Hanly

Ames Research Center

SUMMARY

A study has been made of the statistical properties of pressure

fluctuations that were measured on surfaces adjacent to attached and separated

turbulent boundary layers developed on an ogive cylinder and on the cylinder

ahead of a 45 ° cone frustum. Power- and cross-spectra, space-time correla-

tions, convection velocities embracing both broad and narrow frequency bands,

and coherence of the pressure field are presented. The pressure field under

the attached boundary layer exhibits properties similar to those at subsonic

speeds shown by other investigators. Correlations and coherence functions

showed a strong dependence on Mach number. Convection velocities are nearly

constant with frequency in attached flow, but they vary greatly with frequency

in separated flow. Coherence functions are significantly lower in separated

flow than under attached boundary layers. Under both attached and separated

boundary layers the phase-shift relationship of cospectra and quadspeetra is

a function of wave number f¢i/Uc(f), where f, ¢i, and Uc represent

frequency, spatial distance, and convection velocity, respectively.

INTRODUCTION

The pressure fluctuations that occur on a surface adjacent to a turbulent

boundary layer arise from intricate and unsteady motions of fluid within the

boundary layer. The visual observation of the turbulent flows by Runstadler

et al. (ref. i) showed that these unsteady motions are erupted by the intermit-

tent ejections of momentum deficient fluid in the laminar sub layer. However,

there is considerable uncertainty as to the origin of these turbulent motions

and how they cause the pressure fluctuations.

To study the pressure fluctuations for incompressible flows, Kraichnan

(ref. 2) reduced the equations of continuity and motion to an equation of the

Poisson type. In this equation the pressure term is dependent on both the

turbulence-mean shear and turbulence-turbulence influence. Kraichnan (ref. 2)

and Lilley and Hodgson (ref. 3) calculated the power-spectral density under

the assumption that the turbulence-mean shear interaction exerts the main

influence on the pressure. Although the assumption seems to be justified by a

dimensional argument for the boundary layer, the predicted power-spectral

density does not agree quantitatively with experimental results. The

IThis report supersedes AIAA Paper 68-77.



phenomenonof pressure fluctuations viewed mathematically is therefore only
vaguely understood, and the approach to the problem has been mainly
experimental.

Pressure fluctuations in turbulent incompressible flows have been
studied extensively (see, e.g., refs. 4 through 13), but for the case of
supersonic attached turbulent flow only a few investigations have been
reported (refs. 13-17). In reference 13, Lilley extends the theory developed
by Kraichnan to the prediction of the root-mean-square intensity. Measure-
ments of pressure fluctuations under supersonic, separated turbulent flow
ahead of a forward-facing step have been reported by Speaker and Ailman
(ref. 17), who were concerned primarily with generalization of the experimen-
tal data for the use of vehicle designers, and by Kistler (ref. 18), who
dealt mainly with the characteristics and mechanismof the pressure field.
These investigations are very limited in scope in comparison to the well-
documentedpressure fluctuations in subsonic flow. Several important statis-
tical functions, such as power spectra, space-time correlations, narrow-band
convection velocities, and coherence functions still need to be investigated,
particularly in separated flow. These properties are important from the
standpoint of improving the understanding of the structure of turbulent flow,
and are also necessary for the computation of structural response, fatigue,
and interior noise of supersonic flight vehicles.

The unexplored properties of the surface pressure fluctuations in
attached and separated turbulent supersonic flows are the focus of the
investigation reported in this paper. The study of attached flow is
restricted to the case of zero pressure gradient, and the separated flow was
generated ahead of a 45° cone frustum. The primary emphasis is on new super-
sonic data that describe the characteristics and spatial relationship of the
pressure fluctuations, convection velocities of the pressure field, and the
distinction between these relationships in attached and separated flows.

SYMBOLS

Cf

Cp

c(L,f)

D

f

Af

Gx(f)

G(L,f)

local skin-friction coefficient

static-pressure coefficient

cospectral density function

diameter of cylinder

frequency, Hz

frequency bandwidth

power-spectral density function

cross-spectral density function



h

Z

M

p2

Q(__,f)

q

R

Rx ('r)

R(i,'r)

Y

t

U

UCB

Oc (f)

x s

x1

X2

X__(XI ,X2)

_1,_2

!(_1 ,_2)

Y

6

shoulder height of the cone frustum

longitudinal distance between the leading edge of the cylinder

and the shoulder of the cone frustum

Mach number

mean square value of pressure fluctuations

quadspectral density function

dynamic pressure

Reynolds number

autocorrelation function

cross-correlation function

averaging time

time

velocity in axial direction

broad-band convection velocity

narrow-band convection velocity

longitudinal distance measured upstream from the shoulder of the
cone frustum

longitudinal distance measured from the leading edge of the

cylinder

lateral distance measured from the line passing through the

longitudinal series of transducers

coordinate referring to location on surface

separation distances of pressure transducers in xl, x 2 directions

coordinate referring to separation distance of transducers

phase angle of cross-spectral density function

coherence function

boundary-layer thickness

displacement thickness of boundary layer
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T

T w

momentum thickness of boundary layer

delay time

local skin friction

norm

Subscripts

normalized quantity

quantity evaluated at free stream

APPARATUS AND TECHNIQUE

Wind Tunnel

Tests were conducted in the Ames 9- by 7-Foot Supersonic Wind Tunnel.

The facility is a continuous flow, variable pressure wind tunnel with a stag-

nation pressure range from 15 to 45 inches Hg. The Mach number is varied by

a sliding-block nozzle through a range from 1.55 to 2.6.

Model

Figure 1 is a sketch of the model used for this investigation and
illustrates typical flow at supersonic Mach numbers. The 10-inch-diameter

ATTACHED DETACHED FRUSTUM RECOMPRESSION

SHOCK SHOCK SHOCK

M®>:

ATTACHED SEPARATED

TURBULENT FLOW TURBULENT FLOW

ARRANGEMENT OF PRESSURE TRANSDUCERS FOR

CROSS- SPECTRAL ANALYSIS

O o

o O
0 0 0+25 in,
O0 4

0000000 _ 0

ogive cylinder with a 14-inch-diameter

axisymmetric ring and 45 ° cone frustum

was used to generate separated turbu-

lent flow upstream of the frustum.

The axisymmetric ring and frustum were

removed to study attached turbulent

flow on the clean ogive-cylinder con-

figuration. A boundary-layer trip of

0.0083-inch-diameter carborundum grit

was glued on the ogival nose to assure

complete development of an attached

turbulent boundary layer.

LLONGITU DINAL DISTRIBUTION

_A_ s_G_+E; II=3.+5DI

+t.+ 3.OD _+ _s-L_.+_-+-,:o.+'o

o+o. , ++
O.OOB:3 in. diom. GRIT D

3/4 in, WIDE STRIP

Figure I.- Description of model and supersonic

flow over the model.

Mean Static Pressures

For measurement of static-pressure

distributions, the model had approxi-

mately 240 pressure orifices distributed

over the ogive cylinder, the frustum,

and the axisymmetric ring. The pressure

measurements were made by standard

multiple-port Scanivalve instrumentation



and digital recorder. The static-pressure distributions for attached flow on
the ogive-cylinder configuration are not presented in this paper; however, it
was observed that there were no pressure gradients over the entire cylinder.

Boundary-Layer Profiles

Meanvelocity profiles of both the attached and separated boundary
layers were measuredwith traversing total-pressure probes. Probes were
located at Xl/D = 0.2, 0.5, 1.2, and 2.9 to determine the growth of the
boundary layer along the cylinder. Meanvelocity profiles were obtained at
different longitudinal positions in the separated flow by moving the cone
frustum (and corresponding region of separated flow) relative to the position
of the probe located at xl/D = 2.9. The velocity profiles were computedfrom
the total pressures and a static pressure adjacent to each probe, using
standard equations and assuming no variation existed in static pressure or
stagnation temperature across the boundary layer.

Local Skin Friction

Local skin-friction coefficients were calculated from experimental
momentumthicknesses by meansof equation (25) of reference 19. The calcu-
lated local skin-friction coefficients at Xl/D = 2.9 (the region where
pressure fluctuations were measured in attached flow) are shownin table I
along with corresponding boundary-layer and other flow parameters.

TABLEI.- FLOWPARAMETERSFORATTACHEDTURBULENTFLOWS

Moo

1.6

2.0

2.5

U_' q_'

fps psf

1536 895

1751 760

1942 543

Rxl0 -6

per ft

3.93

3.48

2.79

in. in.

0.612 0.125

.618 .142

.635 .155

Evaluated at

8, Cfxl03in.

0.055 2.00

.047 1.95

.O4O 1.88

Xl/D = 2.9

Static-Pressure Fluctuations

Transducers and installation.- The static-pressure fluctuations were

measured by 0.125-inch-diameter differential pressure transducers. The trans-

ducers, which utilize semiconductor strain gages for detection of pressure,

were mounted with the pressure-sensing diaphragms flush with the model

surface. The reference pressure tube on the back of each transducer was

connected to an adjacent static-pressure orifice through a coil of approxi-

mately I0 feet of 0.025-inch I.D. tubing. The length and size of tubing was

selected so that the attenuation of fluctuations in the reference pressure

would exceed 95 percent at frequencies above i0 Hz. The transducers were

5



spaced longitudinally between xl/D = 2.8 and 4.0 on the 10-inch-diameter
cylinder and on the cone frustum to obtain the overall distributions. A
group of closely spaced transducers was also oriented about xl/D = 2.9 for
the longitudinal and lateral spatial correlation measurements(fig. I). The
shoulder of the cone frustum was located at _ = 4.21D for measurementof
the overall distributions, and at I = 3.45 D for the space-time
correlation studies.

Related instrumentation.- The transducers were individually powered by

dc voltage supplies, and the output signals were amplified by single-ended

dc amplifiers. The resulting voltage time histories were tape recorded at a

speed of 60 in./sec. Frequency modulation, with center carrier frequencies

of 108 kHz, was used in the recording to achieve flat frequency response from

0 to 20 kHz. High-pass filters, which attenuated the voltage 3 dB at approx-

imately 5 Hz, could be switched into or out of the electrical circuits

between the amplifiers and the tape recorder. When fluctuating-pressure

data were recorded, the filtering was applied to eliminate the recording of

dc voltage variations.

Transducer calibrations.- The high-pass filters were switched out of the

electrical circuit to take advantage of the zero-frequency-response capability

of the system for pressure sensitivity calibrations. Daily checks of the

transducer sensitivities were made by applying ±I psi gage pressures through

the reference pressure tubing. Laboratory checks of the transducers prior to

model installation showed that thermal effects on the sensitivity could be

expected to be less than 2 percent for the temperature range of the tests.

Frequency response of transducers.- The frequency-response capability
of the transducers is considered to be acceptably flat up to 20 kHz. Natural

frequencies of the transducers ranged from 60 to 90 kHz. Frequency-response

calibrations have not been applied to 20 kHz. However, the damping of the

response of the transducer diaphragm-strain-gage combination was found to be

less than I0 percent of critical damping. The frequency response would

therefore be expected to be within 1 dB of flat response at 20 kHz, and phase

errors due to mismatching of the phase shift between applied pressure and

voltage output at 20 kHz would be expectedito be negligible.

Transducer size corrections.- Correctibns to account for the finite area

of the pressure-sensing diaphragm of the transducers were applied to the

power spectra of the pressure fluctuations in attached flow. The method

derived by Corcos et al. (ref. 20) was used. No corrections were applied to

the data obtained in separated flow.

Data reduction.- The definitions and methods for acquisition of the

statistical functions used to describe the properties of random pressure

fluctuations are briefly summarized below:

I. Root-mean-square pressure. The rms values of the pressure

fluctuations defined by _-Z = _oG(f)df were obtained by integrating the

power-spectral-density functions over the frequency range from l0 Hz to 20 kHz.

II



The results were checked with values obtained from rms meter readings. The

rms values were made dimensionless by dynamic pressure and by skin friction.

2. Power- and cross-spectra. The power- and cross-spectral densities

in the frequency range from i0 Hz to 20 kHz were obtained by a hybrid

analog-digital computing process (ref. 21) for a total of 106 frequency

points per spectrum measurement. They are defined as follows:

a. Power-spectral-density function

Gx(f ) -- lim 1 _ --fTpx2(t;f, Af)d t

-- Af÷0 (Af)T J0 --
T-_

where Px(t) denotes time history record of pressure fluctuations

measured--at location x; and p(t;f,Af) is that portion of p(t) in a

frequency range from f - Af/2 to f + Af/2.

b. Cross-spectral-density function

G(___,f) = C(C_,f) - jQ(__,f)

where the cospectral density C and quadspectral density Q are

defined as

and

c (G f) =
lim 1 fTpx(t;__ f, Af)px+ g (t; f,Af) dt

Af÷0 AfT

Q (___,f) = ".]/Tpx ( t;

1
i im

_ f, Af)px0+_ (t ;f, Af)dt
Af÷0 &fT

0
T-_o

p°+_(t;f,af) denotes a 90 ° phase shift from Px+$ (t ;f,af) •

normalized form,

norm

C(_,f)

Gx_(f Gx+¢ (f)] 1/2

and

In the

7



Q(_-'f) norm =
Q (¢, f)

Gx(f) Gx+¢ (f)] 1/2

The computing procedure applied corrections for phase errors introduced

by misalinement of the tape-recorder record and reproduce heads. The fre-

quency bandwidth Af and the average time T imposed on the analog during

the spectrum measurements are given in table II. The normalized standard

errors in the estimation of power- and cross-spectral-density function,

approximated by E _ i/d_-_ (ref. 22), are also tabulated in table II.

TABLE II.- OPEPATING PARAMETERS FOR THE HYBRID ANALOG-DIGITAL

ANALYSIS OF POWER- AND CROSS-SPECTRA

Frequency

range,
Hz

10-50

60-240

260-1,020

1,200-5,200

5,600-10,400

11,200-20,000

Frequency

bandwidth, 5f,

cps

2

10

40

200

400

8OO

Average

time, T,

sec

Number of

frequency

points

20

20

I0

2

2

2

21

19

20

21

13

12

Normalized standard

errors of power- and

cross-spectral densities,

percent

15.8

7.0

5.0

5.O

3.5

2.5

3. Correlation functions. The auto- and cross-correlation functions

are defined as:

a. Autocorrelation:

Rx[X)

b. Cross-correlation:

Y

= lim Px(t)Px(t + T)dt
T--_T -- _

0

Y

R(_,_) = lim If Px(t)Px+ E
-- Y+_ Y -0 -

(t + _)dt

In this paper, the correlation functions were obtained by applying an inverse

Fourier transform to power- and cross-spectral-density functions:

ooRx(_ ) = Gx(f)cos 2_fr df

8
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and

R(__,_) =f[C(__,f)cos 2_fx + Q(__,f)sin 2nfz]df

In the normalized form,

and

ax(T)

Rx (T) norm -
-- R (0)

X

R(C,T)
R(_,T)

- norm
R(_,O)

RESULTS AND DISCUSSION

Root Mean Square of Pressure Fluctuations

The effects of Mach number on root-mean-square intensities of the

pressure fluctuations in attached flows, made dimensionless by q_, are shown

in figure 2. The results of this investigation, while limited in Hach number
REF,

[] SPEAKER 8, AILMAN TUNNEL WALL f7

A BELCHER FLIGHT DATA 14

0 KISTLER B LAUFER 17

B _ WILLIAMS TUNNEL WALL 15

0 PRESENT DATA CYLINDER (xl/D = 2.9)

(2_
x

94

v2

0 ___1__ ....... I ___J__ I t

REF.

[] SPEAKER B AILMAN TUNNEL WALL 17

"'. BELCHER FLIGHT DATA 14

B 0 KISTLER 8, CHEN TUNNEL WALL t6

---- LILLEY THEORY 13

_. WILLIAMS TUNNEL WALL 15

0 PRESENT DATA CYLINDER {xJD = 2.9}

6 0 _ 0

I i I 1 J

0 I 2 3 4 5

M0o

Figure 2.- Mach number on root-mean-square pressure
fluctuation in attached flow.

range, are within the spread of data

from other investigators. The rms

value of pressure fluctuations varied

from _--_= 0.004 q_ to 0.002 q_ as
the Mach number was increased from

1.6 to 5.5. However, if the same rms

data are made dimensionless using

local skin friction, the result is an

inconsistent variation with Mach num-

ber. No definite explanation was

found for this discrepancy of

_---_/Tw for supersonic flows, but it

no doubt is associated with the

inaccurate predictions of the local

skin friction, and the possibility

that skin friction is associated only

with the high-frequency components of

the overall pressure fluctuations.

The longitudinal variations of

velocity profiles, mean static pres-

sures, and fluctuating pressures on

the surface of the cylinder ahead of

the cone frustum are shown in fig-

ures 3 and 4. These figures illus-
trate characteristic features of the
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Figure 3.- Separated turbulent flow ahead of cone frustum.
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Figure 4.- Longitudinal variation o£ steady and

fluctuating pressure in separated turbulent

flow.

flow in the vicinity of

separation and locally where the

spectra and correlation analyses

were conducted. The static pres-

sure, initially at the free-

stream value, increases rapidly

as the flow encounters the

detached frustum shock wave near

the separation point; it then

slowly approached a plateau as

the transition from the attached

to the separated flow is com-

pleted. After the plateau is

reached, the pressure starts to

increase immediately ahead of

the cone frustum. This trend is

similar to the results obtained

by Chapman et al. (ref. 23).

Characteristic features of the

pressure fluctuations can be
related to features of the static-

pressure distribution. The pres-
sure fluctuations increase

rapidly at the shock wave, reach-

a maximum p_--_/q_ _ 0.05 at
ing "( " in th)e
the point of inflectlon

static-pressure curve. In the

fully separated region, the

fluctuating pressure descends to

a plateau level corresponding to

the plateau region of the static-

pressure distribution. Immedi-

ately ahead of the frustum and

on the frustum, the pressure

fluctuations rapidly increase,

an effect caused by the abrupt

geometrical change of the surface.

The level of the pressure fluc-

tuations in the separated region

is significantly larger than

that in the attached flow

region.

Longitudinal-Cross-Spectral

Density and Coherence

Functions

The in-phase and out-of-phase

components of two time-history

records of pressure fluctuations

i0
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Figure 5.- Longitudinal cross spectra of pressure fluctuations.

can be described by cospectral and quadspectra] density functions. Figure S

shows normalized cross-spectra plotted against the wave-number parameter

fgl/Uc(f) for various separation distances in the longitudinal direction.
Harrison (ref. 8) applied the parameter fgl/U to subsonic attached flow at

M = 0.179; this investigation showed that it can also be applied to both

attached and separated supersonic flows, provided the velocity term is the

narrow-band convection velocity insteaA of the free-stream velocity. The

cross-spectra can be represented by damped sinusoidal waves, which can be

interpreted as a loss of identity of turbulent eddies and the development of

uncorrelated components as the eddies convect downstream.

The component of the power spectrum of the downstream pressure that is

correlated to the u_stream pressure can be depicted by the coherence function

y(!,f) = IG(_,f) 12/IG_(f)l Io_+L(f)l, which is plotted in figure 6 as a

function of fgl/Uc(f). The envelope of the coherence functions for various

spatial distances gl/6* decreases exponentially with increasing wave number.

For a given gl/8*, the coherence can be represented by the envelope only at

ll
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Figure 6.- Longitudinalcoherenceof pressure fluctuations.

high frequencies, the lower limits of which increase with increasing distance

between transducers. The envelope approaches unity as f_i/Uc(f) _ 0 or Cl ÷ 0

at finite f. Bull (ref. 5) showed that it is physically impossible for the

coherence to approach unity if f ÷ 0 at finite _I, since in that case low_

frequency components of the wall pressure would be coherent over infinite dis-

tance, For a given gl/_*, the coherence at low frequency decreases with

increasing Mach number, whereas the coherence at high frequency increases.

The variation of the envelope with Mach number is more significant in the

separated flow than in attached flow, with higher frequencies becoming better

correlated as Mach number is increased. The coherence also decreases more

rapidly with increasing spatial distance and frequency in separated flow than
in attached flow.

Correlation Functions

The space-time correlation between two time-history records of pressure
fluctuations can be described by the cross-correlation functions. Figure 7

shows the normalized correlation functions plotted against time • for

various longitudinal separation distances measured from the transducer loca-

tion Xl/D = 2.9. The decrease of the peak of the correlations with

12
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Figure 7,- Longitudinal space-time correlation

of pressure fluctuations.
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Figure 8.- Longitudinal space correlations in
attached and separated flows. Space-time
correlations, R(_I, 0, t) at time delay,

= _t/UcB or at the peaks of curves in
figure 7.

increasing _1 indicates the decay of

the turbulent eddies as they travel

downstream. For a given 'lach number
the correlation curves broaden with

increasing separation distance _1,

which indicates that the decay of the

low-frequency turbulent eddies is not

as rapid as that of high-frequency
eddies.

For a given _i/d*, the

correlation curves tend to sharpen with

increased Mach number. This implies

that the longitudinal correlation of

the high-frequency turbulent eddies

become more predominant with the

increasing Hach number, as also was
observed in the coherence functions.

For a given _I/8" and H , the
correlation curves in the attached flow

are significantly sharper than those in

the separated flows, indicating that
the correlation in the attached flow

is due to turbulent eddies whose fre-

quencies are higher than the eddies in

the separated flow.

Figure 8 shows the longitudinal

spatial correlations obtained when the

space-time correlations are referred to

coordinates moving with the correspond-

ing average convection velocity of the

turbulent eddies, and peak correlation

magnitudes at corresponding convection

times _I/UcB are plotted against the

separation distance KI/_*. The result

indicates that the longitudinal spatial

correlation in the attached flow was

significantly higher than that in the

separated flow, and also that the

effect of the Mach number on the spatial

spatial correlations was significant

for 1.6 < M < 2.0 but negligible for
2.0 < M < _,5.

oo

As shown in figure 9, lateral

spatial correlations, for the attached

flows were independent of the Mach num-

ber, whereas those for the separated

flows decreased with the increasing

Mach number.
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Figure 9.- Lateral space correlation of

pressure fluctuations in attached and

separated flows.
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Figure 10.- Variation of broad-band convection

velocity with separation distance in attached

flow.

Comparison of attached-flow

longitudinal and lateral spatial cor-

relations (figs. 8 and 9) with Bull's

data (ref. 5) indicates that the cor-

relation and decay of turbulence with

distance are similar for both sub-

sonic and supersonic flows.

Convection Velocity of Pressure Field

A bread-band convection velocity

is defined as the quotient of the

separation distance of transducers

and the time delay at the peak of the

cross-correlation. It represents the

average velocity of the turbulent
eddies that contribute most to the

production of wall-pressure fluctua-

tions. Figure 10 shows the broad-

band convection velocity of the

pressure field in the attached flows

as a function of separation distance

_i/6". The increase of the convection

velocity from 0.55 U to 0.8 U with

increasing gl/6* implies an outward

dispersion of the turbulent eddies

from the lower speed inner layers of

the boundary layer. This is the type

of flow visually observed in subsonic

flow by Runstadler et al. (ref. I).

The present measurements compare

favorably with the subsonic results

of Bull (ref. 5).

A narrow-band convection

velocity defined by 2_f_i/a(_l,f)(where

a(_l,f) = tan -l[Q(_l,f)/C(_,l,f)])

represents the convection velocity of a turbulent eddy traveling downstream

with frequency f. Figure ii shows the representative convection velocities

as a function of f_i/U .

For the attached flows, the convection velocities were constant for

frequencies above 5 kHz and were closely approximated by the broad-band

convection velocity. At frequencies below 5 kHz, the convection velocity

approaches unity. These results indicate that the higher frequency components

of the wall-pressure fluctuation must be caused by the turbulent eddies pre-

vailing near the wall, and that the lower frequency components were caused by

the turbulent eddies in the outer region of the boundary layer and/or by

free-stream turbulence. Since these trends agree with the visual observa-

tions (ref. l) for subsonic flow, it can be concluded that the mechanism of

14
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Figure 12.- Power spectra of pressure fluctuations.

the turbulence in a turbulent boundary

layer in supersonic flow is the same as
in subsonic flow.

For the separated flows, the
narrow-band convection velocities shown

in figure ii vary approximately from

0.2 U to 0.8 U within the frequen-

cies investigated. Thus, broad-band
convection velocities as determined

from cross-correlation functions cannot

be considered representative. The

variation of the convection speed, when

related to the boundary_layer profiles

shown in figure 3, indicates that the

primary source of the wall-pressure

fluctuations exists in the high shear-

force region from near the zero-

velocity line to the free-shear layer.

Since negative convective velocities

were not detected, turbulent eddies in

the reverse flow region apparently

contribute little to the wall-pressure

fluctuations.

Power-Spectral Density

The frequency content of the

pressure fluctuations by the power-

spectral density functions is shown in

figure 12 for both attached and sepa-

rated flows. Only the data measured

at Xl/D = 2.9 are presented; however,

they are representative of the power

spectra measured over most of the

separated region.

The power spectra for the

attached flows show a trend similar to

results obtained by Speaker and Ailman

(ref. 17) within the same frequency

range investigated. Their data were

chosen for comparison because their

aerodynamic parameters, shown in fig-

ure 12, best approximated those of the

present investigation. If the same

power-spectral density for the attached

flows are nondimensionalized with local

skin friction instead of q=, a some-

what closer similarity of the power

15



spectra for all the Machnumbers is obtained for f_*/U > 0.04. The
similarity at high frequencies supports the argument that the turbulence of
small high-frequency eddies is dominated by viscous forces that exist near the
wall where the local skin friction exerts the major influence.

In the case of separated flow, the power spectral densities were made
dimensionless by the displacement thickness ahead of the separation point.
The power spectra show that the pressure fluctuations were significantly
higher than in the attached flow, as was seen in the root-mean-square curve.
The high pressure fluctuations arise indirectly from the shear force necessary
to counterbalance the momentumdirected to the cone frustum. This is
inferred from the fact that the convection velocity Uc(f) of the pressure
field varies from 0.2 U_ to 0.8 U_ in the frequency range investigated.
The power spectra, madedimensionless by q_, collapsed into a single curve
at reduced frequencies f_*/U_ < 0.02. For fg*/U_ > 0.02, the power spectra
increased with increasing Machnumber. The convection velocity Uc(f) of the
turbulent eddies that predominates the power spectra at f_*/U_ < 0.02 is
approximately 0.8 U_. Therefore, these turbulent eddies must prevail where
the local flow is supersonic; hence they are sensitive to the variation of
Machnumber.

CONCLUSIONS

The study of statistical properties of pressure fluctuations measuredon
surfaces adjacent to attached and separated turbulent boundary layers dis-
closed the following:

1. The spatial relationship of the fluctuating pressures in attached
supersonic flow, such as cospectra and quadspectra, coherence functions,
cross-correlation functions, and broad-band convection velocities, is similar
to that shownby other investigators for subsonic flow.

2. Root-mean-square pressure fluctuations in attached flow made
dimensionless by dynamic pressure varied from 0.004 to 0.002 as Machnumber
was increased from 1.6 to 2.5.

3. The cospectra and quadspectra of pressure fluctuations in the
longitudinal direction can be expressed as a function of wave number for both
attached and separated flow. The cross-spectra in this form appear as damped
sinusoidal waves.

4. The coherence function, expressed as a function of wave number,
represents the sumof the squares of the normalized cospectra and quadspectrao
The envelopes for both attached and separated flows approach unity as spatial
distance of transducers approaches zero at finite frequency. The coherence
departs from this envelope at low frequency, indicating that the decay of
coherence with spatial distance is affected more at low frequencies than at
high frequencies.
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5. The longitudinal spatial correlation of the pressure field referring
to the coordinates moving with the corresponding convection velocity shows that
the correlation in the attached flow is significantly higher than that in the
separated flow.

6. For supersonic attached _low, the convection velocity as a function
of frequency was constant at frequencies above 5 kHz and could be closely
approximated by the broad-band velocity. At frequencies below 5 kHz_ the
convection velocity approached unity. These results indicate that the
higher frequency componentsof the wall-pressure fluctuation must be caused
by the turbulent eddies prevailing near the wall, and that the lower
frequency componentswere caused by the turbulent eddies in the outer region
of the boundary layer and/or by free-stream turbulence.

7. The variation of convection velocity with transducer separation
distance in attached flow indicates an outward dispersion of turbulent eddies
from inner layers of the boundary layer.

8. Convection velocities in supersonic separated flow vary greatly
with frequency, and thus the broad-band convection velocity as determined
from cross-correlation functions cannot be regarded as being representative.

9. The narrow-band convection velocities indicate that the main source
of the wall-pressure fluctuations in separated flow is in the high-shear flow
region in the stream direction. Since reverse convection was not detected_
turbulent eddies in the reverse flow region apparently contribute little to
the surface-pressure fluctuations.

AmesResearch Center
National Aeronautics and SpaceAdministration

Moffett Field, Calif., 94035, June 26, 1969
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