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ABSTRACT

Conical shaped vehicles with high ballistic coefficients are subjected during re-entry, to
intense fluctuating air pressures which result in high internal sound and vibration levels.As a result of these high vibration levels, internal components can be adversely affected.
In order to insure reliability, vibration test criteria are predicted based on limited

experimental data at high Mach numbers and generally result in conservatism of the
design. This program using prior experimental data and high Mach number data obtained
in the present contract, reviews existing analytical expressions necessary to define
aeroacoustic loads associated with high beta re-entry vehicles and recommends analytical
expressions for transitional, fully developed turbulent, separated and base flow.
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SYMBOLS
C = Skin friction coefficient

f

C = Static pressure coefficient

d = Base diameter

f = Frequency cycles per second

h = Step height

h r Recovery enthalpyr

h = Wall enthalpy
w

L = Scale of base turbulence

M = Mach number

P = Static pressure

P = Prandtl Number
r

P r ps ' = Rot mean square acoustic pressure

q = Dynamic pressure

= Heat transfer

SR e= Reynolds number p. r ft.

R -Local wetted length Reynolds number
e s

R = Nose radius
n

R ) = Broad-band space time correlation

R Q(, j, Narrow band space time correlation coefficient
pp

r = Base radius

r = Defined in equatio~i 4e

r.= Recovery fartor

S = Apparent wake cone surface length
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SYMBOLS (Continued)

(S-X S) = Distance from shock wave to sensor

t = Time

T = Temperature

T = Temperature of wallw

U = Velocity

U = Velocity at edge of laminar flow region sublayer

u(f) = Convection velocity - narrow band

Uc , Ucb = Convection velocity, broad band convection velocity

VT = Effective tr-ansport velocity

x = Longitudinal distance measured upstream from shoulder of
cone frustum

a= Angle of attack

= Ratio of specific heats

= Coherence function

= = Boundary layer thickness

6 = Boundary layer displacement thickness

i= Lateral separation distance between two points (•normal to flow)

= Bouidawy Luyer Momentum thicknoss

= Cone half angle

= Coefficient of viscosity

Longitudinal separation distance between two points (in
direction of flow)

p Denlsity

= Frequency - radians per second
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SUBSCRIPTS

b =Base

e = Quantity evaluated at boundary layer edge.

o Stagnation conditions

G •-Quantity evaluated at free stream

s = Quantity evaluated at a wetted length s

t Quantity evaluated at end of transition
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SECTION I

INTRODUCTION

Dhiri.g re-entry into the earth's atmosphere, vehicles are subjected to intense fluctuating
aerodynamic pressures. As a result, significant vibration response can occur, affecting
the performance of components within the vehicle. In order to accurately assess this
probl.em, A is necessary to define the nature of the acoustic environment for various
aerodynamic flows with vehicles during re-entry. This has become more important as
mission requirements have resulted in higher velocities at relatively lower altitudes.

The purpose of the program undertaken in the present study was to measure the aeroacous-
tie environment on. the surface of a smooth, conical body and use the results to upgrade
current analytical formulations. The experiments were conducted at Mach 4, 8, and 10
for several values of free stream Reynolds number, angle of attack and three bluntness
ratios.

For the vwrio.As t-anne" coi.Ations and model attitudes fluctuating pressure measurements
were made in fully turbulent flow and at the base of the test vehicle. Two other areas
iniescigated were pressure fluctiation in the transition region where flow changes from
laminar to turbulent flow %id separated flow resulting from angles of attack equal to the
-cone half anile oi the test vehicle. A •uificient amount of acoustic sensors were located
on the vehicle to define fluctuUt4g pressure levels acting along the vehicle,



SECTION Ii

CONCLUSIONS AND RECOMMENDATIONS

The following formulae are recommended to describe the acoustic magnitude, spectra

and cross Spectra and cross spectra coefficients for various flow conditions:

1. ATTACHED TURBULENT BOUNDARY LAYER

Magnitude

Prms 0.007 (3)
l e = ' - 2 (Tol.12 d2B)
e + re f-_1) Me

2

where re = (1- U/Ue)(r 1 + l/U) (4)

or p 0.006
rms ____

r2s M2 5 (Tol. 2 dB) (6)(le I + .14 Me

P rms0.002 ,M ; (5t . 2 dB)qe 1 +0.02M2
cle

Spectra

S() =26 p2 1 (I

rU rms 2

Cross Spectra coefficients

A, (, w) exp (-0.72141 l [0.3+0.7exp (-0'5--j (2)]

A (4. = exp(-0. 11U w)exp (-0. 034

U016

(The above coefficients are expressions for the cross spectra Eqs. 16, 17).

2



2. TRANSITIONAL BOUNDARY LAYER FLOW

Magnitude

P 0.0041
rms

qe 1 + 0.013 Me 2  (Tol. -2 dB) (46)

Spectra

4 (t Prms

1 + 2 f6t /Uf 6t2

Cross Spectra coefficients

A~ (, d exp(-.2v j [0.3 + 0.7exp :iihl)1

At 1 ) O p-.1 Q, w,) e) oxp (-0.034 ) (21)
C 6*

3. SEPARATED FLOW (1)

(Lkcpansiou Inducod Separated Flow)

Magnitudo

P1 0.045
-- l- -= + - lTo l. .4 d B ) (27

Spoetra
2

5.9 6 /Uc P rms

p (29~)3

3



Cross Spectra Coefficients

f• -3
An ( = exp (-.75n),- <6 x 10

e e

0.3 f6 x 10 -3

= exp [-0.75 ] , U6 x 10 (36)

6 x1-3 U1 e Ue

f h 6x1-3
At (t,-•e) = exp (0.75t), Ue 6x10

Ue Ue

= exp -0.75 1 6x 10- 3 -S6x10" (35)

f6

- exp (-1.5),-. 6 x 10 2
U

4. BASE FLOW

Magnitudo

P rm b -0.01 Mb 2

Sb2 (Tol. i 2 dB)(
Pb 1 +0.04 Mb

Spoctra

2d p 2

MUb [ (df )2)

L b

CrosSpec43tra Function

-u
(2) rmsbe d J (61)

4



No significant angle of attack effects were observed (pressure srectra or acoustic magnitude)
on pressure fluctuation measurements made in fully developed turbulent flow, however, the
transition region on the test vehicle changed location as predicted.

The increase in the RMS sound pressure level (=10 dB) near the end of transition evident
in the data is similar to the increase in the velocity profile exponents, n, measured by
Martellucci*. This trend suggests that the velocity profile exponent as a parameter in de-
fining a single equation for the variation of acoustic intensity in the transition region as
well as fully developed turbulent flow.

An equation has been developed defining the peak acoustic magnitude in transional flow
based on data obtained for free stream Mach numbers of 4, 8 and 10. This Equation 46 is
similar to that defined for turbulent flow (3 or 6) differing only in the coefficient of local
Mach number. An assumption that these two equations are both applicable at low Mach
numbers implies convergence of Prms/qe for transitional and fully turbulent aerodynamic
conditions as Me approaches 0. Quantitative effects of transition at low Mach numbers
should be the subject of further investigations.

The effects of separated flow (attained by placing the model at an angle of attack equal to
its half cone angle) on pressure fluctuations on the vehicle were significant. Of significance
were the high fluctuating pressures on the windward side of the vehicle which remain high
downstream from the transition region, and the low pressure levels on the leeward side of
the vehicle in the separated flow region which result in mui- 15 dB circumferential variation
in fluctuating pressures over a large portion of the vehicle. This will result in excitation
of the higher shell harmonics, "hoop modes", thereby inducing responses in the vehicle
which should be considered in design analysis.

Base pressure fluctuation moasuremonts were higher thta expected. Appropriate adjustments
were made to unalytioal expressions which weie initiaWy verified usin', subsonic data.

01%lartellucci, A., "Effects of Mass Transfer on llyporsonic Turbulent Boendmy Layer
Proportios" AIAA Journal, Voi. 0 No. 2-Fcbruaiy 1972. pp. 181-187.
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SECTION III

PRIOR EXPERIMENTAL DATA REVIEW

1. ATTACHED TURBULENT BOUNDARY LAYER FLOW

a. Acoustic Magnitude

The overall acoustic magnitude of pressure fluotuations in attached turbulent flow
from various experimenters is presented in Figure 1. This summary is a representative
cross-section of conditions under which acoustic intensity measurements were made (flight,
tunnel wall, tunnel-model). Data were not included if flow conditions were suspect, such as
Lewis and Banner's X-15 data which probably contains effects of shocks off the fin leading
edge, and/or fuselage buffeting. Most experimenters have found that the acoustic magnitude
(Prms) is best presented as normalized by the free stream dynamic pressure (q,).

For application to flight vehicles the local dynamic pressure (qe) is a more rea-
sonable choice than q., since it is more definitive of local conditions. Data were therefore
plotted in Figure 1 as a function of local properties (Me & q.). No adjustment was required
to oviously published tunnel results since the local free-stream properties are equal.

b. Acoustic Power Spectral Density

Figures 2 wid 3(1) contain normalized experimental spectra for subsonic and
supersonic flow. As discussed by Lowson( 2 ) the frequency spectra of attached turbulent
boundary layer flow scale (xi a Strouhal number basis. Choice of the proper typical length
and velocity is difficult. In general, the free stream velocity (U6.) is chosen as the velocity
lparameter and either boundary layer ttucuiess (6) or boundary layer displacement thick-
ness (6*) as the typical length parameter. In this study the local velocity and bounclary
layer displacement thictness were used to normalize data from various experimenters.

A reasonable collapse of the data is obtained by using these ptarameters and a
definite trend in the data is ,pparent. No significant difforeuce between subsonic and
supersonic flow is evident. Figure ,| presents the same high Ma•clh number data normalized
to the boundary layer thickness, (6). A similar spread of data is evident. The trend in
the magnitude of the spectra to increase at Strouhal numbers below 3 x 10-2 is believed to
be duo to effects of tunnel noise. At high Strouhal numbers (>1) a decrease in spemtral
values of approximately 20 d1/decade is apparent.

c. Cross Correlation Functions

Sp.tial correlation properties of a fluctuating pressure field can be otained by
*,veral approaches. White(l) presents two forms of narrow band correlation which yield

,,•sentially the same results. Correlation functions may be obtained by direct averaging
wid normalization of narrow band components resulting in data of the form shown in
Figures 5 and 6. Figure 7 illustrates narvow band correlation coefficients obtained using

6
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an alternate approach which essentially adjusts the delay times of the space-time correla-

tion functions to a maxima. Bull(8 ) presents his findings in this form where he brings out

the fact that at high frequencies values of 4/6 * tend to lie on a common curve; however at
low frequencies there is significant spread in the data, indicating that the correlation co-
efficients tend to be independent of frequency in this region. Therefore, expressions
defining cross correlation coefficients require further adjustment at the low frequencies.

This can be accounted for by utilizing an exponential function based on a normalized sep-
aration distance. Figure 8 presents asymptotic values of narrow band axial and lateral
pressure coefficients ( w = 0) as presented by Bull. (8)

The broad band space-time correlations between two pressure time histories are
useful in defining behavior of the. flow field. Figures 9 and 10 (lateral curves represent
correlation peaks at r = 0) are typical results obtained by various investigators. Results

show the typical decrease of peaks with increasing separation distance, characteristic of
decay in the turbulent eddy magnitude with distance from the reference point. Also evident

at all Mach numbers was the sharp peaks present for small separation distances. As the
separation distance increases these sharp peaks become broader and flatter. This effect
also occurs in the lateral or cross stream direction. Bull(8 ) relates this behavior of the
-space-time correlation curves to the presence of a broad spectrum of frequencies at small
separations. At larger separations the spectrum of correlation producing components is
narrow and dominated by low frequency components.

d. Convection Velocity

Bull(8) defines broad band convection velocity as the weighted mean convection
velocity of a pressure source in the boundary layer which contributes to the correlation.
Convection velocity is determined by dividing the separation distawice between two sensors
by the time between peaks of the respective space-time correlation functions. Figure I I
is a summary of broad band convection velocity as a function of separation distance from
various experimonters. Edge velocity and boundary layer displacement thickness are used
as normalizing parameters. The variation of velocity with increasing spatial distUck, from
0. 5 Ue to 0. 85 Ue is attributed to outward dispersion of turbulent eddies originating in the
region of transition between the viscous sublayer and inner part of the fully turbulent region
of the constant stress layer.

Narrow band conyvection velocities, which define the frequency-volocity relation-
ship associated with turbulent eddies progressing with the flow. from various investigations
are presented in Figure 12. At frequencios below 5 kliz, the convection velocity approaches
unity which indicates that the low frequency components of pressure fluctuations are associ-
ated with turbulent eddica in the outer regiton of the boundary layer. High frequency com-
pononts of the pressure fluctuations, becauso of their low convection velocity, arm the
result of turbulent eddies near the wall.

In cor-•.-ing Figures 11 and 12 it becomes apparenit thlt the broad-band con• 'ctlon
velocity is a gwou ,opresentation of the narrow Lbad convection velocities at Stroulhal
numbers less than two.
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2. TRANSITIONAL BOUNDARY LAYER FLOW

Limited experimental data describing acoustic intensity and spectral distribution of trans-
itional flow is available. No data were found defining correlation functions or convection
velocities. This flow regime is of considerable Interest because vibration data measured
on high ballistic coefficient re-entry vehicles were shown to be more severe during
transitional flow.

a. Acoustic Mmnitudo

Pate and Brown(12 ) measured the acoustic mngnitudo in transitional flow on a
5 degree conical vehicle at Mlach 3 and 4. Tests were conducted zit AEDC (Ttumel A
facility) where the stagnation pressure was varied, thereby shifting the location of the
transition region along the test vehicle. Using this approich, pressure fluctuations associ-
ated with laminar, transition and fully turbulent flow were measured using a single Selnsor.
Figure 13 gives the rins pressure fluctuations for the frequency range from 0 to 25 kliz.
Similar tests were also performed with a 5 degree cone-cylinder by Saunders and
Johnson(13) where acoustic measurements In transitional flow were obtained. These re-
sults are also shown in Figure 13. The increase In fluctuating pressure in the transition
region is clearly evident at both Mach numbers for all tests.

Figure 14 presents the available acoustic magnitude measured during traisition,
Included in this figure data point obtained during re-entry flight of a high ballistic

18
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coefficient re-entry vehicle. Tolometry data for this flight were limited to 41 kliz; however,
the data point shown in Figure 141 was obtained by extrapolating the availablo data using
Ifoubolt's distribution (14) for fully turbulent flow. Theo normnalized rms pressure out to
4 kliz had a value of P1111 /q -0.ON0I S.

b. Acoustic Power Spectral Density

Thto spectral distribution in transitional flow are shown in Figure li5 for moloqure-
ments made in wind tumuil experimeonts. Results show a considerable anflount of onorpy in
the low frequency range. Figure 16 is a comparison of spectra obtained during trainsition
add fully turbulent (M. >10) flow fromt flight test data,(If). Tite characteristic high levels
at low froquenocis are also evident In the spectra, although not as sovere ats was shiown io
wind tunnel experiments. Though no firm conclusions eam be dramn because of the limitted
amnount of data, it appears that a considerable anmount of the low frequency spectral data
may be attributed to tunnel noise and eloctrical effects. Shown In Figure 17 are typical
acceleration spectral densities measured on a Internally mounted compnlient during a1
re-entry vehicle flight (Me >10). Comparing measurements made during trainsitional
and fully turbulent flow, the transition period is seen to be more severe by approximately
:1 dBi at peak and 0 dM throughout the remainder of the spectra. This is lowe,.r than observa-
Lions made on external environments whore fully dovelopod turbulent and transitional flow
differ by about io dli.
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3. SEPARATED FLOW

a, Acoustic Magnitude

A review of separated flow data given by Robertson in Reference 1 divides the
separated flow into various categories, several of which are:

(1) expansion induced separated flow

(2) separated flow upstream of compression corner

(3) flare induced separation

(4) shock wave intoraction

The following is a brief summary of data presented in the above referenoe.
"71 gure 18 replresents the overall acoustic magnitude normalized by the free stream dynamuic
:rcossu r as a function of local Mach number for various separated flow environments down-
:.crotu from Oxpansion corners. Such expansion Induced separated flow is representative
0f regionis aft of cone-cylinder junctions, rearward facing steps and in the near wake of
.boattail configurations. Tolerance brackets shown in the data represent variations due to
nonhomogeneous flow within the region of constant static pressure rather than scatter in the
mneasu roi ants.
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Figure 18. Overall Acoustic Magnitude Vs. Local Mach Number for Expansion
Induced Separated Flow(l)

Data representative of flare ,ndu;d separation and separated flow upstream of
compression corners is given in Figure 19. No analytical expressions have been developed
for this type of flow since Insufficient data in regards to local flow conditions is available.
In general the overall pressure level appears to Increase slightly with increasing Mach
number. This may be due to the Improper choice of ordinate variable.

The oscillation of a shock wa•v produces intense fluctuating pressures for the
region in close proximity to the shock wave. Included in Figure 20 as examples of shock-
wave oscillation mid reattachment data are measuremetts by Chyu and ltzily. (4)
Speaker an.d Ailnian( 5 ) have also defined overall intensity levels for the separated flow
"reattachioent as well as shock Interaction. These also appear in Figure 20.

b. Acoustic Power Spectral Density

A summary of available data for separated flow power spectra obLaiked in the
homogeneous region of compression is given in Figures 21 and 22. ochcite-in(1') performed
a study (at Mach 2) where various characteristic lengths were used in normalizing the
frequency parauneter along with the mean local velocity. Clhracteristic lengths such as
calculated displacement thickness In the separated flow region, calculated displacement
thickness associated with the zero velocity streamline, mid distances of the measurement
behind the shock wave were used. Of these parzuncters, tlh distance of the measurement
behind the shock was the most appropriate length aramneter for frequency scaling. This
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length parameter was also shown to be most appropriate in the normalization of the
amplitude scales of the power spectral densities. Other parameters used to normalize the
spectra amplitude in conjunction with the length parameter were local static pressure,
free stream dynamic pressure and the square of the Mach number. Of those, the free
stream dynamic pressure was found to collapse the data best. Figure 23 compares this
normalization technique to that used by Chyu and Hanly, who employed the boundary layerdisplacement technique in the attached flow region prior to the shock front, free stream
dynamic pressure and velocity as normalization parameters. Both normalizing techniques
appeqar to collapse the data well with slightly better oollapse of data using attached
bocadary layer displacement thickness. kigure 24 Is a compitrison of spectral data for
expansion induced separated flow and compression induc.d flow obtained by Speaker and
Ailman(S) at MI 0  3,40. Though the curves are several orders of mapltude apart, their
shapes are similar. The difference in spectral level is probably due to normalizing
parameters.

Robertson(l) presents spectral characteristivs of shoek-wa~v oscillation for bothtwo and three-dimensional protuberancos (given In Figure 25). Thw spectrum shows a sig-
nificant amount of energy in the low frequency range and a steep roll-off of approximately
8 dB/octave for a Strouhal frequency range of I x 10-2 to 2 x 10-1. Speaker and Ailman
have also conducted experiments emamining the spectral distribution in the vicinity of a
two-dimensional shock wave impinging upon the turbulent boundary layer, as well as in the
region of flow reattachment, with similar results.
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c. Cross Correlation Functions

Normalized narrow band longitudinal cross spectra for separated flow are
presented in Figure 26 for the Mach No. range of 1.6 to 2.5(4). These cross spectra are
similar to those obtained for fully turbulent flow and are represented as damped sinusoids.
The rate of decay is approximately 50% greater in separated flow when compared to full
turbulent flow and a slight increase in the rate of decay was observed as the Mach number
was decreased. These effects become more pronounced in the coherence functions shown
in Figure 27.

Broad band space correlation functions for the above experiment are presented in
Figure 28. Similar to that observed from narrow band analysis was the fact that correla-
tion in the attached flow was significantly higher than that in the separated flow.

Shown in Figure 29(1) is the degree of correlation which exists between the region
under a detached shock wave and adjacent regions of attached and separated flow. Weak
correlation is noted for adjacent regions with strong correlation existing within the shock
region.

d. Convection Velocity

For separated flow, the narrow band convection velocity varies from 0.2 Uo
(at low wave numbers) to approximhately unity at high wave numbers, thus convective
velocities derived from broad band analyses (cross correlation functions) are not repre-
sentative of all frequency components making up the pressure field as was the case for
attached turbulent flow. Figure 30(4) presents typical separated flow (compression corner
induced separation) narrow band convection velocities for various separation distances at
Mach 2. Figure 30 compares the narrow band convection velocities for separated andattached flow. Letalled studies of the narrow band convectiom velocity i seeparated flow

were conducted by ooeehtien. (16) Typical results of his studies are presented in Figure 31
where the frequency scale (nornmalized by distance from separation point and local
velocity, Figure 32 wumormalized) has been divided into three regions in order to describe
the meclhnisms attributed to the pressure field in separated flow. Low frequency com-
ponents of the pressure field below Strouhal numbers of 0. IS are a result of slow re-
circulating fluid in the region underlying the high speed separated shear flow. (Significant
scatter in data is attributed to small phase iangles used to calculate convection velocities at
low Strouhal numbers.) For Strouhal numbers between 0. 15 and 1. 1 measured fluctuations
are due to convected patterns in the outer regions of the separated boundary layer. Above
a Strouhal number of 1. 1, pressure fluctuations are due to eddy Macth wave radiation
originating in a limited region immediately behind the flow separation shock wave.

4. BASE FLOW

As was the case for transitional flow, only limited data were available defininte, the pressure
six~ctra and o-mrall magnitude for base flow, No data defining correlation functioil or con-
voction velocities were found.
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a, Base Flow Acoustic MI~nitudo and Spectra

Eldred(18) published exporimental reoults at subsonic flow (V = 68 to 352 fpsi of
random pressure fluctuations for base flow. Contained in the table insert of Figure 33 Ire
normalized overall pressure levels for two locations on a ciruhlar hase at several Mach
numbers. The apparent trend for the normalized overall intensity is to increase as one1
moves away from the center of the plate.

Also shown in lFi/gure 33 is the typical spectral distribution omi redl uttri.n, these

tests. Data was scaled to a Strouhal number ushig the base diamoter as the characteristic
length and free stream velocity as the associated velocity. As expeted, a sipniffiewit
amount of energy is associated in the low frequency region.
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SECTION IV

PRIOR PREDICTION METHODS REVIEW

This section briefly discusses existing mathematical models of aero-acoustic environments
for various type flows expected during the re-entry phase of high ballistic coefficient ve-
hicles. Extensive analytical and experimental studies have been performed by several in-
vestigators for defining acoustic properties during turbulent flow. Limited prediction
techniques have been published for separated and base flow. No mathematica! models for
transitional flow were found to exist in the literature.

1. ATTACHED TURBULENT BOUNDARY LAYER FLOW

a. Acoustic Magnitude

It is not the intent of this study to summarize the historical background of pres-
sure fluctuations in turbulent flow, since that subject has been the source of theoretical
and experimental investigations for many years. What will be reviewed are present me-
thods used in defining aero-acoustic environments during turbulent flow. Houbolt (14) per
formed a study assuming that eddy velocity is proportional to free-stream velocity and the
local mean density in the region of maximum noise generation was the significant variable
governing noise production. Using Euler's equation for flow and Crocco's equation for the
temperature velocity relation, the rms pressure levels (Equations 1 & 2) as a function of
Mach number and dynamic pressure (or free stream pressure P) is defined as:

P rms 0.007 q (1)

I + 0.012 M

or

0.0049M2

Prms 0 M2 p (2)
1 + 0.012M

Houbolt in unpublished work has further refined his above expression to include temperature,
gas density and a recovery factor to obtain:

Prms = 0.007(l (3)
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where

r = (1 U/Ue) (rl + U/Ue) (4)

T/e 1+r - 2 (5)

Similar studies performed by Lowson (2) assuming an adiabatic wall, constant static pres-
sure through the boundary layer, and Crocco's relation resulted in the following equations
for the overall fluctuating pressure intensity:

0.006
Prms = --- M (6)

1 + 0.14 M

0.0042 M2
Prms p P (7)1 + 0.14 M2

Ailman (19) developed an expression for the pressure intensity based on a review
of test results for the Mach number range from 0. 0 to 5. 'Tihis expression, given in
Equation 8, must be used with some reservations at Mach numbers greater than five.

Figure 34 gives the pressure intensity normalized by dynamic pressure as a func-
tion of Mach number for the various investigators discussed. Of the various prediction
techniques, Lowson's equation, because of its simplicity and good agreement with experi-
mental data was found to be most representative.

Prmis 3 x 104 C5 + (Mr.- 4)2] q ()

b. Acoustic Power Spectral Density

Bull and Willis' (21) somi-ompirical appivzwh defined the spectral rolation in
turbulent flow as:q2  0 2z _ '0 -5

( ..32c -1.25o x 10

whore

1. 125 Uo
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Later, Bull(2 2 ) using miniature pressure-senslng elements in subsonic wind
tunnel tests and auto-correlation functions developed the following:

2 r -2w -0.47•w -85

= 3 . 7 e + 0.8 e - 3.4 e x 10-5 (10)
U•

where

(0 = •/o

Using experimental data and engineering logic, Houbolt (14, 2 0 ) derived a spectral
relation for turbulent flow as:

*() 2 2 *211
2 Prms 1

7÷[U ) 2

Lowson(2 ) using subsonic and supersonic data developed an empirical Equation
(12) which introduced the boundary layer thickness as a representative length parameter.
This is given by the following:

2
Prms

S+ = 3/2 (12)

o jl+ (1%)2

Robertson(I) using recent measurements at supersonic spoeds developed Equatiun
12:

P26* 1'2ms 1

o(w(a) * .. (3
" W .9 2 0

U.

whore

0 0.5 U,/*
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t This Equation 13 does give the best fit to experimental data as shown in Figure 35;
however, Houbolt's Equation 11 is recommended for general use because of its simplicity.

Since no one characteristic length (6 orb *) gives better collapse of the data, Lowson's
Equation is also recommended for use if boundary layer thickness is known. Figure 36
compares Lowson's Equation with typical spread in test data.

c. Cross-Correlation Functions

Cross-correlation and cross-spectrum functions pertinent to the aero-acoustic
environment are related through their Fourier transforms as follows:

f 001W
( , = jR(t, t) e dt (14)

and

00I( -i ot

R ( to t) = 1/27r -, te dw (14a)

The cross-spectrum can also be expressed in terms of the co-spectral density
and quad spectral density:

0 1* kk, W) = OR (to 'I, W) -j• (0 to, W) (15)I

where the co-spectral density is used in defining characteristics of the fluctuating pressure
field. IAwson( 2 ) and Robertson(1) using data obtained by Bull (8) defined the cross-correla-
tion function for turbulent flow assuming that the cross-power spectral density is a function
only of the separation distances. These functions are of the form:

1/2
It A os4): 1, W 3(

1/2
All[ ((n)o) M 0 (2)] (17)

From Bull's data the following expressions for the correlation coefficients are given as:

A( exp (-0.721 s? F)oxp { -20 ) (1$)

C

A(, tow) exp) (-0.1IUI) exp ( -0.271 • I
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Figure 36. Comparison of Lowson's Normalized Power Spectra
(Using 6 ) to Experimental Data

These correlation coefficients may also be expressed in terms of boundary layer displace-
ment thiclkess as:

All( , ) exp (0.72 , )_ 0.3 + 0.7 exp ((.4r I) (20)

(Figure 38) (Figure 39)

-0- (-0. 034.,
At M xp U0xP s (21)

(Figure 37) (Figure 39)

Lowson(2 ) suggest8s that when using the separable form of the correlation coefficient in
response analysis, the correlation area is underestimated by it fakctor of r/2 aind should be.
adjusted accordingly. This factor stems from the fact that the coefficients will reinain
constant along straight lines on the surfteoo, forming a diamond pattern surrounding the
origin which physically is unreasonable. An elliptical form would be more realistic.

Therefore a ratio of areas is required, leading to a v/2 factor. Correlation functions
defined by Crocker(2 3 ) mid White (11) are of similar forms to those previously discussed
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except the coefficient of 0.72 in Equation 18 is specified as 2.0. Subsequent published
data suggests that a coefficient of 0.72 is more reasonable (Figure 38). Maestrello( 9)
suggests the cross-correlation coefficient to be:

= e

where

50

cr1 = CfR a2 =0.26

Using Maestrello's data at Me = 0.6 results in the following expression for

-1.71tj -3.91,71 -1i t/U
e Te -b- e c

which suggests a significantly higher decay rate than that defined by Bull (Equations 18, 19).

Houbolt (Equation 23) defined a similar general expression for the cress-correla-
tion function as Maestrello, however specific longitudinal exponential values were not
presented.

A ( ti, , ,) T I/ a " 01 ,,/U (23'

where (2 1 1, a - to be defined, varies with Mach No.

Neither Houbolt nor Maestrello defined exponent decay terms is functions of
co/Uc. This approach appears acceptable in the practical design of high beta vehicles,
due to the low frequency range of interest (f ? 2khz) and high convective volocitie s, caus-

ing the exponential term (e-4tc) to approach unity.

d. Convectitn Velocity

Using experime.tal data, Lowson (2) defines the convection velocity nortuaitzed to
the free stream velocity as.:

U U O 0. ,0.3 OX. ) (-o -0.25OMp(1 .2 (24)

Swhere the broad band convection velocity corresponds to 6
Ud

resulting in

Ucb 0.8 - 0.25 exp (-1.2 /6) (25)

:,, 50a S
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A corresponding equation for the broad band convection velocity as a function of boundary
layer displacement thickness would be

Ucb = 0.8 - 0.5 exp (0.4/8*) (26)
U•o

2. SEPARATED FLOW

A comprehensive treatment of separated flow and oscillating shocks in terms of pre-

diction methods is given by Robertson(l). This section briefly summarizes those results.

a. Acoustic Magnitude

For expansion induced separated flow, Equation 27 is recommended:

0.045
Prms = 2 q (27)

1 + Me

The expression given by Equation 27 is compared with experimental data in Figure 40.
This expression is similar in form with that proposed for attached turbulent flow. At this
time no general expression is available for defining fluctuating pressure levels in the
region upstream of compression corners, since insufficient experimental data is available.
The data as shown in Figure 19 appear to increase with fire stream Math number. It
would seem reasonable that local flow conditions would play an important part in defining
an expression for the overall fluctuating pressure.

At the point of flow separation, the flow intermittently fluctuates between i
separated flow and attached flow condition. This represents an alto ranting unbalmnce
between the large pressure rise through the shock wave, exceeding that required for
separated flow. Hence, extr•mely large fluctuating pressures can result from this con-
dition, Data Is lituitod for this environment mad no empirical equation has been tucovered
in the literature. Using limited data of Rlefrence(1) ai expression for fluctuating pressures
at the point of separation is proposed as•

Prms 12 0... (2N)q
1 +0.5M _ N1

Figure 41 compares available data with Equation 28. Chya and 11anly(4) present
fluctuating pressure data normalized by the free stream dynamic pressure at the point of
shock reattaehment. These levels are significantly higher than at the point of steparation.
However, insufficient data is available to derive a representative expression for fluctuating

pressure in the region of shock wave reattawhment.
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Figure 41. Comparison of Overall Acoustic Magnitude at the poilt of flow
Separation With Analytical Predictions

¶b. Acoustic Power Spct-al Density

Using data obtained by Rochtien( 1 ) for the homogenuous region of compression
corners, Robertson defined the normalized power spectra as:

OMUPrms/4.

q A
Ue
f. 0. 17 Uo/6

Equation 29 appears to be a reasonable expression for expanim''n i•vtuaced separated flew
even though it is dorlved based on dab taken in comipressioa cornews. ts indicated in
1igure 24. E`ýgure 42 compares this expressioh with tyrpiai test data.

Equadoc 32 defines the power spectral density distribution for shock wave oscillation In
homogeneous flow. loberteon derived this expression by combining te sIvectral distribu-
tions for saeparated flow (Equation 29) and shock wave oscilllation, Equation 30, (in the m)-
sence of viscous flow) with an experimentally derived weighting function (KI)- Flow paran-
eter used in these oaxpressions aret for conditione upstream of the shook wave.
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f) Ue (p2 /q2)

q SW 1 1.55 1.7

°Ue SW

where

e SW

and

2 1,1- H 2 11 12 if

!rms rnis K rms 1 1)2-7 2 o " 1 -2-(:1
8o W qI, 8J ,,
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H

[ rs Overall level of shock oscillation peak corresponding to

SW -he mean location of the shock wave.

H
rms - Overall level of homogeneous separated flow.

2
q . . S

p 2 I, H

[ •(f) Ue H (_(.s

SW 1 m 
(32)

~ f ) { + ( f)0.83~ 2.15
e SSW

Sbscripts: SW - Shock wave

S - Separated flow

Superscripts: I - Absence of viscosity

H - lomogneneous flow

Kl = 0.25 0 1 x 10-

0 )SW

A onmlparison of tlh predicted spectral distribution for shock wave oscillation is presented
in Figuie. 43.

c. Cross-Courrlation Ftuetion

Chyu aud lhuly(l) data indicate that docay of the norinalized cross! spectra for

separated flow is emponentiaI at high values of w /U., similar to that observed for
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attached flow. Thus as a first approximation, the normalized longitudinal co-spectra

may be represented by:

-a
A(, t) e 0,00 t (;33)

U

oC

A(t, n f) 0 a (34)

Howover, the associated decay rates were found to vary for each test Mich number
(1.6 to 2.5), suggesting tlhat the decay rate may be dependent on Mach number as well
as local flow conditions. This suggests that the above functions (Equations 33, 34)
should be expressed in the following foxin:

A = j cos (35)
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A (17 = (36)

where for longitudinal correlation (})

f -
a=0.75, -- L6x10-1

U
e

S=0.75 /e 36x10 6xfO-2

S6 x e0-31 U e

F 6 /U el -h2
a=1.5 1 - 3 1 u-- > 6x10

6 x lOJ Ue

for lateral correlation

0 -3
o=0.75, 7 < 6x 10

e

fri /U 0.3 fI L0.75 -" ' v0U 0-

Limited data Ies been published defining the cross-powoer-slvctra of flu ctuating pitessurts
beneath oscillating shook waves, Robertsmon defines the longitudinal co-Spectra a8i:

-,40 f 6/ U f(T5

No data or expressions defining the transverse slpLtial characteristics of shoch induced
fluctuating pressuroe were found in the litorature.

3. BASE FLOW

Hioubolt's teclmiquc( 20 ) was UV, only method available for predicting base pressure
fluctuating characteristics. This method is based ulon kaowledge of the characteristic of
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aerodynamic turbulent flow and the application of engineering logic rather than experimental
data. Houbolt's formulation is summarized in. the following sections.

a. Acoustic Intensity

The pressure fluctuations in base flow are a function of the strong shear flow along
the wake cone and a complex recirculation flow. Houbolt assumed that the mean density at
some effective location, for example point A in Figure 44, has governing control on base
fluctuating pressures. Assuming that the eddy velocities are proportional to the mean shear
flow velocity, a simple form for the rms pressure level is expressed in terms of density
and pressure

T
Prms - b b

bb

resulting in a general expression for overall sound pressure level.

rins 2
p -

rmsb +. 2r Mb2

BOWCK

/RuCIRCULATION

Figure 44. Typical Baso Flow
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Tentative values have been established for c and r with c chosen to agree with data
obtained in Reference 2. A value of 0.9 was chosen for the recovery factor assuming that
a strong shear and minimal cooling occurs. The resulting expression for base fluctuations
is therefore:

0.01 M

P rmsb 1+0.18 Mb2 Pb (38)

b. Acoustic Power Spectral Density

In order to arrive at the base spectral density at a given point a correlation function
of the form

VT

R(t) = P2  e (39)
rmsb

is assumed, where VT is an effective transport velocity and L is the scale of turbulence
defined as:

"L_ R (X) dx, (x = VT t) (40O)

The spectral function consistent with the above defined correlation fuictiwl is:

2 p2 L

MS 
1b 1S(W) U - 2 041

U

Assuming that the scatle of turbulence. xiso the order of the base radius and the, transport
velocity is related to the transverse component of the flow velocity along the. wake, bowidary
the following spectral funiction results

2
2 P S

U (42)
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where S is the apparent wake cone surface length. Figure 45 compares the above toxpres-
sion with experimental data obtained from Reference 7.

c. Cross Correlation

No experimental data or strict derivation of the correlation function was found.
Houbolt has assumed the following function:

VT
2 - L-t

R(t) = P e (43)
rms b

where
L IRb, VT Ub sine

I
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SECTION V

SUMMARY OF TEST RESULTS

This section represents a condensation of Section II (Volume II) of this study. Fluctuating
pressure data were obtained for transitional, turbulent, separated and base flow at various
angles of attack (a), Mach numbers and nose radii. Several acoustic sensors were located
on the surface of the forward section of the test model (0 to 8 inches) in laminar flow to
measure tunnel tare noise. This term is used since in addition to tunnel noise, some
radiated noise contribution from turbulent flow downstream is also measured by these
sensors. For various tunnel conditions especially at the higher Mach numbers, these
sensors measured significant fluctuating pressures which tended to mask measurements
made in fully developed turbulent flow. However, it was possible to correct the data in
order to obtain realistic approximations to the true values. Tunnel conditions, model
attitude and configurations for which data was obtained are given in Table 1. Tables II and
III define the free stream and local aerodynamic properties while Table IV presents a sum-
mary of acoustic sensors installed in the test vehicle along with location definition.

1. ACOUSTIC MAGNITUDE

Fluctuating pressures (from 0-20 kHz) during turbulent flow were obtained from tie aft
array of acoustic sensors for the three test Mach numbers: 4, 8 and 10. These pressures,
normalized by the local dynamic pressure are listed in Table V. It was observed that as
Reynolds numbers were increased, tunnel tare noise also increased. This is attributed to
the inclusion of an additional stage of compression necessary for desired tunnel conditions
and the forward advancement of the region of transition along the test vehicle. Actual and
corrected pressure data at all Mach numbers are given in Table V, which illustrates the
effect of tunnel tare noise. Because of tie uncertainty in tunnel tarv noise, it is revoin-
mended that the levels given in Table V be considered as au upper and lower bound of the
true pressure data.

Table VI summarizes the peak normalized fluctuating pressures under transition of flow.

"Tle spatial distribution of the acoustic environment for transition is a gradual build-up in
fluctuating pressure reaching a maximum value toward the end of the tiansition zone.
Fully turbulent flow is achieved at distances downstrean ranging from 10 to 100 boundaryla,ývr thilciosso~s from ouset. Ty•pical fluctuating pressure distributions ahmig tile vehicle
are shown In Figure 46.

Several tests were conducted at M. =" 8.0 with the test model at am attitude of :7.02 degree
(vehicle half-cane angle) which exposed the main array of acoustic sensors to both wind-
ward and leeward flow resulting in a complete fluctuating pressure map -f the vehitcle.
Figure 47 represents typical fluctuating pressure distributions measured at theic high
angles of attack. Of significance in these russ are the unexpectedly high fluctuating pres-
sures on the windward side of the vehicle which remain high downstream from the trans-
Ition trgion. Co-existent with these high levels are the surprisingly low pressure levels

62



TABLE I, SUMMARY OF NOMINAL TEST CONDITIONS

$ ~'~'-'Angle of Attack

""o• (Degrees)

A 4 1.4 18 140 0 0 +1 42 -4 -7.2 -8.2

2.2 28 0 0 +1 2 -4 -7.2

2.8 35.7 0 0 11 t2 -4 -7.2

2.2 28 0.055 0 +1 *2 -4 -72

3.0 38.1 0.110 0 tl +-2 -4 -1.2

B 6 1.4- 285 785 0 0 t1 2 t4 k7.2

1.4 285 785 0 0 11 t2

2.2 475 b33 0 0 01 2 t4

2.t 620 853 0 0 11 &2

2.2 475 833 0.055 0 A1 2 k4 .7.2

3.25 730 865 0.110 0 .+1 +2 7.2

C 10 1.34 1080 1450 0 0. -0.5. ii, 02. -4, -7.2

2.2 1810 1450 0 0, -0.5. +1, +2, -4, -72

2.2 1810 1450 0.055 0 1 *2 -4 -7.2

2.2 1810 1450 0.110 0
2.2 1810 1,150 0 -0.5 twith trip)

'uuwiel doors open, remaining tosts in Tunnel B with doors closed.
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TABLE II. SUMMARY OF FREE STREAM CONDITIONS

Facility M. Re" ft P 0  To U. q. P.e TOO P.

(x 10-6) (psia) (OR) (fps) (fsia) (psia) (OR) (Lbm/ft3 )

A 4 1.4 18.2 605 2352 1.348 0.120 144 1.28 x 10-6

2.2 28.4 602 2332 2.109 0.187 143 2.0 x 10-6

2.8 39.9 597 2332 2.651 0.236 142 2.56x 10-6

3.0 38.3 603 2332 2.832 0.252 143 2.70 x 10-6

B 8 1.4 286.2 1257 3742 1.351 0.0305 92.2 8.93 x 10-4

2.2 473.8 1297 3800 2.212 0.0497 94.7 1.41 x 10-3

2.8 620.9 1321 3836 2.866 0.0641 95.9 1.80x10-3

3.25 728.2 1320 3835 3.342 0.0745 95.7 2.10 x 10-3

C 10 1.4 1081 1910 4793 1.717 0.0245 95.7 6.92 x 10-4

2.2 1811 11911 4804 2.755 0.0383 93.6 1.105x 10-3

on the leeward side of the vehicle measured in the separated flow region. The composite
distribution results in a 15 to 20 dB circumferential variation in fluctuating pressures
over a significant portion of the vehicle surface.

Fluctuating pressure measurements wore also made on the base of the test vehicle.
Figure 48 presents typical distributims for three Reynolds numbers at Maorh 4 mrd 10.
As Reynolds number Increased, fluctuating pressures wore also observed to Incroaso
proportionally.

"IlTh effects of bluntness were alqo investigated and found to have only negligible effect
except for moving the transition location on the vehicle surface.

2. POWER1 SPECT•IAL DENSITy

Acoustic speetra for turbulent flow were obtained at Mach 4, 8 and 10. As previously
noted, tunnel tare noise was appreciable In relation to turbulent flow data. As Reynolds
number or Mach number are increased tunnel tare also increases. Using data frmn
ItRo' fa 1.4 x 106 affords the ma:xihum separation of noise and true data. Figure 49 gives
spectra as obtained from measured data with no consideration to tunnel tare nottle.
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TABLE IV, ACOUSTIC GAGE LOCATIONS

XFDim. Ray Location & Gage No.
From 1.8 2Oo 9
Point 0* 5,$97° 10.08o 19.1°0 225 90* 1800 270"•

8.00 1

8.375 2

16.00 3

22. 50 4 61 7 8 9

23.00 10

23.60 11
-.'- - ARRAY 01

t 24.60 12 ,

S25.90 13

32.00 14

38.00 15 1 6 17 l 8 i

36.50 20./f

39.10 21 .-. -ARRAY 02
-

40.10 L,

411.40 23 .7
Radius •

(1.00 24

S 1.50 2,5

S 3.0( 26 28

4, 7 5 29 27
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TABIX4 V. ACOUSTIC MAGNITUDE FOR TURBULENT FLOW

Free Stream Local PrEas/qe (0-Z0 kHZ)
Mach No. Mach No. Actual Data Corrected Data

4 3.7 1.62 x i10 3  1.31 x 10-3

8 6.8 1.1 xiG0- 0.58x 10-3

10 8.1 1,27 x 10-3 067 x 10-3

TABLE V1. PEAK ACOUSTIC MAGNI'UDE IN TRANSITIONAL FLOW

Free Stream Local
Mach No. Mach No. s (0 to 20 iltz)

4 3.7 2.86 x 10-3 to 3.l6 1x 1u3

8 6.8 l.s5 x 10j3 to 2.70 x 10-3

10 I.j 1  1 i7x 10-3 tol.96 x10- 3

Figure 50 represents trpical normalized spectra (using local flow properties) for transi-
tional flow. Figure 51 givoe thi third octave pressure distributions at -various points in thuv
tranisition region. During transition onset mid docay it was noizd that dhe high friquemy:
portion of the spectra were initially affected. At the) mint of Ieak transition hvels artni•
the complete pressurv spectrum (0 to 24 ktkt) are increased 5 to I0 di when compared to
twinel tare noise and 5 to 10 dBi when compared to turbulent flow.

At angles of attack equal to the half cone angle of the test vehicle, separatvd fGow occurs on
the leoward aide. Figure S2 represents tho prt•ssure spectral distribution obtained qtt the
aft eircuniferential array at a model attitudo of #7. 2'. Sensor 15 repretents the specwtrumi
in separated flow whiler sensor 19 is in transitional flow. A 10 to 20 '1lB variation exists
across the spectrmm whisci could result in. siguirf-lt hoop ezccltatiun, d(e to the Kantuonc
distributis•s of pressure.

" TypJicl baso pressure spvetra at Mhach 4 are shown In Figxure 53, measiured at the hase

center for various angles of ittack. kI genei-al pIeak levels were. measu;red at zero anglc of
attack. As Reynolds numltrr incrcvsed base sp-ctra was obierved to lncrease i)ropor-
tionally. DatLa was obtained for varilous nose radii, however, no effects were observed wi
base sepastors, indicating that ti•c base4 spectra it; unp,4kcted by zhangpj in bhut:.;. -

67
iV



S ~130 130 RUN 25

a =0
0

i 1210

115 F 
J

0 10 20 30 40 50

130 RUN 29

125 
N

120 -

2 ~~ ~ 110 0 0F*5
0 10 20 30 40 50

0

oo 130 . ,'

1 n N RUN 281

•,,'"- _ 4/-,.>

U 120 2
-s

0 -,10 20 30 40 50

cz 130 ,-"•,

125 /RUN 27

w 125 ,

120

10 20 30 40 50

z 13o04""

3 14

/ \--~ \ U 2
42513 15 21.•

120

010 20 30 40 50

(Re• 2.8 x 106 MR 4, RN 0.0)

68



(RUN - 120)

(RNI

Figure 47. Acoustic Intensity Distribution, dB3 at High c, (±7. 20)

G9



o,-•

•- 0

°,.•

O

70



10.4

M=4

0 ;lO 0 SENSOR 150 ,0 SENSOR 20
[] 6 SENSOR 21K C] SENSOR 22

* Eo •N

o r

M =8

I--

w -- SENSOR 21

C] SENSOR 22

<U 0

W ir

0 10

N

o 1°"4 ... V3
0 4 * M =10

a Q 0 SENSOR 20
-0O3 A SENSOR 21
0 0I SENSOR 22

SIO

-~~~ ,,. 11 1l l 1 1 1 1 1• 1 111t• li
10"3  10, 2  101 10 0

Ue

Figure 49. Normalized Turbulent Flow Spectra for Various Mach Numbers

71



VV

0 0

10-

A AU 00 RN 0

Iw

vvS OQ

0

-- MACH 8 A PUQ001 RUN 72
* ¶ PU011 RUN 74 V O

O] PU011 RUN 105
* PU 008 RUN 108

A PU 008 RUN 109

V PU 003 RUN 78

i0 5 I I I I II I I I II I

10,3 10-2 10-1

Ue

Figure 50. Normalized Power Spectral Density Distribution for Transitional FLow Moo 8

72.y7.,



M Ol 11RUN 025 -t0@0

Sru oi1 RM 026 8 -2a0
FU 011 RUN 029. -Ist[

+ FU 011 RUIN Ov ( 0 1"20
S-.-PU oo0Z rUNW1. MOW•

D

fl~l• .... ,3 'IAL P15r "

ONE-'TIR[O OC.TAYE BAND aNJ•TER FREQUENCY IN HZ

Figure 51, Variation ofTransition Setai rniinZn
(m oo = 4 , R O = 1 .4 x 1 0 R N =O )

73



K- F2U 015 RUN 110 < O 7.2

PU 016 RUN 110 < +7.2
a PU 017 RUNI 110 < +7.2
"t FU 016 RUN 110 < +7.2
X PU 019 RUN 110 < +7&2

X:

b-7

i p-

ONlE-ThrDlll OCTAVE BA:ND CENTER FREQIUENIbC IN l'tZ

Figu.re 52. Comparison of Pressure Spectral in Circumferential I)ircction
(Separated Flow Ieeward Sensors), M• : 8, Re• = 2. 8 x 0

: -•w.. •74



0 PU 024RUN01408( +2,0
- 1`U 024 RUN 019 t 1.0a& U 024 RUN 020 ( t0.0

+-PIU 2O R U• 021 O -1.0
x U 024 RIUN 022 < -2.0

S--.-PU OOZ TUNNEL TAR"

* I

-)

OWE-MI'HIW OCTAVE 8A.40D CENTER FREQUIENCY' IN HZ

Figure 53. Comparison of Base Flow Przessur'e Spectra for' Various-,
(Base Center'), Moo = 4, Re,, = 2.2 x 106

75



3. CROSS CORRELATION FUNCTIONS

Space-time correlation functions representing turbulent, transitional and separated flow
are shown in Figure 54. The typical decrease and broadening of peaks for increasing
separation distance are attributed to decay of high frequency turbulent eddies as they
progress downstream. The only significant difference between turbulent and transitional
flow is in the convective velocity. Correlation functions obtained at high Mach numbers
(8, 10) tend to be broad for small separation distances. This effect is thought to be
caused by tunnel noise. No correlation was evident for base flow.

4. CONVECTION VELOCITY

Convection velocities in transitional flow were approximately 0.6 times that for turbulent flow.
Figure 55 compares broad band convection velocities for transitional and turbulent flow

-i for various separation distances. Turbulent flow convection velocities measured are
typical to that of other experimenters discussed in Section 4.
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SECTION VI

PREDICTION METHODS REFINEMENT

Utilizing existing data summarized in Section II, and data obtained in this tunnel program as
presented in Section V, Volumes I and U, Volume U, recommendations for the aerodynamic
properties necessary to describe the aeroacoustic loading environment are given. The
criteria for recommended methods were based upon the most reasonable fit of experimental
data and their practicality in design use.

Attempts to develop narrow-band cross correlation functions have resulted in wide scatter
over the frequency spectrum of interest. This apparent erratic behavior in the narrow band
results has been traced to limitations in the Fast Fourier Transform technique used to ana-
lyze the data. 'While not totally understood, indications are that the limiting process utilized
in the digital program, while rigorously correct, is not compatible with the finite smnple
size associated with the data of this study. This is the only plausible explanation for the
apparent nontypical behavior in the narrow-band correlation plots. Hence, this information
is not included in the results of this study.

1. ATTACIHEDTURBULENT BOUNDARY LAYER FLOW

a. Ae~ogstUg IManitdo

Figure 56 snnimarizes equations used for acoustic magnitude, us proposed by various
experimentors. These are compared with test data including data obtained in the present
test progrmn. Figure 5'7 presents the data of other experimenters including present data
extrapolated out to infinity, for purposes of comparison. Lowson's expression compares
well with available data below Mach 5 and tends to underpredict for higher Mach nnbe.rs.This is due to the available test data trend to group at two levels (0.006 for M < 2 and 0. 0015
for 4 4 M < 10). In order to W riepresentative at both levels, a variable Mach nunber co-

efficient in the denominator of Lowsontts expression becomes necessary. Itoubolt's refinedequation accounts for this by use of a couffictont, r., which is a function of temperature and

locad velocity. Table VII compares the present test data with predictions using Jioubolt's
refined ex-,prf ision for acoustic magnitude. Thlýse values differ from those presented in
Figux•o 56 in that actual test conditions were used to determine the recovery factor r1 in the
expression for re, where in Figure 56 a value of unity for the rocovery factor (rl) was
assumned to calculate re.

Houbolt's expression (repeated below) for acoustic magnitude is thcrofore rewomineMde for
general use.
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- -~ . -.--- ..--". ----..........-

YP1 0.007
Prms O 0

qe 1+ r. /M- A 2
e -2 ) e

where

re= (l-j-)(ri+juU) ,U
Ve ue

and

Te 2 e

Because of its simplicity and close fit to experimental data (M 5 5) Lowson's equation
(Equation 1) can also be applied. Above Mach 5, the equation should be adjusted to:

P 0.002rnqe I000.-0 2' M 5 (V

P-prms o.006 M .5(
1•0.14 Meqee

TABLE VII, PREDICTION VS. TEST ACOUSTIC MAGNITUDE (TURBULENT FLOW)

Free Stioarn Prrms/q/ x 103
Mach No. .....Test Data* Predicted (Equation 3)

4 1,3 to 1.9 2.5

8 0.835 to 1.58 1.5

10 1.08 to 2.04 1,2

*Test data adjusted to overall value for comparison with Equation 11 and previous data.

b. Acoustic Power Spectral Density

Tlh criteria uswd in definihg an e.presaton for power spectral density function wore
that the integral of the function Is equal to the root mean pressure squared (1 [ () df
P2 rms), the function remain finite, and that the function be symmetric about zero, a require-
ment due to Its Fourier transform relationship with the autooorrelation function. Figures 58,
59, and 60 compare Houbolts and Lowsom's equations. Both expressions compare well with
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"present data (except at Mach 10) with Houbolt's (Equation 10) expression being reasonably
conservative in the low frequency range of primary interest. Since Lowson's spectral equa-
tion (Equation 11) is defined in terms of boundary layer thickness (5) it was necessary to
express 5 in terms of the boundary layer displacement thickness given in Table III of Section
V. Present data (M , = 4, 8) are also shown in Figure 61 with data obtained by other experi-
menters. Good correlation was obtained.

Of the relationships discussed in Section IV, Houbolt's expression (Equation 10)
given below is recommended for general use because of its ease of application and degree
of conservatism.

S(•) = 21* P2
rms +2

c

c. Cross-Correlation Functions

Due to the inability to derive representative narrow-band cross correlation func-
tion, from the wind tunnel data, recourse was made to the literature for typical expressions

. teable to supersonic flow. Available data in the Mach 0.3 to 2.5 region indicate the
form of the functions to be as given in the following equations:

0 tA 0 0 (~W] 0 [~W) (16)

1/2

(2) (1i w) l0li 4  Chyu, End (a174

Lowson(2 and Robortson(I) using data obtained by Bull(4) and Chyu and Hanly
defined the coefficionts for the above equations to be:

A qwap072n" exp (-2.0I'7I) (16)
1 .,t (t{ ep (- . 1 x (-..o tj (1_.)

C &
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The above expressions (Equations 18 and 19) may also be written in terms of the boundary
layer displacement thickness parameter as:

A, (iw)=exp (-0.721n1 -)[ 0.3 + 0.71exp-0.5._, (20)

A• ww) = exp (-0.1J.--L"') exp (-0.034 (21)

Equations 16 through 21 are recommended in defining the cross-power spectra for turbulent
flow.

d. Convection Velocity

Broad band convection velocities obtained in the present test program (M,. = 4 to
10) were typical of those observed by other experimenters (M,. = 0.3 to 2.5), therefore

Equation 24 developed by Lowson(2) for the narrow band convection velocity in turbulent
flow is considered representative.

U 
oU-- 0.075 +0.3 oxp (-0.l1- ) -0.25 W (-1.2 t (24)

6

2. TRANSITIONAL BOUNDARY LAYER FLOW

Figure 46 gave typical acoustic definition of the fully developed turbulent boundary layer
(TBL) and transitional aerodynamic flow regions for the various wind tunnel conditions ad
model orientations investigated in this program. Curves which connect the data points pre-
sented therein were generated in conjunction with aerodynamic prediction of the transition
region and represent the estimated shape of the sound pressure level (SPL) profile. For
the purpose of evaluating acoustic data near the peak of transition, analysis was restricted
to those specific cases whore the transducer registered within 2 dB of the peak transitional

fluctuating pressure level. Once normalized values of the acoustic magnitude (Pris) and

power spectral density functions (#(f) ) had been obtained for these cases, the multiplicative
factors given in Table VIII wore utilized to calculate values representative of peak transition.
When the data point location on the SPL profile is at the estimated peak no adjustment was
required.

Note: Contributions from tunnel tare noise (Sensor 2) are sufficiently lower than measured
values of transitional spectra and acoustic magnitude that these noise contributions are con-
sidered negligible in the analysis of transitional data which follows.
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TABLE VIII. LIST OF APPLICABLE TRANSITION CASES

dB Below Adjustment Factor
Mach No. Run Sensor Apparent Peak for 0 (f) and p 2

rms

4 11 22 0 1.0

20 11 2 1.58

20 13 0 1.0

29 11 2 1.58

28 13 0 1.0

30 8 1 1.26

11 21 0 1.0

8 72 11 2 1.58

'74 13 0 1.0

105 11 0 1.0

108 $ 0 1.0

109 8 1 1.0

78 3 1 12

10 144 11 1 1.26

145 11 0 1.0

144 9 1 1,26

142 8 1 1.26

143 i 1 1.26

144 8 1 1.26

141 7 1 1.26
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a. Acoustic Intensity

The value of Prms (0 to 20 kHz) for a given condition is typically presented by
normalizing with respect to either free stream or local dynamic pressure (q =, qe) It
was determined that a tighter collapse of the present data resulted from a qe normalization.
However, for comparison with other transition data, the measured values depicted in
Figure 62 were normalized (after adjustment per Table VIII) with respect to the free stream
dynamic pressure. Using q as the normalizing parameter, Figure 63 reveals how the
measured values of P /qe near peak transition exceed those determined for turbulent
boundary layer flow. In order to develop a refined acoustic intensity prediction technique
for transitional pressure data, an attempt was made to extend the frequency range of anal-
ysis out to infinity. This was accomplished by employing the equation for acoustic power
spectral density derived in Section VI.2.b to fit the spectral data, i.e.

2.0x 10-4 q 22.OxO 6 */ue

J+ 14(M 0 ) 6 * f/Ue 2 (51)

where C (M ) is given by Equation 50.

Therefore integrating both sides of Equation 51 from zero to infinity yields the following
formula for the mean square acoustic pressure in terms of the local dynamic pressure q

3.14 x 10 q2
RMS C(M ) (45)

The plotted results are shown in Figure 64 which indicntes P;ft'%Stq1 versus local Mach number
as predicted from the spectral data using Equations 51 and 45.

Values for transitional acoustic magnitude given in this figure reveal a genorally
shallow data trend for 4.0 < M,, < 10.0. The equation for rms pressure which describes
those plotted values in the Mach number range investigated is

S0.013 (3.7 5M _% 8.1) (46)P1tMS2e
i1+ 0.013 M0

The above expression Is quite similar in form to Lowson's equation for intensity of fully
turbulent flow PM1,s/% = 0.006/(1 + 0.14 M2

0 ). An assumption that those two equations are
both applicable at low Mach numbers would imply a cross-over of P11Ms/q. values fcr
transitional and fully turbulent aerodynamic conditions as Me'-l". However, it is evident
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from Figure 56 that normalized values of fully turbulent acoustic magnitude Sollow different
trends for Mach numbers less than and greater than approximately four. Therefore, ex-
pressions similar to Lowson's must be qualified with the applicable Mach number range.
This suggests that the same trend holds for transitional data, such that an equation some-
what different from Equation 46 would have to be employed for transitional intensity at low
Mach number. Quantitative effects of transition at subsonic and transonic velocities should
therefore be the subject of further investigation. However, for high-beta re-entry vehicles
transition is associated with high Mach numbers and expressions derived in this section
defining the acoustic properties of transitional flow are directly applicable to vehicles of

this type.

b. Acoustic Power Spectral Density

For those cases of transitional flow listed in Table VIII, the one-third octave band
SPL data were employed to calculate spectral values veergs frequency otut to 20,000 liz.
These values of 0 were normalized to the local aerodynanicv TBI, parameters Ue, h ', and
qe" Spectral values are shown plotted in Figures 65 to 67 as functions of the non-diniensional
frequency parameter f' - f h -/U. (Strouhal number) for the various test Maclh numbers.
No clearly identifiae spectral shape difference was noted between apparent peak transition
PSD's and those estimated to be within 2 dB of the apparent peak. Therefore levels of 0
were adjusted uniformly throughout the 20 kliz frequency range using the factors given in
the preceding section. Fronm Figures ti65 66 and 67, it can be seen that a reasontable
collapse of the resulthig normalized data is obtained rind that a definite tr•ed in the data is
appartAit. It is postulated that the dtoa curl up at high frequenCy exhibited hy Mach •. ": 4
spectra results from an uve reorivetion for sensor size effects in that limited frequency
range.

A comparitson of these figures reveals that normalized specteal values f(or o .rouhal
number loss th;n i0P2 tend to be Independent of Mahl nutwr, but that the ;widimeasionul
cut off frequency f,' is less for M*1 - 10 than for . --- S andl - These facts are taken into
account below in doveloping prediction equations for PRMsI%/ and 0,

Figure 68 is a plot of a typical M. NI 4 P.DS from the present Investigation super-
imposed on the spectral data from Figure 15. As mentioned it Soction III, the higth levels
seen at low froquonqy in Oth previously obtained data may be due to tunnel noise and CIec-
trical effects.

Previous techniques for determining predicted levels for a transition environment
involved using the turbulent boundary layer acoustic prediction corresponding to given
aerodynamic flow conditions as a baseline. Then the limited transition data available was
enm)loyed to scale up the TIL spectral levels to estimated peak transition values. There-
fore it is imnportant to use a cotymparison of TBIL and tran.itional spiectra from the present
data to verifY and/or refine this prediction procedure. As an examplo. Figure G9 depicts
normalized transitional PSD's (Sensors 11, 13 adjusted to apparent peak) and compares
these data to turbulent boundary layer P&D's for Run 20 at *I,, L- 4. Normialized splectra
for this ease exceed TBL values by approximately I decade (10 dli).
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It is the intent of this section to derive a method for prediction of transitional
quantities more precise than the previous indirect approach, but using a formal development
quite similar to that of turbulent acoustic analysia. Attempts at generating an empirical
equation to describe TBL spectra have generally assumed that.the PSD level as a function of
frequency has a form similar to

K P 2
1 RMS 

(47)
1 + (K2 f)2

such that (f)-f) K1 5 2 for low frequencies. Values of K1 are dependent on aerodynamic

parameters of velocity, boundary layer displacement thickness and dynamic pressure.
Examination of F~gur. s 65 and 67 suggests that peak transition spectral data may be described
by an equation of similar form, with P2  replaced by qe 2. Therefore definig nondimen-
sional quantities

/ A* 2e an2 f,=f6*/U
e de e

we get

C
2f(t (48)

1+ [Cfq

where the character of the undetermined coefficients are defined by a best fit of the data.

An equation for 0' which provides a relatively good fit to the normalized data is
the following:

2.00 x 10-4r'f)="• 2 (49)
1 + IC(Me) f'(

where

C(M )=18.6( 1 + 0.013 M 22 (50)
e a

Figures 65, 66 and 67 present Equation 49 superimposed on the normalized spectra.
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In terms of absolute quantities, Equation 49 becomes

2.0x10-46 2 U

0(f) = * e/e (51)r]*
1 + IC(M) f/Ue

The particular form of C(Me) in Equations 49 and 51 was chosen for compatibility with
Equation 46, such that performing an integration of Equation 51 from 0 to infinity and taking
the square root yields

/q= 1.78 x 10-2 0.0041P 1 RMS/ = 2

vt 1 + 0.013 M

which is identically Equation 46.

Further insight into the implications of Equation 51 can be gained by examining
the identity

2

2.0 x 10- 4 q 2 /2
PRMS 2 *(f) df =

C(Se)j((M0

which implies

-4 2 2PM )
2.0x 10 qe = I5J)

Substituting this into Equation 51, the expression for transitional acoustic spectra In terms
of TBL aerodynamic parameters becomes

C (N1 -2€ 4 "- s/U P'

0 M (54)
Now define a fictitious transitional flow length parameter a t (analogous to the turbulent
boundary layer displacement thickness), by

c (M,)
2• 6 3.75 Me 8.1 (55)
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Equation 54 hence becomes

4 (s /Ue)p
O(f) = e 3.7-M e•8.e 1 (56)

1+ 12fSIt/Ue

which is Equation 11 for TBL spectra expressed in the frequency domain except 6 * and Uc
have been respectively replaced with 3t and U . The similarity in form further ensures
that both sides of Equation 56 integrate identically to p2MS. Therefore it is postulated herein
that transitional spectra in the range 3.7 'c Me 4 8.1 can be defined using a prediction tech-
nique completely analogous to fully turbulent procedures, using Equations 55 and 56. Figure
70 describes the dependence of the ratiobt /A * on local Mach number.

c. Cross Correlation Functions

As previously discussed, narrow band cross correlation functions were not obtained.
Since the spectral distribution for transitional flow measured in the present test program was
similar to that of turbulent flow it appears reasonable that the Cross Correlation Function
renvain the same. Until further resolution of this area is made, it is recommended that the

It,

0
//

~- /

'.4- /

/
/

/o

S1 I .. . 1 ... I . __ I . . I _[ 1 . _

Figure 70. Functional Relationship of Transitional and Fully Turbulent
Chlracteriatic Lxngth Parameters
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correlation functions for fully developed turbulnt flow be used as a first approximation.
Equations 20 and 21 are therefore recommended to define the cross correlation coefficients
for transitional flow.

A ,,(q,•)= exp (-0.721i. ) 0.3 + 0.7 expeO15 )j (20)SUc

A( (t, t)) = exp () exp

d. Convection Velocity

Broad band convection velocities for transitional flow determined from data obtained
in dhe present test program were approximately 0.6 of that in turbulent flow; therefore, the
following expression is recommended for transitional flow

Uc 0.045 + 0.18 exp (0.1 0. -1.2 (57)o. UQO Tx i ) (T

3. BASE FLOW

a. Acoustic Mapnitude

Houboltt 0 ) was the only source found which defined expressions for the acoustic
environment acting on the base of a re-entry vehicle. B1ased upon engineering logic and
the knowledge of turbulent flow, the following expression was derived relating base pressure
fluctuations to the static pressure

0.01 Mb2

Prms 2 Pb (38)

This relationship agreed well with data obtained by Eldred( 1 8) for subsonic flow
but as stated in Houboltts report, verification of the coefficients in the above equation was
in order for supersonic flow. Figure 71 compares Equation 38 to data obtained in this
study at zero angle of attack for Mach numbers associated with the wake boundary of 6.2
and 13.6 (M.. = 4 and 10 respectively). Predicted levels are lower than measured values
Indicating that adjustments to the denominator in the expression given by equation 38 are
required. No adjustment to the numerator coefficient is required since it agrees with
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Figure 71. Overall Acoustic Intensity for Base Flow (Prediction vs Test)

Eldredts subsonic results. Using a coefficient of 0.04 in the denominator as given in
Equation 58 agrees well w~th data, Figure 71 Is a plot of Equation 58 and the turnel data.

0.01 Mb

Prmsb 2+00 M• b (58)

At large Mach numbers, Equation 58 suggests that the rms pressure levwl is dependent
stimply on the base static pressure, roaching an asymptotic value of 0,.25P"

b. Acoustic Power Spectral Density and Correlation Iu•nction

V ~In order to arrive at the power spectral density for base flow iloubolt assumed a
,'orrelation function of the form

R 1e1 EQU(VTAILOt 39
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where VT was an effective transport velocity and L the scale of turbulence. Assuming that
the transport velocity was related to the transverse component of the wake boundary velocity
(VT = Vb sin 0 where e is the half cone angle of the wake cone) and the scale of turbulence
(L) proportional to the base radius, Equation 59 was developed for the base power spectral
density:

222 P L 2 p2

0 rmsb 1 brsb 1 5
) VT (V)2 = Ub sin0 (rb )2b

Equation 59 is compared with normalized test data (Moo= 4, Re.- 1.4 x 106
2.2 x 106, 2.8 x 106) in Figure 72. It is evident that this equation is conservative at low
Strouhal numbers. Figure 73 compares the same Mach 4 data with Equation 60 which assumes
that the transport velocity is equal to the wake boundary velocity. Good agreement is
attained with test data therefore Equation 60 and its associated correlation function, Equation
61 are recommended to define acoustic environments for base flow. Figure 74 compare the
recommended equation to data obtained at M = 10 reasonably good correlation is attained:

2d p2
rmsb

Ubb

S( P2 (Ub/d)rR)= P e (t61)

r10b
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"APPENDý X

ENGINEERING RELATVONS /GRAPHS FOR THE DETERMINATION

OF LOCAL FLOW PROPERTIES ON SHARP BODIES

A. MARTELLUCCI

Within the body of this report, the measured acoustic data have been normalized with
various aerodynamic flow properties such as the boundary layer edge dynamic pressure,
qe = 1/2 V e Ve2 , the boundary layer displacement thickness, 6*, the local static
pressure, Pw = Pe , etc. It is the purpose of this appendix to provide the reader, who
may not have ready access to viscous flow computer programs or who may be unfamiliar
with the equations/techniques necessary to compute the viscous properties, with sim-
plified equations and charts with which to determine some of the more fundamental
local flow properties.

In general, for blunted bodies, the determination of the properties within the viscous
layer involve.- lhe numerical solution of the boundary layer equations using, for example
a finite difference scheme. Another common approach involves casting the equations
in an intf-1:1ral form resulting in integro-differential equations which are solved by inte-
gration aiong the body surface to the station(s) in question. As a result, computer pro-
grams have been forn,.ilated to solve these systems of equadons. Programs exist for
the solution of the laminar and turbulent boundary layer flows, however, when the
boundary layer on the body is laminar - transitional-turbulent, special devices or tech-
niques must be employed to solve this class of problem. In the finite difference solution
scheme, in which a forward marching solution is employed, one customarily lets the
viscosity vary in the transitional boundary layer region (which must be known a priori)
from the molecular value at transition onset to the turbulent effective value at the eml
of transition using, say, a gaussian distaributicn.

The integral form of the viscous layer equations are more commonly used in vehicle
design. In this type of scheme, it is quite common to treat the transitional region as
a point, that is, the viscous layer is treated as laminar to this point and downstreanm
of this point the turbulent flow relations are used. To pass through this region mwn
must establish the constants of integration for the turbulent solution (i. e., the so-called
"effective origin" concept). This is customarily performed by equating the laminar
momentum thickness, b L, 'o turbulent value, e T, thereby establishing an artificial
origin to the turbulent solution such that at that particular station of matching (usually
transition onset) the value of ' L - 6 T - The remaining turbulent properties can then
be determined. This information is by way of backgroumn. I will attempt to present
simplified laminar and turbulent bouitlary layer equations valid for pointe•d cones or
sharp flat plates. FurtherrNore, graphs will be presented from which the inviseid flow
(boundary layer edge) properties can be determhnd. It should again be stressed that
the following information is valid only for sharp leading edge bodies. Strictly speaking,
for blunted bodies the integral equations must be solved. Th1us the following information
provides a means of estimp*ing approximate values or estimates of parameters which
are valid for blunt body sta&Jons far from the leading edge.
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INVISCID FLOW

In this section, a series of graphs will be presented which can be used to define the
inviscid perfect gas (v = 1. 40) flow properties on pointed cones and wedges. Listed
below are the Figure numbers and the flow properties presented in each chart.

FIGURE

CONE WEDGE PROPERTY

A-1 A-5,6 Wall Pressure Ratio, Pw/P = P /P vs M for
various 9 c M for

A-2 A-7 Edge Temperature Ratio, T/T o vs M for various
8c

A-3 A-8 Edge Mach number, M. vs M for various P.

A-4 A-9 Local unit Reynolds numnber ratio, R11i k S 1c
for various M

With the free stream conditions known, the local dynamic pressure on the botly, qvp
can be determined from the follow -ig:

q 0 - 1 2 D 2 pl 0 2 (1)

whore Y/2 = 0.7

Tho rolatLon for the local velocity is:

a n 49.O01M (p)(2)

Th1 loctl wetted length Reynolds nunmber at a di8tance, s, along the b"Iy surface can
be dotormiLid from Figure A-4 or A-9 and te folWowing:

110 8 (S'{t!R) S where lt, S P uo/ W. is the free stream

wiit Reynolds ntnbar. (3)
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BOUNDARY LAYER EQUATIONS - Compressible Flow/Ideal Gas

Viscous layer equations will be presented here to enable the reader to calculate the
momentum or displacement thickness for a cone or wedge with either all laminar, all
turbulent, or a laminar-turbulent boundary layer (using the matched momentum thick-
ness approach).

SLAMINAR FLOW

Boundary Layer velocity thickness: 0.5

5.3S (W* /Pe) X Te/T*),

S0L.. .. 18 (4)

3K2 Fs (T*/Te) 0.18

where

K= 0 flat plate, K = 1 cone

Reference Temperature:

T* = 0.5Tw÷(0.5-0.22r)To+0.22rTO (5)

SRecovery Temperature:

T rT + (1-r) T. (6)

Viscosity:

3/2LB-Sec

w 2.270 .... .. x 10. 8  ... .. (7)
T+ 198.0 ft2

r = recovery factor = 0. 848 (laminar)

recovery factor w (. 89) (turbulent)

and Tw model wail temperature

A-3
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The ratio of the boundary layer displacement to velocity thickness is given by:

L u e2/2he + 3.36 Tw/Te - 0.376

2(8)

6L Ue /2he + 3.36 Tw/Te + 5.79

where

he Cp Te (9)

ft2
Cp = 6006 sec 2 OR 

(for air)

The ratio of tLo boundary layer momentum to velocity thickness is given by:

6L- =0,.125 -1(10)

Through the use of equations (4) through (10), the local viscous parameters A L' L
and 8 . can be determined.

TURBULENT FLOW

The momentun thickness oan be expressed as:

0.037 c S

OT = 11)

1.913 ReK 0.2

whore • 0.2 / 0.8

C

Slie boundary layer displacement thickness cam be obtained from the following relations,
in conjunction with equation (11):

-- -+ (1.20---- + [+2.081 M /3 )for MP, 4.5 (12)

T T r

A-4
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TT

. T w

f--- -1 + .29 +1 .04 + -. 04 (13)
8T T r5

for Me 9 4.5

LAMINAR- TURBULENT FLOW

The growth of the momentum and displacement thicknesses along a body for the case
where the flow is laminar to a point (such as the transition onset point) then is turbulent
thereafter may be obtained as follows:

(1) 6 L* is determined from equations (8) and (4)

(2) 6L is determined from equations (10) and (4)

(3) Let8L = eTatS=STR

That is, from equation (11) establish the value of Se (effective origin argument)
which pertains to the prescribed value of A L' It should be noted that at Se = 0
the value of S (from the vehicle origin) is non-zero. This is illustrated in the
sketch below:

"/ TRN"SITION"

(4) Evaluato T as a fwnetion of So

(5) Detormine I T* fromn equation (12) or (13) whichiever portatins.

Ilius, W'oughi die use of Figuros (A-1) through (A-9) in conjunction with equations (1)thsrough (13) those local properties eployrd in the normaization of 1 h forabody

acoustic measutrements can be ostimatod.

' A-6
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BASE PRESSURE CORRELATION

The RMS acoustic pressure on the base of conical bodies is normalized with the base
pressure. When the flow at the cone base is transitional-turbulent, experimental data
have shown that the pressure across the base is approximately constant. A correla-
tion of available flight and wind tunnel cone data, results in the line shown in Figure
A-10, where Pb/Pw is plotted against M e* Pw and Me can be determined from Figures
A-1 and A-3, respectively.

FLIGHT EXAMPLE ON THE USE OF THE APPENDIX:

Let us assume that one wishes to determine the acoustic magnitude levels and the
power spectra for a conical re-entry vehicle at an altitude of 10,000 feet. The vehicle
in this case is 60 half angle cone which is 6 feet long and has a nose to base bluntness
ratio R N/RB < . 02 (hence a sharp cone approximation for this case will be valid).
Let us further assume that at H = 10 Kft, MCo = 15 and Tw = 30000 R.

From standard altitude tables (e. g. 1962) one can establish

P. = 1455.6 PSFa

T. = 483°R

To = 22,555°R*

Re/ft = 8.025x 10 7

Thus the geometry and free ;tream conditions are set, aWl are summarized below:

9TV Tc 30000 R

h~I t 0FT AGO T
s:o L

M ft e15RN o. .02 Re

*It should be noted here that for the flight case, the freestream stagnation properties
must be obtainod from a Moflier Diagram. For simplicity here, ideal gus relations
were used.

A-6
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The local inviscid flow properties can be determined from Figures A-1 to A-4 and are
listed below:

Fig. A-1 P /P =5.0 P =7278psfWw W

Fig. A-2 T /T= 1.73 T = 835. 60 R
e coe

Fig. A-3 M = 11.4e

Fig. A-4 Re /Re 1.86 Re /ft= 1.49x

S2

q =e //2 M P = 662,000psfe e w

Using the acoustic intensity prediction suggested in the body of this report for fully
developed turbulent flow, i.e.,

Prms/qe= 0.002/( 1 + 0.02 Me2) = 0.000555

which corresponds to 179 dB.

For the fully developed turbulent flow case presented here, one can readily compute
the displacement thickness using the equations presented. The procedure would be as
follows:

Given T , T and the freestream conditions one can determine T* and T from
equations (5) and (6), respectively. That is

T* = 0.5(3000) + [. 5 - .22(.896)] 835.6 + 0.22(.896) (22,555)

T* = 6,199'11

Tr = 0.896 (22, 55) + (1 -. 896) 835.6

T = 20,296oR
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Before computing from equation (11), one must first determine

Et (*)02 (Te) 0.*

16833 3/2 835.6+198.6 0. 2 r835.2 60.8[ \ 83,6 [ 0
[8-356) ( 6 199 + 198.6 [6L199 J

= 0.255

Thus from equation (11) at S = 6'

0. 037 (. 255) (6)
1. 913 [r.49x108) (6)]0

= 0.000479 Ft.

Then from equation (12)

eT =0.000479 -1+ 129(3000) +1) 11+2.08 (11.4)22

6*T = 0. 0309 Ft.

This value would be used in the acoustic power spectral density relation $ (w) as
defined in the body of the report.

This numerical example serves as an illustration in determining the normalization
parameters utilized in the body of the report. It should be recognized that for the
flight case real gas flow tables should be employed. For wind tunnel cases, ideal gas
flow relations and tables are generally adequate.
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