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ABSTRACT

Preliminary estimates of Space Shuttle fluctuating pressure environments have been made based
on prediction techniques deve!oped by Wyle Laboratories. Particular emphasis has been given
to the tramsonic speed regime during launch of a parallel-burn Space Shittle configuration,

A baseline configuration consisting of a lightweight orb:ter and monolithic SRS, together with

a typica!l flight trajectory, have been used as models for the predictions. Critical fiuctuating
pressure environments are prec:cted at transonic Mach numbers with the follewing maximum
overall fluctuating pressure fevels: 1) shoulder-induced flow separation (157 d8), 2) teminal
shock-wave oscillation (164 dB), 3) protuberance flows (168 dB), 4) compression-corner
induced seporated flow (148-157 dB), 5) shock-induced intesrference flow (161 dB),

6) shock-free inlerference flow (150 dB), and 7) attached turbulent boundary layer flow
(137 dB). Comparisons between predicted environments and wind tunnei test resc'ts, in general,
showed jood agreement. Predicted one-third octave bend spectra for the adbove environments
were generally one of three types: 1) attcched turbulent boundary layer spectra (typically
high frequencies), 2) homogeneous separated flow and shock-free interference flow :pectra
(typically intermediate frequencies), and 3) shock-oscillation and shock-induced interference
flow spectra (typically low frequencies). Predictions of plume induced separated flow environ-
ments were made. Only the SRB plumes are important, with fluctuating levels comparabie to
compression-corner induced separated flow and shock oscillation.
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1.0 INTRODUCTION

During launch and flight through the atmosphere, the external surfaces of the Space Shuttle
vehicles will be exposed to high intensity acoustic and fluctuating pressure environments.
These environments will be critical to the design and success of the complete Space Shuttle
system. Definition of the environments is necessary, therefore, in order to insure structural
integrity, reiiability and the economic operational requirements of the Space Shuttle.

In order to arrive at an optimized Space Shuttle system, accurate definition of the critical
acoustic environments which will be encountered during Space Shuttle flight is required at
the earliest possible time during the development stage.

Wyle Laboratories is engaged in a research progrom under NASA-MSFC Contract NAS8-26919
to develop reliable methods of predicting critical acoustic environment *rends during Space
Shuttle flight. The primary objective of this study is to oe “>rm a critical analysis of the
acoustic and fluctuating pressure environments for the ¢ lete flinht envelope of the Space
Shuttle. Particular emphasis is to be directed to the area of fluctuaring pressure environments
as encountered during flight through the atmosphere. Key features of this investigation have
been the bringing together of data ¢ sm disparate sources, combining the results to show general
trends for the various unsteady phenomena, the development of prediction methods based on the
combined results, and the application of the prediction methods in the final assessmeri of
critical environments for the Space Shuttle vehicle.

In early phases of this program, effort was devoted to a study of basic aerodynamic and acoustic
environments for the purpose ¢i: 1) formulating prediction methods for the basic fluctuating
pressure environments which are encountered by aerospace vehicles; and 2) definition of

the fluctuating pressure environments which are unique to the Space Shuttle vehicles. During
this phase of the study, emphasis was given to the transonic spaed regime during launch,

During the past year, work was continued on the deve lopment of prediction techniques.
Prediction schemes were refined and incorporated into computer programs.

During the past year, flow field analysis and fluctuating environment prediction schemes were
extended to include effects of rocket exhaust plume-induced separation. An extensive
investigation of plume-induced separation was undertaken for the purpose of: 1) developing
a scheme to predict the extent of plume-induced separation regions, and 2) evaluating the
fluctuating environment associated with such regions. The results of this study were the
subject of a recent report, and are incorporated into the predictions of the present report.

This report presents the latest predictions for a Space Shuttle launch configuration. Selection
of the vehicle booster and orbiter design and specification of trajectory parameters is presently
in progress. Although these vital criteria have not been finalized, it is necessary to proceed
with engineering studies to arrive at preliminary estimates of both steady and unsteady aero-
dynamic loads which will be encountered during atmospharic flight bv the Space Shuttle
vehicle. This report provides a cursory analysis of the fluctuating pressure environments which
may be anticipated during launch, and predicted fluctuating pressure levels and spect:a for
critical flight conditions. These predictions are based on a typical Space Shuttle configuration
and launch trajectory, and therefore, should be considered as preliminary estimates.



Section 2.0 contains a brief description of various types of fluctuating pressure environments
which may be experienced by the Space Shuttie vehicle. Section 3.0 presents a description
of the prediction methods devel oped by Wyle Laboratories for various fluctuating pressure
environments together with comparisons of the predictions with experimental data. A
description of anticipated unsteady flow fields and attendant fluctuating pressure environments
which will be experienced by the mated Space Shuttle launch configuration is presented in
Section 4,0, Section 5.0 presents an ossessment of critical Space Shuttle flight conditions
and anticipated overall pressure levels and spectra. Porticular emphasis is given to the
transonic Mach number range and the condition of maximum dynamic pressure. Finally,
Section 6.0 summarizes the more significant conclusions reached during this stud,.



2.0 FLUCTUATING PRESSURE ENVIRONMENTS

When a vehicle moves through air there are two basic means by which it can produce noise:
1) by its propulsion mechanisms (motor-jet, rocket, etc.,) and 2) by i* interaction with its
surroundings. At low speeds, for example, during and immediateiy after lift-off, the first of
these is by far the dominant one, while near or above rthe speed of sound the second becomes
important,

During any flight cycle for an aerospace vehicle, there are four important phases of the flight
which should be investigcted in order to assess the environmenta! trends due to acoustic and
fluctuating pressures. These are listed in the chronological order in which they ccrur.

® Lift-off phase during which acoustic excitation results
from the exhaust noise.

° Launch flight to orbit phase, during which rocket exhaust noise
diminishes and aerodynamic fluctuating pressures (pseudo-sound)
start to dominate. From an aerodynamic noise viewpoint, this
phase becomes most critical at transonic Mach numbers

(0.60 <M <1.6).

° Re-entry phase during which only aerodynamic fluctuating
pressures are present,

° Flyback phase during which *he noise from flyback engines
dominrate.

This report is devoted to the specification of surface fluctuating pressures resulting from unsteady
aerodynamic flows which occur during the launch phase of flight since this is considered to be
the primary area of study for this contractual effort. Inflight surface fluctuating pressures are
distinctly different from acoustic disturbances originating from rocket exhaust flows and engine
noise. Inflight disturbances, as considered herein, arise from several modes of disturbances —
the principle source being the passage of a turbulence environment over the external surface.
One other important source to be discussed is shock-wave oscillation which is characterized by
both turbulence (in close proximity to the foot of the shock wave) and pseudo-static disturbances
resulting from the modulation of the pressure gradient through the shock wave. Thus, inflight
fluctuating pressure phenomena are near-field mechanisms acting on the surface of a vehicle
with the distinctio. that the disturbances are generally convected at some fraction of the locai
mean flow velocity, On the other hand, rocket noise and engine noise are acoustic mode
disturbances which generally originate away from the surface. Furthermore, acoustic mode
disturbances consist of sound waves whicih propagate at the local speed of sound with a direction
independent of the local velocity.

Two specific areas cre considered in the present study: 1) "basic" fluctuating pressure environ--
ments which will occur on virtually all aerospace vehicles during some phase of flight, and
2) "special" fluctuating pressure environments which are unique to the Space Shuttle



configuration and mission parameters, Under the first category fall such environments as
attached turbulent boundary layers, separated flows and certain shock-oscillation environmrents.
Other environments which are more dependent on configuration and mission parameters are
certain types of shock-wave impingement, protuberance flows, wake and base flows, rocket
plume interference, and rocket exhaust impingement. Distinction is made between the two
areas since the "basic" fluctuating p-essure environments are dictated by the aerodynamic

flow field of the overall vehicle; whereas, the "special" fluctuating pressure environments

are relatively localized flow fields which are essentially superimposed upon the bosic flow
field.

There are an infinite number of possible vehicle configurations and any discussion of their
fluctuating pressure environments must be general. Even simple vehicle shapes, such as
cone-cylinder bodies, produce complex and highly nonhomogeneous unsteady flow fields —
particulariy at subsonic and transonic Mach numbers. Unsteady flow phenomena are of
particular importance at transon:: speeds, since in this range, fluctuating pressures reach
maximum levels due to their proportionality to dynamic pressure (q). However, peak fluctuating
pressures do not necessarily occue at maximum dynamic pressure for certain regions of a vehicle
due to the nonhomogeneous nature of the flow field. For example, regions of the vehicle
exposed to separated flow and the impingement of oscillating-shock waves will experience
fluctuating pressures at least an order of magnitude greater than regions exposed to attacheu
flow. Thus, if separated flow and oscillating-shock waves are present, say at Mach numbers
other than the range of maximum dynamic pressure, then peak fluctuating pressures will also be
encountered at conditions other than at maximum q. Thus, it is easily seen that vehicle con-
figuration is very important in the specification of fluctuating pressure levels since the source
phenomena are highly configuration dependent in addition to varying with Mach number and
angle of attack.

In light of the foregoing discussion, one general statement can be made i~ regard to aero-
dynamic fluctuating pressures. Regions exposed to the . :me unsteady phenomenon will
experience fluctuating pressure levels which are proportional to dynamic pressure. Thus, it

can be readily seen that a fundamental parameter in the specification of the surface excitation
is free-stream dynamic pressure and its variation with Mach number. For a given configuration,
Mach number and angle of artack define the phenomena, and dynamic pressure defines the
fluctuating pressure levels associated with the phenomena,

In order to assess the fluctuating pressure environments for a vehicle of arbitrary geometry, such
as the Space Shuttle vehicle, it is convenient to develop prediction formula for the statistical
properties of the fluctuating pressures for each basic type of unsteady flow field. From previous
wind tunnel tests and flight data, the following unsteady flow fields have been identified as
sources of fluctuating pressures:

a) Attached t.-hulent boundary layers

b) Separated flows

1) Expansion Corners
2) Compressicn Coraers



c) Oscillating chock waves

1) Transonic terminal shock
2)  Supersonic compression shock
3)  Supersonic impinging shock

d) Wake and base flows

e) Jet/rocket exhaust flow interaction with the vehicle
aerodynamic flow field

f) Protuberance flows

9) Rocket exhaust impingement

During past research programs, not all of these phenomena have been studied in sufficient
detail to enable prediction methods to be developed (for example, items d and g). However,
the other flow fields have been examined sufficiently to provide at least a first order analysis
of the cttendant fluctuating pressure environments,

The surface fluctuating pressures for eac. of the above flow conditions may be expected to
exhibit different statistical characteristics due to dissimilarities in the mechanisms at work,
For example, attached flow pressure fluctuations result from the disturbances within turbulent
boundary layers. Separated flow przssure fluctuations result from disturbances within the
separated shear layer and instakilities associated with the separation and reattachment points,
Pressure fluctuations for shock -wave oscillation result from the movement of the shock wave
and the static pressure discontinuity associated with the shock wave. Generally, shock-wave
impingement occurs in the presence of either attached or separated flow and odded disturbances
result due to the combined environments. Thus, in order to develop prediction techniques for
the many unsteadyv flow fields which a vehicle may encounter, it is necessary to examine each
flow field inderendently, and to define, at least empirically, the statistical properties of the
attendant fluctuating pressure environment,

The statisticai characteristics of each fluctuating pressure environment that are important in
the analysis of structural response may be classified under three parametars:

) The overall fluctuating pressure level
° Tne power spectra
) The cross-power spectra (or narrow band cross-correlation)

In the following section, a summary of the prediction formula is presented together with typical
comparisons of the predictions with existing experimental data,



3.0 GENERAL PREDICTION FORMULAE

Analyses of various unsteady flow environments have been performed under this contract for
the purpose of defining empirical formulae for estimating the statistical properties of the
attendant fluctuating pressures. This work is based on the results contained in Refer~nces

} through 25, and the findings are preserted in References 26-29. A detailed summary of
the basic findings and prediction formulae is presented in Appendix A. The surface
fluctuating pressures for both "basic" unsteady flows and certain "special" unsteady flows
unique to the Space Shuttle vehicles have been reviewed. The resulting empirical formulae
have been gereralized for the various environments ‘n order to achieve 1) simplicity in
their mathematical formulation, 2) a relationship to the physical parameters of the flow,
and 3) good agreement with the available experimental data. As noted in the previous
section, complete definition of a fluctuating pressure environment requires that the overall
level, power spectra, and cross-power spectra be defined. A brief summary of prediction
methods for each of these statistical parameters is given in the following subsections for
attached flow, separated flow, and shock-wave oscillation.

3.1 Overall Fluctuating Pressure Level

The correct method of presenting overail fluctuating pressure levels for surfaces beneath the
convected turbulence in boundary layers is in terms of the root-mean-square flucruating

pressure level, \} P2 . Free-stream dynamic pressure, q,, , local dynamic pressure, q[ ,
and wall shear stress, T, have been used to normalize VFE so that meaningful data

collapse can be realized throughout the Mach number range. The most generally accepted
normalizing parameter is % and, thus, it will be used in the current expressions.

The effects of Mach number on the normalized rms intensities of the fluctuating pressures in
attached flows are shown in Figure 1. There is significant scatter in the data which may be
attributed to several factors: 1) background noice and free-stream turbulence in the testing
medium; 2) instrumentation gquality and the precision of the experimental technique, and
3) data acquisition and reduction techniques, etc., For the range of Mach numbers covered
in the data of Figure 1, the normalized rms value of the fluctuating pressure varies from

d -P—z/'loo ~ 0.006 at subsonic Mach numbers to 0,002 at supersonic Mach numbers,

Lowson, Reference 1, proposed the following semi-empirical prediction formula which appears
to agree with the general trend in the data:

V¥ e, = 000/ (1 +004m2) M

It ix important to note that this formulc has some theoretical basis and is not strictly an
empirical approximation of measured results (see Reference 1), The use of this formula at high
supersonic and hypersonic Mach numbers should be done so with the understanding that it has
not been verified in this Mach number range and may lead to significant errni', Predictions for



high supersonic and hypersunic Mach numbers have been developed under this program and
are presented in Reference 27. However, in the Mach nunber range up to, say M = 3.0,
the above equation is in good agreement with experimental reslrs,

It should be noted 1hat the results presented in Figure 1, particularly the wind tunnel resulis,
were obtained for both homogeneous and stationary flows at free-strerm conditions and in the
absence of external pressure grudients. Consideration should be given to local conditions
which deviate from free-stream conditions. This work is currently in progress.

The variation of fluctuating pressure level, normc :ed by free-stream dynamic pressure, with
local Mach number for various separated flow environments is presented in Figure 2. These
data represent both expansion and compression corners. For expansion corners, the largest
levels occurred at low Mach numbers and decreased us local Mach number increased. These
data represent the region of plateau-static pressure and the tolerance brackets on the data
represent the variations in fluctuating pressure level within the region of constant static
pressure rather than scatter in the measurements. A good empirical appruoximation to the
expansion induced separated flow disturlances is:

3 _ 0,045 /o
dP/qm S —— ?)

1+ M2
{

This equation is similar in form with that previously proposed for attached turbulent boundary
layers.

Fluctuating pressure measurements for the region of plateau-static pressure upstream of com-
pression corners exhibited a somewhat different trer.d with Mach number. In general, the
compression corner data showec in increase in fluctuating pressure level with increasing free—
stream Mach numbe:r in the ran ., 1.0 < MOOS 2.0 — reaching o constant level at Mach

numbers ab. -~ 2,0, Free-stream Mach number is used here because adequate data is not
available for determining the loca! Mach numaer in the vicinity of the compression-induced
separated flow region. Derivation of an empirical prediction foimula for the fluctuating pressure
level within compression-induced separated flows will require further study.

Generally, shock-wave oscillation produces the most intense fluctuating pressure levels that
are usually encountered by a vehicle. Typical shock waves encountered by vehicles are:

° Terminal shock waves for regions of transonic flow

° Displaced oblique shock waves as induced by the separated
flow in compression corners at local supersonic speeds



. Reattachment shock waves in the vicinity of the reattachment point for
separated flows generated by both compressicn and expansion corners

° Impingement shock waves as caused by locai bodies such as strap-on
rockets
° Oblique shock waves associated with separated flow induced by highly

expanded rocket plume at high altitudes.

All shock waves may be expected to produce generally similar fluctuating pressure environments
since the pressure fluctuations arise from motion of the shock wave. The mechanism of this
motion was investigated under this contract, and it was found the! the oscillations 2:2 Jdiiven
by veincity fluctuations in the incoming turbuient boundary layer. The muximum displacement
is governed by mean flow conditions. Except for alternating flow conditions, where oscillation
distance is much larger than shock thickness and the power spectrum is therefore o Poisson
distribution, spectra and overall levels for various shock environments are quite similar. A
discussion of shock ascillation and results of anaiytical investigation are pre.ented in

Reference 28, ond are summarized in Appendix B. The overall 'evel is a strong function of
Mach number in tne transonic regime; typical overall levels for teminal shock wave
oscillation are presented in Figure 3.

3.2 Power Spectra

Power spectra represent the distributicns of the meon-square fluctuating pressure with frequency.
Powei specira for the various fluctuating pressure environments are found to scale on a Strouhal
numbes basis; that is, the frequency is normclized by multiplying by a typical length and
dividing by o typical velocity. Normmalized spectra enabla similar, stationary flows to be
represented by ¢ single spectrum regardless of the scale of the flow field or the free-stream
velocity.

Numerous studies have been zonducted to determine the proper parameters to be used to
nondimensionalize the spectra for various aero-acoustic snvironments. Unfortunately, the
choice of parameters which best collapses the data appear to be dependent on the nature of

the fluctrating pressure environment, In general, free-stream velocity is used as the normaliz-
ing velocity parameter, although a typical eddy convection velocity (itself a function of
frequency) has been used occasionally. The local convectior velocity appears to correspond
more closely with the physical situation for fluctuating pressures due to turbulent eddies.
Selection of a typical length is more difficult. Boundary layer thickness, &, displacement
thickness, &*, wall shear stre-s, T and momentum thickness, 8, have all been used by

various investigators for attached flow. For separated flow and shock-wave oscitiation, iccal
boundary layer thickness and separation length have also been used,

Generally, prior knowledge of the overall fluctuating pressure level is required to predict the
power spectra; however, prediction formula for the overall levels have been developed to a
limited degree as Jiscussed in Section 3.1.



Prediction formulae for the power specira for the various unsteady flows, with the exception of
shock-wave oscillation, have the following form:

2

S(HHU  _ / 9% a3
q° L foL { “'k |
® —U-‘l+(f/fo) ‘

where U = choracteristic velocity
L = characteristic length
f = characteristic frequency
n
n, k = spectrum shape foactor

Some mathemotical properties of Equation (3), in particular the relatiomship between n, k
and overall level, are discussed in Appendix C.

For shock-wave oscillation, the power spectrum is a combination of power spectra for inviscid
shock-wave motion as well as contributions from the separated flow near the foot of the shock
wave. The prediction formula has the following form:

, 1 .

shu) _ femu\ . ) (U \ @
2 2 2

% L Sw %o L Sw % L /S

where k' = 0.25, the subscripts SW and S denote shock wave and separated flow

respectively, and the superscript | denotes the absence of viscous effects. A complete
discussion of the power spectra predictions for the various fluctuating pressure envirorments are
presented in Reference 26. Comparisons of predicted power spectra with experimentol data are
¢ - ented for attac’ied flow, separated flow, and shock-wave oscillation in Figures 4, 5 and 6.
Also, power spectra predictions have been developed for nonhomogeneous attached and
separated flows (see Reference 26), Comparisuns of these predictions with experimental data
are shcwn in Figure 7 together with attached flow, separcted flow and shock-wave oscillation.



3.3 Cross-Power Spectra

The final requirement in determining the zharacteristics of the fluctuating pressure environment
of an unsteudy fiow field is to define the narrow band, space correiation fun:*i.on or co-power
spectral density. This parometer is the key function needed to describe an impinging pressure
fie'd on 3 structure in order to calculate the induced mecn-square response of the structure
(see, for example, Reference 17 for the structural response computetional technique). The
spatial correlation properties of a fluctuating pressure field can be obtained only from a careful
and detailed examination of the flow field at a large number of peints.

Measurements by several investigators have shown that the co-power spectral density of the
turbulent boundary layer pressure fluctuations in the direction of the flow can be approximated
by con exponentially damped cosine function, and the lateral co-spectrzl density can be
approximated by an exponential function,

The spatial coherence of the fluctuating pressure environments ¢. defined by the co-power
spectra have been evaluated for the various unsteady flows. The cross~power spectra for
attached turbulent boundary layers, two- cnd three-dimensional separated flows and protu-
berance-induced wake flows appear to be fai:ly well defined at least in the iongitudinal
direction, Much uncertainty remai for transverse cross-power spectra in upsiream separated
fiows, and protuberance wake flow:. Bath longitudinai and transverse cross-power spectra for
the regions beneath oscillating shock waves require additional study.

In general, the normalized co-power spectra for the various fluchuating pressure environments
car: be defined as exponentially dawped sinusoids for the longitudinal axis as fo!lows:

e-aug/Uc

C (&, 1) cos %‘g (5)
c

Along the tronsverse axis, the normalized co-spectra may be defined by an e ponential decay
as follows:

c(n,h = e V% 6)

where w is the circulo- frequency, UC is the convection velocity, and £ and n are the

longitudinal and transverse separation distances, respectively, ond a and b are the
coefficients of exponential decay,



The coefficient of exponential decay is a function of the particular environment under study
and mcy also depend on free-stream Mach number as well as local flow conditions. Derivations
of the coefficient of exponentia! decay are presented in Reference 26 for each unsteady flow
condition where the dato was sufficiently well defined to merit an analysis. For attached
boundary layer flow, the coefficient of exponential decay in the longitudinal direction was
found to be a =0.10. For two-dimensional and axisymmetric separated flows, the values
ranged from 0.13 at Mm = 2.5t00.33 ot Mcn =1.,60. The coefficient of exponential decay

in the inner and outer regicns of three-dimensional separated flows upstream of cylindrical
protuberances were approximately the same in the longitudinal direction with a value of a=0.7.
In the protuberance wake, the s: tial decays were clearly defined only in the neck and far-wake
regions with a vaive of 2=0.19. Typicai co- and quad-spectra are presented in Figures 8 and
9 for attached flow and separated flow, respectively.

1



4.0 FLUCTUATING PRESSURE ENVIRONMENTS FOR SPACE SHUTTLE
4.1 Description of Space Shuttle Vehicles

Space Shuttle studies over the past three yeors have considered a wide variety of system
confi jurations. The final concept will consist of an Orbiter vehicle with an external,
expe wdable, liquid hydrogen/liquid oxygen system (H/O) tank. Two solid rocket boosters
(SRf.. will be used for the shuttle booster in a strap-on configuration similar to the Titan 11
co-.ept. Selection of solid rocket diometer is still under study with a 144 inch diametes
seg rented motor or a 142 inch diameter monolithic motor being strong contenders. Orbiter
rJe ian is still under study, with the most likely candidate being a lightweight double delta
wir; configuration with a target gross weight of 150,000 Ib.

Pow: r for the Orbiter will be supplied by three high-pressure engines which will burn in

para lel with the solid rocket motors during launch. One concept for the Space Shuttle is
th: ' aseline configuration shown in Ficure 10. The detail geometry of the mated Space
Shut:le configuration has certainly not been finalized; however, the concept has progressed
to the point that reasonable estimates can be made in regard to the fluctuating pressure
environments which may be anticipated during laurch, The baseline configuration shown in
Figurz 10, comsisting of a lightweight Orbiter and 142 inch diometer monolithic SRB's will be
used in this report as a baseline model for arriving ot preliminary estimates of the Space
Shuitle fluctuating pressure environments.

4.2 Description of Flow Fields

The Space Shuttle launch configuration is o complex cembination of several bodies — with
each major body having a different geometry. The flow field for the mated launch vehicle

wi | consist of the individual flow fields of each major body of the vehicle with modified
regiors s generat: » by the interference and interactions among the fiow fields of the various
bodies. An extensive experimental/theoretical study will be required to accurately define the
resulting flow over the mated configuration. The problem at the present time is to arrive at
some feasible means of defining the aerodynamic flow field so that nreliminary estimates of
surface fluctuating pressure environments can be mode. The approach to be taken is to analyze,
first, the interfe ence-free flow field for each major body of the mated Space Shuttle vehicle,
and to modify the individual flow fields according to predicted flow interference effects.
Only a cursory descripiion of the flow fields for the mated configuration is thus obtained;
however, the analys.- does point out representative fluctuation pressure environments which
may be onticipc’ a during Space Shuttle flight.

The fluct ring pressure environments are, of course, a function of launch trajectory. For the
purpose . this report, predictions will be made for a due east trajectory. Flight parameters
for th.. trajectory are shown in Figure 11, It should be noted that the basic fluctuating

er: onments are functions of Mach number and scale with dynamic pressure: therefore, the
present predictions c~n generally be corrected for ciher trajectories. An important exception
to this scaling rul is plume induced separation, where the geometry of the separated flow,

as well as ave-uil level depends on dynamic pressure. Plume effects must therefore be calcu-
lated for c1cn specific hajectory.
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4.2.1 Interference-Free Flow Environments — The solid rocket motors are basically
cona-cylinder missile configurations with a 17.5 degree cone half angle. Cone-cylinder
geometries have been studied e: tensively in past years and their unsteady flow fields are
fairly well defined. For these bodies, the following environments may be anticipated.

. Attached turbulent boundary layer flow

° Shoulder-induced separated flow (subsonic Mach numbers)

™ Terminal shock-wave oscillation (transonic Mach numbers below 1.0)
° Exhaust plume-induced flow separation with shock-wave oscillation

for high altitude supersonic flight.

For a cone-cylinder body, the types of unsteady flow conditions which will occur at a given
Mach number depend on cone-angle, angle of attack, and Reynolds number. Typical flow
fields for cone-cylinders are shown for the zero angle of attack, interference-free case in
Figure 12,

For all Mach numbers, the flow over the nose cones will be attached with the location of
boundary layer transition occurring as a function of Reynolds number. Flow characteristics in
the vicinity of the cone-cylinder juncture will vary depending on free-stream Mach number,
angle of attack, and shouider angle. For cones having half angles (shoulder angles) greater
than approximately 10 degiees, the flow will not fully expand over the shoulder at subsonic
speeds tut will separate at the shoulder. A separation bubble is thus formed, with reattach-
ment occurring o short distance aft of the shoulder with the axial extent of the bubble depending
primarily on cone-angle. At high subsonic Mach numbers, the flow negotiates the shoulder
without separating, reaches supersonic speed immediately aft of the shoulder, and produces a
near-nomal, termiral-shock wave at some point along the cylinder. The boundary layer
becomes extremely thin at the shoulder due to the strong expansion fan and a new boundary
layer is essentially formed at the shoulder. The boundary layer remains attached between the
shoulder and the shock wave. At the shock location, the boundary layer may ‘indergo separation
depending on the strengtn of the shock wave. The shock strength is at @ maximum corresponding
to the initial attachment of the flow at the shoulder and cecreases in strength as it moves aft
with increasing Mach number. At sonic speed, the terminal-shock wave will move aft of the
body and will be reduced to zero strength.

For Mach numbers above 1.0, the interference-free flow fields for the SRB will consist of
att1iched boundary layer flow and possible shock-oscillation environments corresponding to
surface protuberances and other geometric irregularities. At supersonic, high altitude,
conditions, spreading of the rocket exhaust plume will induce separated flow over the aft
portion of the total Space Shuttle vehicle. ihis will be discussed in Section 4.2.3, Plume-
Induced Sepa:ated Flow Environments.

13



H/Q Tank — The H/Q tank is basically an ogive-cylinder configuration.

The configuration shown in Figure 10 has a sphere-cylinder at the nose housing a
de-orbit engine. Design of the H/O tank is still in a fluid state, with such details
as de-orbit engine location and precise nose geometry not finalized at the present
time. Latest concepts call for de-orbit engines to be located flush along the sides
of the H/O tank, rather than in the sphere-cylinder as shown. Therefore, for the
purposes of this report the H/O tank will be treated as an ogive-cylinder.

Ogive-cylinders have been studied in the past, although not as extensively as the
more basic cone-cylinder configuration. A key factor in this type of body is the
configuration of the shoulder.

Robertson (Reference 30; investigated the effect of introducing a radius at the shoulder
of a cone-cylinder, witn geometry ranging from a sharp corner to an ogive-cylinder.
1t was found that flow separation decreases as shoulder radius increases, with no
separation observed for ogive-cylinders. Static pressure measurements indicate thot
the terminal shock wave on an ogive-cylinder is generally weaker and occurs at a
higher Mach number than on an equivalent cone-cylinder. Interference-free flow
environments for the H/O tank will therefore comsist of attached boundary layer

flow and terminal shock wave oscillation (though not as severe as for a cone-cylinder)
at subsonic speeds, and attached boundary layer flow for Mach numbers above 1.0.
As with the SRB, there may also be separated flow and shock oscillation envirorments
corresponding to surface protuberonces and other irregularities.

Orbiter Vehicle — The Space Shuttle Orbiter is a fairly clean vehicle from an
aerodynamic viewpoint; however, there are several specific areas of concern which
should be noted os regions of potentially severe fluctuating pressure environments,

In general, a major portion of the upper surface area of the Orbiter will experience
attached flow with relatively small fluctuating pressure levels. The lower surface
area will experience attached flow also; however, the lower surface will be affected
largely by interference flow due to the close proximity of the 5%B and H/O Tank.
The following exceptions to attached flow over the upper surface ¢ the Orbiter
should be noted:

1)  Seporated flow and shock -wave oscillation in the vicinity
of the crew compartment.

2)  Terminal shock-wave oscillation aft of the crew compartment
over *the upper surface of the fuselage.

3) Protuberance-induced separated flow and shock-wave oscillation
in the vicinity of the OMS Engines.

4)  Exhaust plume-induced separated flow and shock-wave
oscillation at high altitude supersonic flight.

14



A detailed analysis of the crew compartment and protuberance-induced fluctuating pressure
environments w:!l not be presented in this report since the fina!l design of the Orbiter will
likely be altered from the design of these componenis as shown in Figure 10. However,
certair general features of these components may be expected in the final design.

Crew-Compartment — Due to the location of the crew compartment and the require-
ments for pilot vicibility, the flow over the upper fuselage will be perturbed to a
significant degree, The angle between the pilot's window and fuselage will form a
compression corner and the flow in this area wil! resemble a forwerd facing step or
wedge characlerized by compression-induced separated flow. At supersonic Mach
numbers, shock-wave oscillation may be expected at the flow separation and reattach-
ment points. Also, if the shoulder above the pilot's station is a sharp angle, over-
expansion at transonic Mach numbers similar to that observed at cone-cylinder junctures
may be expected. Finally, terminal shock-wave oscillation will occur over the upper
surface of the fuselage at high subsonic Mach numbers for some distance aft of the
crew compartment, For the baseline configuration, the shoulder above the crew
compartment is rounded and shoulder-induced separated flow is not anticipated.
However, terminal shock-wave oscillation will occur but with red.:.ed fluctuating
pressure levels as compared ‘o a sharp-shoulder configuration (see Reference 30).

OMS Pods — The OMS units are three-dimensional protuberances that will induce
separated flow. Relatively severe fluctuating pressures are anticipated in the vicinity

of these units. Most of the aft fuselage and wing root section on the upper surface

will be affacted by the OMS engines. Essentially, these engines are small strap-on
rockets and many of the arguments presented in the next section for the SRB interference-
induced flow field are pertinent to the OMS engine areas.

The flow field for the OMS engines will be characterized by compression-induced
separated flow and shock-wave oscillation.

4,2.2 Mated Vehicle Interference-Flow Environments — The launch configuration of
Space Shuttle vehicles will be comprised of four approximately parallel bodies. Such vehicles
have regions of flow interference between the various bodies which will result in relatively
severe fluctuating pressure environments. For other similar configurations such as Tiran 111,
shock-in:duced pressure fluctuations have been observed at the location of shock impingement
from one body onto the surface of the cther bouies. This phenomenon may be anticipated for
Mach numbers starting at approximately 1.2 when the bow shock for the mated vehicle divides
into separate bow shocks for each major body of the vehicle. Shock impingement will continue
to produce severe fluctuating pressure levels until booster separation, H/O Tank separation,
or until the 9o decreases to a level sufficiently low that the disturbances are no longer of

concern. The following shock interference regions will occur:

1) Bow=-shock impingement and shock -boundary layer interaction between
the SRB and H/O Tank due to SRB bow shock.
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2) Bow-shock impingement and shock-boundary layer interaction between
the H/O Tank and Orbiter fuselage due to Orbiter bow shock.

3) Shock-boundary layer interaction beiwveen the Orbiter lower wing
surfaces and SRB due to wing leading edge shocks.

4) Possible transonic shock-boundary layer interaction between SRB and
H/O Tank and H/O Tank and Orbiter due to transonic terminal

shock waves.

The most severe interference flow regions are anticipated to be in the vicinity of the cone—~
cylinder juncture of the SRB, in the region between the SRB and H/O Tank, and in the
vicinity of the H/O Tank and the underside of the Orbiter nose. The most critical Mach
number range is anticipated to be in the transonic region (0.80 €M < 1.6) corresponding
to maximum dynamic pressure, transonic buffet phenomena and near-normal shock wave
impingement. Downstream of the shock-interaction regions, the flow may become choked
and a shock-free interference flow environment will occur. This type environment will be
referred to as shock-free interference flow and fluctuating-pressure levels on the order of
those experienced in homogeneous separated flow may be expected.

4.2.3 Plume-Induced Separated Flow Environments -- At high altitudes, a rocket
exhaust plume expands to form an effective flared ofterbody larger than the vehicle itself.
Under supersonic conditions, flow over the vehicle may be separated due to this effective
flare. The onset of plume-induced separation, and the extent of the separated region, is
highly dependent on vehicle design parameters and flight conditions. Plume diameter
increases with diminishing dynamic pressure; the onset of plume-induced separation therefore
will generally occur at times after conditions of maximum dynamic pressure. As altitude
increases after the onset of separation, the separation region grows. Pressure fluctuations
within the separated region are similar to those for an equivalent rigid flare; however, the
non-rigid nature of the plume boundary leads to some important differences. The most
important difference due to motion of the plume interface is an increase in shock oscillation
distance and attendant fluctuating pressure level. Effects of plume-induced separation have
been investigated as part of this program. Prediction schemes for both separation length and
fluctuating environments on axisymmetric vehicles are presented in Reference 29 .
Plume-induced separation has been computed for axisymmetric representations of the
SRB and of the Orbiter, Tables 1 and 2 summarize vehicle and engine parameters
pertinent to plume-induced separation on the baseline shuttle configuration. Approxi-
mations involvad are similar to those made in Reference 29 for the PRR configuration.

Figure 13 shows the predicted separation point on the shuttle SRB and Orbiter. Separation on
the SRB begins shortly after maximum U’ and extends over most of the SRB by SRB cut-off.

Separation on the Orbiter does not occur until well past maximum q_, so that separation due
to the Orbiter engine plume will not be an important environment. ~ Separation due to the
Orbiter engines occurs at a much later time than that due to the SRB's because the Orbiter's
high P, H/O engines are much less underexpanded (through both higher area ratio and higher

exhaust gomma) than the SRB solid fuel engines.
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TABLE 1. SRB PARAMETERS

Vehicle Radius
Thryst

v
’

ex
Nozzle Area Ratio
Exhaust Mach Number

Chamber Pressure

71 Inches
2.5 x 10¢ b
1.145

7.0
2,9
730 psio

ORBiiER PARAMETERS

TABLE 2.
Vehicle Radius
Thrust
Y

ex
Nozzle Area Ratio
Exhaust Mach Number

Chamber Pressure

131 Inches
1.41 x 10¢ b
1.23

35
4.05
3000 psia

17




4.3 Predicted Fluctuating Pressure Levels
The following summary presents estimates of overall fluctuating pressure levels, as a function
of free-stream Mach number ond dynamic pressure, typical of those which may be anticipated

for the various unsteady flow environments for the Space Shuttle bodies.

4.3.1 Attached Turbulent Boundary Layer Flow —

=
vee o 0.006

%o 1+0.14M32
@®
H/O Tark
' Ogive Nose - All Mazh numbers and surface area
except interference-flow region
. - 3 ; < 0.
® Cylinder ‘(S/D 30 , Mco < 0.9
- < < . .
O"Xs/D‘Xsw/D ' 0.9 5Mm< 1.0
- >
X/D >0 , M_ 2 1.0
%8
o Nose Cone - All Mach numbers and surface area
except interference~flow region
° Cylinder - XS/D > 0.2 , Mcn < 0.78
- 0<X/b<x /O , 0.78< M _<1.0
s sw ™
- X/D >0 , M 21,0
s ®
Orbiter
° All surface areas except:
- Crew Compartment Canopy ~ All Mach numbers
- Upper Fuselage aft of Crew Compartment for 0.86 <M < 1.0

(See Section 4,3.3 for discussion approximate Xsw/D)CD
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- Protuberance-Flow Fields — All Mach numbers
—_ Interference-Flow Fields — All Mach numbers

Figure 14 shows the basic root mean square boundary layer fluctuating pressure, both in pounds
per square fu.* and dB, for the launch trajectory shown in Figure 11, Maximum level for

this environment is 137.5 dB at TALO = 50 sec, for which M =1,05 and altitude is

24,400 ft. Note that this oczurs before conditions of moximurﬁoQ, at 60 seconds.

4.3.2 Shoulder-Induced Separated Flow — For the shoulder-induced separated flow
environme-it, there are two sources of fluctuating pressures which should be noted. First,
immediately aft of the shoulder and within the separution bubble, the pressure fluctuations
appear to be fairly homogeneous with levels similar to those observed imn.ediately downstream
of a rearward facing step or in the wake of bulbous payload configurations. However, further
aft, the flow reattaches and higher level fluctuating pressures have been observed in the
vicinity of the reattachment point. Also, even though the flow separates at tne shoulder,
the flow may reach local supersonic conditions as it expands over the separation bubble, in
which case, reattachment aft of the shoulder will produce a recompression shock wave and
relatively severe fluctuating pressure levels. Measurements presented in References 18 and 31

indicate fluctuating pressure levels ranging up to Q_P-T /qm = 0.16 for reattachment aft

of cone-cylinder junctures with shoulder angles ranging up to 30 degrees. Most of the results
presented in References 18 and 31 show considerable scatter with variations in both cone

angle and free-stream Mach number. A prediction curve which appears to be representative

of the maximum fluctuating pressure levels for shoulder-induced separated flow on cone-cylinder
bodies is given in Figure 15. This curve is attributed to Stevens in Reference 32, and it will be
employed in the present predictions for shoulder-induced separated flow. Results from References
18 and 31 are also shown in Figure 15.

For the Mach number range from 0.60 to the attachment Mach number (Ma)’ the homogeneous

region of separated flow will produce fluctuating pressure levels in the range from J'Ff /q =
@

0.02 to 0.04 (Figure 2). The fluctuating pressure levels given by Steven's prediction are
greater than those for homogeneous separated flow and the difference can be attributed to the
disturbances in the reattachment region (see Figure 12), For cone-cylinders with shoulder

angles less than approximately 10 degrees, shoulder separation does not occur and the fluctuating
pressure levels will decrease to the levels observed in attached flow as indicated by the dashed
portion ¢ f the prediction curve.

J?T/qm = £, , Figure 15

H/O Tank
. None anticipated for the ogive-cylinder configuration.
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SR8

° Cylinder - XS/D < 0.2
M < 0.78
o)
" 2 -
P 9 = 0.06
Orbiter
° Crew Compartment — Shoulder angle unknown. Nen- aaticipated for
baseline configuration with : - d shoulder.
Expansion-induced separated environments occur over a limited transonic Mc mber range.

Basic fluctuating levels for the Shuttle are discussed in Section 5.0.

4.3.3 Transonic Shock-Wave Oscillation — Typical cone-cylinder data showing the
attachment Mach number and the variation ot shock location with free-stieam Mach number is
presented in Figure 16, Shown in Figure 17 is an interpolation of these data for two additional
core angles. Shock-induced fluctuating pressure levels, normalized by free-stream dynamic
pressure, are presented in Figure 18 for a range of cone angles. Curves for 17.5° and 22.5°
are interpolated, 17.5° corresponding to the SRB, At this time, corresponding predictions
have not been made for the H/O tank. Fluctuating levels and Xsw/D fo- an oc.ve-cylinder

are generally less than for a cone~cylinder of similar nose angle; however, geometry of the
H/O tank has not yet been finalized to a point where precise predictions are reasonable.

The nose half angle of the ogive in Figure 10 is approximately 38° . As a preliminar, estimate,
fluctuating levels will be taken as corresponding to a 30° cone. This is a very conservative
estimate, and will «verpredict the level by at least several dB. X /D is not estimated for
the H/O Tank. sw

Transonic shock-wave oscillation will also occur aft of the Orbiter crew compartment canopy
with characteristics similar to H/O tank and SRB. Because of unknowns associated with canopy
geometry, precise estimates of fluctuating pressure levels and shock-wave iocations as a function
of Mach numbers are not made herein. However, the data for the H/O tank and SRB are
indicative of the ranges expected for the Orbiter.

The prediction for shock oscillation is:

/ " fos) N ) 7 F:gure ]7
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H/O Tank

) Cylinder -

]
. Cylinder -
Orbiter

'y Fuselage -

Narrow band of 0.86 < Mcn < 1.0
approximately 3 81 width

i D
corresponding to xsw/

in Figure 16.

Narrow band of 0.78 < Mcn < 1.0
approximately 3 5[ width

i D
correspondirn to xsw/

in Figure 17.

Location and Mach number 0.86< M_< 1.0
range depend on crew *®
compartment shoulder angle.

Predictions for SRB and

H/O Tank are reasonable

approximations of the range

of porameters for Orbiter

terminal shock-wave

oscillation,

Transonic shock oscillation occurs over a limited Mach number range. Fluctuating levels and
shock location are easily obtained from Figures 16 through 18; levels and location for the
shuttle are computed and discussed in Section 5.0.

4.3.4 Compression-Induced Separated Flow (Two-Dimensional)

| ?/qcJo = 0.015 to0 0.025 (Figure 2)
H/O Tank -— Protuberance-Flow Fields } All Mach Numbers
Interference-Flcw i-ields

SRB - Protuberince-Ficw Fields } All Moch Numbers

Interference-Flow Fields
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Orbiter -~ Crew Compartment Canopy '
Protuberance-Flow Fields ’ Al Mach Numbers

Interference-Flow Fields

Fluctuating levels for the launch trajectory are shown in Figure 19. Note that because
\I P2 /q is an increasing function of Mach number, the critical (maximum fluctuating
©

level) compression-induced separation environment occurs at TALO = 72 seconds, a later time
than maximum q .
©

4,3.5 Supersonic Shock-Boundary Layer Interactions

4 P2/qm = 0.06 to 0.08

H/O Tank — Protuberance-Flow Fieids ' Local Mach Number > 1.0

Interference-Flow Fields ‘

SRB - Protuberance-Flow Fields ' Local Mach Number > 1.0

Interference-Flow Fields ‘

Orbiter  — Zrew Compartment Canopy I
Protuberance-Flow Fields Local Mach Number > 1.0
Interference~Flow Fields ‘

Fluctuating levels for the launch trajectory are shown in Figure 20. Because the predicticn
used here is not a functicn of Mach number (other than applying only for M > 1), the critical
shock oscillation environment occurs at maximum 9"

4.3.6 Plume-Induced Separation — Plume-induced separated flow is noi a basic
environment as those discussed in Sections 4.3.1 through 4.3.5, but is rather a modification
of compression corner basic environments. The modification is dependent on the particular
vehicle and trajectory. Not only does the mean separated flow depend on vehicle parameters,
but the response of the plume enters into the fluctuating environments. In Reference 29, it
was shown that homogeneous separated flow fluctuations in plume-induced separation are
essentially the same as for a rigid fiare, while shock oscillation depended on plume parameters,
The homogeneous environment is thus given by Figure 19, with the {imitation that it applies
only to flight conditions where plume-induced separated flow exists, as defined in Figure 13.
Note that separation due to the orbiter enginas occurs only at very high altitudes; the dynamic
pressure at these altitudes is sufficiently smc ™ hat orbiter plume-inducea separation may be
neglected relative *o other environments. T2 SRB plumes induce separation at corsiderably




lower altitudes, and must be considered. In Reference 29, a prediction scheme was deveioped
for the fluctuating pressure associated with the separation shock. Predictions made for the PRR
configuration indiccte that shock excursion and fluctuating pressure level for plume-induced
separation is generally less than 25% greater than for a rigid flare  ine baseline shuttle is
similar; shock oscillation fluctuating pressure levels for plume-induced separation on the
baseline shuttle SRB wil! therefore be no more than 2 dB greater than for the basic shock
environment given in Figure 20. This environment occurs only at TALD jreater than 62 seconds,
the onset of plume-induced separation.

4.4 Predicted Power Spectra

The following empirical prediction equaticis, presented in normalized form, may be employed
to compute the power spectra for the various fluctuating pressure environments.

4.4.1 Attached Turbulent Boundary Layer Flow — The following equations apply to
the homogeneous regions of attached flow.

52 2
i(u) UCD _ (P /qm)
qc;"S* u08 ‘]*(/ )0.9 )2.0
¥ ' w/ v, ‘
®
U
where w =052
0 5%
P—2 q; _ (0.006) 2

(1+0.14M° )
o o

5* = &/8 for M<1.0

(1.3+0.43M2 ) 6
5* = o for M> 1,0

)
10.4 - 0.5M? [1 +2.10°% R ]/’
[0 o) e
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x = Downstream distance from the leading edge
R = Reynolds number = U _ x/v

I3 ®
v = Kinematic viscosity

4.4.2 Compression/Expansion-Induced Separated Flow and Shock-Free Interference
Flow — The following equations apply to the homogeneous regions of separated flow.

P2/q>
otf) U’ _ /qcn
2 0.83 ) 2.15
Q- & f 5
@ 1 0 1 ‘ 1+ (f/f
U l 0
{
Ul
where fo = 0.17 _5_;
—2-/ q; - 0.045 , for expansion induced
1+ Ml2 separated flows.
}_2:/ q; = the results as determined in Figure 2 for compression

induced separated flows.
and the subscripts £ and o refer to local and free=-stream conditions, respectively.
It is anticipated that the above equation can be used with good uccuracy to predict the power
spectra for fluctuating pressures within the homogeneous regior of expansion-induced separated

flows and shock-free interference flows althouch it was derived based on data taken in
compression corners,
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4.4.3 Shock-Oscillation Environments — To predici the power snectra for non-
homogeneous flows generated by shock-wave oscillation, prior knowledge of the overall
fluctuating pressure 'evels is required. Under the assumption of statistical independence
between the various contributing sources, the power spectra for nonhomogeneous envirormeats
may be written as the summation of power spectra of the contributing sources.

[c»m]NH [¢<f)]H ve [¢(ﬂ]"”
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The power spectra for nonhomogeneous attached flow as caused by shock-wave oscillation in

the vicinity of an attached flow region has the following form normalized by local conditions
upstream of the shoc': wave:

57 \H
NH 2
(P u _ % /a .
Q- & £6 )\
S 09 ‘ \0.91
A y , ‘!+(f/f°; “
© /A

U = 0.40 depending on Mach number
°© /A
f &
00 -
¥ 0.0!
o /sw

The following expression has been derived for nonhomogeneous separated flow:
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also the subscripts and superscripts denote the following:

Subscripts: SW - shock wave
S - separated flow
A - attached flow

Superscrip’s: | - absence of viscosity (inviscid)

H - homogen=ous flow

Generally, shock-wave oscillation occurs in the presence of separated flow for critical
environments, and examples are shock-induced interference flows, terminal shock-wave
oscillation, the separation and reattachment points for compression corner flow at supersonic
Mach numbers, and the reattachment point for expansion shoulder flows for local supersonic
conditions, For terminal shock-wave oscillotions at Mach numbers near 1.0, the flow does
not separate and the nonhomogeneous attached flow equation is applicable.,
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5.0 ANALYS'S OF CRITICAL SPACE SHUTTLE FLIGHT CONDITIONS

The analysis presented in Section 4.0 revealed that many severe and complex fluctuating
pressure environmerfs may be experienced by the Space Shuttie vehicles. The most severe
environments will occur at transonic and low supersonic Mach numbers, 0.60 < M:n < 2.0.

In terms of fluctuaiing pressure coefficient, transonic environments (0.60 < Ma) < 1.0) are

the most severe, while supersonic environments are critical because of high dynamic pressure .
Although critical (maximum) fluctuating levels for each supersonic environment do not
necessarily occur at conditions of maximum dynamic pressure (MAX Q) the levels at MAX Q
are sufficiently close to maximum that for the purposes of this report critical supersonic
environments have been computed at MAX Q. Transonic environments have been computed
over a range of Mach numbers.

The various prediction schemes developed under this contract have been incorporated into
several computer programs. Descriprions of the various programs are contained in Appendix

D. All predictions contained in this report have been made utilizing these programs.
Calculations are presented for overall levels and typical spectra. Although a computer program
has been prepared for the calculation of correlation functions (see Appendix D for description),
specific sample calculatiors are not presented. The scaled correlations shown in Figures 8 and
9 adequately illustrate these for the purposes of the present report.

Computations were performed for the following critical flight conditions:
1. Maximum Dynamic Pressure (MAX Q), Mco = 1,31
. Attached Turbulent Boundary Layers
—  Typical H/O Tank, SRB and Orbiter Stations based on
representative values of local boundary layer thickness
and velocity.,

. Homogeneous Compression-Induced Separated Flows

- Typical of the shock-free region of separated flow over the
Crew Compartment and shock-free interference flow fields.

) Shock-Boundary Layer Interactions

= Typizal of Boundary Layer Separation and reattachment
areas and shock-induced interference flow fields,

] Frotuberance Induced Flows

- Typical of various H/O Tank, SRB and Orbiter
protuberances



2. Critical Expansion-Induced Separated Flows
° SRB Worst ~-Case Shoulder Separation ~ Maa = 0.75
3. Critical Transonic Shock Cscillation Environments

° SRB Cylinder - Mm =0.78, 0.82, 0.86, 0.90, 0.94

. H/O Tank Cylinder - M_ = 0.90

° Orbiter Upper Fuselage (in the range of SRB and H,/O Tank data)
4, Critical Interference-Flow Environments

° Typical SRB, H/O Tank and Orbiter Stations

- Shock-~Induced Interference Flow - Mcn =1.31, 1.6, 2.0, 3.0

- Shock-Free Interference Flow ~ Mcn =0.60, 1,00, 1.31

Primary emphasis has been given to the condition of maximum dynamic pressure since this flight
condition will generally produce the most severe fluctuating pressure environments. However,
it is equally important to consider certain criticel flow conditions which are unique to Mach
numbers below the condition of MAX Q, such as transonic shouider-induced flow separation
and transonic shock-wave oscillation. Finally, critical interference-flow environments will be
generated due to bow=-shock impingement which will occur at supersonic Mach numbers. For
the latter case, a ronge of supersonic Mach numbers are considered, startingat M = 1,31
(MAX Q) and ranging up to Moo = 3.0. @

The computations represent typical overal! fluctuating pressure levels and one-third octave band
spectra which may be anticipated within the perturbed flow region under analysis. It should be
noted that the predictions are based on estimated average values of local flow parameters rather
than actual measured values. The greatest uncertainty in the predictions is in the frequency
scale rather than the amplitude scale since errors in the specification of local flow conditions
(typical length scale and velocity scale) will cause a translation in frequency rather than
amplitude. If actual local values of boundary layer thickness, flow separation length and
velocity become available, the frequency scale for the predictions may be adjusted accordingly.
The following relationship will apply for correcting the frequency scale of the predictions.

Hz

where the subscript p denotes the values used in the prediction.
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Variations in overall fluctuating pressure levels and one-third octave band spectrum levels may
be anticipated for full-scale dynamic pressures different from those employed in the predictions.
An adjustment to the predicted values for different values of 9, €N be made as follows:

q

OAFPL = (OAFPL) + 20 log S|, @8
p 10 iqm)P
q
1/3 OBFPL = (1/30BFPL) + 2 log |——=—{, dB
p 10 (qm)P

In the following sections, the computed overall fluctuating pressure levels and one-third
octave band spectra are discussed for the various fluctuating pressure environments which are
expected to be encountered at critical Space Shuttle flight conditions.

3.1 Maximum Dynamic Pressure, MAX Q

The following trajectory parameters were employed in the predictions of MAX Q fluctuating
pressure levels and spectra.

° Mach number, M =1,3]
()
° Dynamic Pressure, q = 649.4 Ib/ft?
o)
° Altitude, h = 34,400 ft

° Free-Stream Velocity, U, = 1,296 ft/sec

Representative spectra for the unsteady flow fields which will be encountered by the mated
Space Shuttle vehicles at MAX Q are presented in Figure 21, The following environments
were analyzed using a nominal value of local boundary layer thickness of 1.0 foot and a
nominal value of local velocity equal to free -stream velocity.

) Attached Turbulent Boundary Layer Flow

° Homogeneous Compression-Induced Separated Flow
) Shock-Boundary Layer Interactions

° Three-Dimensional Protuberance Inc :ed Flow
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Attached turbulent boundary layer flow may be anticipated for much of the vehicle surface at
MAX Q with overall fluctuating pressure levels near 137 dB. With the exception of inter -
ference flow regions between the various bodies, local protuberance flows, and exhaust plume—
induced separated flow, all surfaces will experience fluctuating pressures characteristic of the
attached flow environment.

Homogencous separated flow regions (separated flow regions not affected by shock-wave
oscillation) will experience fluctuating prassure levels near 148 dB. Typical areas are the
interference flow region between the H/O Tank and SRB cylinders downstr am of the shoulders,
and between the H/O Tank and Orbiter fuselage well downstream of the Orbiter nose. Also.
local surface irregularities such as the crew compartment canopy and two-dimensional type pro-
tuberances will have regions of homogeneous separated flow. Shock-boundary layer interaction
regions will experience fluctuating pressure levels near 161 dB at MAX Q and typical areas

are the interference regions in the vicinity of the nose cones and cone-cylinder shoulders

on the SRB and the interference region between the Orkiter nose and H/O Tank.

Also, boundary laver separation and reattachment points in a local supersonic environmerit,

such as the crew compartment canopy and various protuberances, will experience shock-induced
fluctuating pressures near 160 dB. Three-dimensional protuberances are defined as protuberances
which will cause the perturbed flow to move around the protuberance transverse to the local
unperturbed flow direction, Extremely large fluctuating pressures may be anticipated for these
environments due to the large vortex action within the three-dimensional separated flow field
(see Reference 22). Levels at MAX Q may be anticipated near 168 dB.

The frequency charac .ristics of the various fluctuating pressure environments are shown in
Figure 21 and may be summarized as follows:

° Attached Turbulent Boundary Layers — HIGH FREQUENCIES
) Homogeneous Separated Flows (2-D and 3-D) — INTERMEDIATE FREQUENCIES
° Shock=-Boundary Layer Interactions — LOW FREQUENCIES

Naturally, consideration must be given to local length and velocity scales when determining
spectra for specific flow conditions. A composite of predicted spectra for various specific areas
of the Space Shuttle is presented in Figure 19 of Reference 33 where consideration was given

to anticipated local flow conditions and typical length and velocity scales; the present
predictions are similar,
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5.2 Critical Expansion-Induced Separated Flows

Expansion-induced separated flows will occur at the cone-cylinder junctures of the SRB,
possibly above the crew compartment of the Orbiter {depending on shoulder geometry) and

in the woke of certain protuberances and other surface irregularities. With the exception

of bluff geometries, expansion-induced separated flow will be confined, primarily, to
moderate ond low subsonic Mach numbers. Typical examples are the cone-cylinder junctures
of the SRB. For these cases, maximum disturbances will occur immediately prior to flow
attachment. A typical spectrum is shown in Figure 22. Predicted levels are near 157 dB for
the SRB. Disturbances in the vicinity of flow reattachment aft of the shoulder peak in the
frequency range from 8 to 16 Hz.

5.3 Critical Transonic Shock-Oscillation Environments

Following flow attachment at the shoulders of the SRB and aft of the crew compartment on the
Orbiter, local supersonic flow will result in a near normal, transonic, terminal shock wave.
Typical spectra for the SRB are shown in Figure 23, Flow attachment is predicted at Mm:0'78

for the SRB shoulder and corresponds to the condition of maximum transonic shock-induced

pertubations with an overall level of 164 dB. As Mach number is increased, the shock wave
will move aft on the SRB cylinders and decrease in strength with a predicted level of 143 dB
at Mm = 0.94. The frequency of peak fluctuating pressure level also decreases as the shock

moves aft due to: 1) the increase in inflowing boundary layer thickness upstream of the shock
wave, and 2) the decrease in local velocity which results from the isentropic recompression
between the shoulder and the shock wave. Peak frequencies of shock~induced disturbances
are estimated to be 40 Hz at Mco = 0.78, decreasing to 4 Hz at Mm =0.94, As Mach

numbers approach 1.0, the shock is further weakened with surface disturbances approaching
those of attached flow. Based on a 30° cone, as discussed earlier, critical terminal shock
oscillation on the ogive-cylinder H/O tank is estimated to be 156.6 dB at Mco = 0.90. This

level should be regarded as an upper bound, with the actual level several dB lower.

Without detailed knowledge of the Orbiter crew compartment geometry, it is difficult to
determine the exact nature of terminal shock-oscillation on the Orbiter fuselage. However,
it will occur and may be exoected to exhibit characteristics similar to the H/O Tank and
SRB environments,

5.4 Critical Interference-Flow Environmeriis

It was previously noted in Section 4.0 that several regions of the mated Space Shuttle vehicles
will experience interference flow environments caused by the close proximity of the various
bodies composing the launch configuration. Interference-flow fields cn the Space Shuttle will
be caused, in general, by the impingement of shock waves from ore body onto the surface of a
neighboring body. Naiurally, shock-wave impingement is possible only in a local supersonic
flow environment. At local subsonic Mach numbers, say dowistream of shock-boundary layer
interaction regions for supersonic free=-stream conditions, the perturbed flow field will not
contain shock waves even though the flow field is caused by interference betv:een flow fields.
Thus, it is convenient to define two basic types of interferance flow fields:
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™ Shock-Induced Interference Flows
° Shock=-Free Interference Flows

With the exception of possible transonic terminal shock-wave impingement * , shock-induced
interference flows will occur only at supersonic free-stream conditions whereas shock-free
interference flows may occur at all Mach numbers. Typical spectra for shock-induced
interference flows typical of the in*erference regions between the H/O Tank and SRB (due to
SRB bow shock impingement) between H/O Tank and Orbiter fuselage (due to Orbiter bow
shock impingement) and between the SRB and the lower surface of the Orbiter wings (due to
the impingement of the Orbiter wing leading edge shocks) are shown for a range of supersonic
Mach numbers in Figure 24. Also shown in Figure 24 are representative spectra for shock-free
regions of the interference-flow field areas which are predicted to be affected by this
environment and are the neighboring surfaces ¢f the SRB and H/O Tank cylinders (dow stream
of the shoulders), the neighboring surfaces between the H/QO Tank and Orbiter well downstream
of the Orbiter nose, and the lower surface of the Orbiter wings and aoft cylinders of the SEB.

5.5 Comparison of Predictions with Experimental Measurements

In Reference 33, a cetailed comparison was made between predictions for the MSC - 049 Shuttle
configuration with measurements reported in Reference 34, The same general discussion applies
to the present predictions, and will not be repeated herein. Shown in Figure 25 is a comparison
of present predicted levels to measured levels at critical transonic conditions.

Recently published data (Reference 34, discussed in Reference 33) indicates that
shock-induced interference flow due to a biocked terminal =shock wave between the
H/O Tank and O-biter nose does occur at near-sonic Mach numbers.
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6.0 CONCLUDING REMARKS

Preliminary estimates of Space Shuttle fluctuating pressure environments have been made
based on prediction techniques developed by Wyle Laboratories. Particular emphasis has
been given to the transonic speed regime during launch of a parallel-burn Space Shuttle
configuration. The baseline configuration, together with a typical flight trajectory, have
been used as models for the predictions. Analyses have consisted of the following:

Description of Flow~ Fields and Attendant Fluctuating Pressure Environments
for the Space Shuttle Launch Configuration. In most cases, these analyses
are sufficiently gensral to be applicable o any paralle!-burn launch
configuration consisting of o reusable Orbiter vehicle, external H/O Tank
and two strap-on solid rocket motors.

Specification of Interference-Free and Interference-Induced Flow Fields

and Empirically Determined Attendant RMS Fluctuating Pressure Levels and
Power Spectral Densities. Particular emphasis has been given to the transonic
Mach number regime during launch.

Prediction and Evaluation of Plume-Induced Separated Flow Environments,

Analyses of Overall Fluctuating Pressure Levels (Expressed in Decibals) and
Cne-Third Octave Band Spectra of Various Fluctauting Pressure Env.ronments
which are Expected to be Encountered at Critical Space Shuttle Flight
Conditions,

Com.parison of Analytical Predictions with Wind Tunnel Measurements for
Various Regions of a Typical Space Shuttle Vehicle.

The results of this study have resulted in the following conclusions:

1) The following critical flow environments together with typical overall fluctuating
pressure levels are predicted:

Cone-Cylinder Shoulder-Iinduced Seporated Flow on the SRB with OAFPL
Peaks Near 157 dB for Zero Angle of Attack

Terminal Shock-Wave Oscillation on the SRB, H/O Tank and Orbiter
Fuselage Upper Surface Aft of Crew Compartment with OAFPL Peaks
Near 164 dB

Three-Dimensional Protuberance Flows Representative of Various Space
Shuttle Protuberance Environments with OAFPL Peaks Near 168 dB

Compression-Corner Induced Separated Flow in the Vicinity of the Orbiter

Crew Compartment with O AFPL Ranging up to 148 dB and Pecks Near Flow
Separation and Reattachment Ranging up to 157 dB
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' Interference-Flow Environments Between the SRB and H/O Tank, Between
the H/O Trnk and Qrbiter Noce, and Between the Orbiter Wind and
SRB with Peak WAFPL Ranging up to 161 dB

. General Attached Flow Environments with OAFPL runging up to 137 dB

One-third octave band spectra for the above environments were generally one of
three types:

) Attached Turbulent Boundary Layer Spectra — Typically High Frequencies

) Homogeneo-: Separated Flow and Shock-Free Interference Flow Spectra —
Typical!y Intermediate Frequencies

) Shock-Oscillation and Shock-Induced Interference Flow Specira — Typically
Low Frequencies

Flow separation due io the SRB engine exhaust plumes ‘will occur shortly after MAX Q.
Fluctuating environments will be comparable to those associated with compression
corners. Separation due to the Orbiter engine exhaust plume occurs at high enough
altitude such that it does not represent an important fluctuating pressure environment,

Comparisons between predicted and experimentally measured OAFPL show~d good
agreement except over aft portions of the Orbiter fuselage. In general, the agreement
between OAFPL values for experiment and predictions was within 3 dB.
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Figure 1. Comparison of Pressure Fluctuation Measurements by Various Investigators
for Attached Turbulent Boundary Layers
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Shoulder-Induced Separated Flow
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Figure 12, Schematic of Interference-Free Flows Over
a Cone-Cylinder Body
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1.0

APPENDIX A

SUMMARY OF PREDICTION METHODS FOR
IN-FLIGHT FLUCTUATING PRESSURE ENVIRONMENTS

INTRODUCTION

When a vehicle moves through air there are two basic means by which it can produce
noise: (1) by its propulsion mechanism (motor-jet, rocket, etc.,) and (2) by its
interaction with its surroundings. At low speeds, for example, during and immediately
after lift-off, the first of these is by far the dominant one while near or above the

speed of sound, mechanism (2) becomes most impcrtant.

During any flight cycle for an aerospace vehicle, there are three important phases of
the flight which should be investigated ir order to assess the structural loading due to

fluctuating pressures. These are listed in the chronological order in which they occur.

° Lift-off phase during which acoustic excitation results from the rocket

exhaust noise.

° Launch flight to orbit phase, during which rocket exhaust noise diminishes
and aerodynamic fluctuating pressures (pseudo-sound) starts to dominate.
From an aerodynamic noise viewpoint, this phase becomes most critical

at transonic Mach numbers (0.60 <M £1.6)

) Re-entry phase during which only aerodynamic fluctuating pressures are

present.

This Anpendix is devoted to the specificarion of surface fluctuating pressures resulting
from unsteady aerodynamic phenomena during the launch phase of flight. Aerodynamic
fluctuating pressures (pseudo-sound) are ze:> at launch and increase to peak values as
the vehicle passes through the transonic Mach number range. Previous wind tunnel

and flight data show that fluctuating pressures are proportional to free-stream dynamic
pressure q (=vy Pco M:) /2 , where y is the ratio of specific heats, Paa is the free-
stream static pressure, ar.d Mm is the free-stream Mach number) for a given unsteady
flow ,..enomenon. However, peak fluctuating pressures do not necessarily occur at
maximum a for certain regions of o vehicle cue to the non-homogeneous nature of
the flow field. For example, regions of the vehicle exposed to separated flow and the

impingement of oscillating shock waves will experience fluctuating pressures at least an
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order of magnitude greater than regions exposed to attached flow. Thus, if separated
flow and oscillating shock waves are present, say at Mach numbess other than the range
of maximum 9 ¢ then peak fluctuating pressures will also be encountered at conditions
other than at maximum U ° Thus, it is easily seen that vehicle configuration is very
important in the specificction of fluctuating pressure levels since the source phenomena
are highly configuration dependent in addition to varying with Mach number and angle
of attack.

In light of the foregcing discussion, one general statement can be made in regard to
aerodynamic fluctuating pressures. Regions exposed to the same unsteady phenomenon
will experience fluctuating pressure levels which are proportional to free-stream
dynamic pressure. Thus, it can be readily seen that a fundamental parameter in the
specification of the surface excitation is free-streom dynomic pressure and its variation
with Mach number. For a given configuration, Mach number and angle of attack define
the pnenomena, and dynamic pressure defines the fluctuating pressure levels associated

with the phenomena.

Unsteady aerodynamic flow and the attendant fluctuating pressures experienced by
aerospace vehicles naturally depend on the flight environments and the geometry of

the vehicle. There are an infinite number of possible configurations and any dis-
cussion of their fluctuating pressure environment must be general. Practically ol
experimental data for unsteady aercdynamic flow have been : red for bodies of
revolution which are typical of missile configurations. As a resuit of these studies,

it is well known that certain basic unsteady flow conditions will occur regardless of

the detailed geometry of the vehicle. The occurrence of these basic fiuctuating pres-
sure phenomena and their statistical properties can be predicted quite accurately. It is
convenient to discuss these basic flow conditions for bodies of revolution; however,

this is certainly no restriction on either the feasibility or the practicality of predicting
their occurrence on more complicated configurations. Thus, in the following paragraphs,
general features of typical bodies of revolution are defined and the unsteady flow fields
which they encounter are discussed. Furthermore, uerospace vshicles may have a number

of protuberances projecting from their surfu.. - in which case the flow field is complicated
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2.0

by the super-posi*ian of the protuberance flow field onto the flow field of the basic
structure. Most protuberances are three-dimensional projections and general charac-

teristics of these flows should be considered as separate and unique problems.

BASIC FLUCTUATING PRESSURE PHEN OMENA

Examples of several bodies of revolution are shown in Figure 1. For the purpose of
the present discussion, three basic configurations will be considered as specified

below:

° Cone-cylinder shroud
° Cone-cylinder-flare shroud

. Cone-cylinder-boattail shroud

Virtually all axisymmetric vehicles fall into one of these categories although numerous

modifications to the basic geometry have been employed in the post.

Several fluctuating pressure environments having different statistical properties may
exist over a vehicle at any given instant in the flight trajectory. it is convenient to
consider three separate Mach number ranges — subsonic, transonic, and supersonic —
for each of the three basic shroud configurations. Further, the flow fields will depend
on the angle of attack of the vehicle which causes nonsymmetrical loading (both
statically and dynamically); however, for the purpose of this discussion, nonsymmetri-

cal loading will not be discussed.

Schematics of subsonic, transonic and supersonic flow fields for the basic configurations
are snown in Figure 1 . At subsonic speeds, all three configurations experience regions
of attached flow and separated flow. The cone-cylinder portion of each configuration
induces separated flow immediately aft of the cone cylinder juncture for cones having
half-angles greater than approximately 15 degrees. Re-attachment occurs within
approximately one diameter oft of the shoulder (depending on cone angle) for the cone-
cvlinder and boattail configurations, whereas for the flare body, separation may con-
t.ave over the flare. Both the flare and boattail induce separation for typical con’ ;-

urations, At high transonic speeds, the flow negotiates the shoulder of a cone-cylinder
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body without separating, reaches supersonic speed immediately aft of the shoulder and
produces a near-normal, terminal, shock wave a short distance aft of the shoulder.

The boundary layer immediately aft of the shock may or may not separate depending

on the strength of the shock wave. At transonic speeds, the boattail and flare region
produce separated flow which may be accompanied by weak shock waves in the vicinity
of the separation and reattachment points. At supersonic speeds, the cone-cylinder
configurations produce regions of attacted flow. For the flare configuration, the
separated flow is bounded by shock waves at the separation and reattachment points,
whereas for the boattail configuration, separation occurs at the shoulder of the boat-

tail (expansion region) and is bounded at the reattachment point by a shock wave.

It is evident that even simple vehicle shapes, such as cone-cylinders, produce complex
and highly nonhomogeneous flow fields at certain Mach numbers — particularly at
subsonic and transonic speeds. The unsteady flow phenomena are of particular
importance at transonic speeds, since in this range, fluctuating pressures reach maxi-
mum values due to their proportionality to dynamic pressure. In order to assess the
fluctuating pressure environment of a vehicle cf any arbitrary geometry, it is conven-
ient to discuss the statistical properties of the fluctua.ing pressures for each of the basic
types of unsteady flow condition. From Figure 1 it will be noted that the following

flow conditions may occur for various regions of a vehicle.

° Attached flow
. Separated flow

° Shock-boundary iayer interaction

Each of the above flow conditions exhibits different statistical characteristics.
Attached flow pressure fluctuations result from the disturbances within turbulent
boundary layers. Separated flow pressure fluctuations result from disturbances within
the separated shear layer and instabilities associcted with the separation and reattach-
ment points. Pressure fluctuations for shock-boundary layer interaction result from the
movement of the shock wave and the static pressure discontinuity associated with thé

shock wave. The statistical characteristics of each fluctuating pressure environment
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2.1

that are important in the analysis of structural response may be classified under three

parameters:

° The overall level
. The power spectrum

™ The cross-power spectrum (or narrow band cross correlation)

Each unsteady flow condition with general statistical characteristics will be discussed

separately in the following subsections.

Attached Turbulent Boundary Layers

The surface fluctuating pressures beneath attached turbulent boundary layers have been
the subject of both theoretical and experimental study for a number of years. The
turbulent boundary layer extends over a considerable portion of the surface of vehicles
in flight and, thus, it is considered to be one of the principle sources of aero-acoustic
excitation to the vehicle structure. Several years ago, workers such as Kraichman,
Lilley, and Hodgson developed theoretical formulations for the fluctuating pressures
under :urbulent boundary layers and, more recently, several carefully planned experi-
ments have provided additional information on the statistical characteristics of the
pertubations. Lowson, Reference 1, presents a good summary of the results of studies
on this subject, with the exception of some recent measurements by NASA-Ames. In
Lowson's report, the basic mechanism underlying the production of the surface pressure
fluctuations beneath turbulent boundary layers is discussed, together with a presentation
of empirical ond semi-empirical prediction techniques. This section of the present dis-
cussion is a brief overview of Lowson's prediction formulae with the exception of the
power spectra, wnich has been modified to be more consistent with the power spectra
at low Strouhal numbers. The following discussion presents a review of the experimen-

tal results and prediction formulae in terms of the most important statistical parameters.,



Overall Level

The correct method of presenting overall fluctuating pressure levels for surfaces
beneath the convected turbulence in boundary layers is in terms of the root-mean-

square fluctucting pressure level, V p? . Free-stream dynamic pressure, 9 * local

dynamic pressure, q , and wall shear stress, T, have been used to normalize
V ? so that meaningful data collapse can be realized throughout the Mach number
range. The most generally accepted normalizing parameter is 9 and thus, will be

used in the current expressions.

The effects of free-stream Mach number, Mm, on the normalized RMS intensities of the
fluctuating pressures in attached flows are shown in Figure 2. There is significant
scatter in the data which may be attributed to several factors: 1) background noise and
free-stream . ‘lence in the testing medium, 2) instrumentation quality and the preci-
sion of the experimental technique, 3) data acquisition and reduction techniques, etc.
For the range of Mach numbers covered in the data of Figure 2, the nomalized RMS
value of the fluctuating pressure varies from JP? qmz 0.006 at subsonic Mach
number< to 0.002 at supersonic Mach numbers. Lowson, Reference 1, proposed ‘he
following semi-empirical prediction formula which appears to agree with the general

trend in the data:

‘J?/qm = 0.006/ (1 +0.14M_?) (1)

It is important to note that this formula has some theoretical basis and is not strictly
an empirical approximation of measured results (see Reference 1). The use of this
formula at high supersonic and hypersonic Mach numbers shouid be done so with the
understanding that :t has not been verified in this Mach number range and may lead to
significant error. However, in the Mach number runge up to, say Mm = 3.0, it

is in good agreement with experimental results.

A-6



It should be noted that the results presented in Figure 2 , particularly the wind tunnel
results, were obtained for both homogeneous and stationary flows at free-stream con-
ditions and in the absence of external pressure gradients. Consideration should be

given to local conditions which deviate from free-stream conditions.

Power Spectra

Power spectra represent the distributions of the mean square fluctuating pressure with
frequency. Power spectra for attached turbulent boundary layers are found to scale

on a Strouhal number basis; that is, the frequency is normalized by multiplying by a
typical length and dividing by a typical velocity. The advantages of using normalized

spectra are obvious since it enables similar, homogeneous, flows to be represented by

a single spectrum regardless of the scale of the flow field or the free~stream velocity.

Numerous studies have been conducted to determine the proper parameters to be used

to nondimensionalize the spectra for various aero-acoustic environments. Unfortunately,
the choice of parameters which best collapses the data appear to be dependent on the
nature of the fluctuating pressure environment, In general, free-stream velocity is

used as the nomalizing velocity parameter, although a typical eddy convection

velocity (itself a function of frequency) has been used occasionally. The local con-
vection velocity appears to correspond more closely with the physical situation for
fluctuating pressures due to turbulent eddies. Selection of a typical length is more
difficult. Boundary layer thickness (Sb), displacement thickness (5*), wall shear

stress (-ru) and momentum thickness (8) have all been used by various investigators.

The most generally used typical lengths cre 8b and &%,

Lowson, Reference 1, proposed an empirical formula for the power spectrum for
attached turbulent boundary layers based, primarily, on the experimental results of
Speaker and Ailman. In comparing this formula with other data, and in particular,
with recent measurements at supersonic speeds by NASA-Ames, the Lowson prediction
appears to underestimate the spectral levels at low Strouhal numbers and also gives

too large a roll-off at high Strouhal numbers. Therefore, a new formula is presented
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which appears to be more representative of e (perimental findings throughout the Mach

number range. In this formula, it will be noted that &* and Ucn (the free-stream

velocity) have been used as normalizing parameters. The power spectral density,

P(w) is given by the relation:

b2 2
eV, (7% /42)
2 * *
qms w, & b o )0.9)2.0
O
@
U
where w =05 -2
0 5*
-P—z q; _ (0.006) 2
2
(1+0.14M2)
™
&§* = Sb/B for M<1.0
(1.3+0.43M2% ) &
8* = [0 o] b

10.4 + 0.5M? [1 +2.10% R ]
o] e

§ = x o.37r<;°-2 ‘1 +(

x =

R = Reyn =

. eynrolds number Ucc; x/v
v = Kinematic viscosity
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A comparison of the predicted power spectrum with experimental spectra is presented

in Figure 3.

Cross-Power Spectra

The final requirement in determining the characteristics of the fluctuating pressure
field of the turbulent boundary layer is to define the ncrrow band, space correlation
function or co~power spectral density. This parameter is the key function needad to
describe an impinging pressure field on a structure in order to calculate the induced
mean-square response of the structure (see, for example, Reference 7 for the struc-
tural response computational technique). The spatial correlatior properties of a
fluctuating pressure field can be obtained only from a careful and detailed examination
of the field at a large number of points. Measurements by several investigators have
shown that the co-power spectral density of turbulent boundary layer pressure fluctua-
tions in the direction of the flow can be approximated by an exponentially damped
cosine function, and the lateral co-spectral density can be approximated by an

exponential function. The general form of the cross-power spectral density is:

w
Spp(C,n.w)=¢(u)A(C,n,U)COS<US> (3)

[

where A (L, n, w)is the modulus of the cross-power spectral density, and
@ (w) is the power spectral density of the homogeneous field.

Here, it is assumed that the pressure field is homogeneous, in the sense that the
cross—power spectral density is a function only of the separation distances (& in the
longitudinal direction and n in the lateral direction) so that it is independent of the
actual positions (say x and x + € longitudinally and y and y + n laterally). Further,
w and Uc are the circulor frequency and convection velocity, respectively. Assum-
ing that A (£, n, w) is separable into its longitudinal and lateral components, and

normalizing by the power spectral density of the homogenous field gives (Reference 1):



G

P

. A _(nu)

p(cl'l, w) = GC(C, w)Gq(l’], w = n

AC(C, u)°cos(—‘6§)

= C( we+C(n w (4)

where C (€, w) and C (n, w) are the correlation coefficients in the longitudinal
and lateral directions, respectively. The assumed separable form leads to the pre-
diction that the magnitude of C is constant along straight lines on the surface,
forming a diamond pattern surrounding the origin. This characteristic is somewhat
physically unreasonabie (see Reference 2); however, for purposes of calculating
the induced structural response the assumption of separability greatly simplifies the
mathematics and, hence, it is generally accepted. However, Lowson (Reference 1)
notes that a more likely form for the lines of constant amplitude would be elliptic,
suggesting that the usual separable solution underestimates the correlation area by
m/2. Thus, integration of formula containing the cross-spectral density function
should be multiplied by a factor of 71/2 to allow for its probable underestimate of

the correlation area at any frequency.

Measurements of the correlation coefficients have been made by Bull and others
(see Reference 1) and the results ure presented in Figures 4a and 4b. It is seen
that the data in Figures 4a and 4b have been collapsed based on Strouhal numbers
Cu

w . - .
and . From these data, the following empirical expressions were

U U
[+ C

derived for the correlation coeff. ~ients:

"

C (& w) = exp (-o.1o|c| w/U_ )-cos (B_q) (5)
[+

C ("l, w)

il

exp (-0.715 ln' w/Uc ) (6)
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These correlation curves have been inserted in Figures 4a and 4b for comparison.
Typical values of the convection velocity (itself a function of frequency) for subsonic
flow cre Uc = 0.6 Um for the small scale eddies neor the wall and Uc = 0.9 Uoo

for the large scale eddies near the outer edge of the boundary layer.

w8

The accuracy of Equations (5) and (6 ) kreak down at smali values of T
c

however, in Reference 3, Bull presents measured asymptotic values of the

correlation coefficients for small values of -PU— and {]J_ . Based on these data,
C [od
the Equations (5) and (6) may be corrected to include the lower frequencies, and

the resulting expressions are:

C(%,uw) = exp (-0.10! lu/U)‘exp<027| f)/ )-cos‘, ) (7)
exp (-0.72 !n! u/UC> . exp<-2,0 l'] I/Sb) (8)

These expressions appear to be valid at both subsonic and supersonic speeds.

n

C(n,w)
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Separated Flow

Separated flows as induced by steps, wedges, fiares and other, basically iwo-
dimensional geometric changes have undergone considerable study only in recent
years. Considerably less dcta is available on the fluctuating pressure environments
within separatec flow regions than is the case with attached turbulent bour~ary layers.
Furthermore, there are various types of separc.e. flows and little is known of the
similarities and differences of their statistical properties. Example separated flow

environments are listed below:

) Blunt body~-induced separation (as oczur at cone-cylinder and flare-cylinder

expc.rsion corners at subsonic Mach numbers)

. Flare-induced, step induced, and wedge-induced separation (as occur in

compression corners)

. Shock-induced separation (as occur on cylinders, airfoii., etc., beneath
terminal shock waves at transonic speeds and due to shock wave impingement

at supersonic speeds)

° Boattail-induzad and rearward facing-step-induced separation (such us occur

in the base region of launch vehicles),

All of the foregoing environments differ to some degree in their aerodynamic structure.
However, some basic comments can be made in regard to their fluctuating pressure
characteristics. First, all of these environments may be rey..ded as two-dimensional
type separated flows having mean separation and reattachment lines which are no' .-
to the free-stream. Second, a general characteristic is that if the flow separates

from an expansion corner, the separation line is quite “table in that osc’!lations which
produce iluctuating pressures are not generated. However, if separatic~ accurs, say,
on the cylindrical portion of a payload * .roud (flare induced sepurmticit ' = sur.aration
point is unstable and mc; produce significant fluctuc’i:.y pressures, particoiarly at

supersonic speeds where the separation is acco:~ d by an oblique shock wave.
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Third. the reattackment point of t.e separated flow field produces rather large fluctua-
ting pressure levels for virtually all types of sepa.oted flow fields. The region within
the separated flow field (between the separation and reattachment points) is a foirly
homogeneous environment which is characterized by fiuctuating pressure levels

greater than those for attached flow but less than those encountered at the separation
and reattachment points. Example data for various separated flow fields are presented

in the following sections.

Overall Level

A typical example of the fluctuating pressures resu'ting from blunt-bady separation
is shown in Figure 5 (results raken from Reterence 18). These data were obtained

at high subsoric Mach number- “or a 25-degree cone-cylinder configuration. The

axial distribution of VF2 /O'cn .. ovs a 1elatively nonhomogeneous environment with

a peak 'evel which moves aft with increasinc Mach number. The peak in sz/q
®

results .om the reattachr .- 1t of the separated fiow from the shoulder. Thus, the
extent of the separated region increases with increasing Mach number. Peak levels

of rms fluctuating pressure reach 11 percent of free-streom dynamic pressure at a
free-stream Mach number of 0.70, and results from the instability of the reattachmen:
point. It will be noted that the fluctuating pressure levels near the shculder (X/D=0)
are relatively low (same order of magnitude as gererally found wit.  -ne homogeneous
region of ‘wo-diiansional separated tlows and typical of the environmen: for separated
shear layers) thus indicating that the separation point which occurs at the shoulder is
relatively stable. Separated flow nver the boattail region of a bulbous vehicle may
be expected to exhibit fluctuating pressure characteristics very ,imilar to the cone-
cyiinder; however, the blunt-bndy separation on a cone-cylinder body is iimited to
the subsonic speed range, whereas, the boattail cc,nfiguration may induce separation
at all Mach numbers.



Typical fluctuating pressure data for flare-induced separation cre presented in
rigure & (results taken from Reference 14). These data clearly show the region of
homogeneous separated flow, bounded on the upstream by the oscillating shock wave

‘forward peak in 432/ qm), and on the downstream by the reattachment perturbations
(aft peat in Y P2/ q ). Surfoce fluctuating pressures for the separated flow region
1 P

range from 1.5 to 2.7 percent of the free stream dynamic pressure. Levels associated
with the upstream shock wave generally range from 4 to 8 percent of the free-stream
dyramic pressure (see Reference 14); whereas, levels in the region of reattachment

may range from 6 to 12 percent of 9, and agree reasonably well with the reattachment
levels for blunt body separation. Further discussion of shock-wave oscillation aata

is presented in a later section.

The variation of fluctuating pressure level, normalized by free-stream dynamic pressure,
with local Mach number (M[) for various separated flow environmants downstream

of expcasion corners is presented in Figure 7. The regions aft of cone-cylinder
junctures and rearward-facing steps, and in the near wake of boattail configurations
are representad by the data presented in Figure 7. These environments will be
referred to as expansion induced separated flows and it will be noted that the attendant
fluctuating pressures exhibit the same generai trend with local Mach number. The
largest levels occured at low Mach numbers and decreased as loca! Mach numbers
increased. These data represent the region of plateau static pressure and rhe tolerance
brackets on the data represent the variations due to non-homogeneous flow veithin

the region of constant static pre..ure rather than scatter in the measurements. A good

empirical approximation to these experimental mecsurements is:

Expansion Induced Separated Flow:

= _ 0.045
P /qw = :
l+M[

9)
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This equation is similar in form to that previously proposed for attached turbulent

boundary layers.

Fluctuating pressure measurements for the region of plateau static pressure upstream of
compression corners are presented in Figure 8. The regions immediately upstream of
forward-facing ster , wedges, and flares are represented by the data presented in
Figure 8. Also, the previous fluctuating pressure data for expansion induced separated
flow, shown in Figure 7, are presented in this figure for comparison. In general, the
compression corner data show an increase in fluctuating pressure level with incraasing
free-stream Mach number in the range, 1.0 < Mms 2.0 — reaching a constant level
at Mach numbers above 2.0. Free-stream Mach number is used here because adeq- *.
data is not availoble for determining the local Mach number in the vizinity of the
compression induced separated flow region. Derivation of an empirical prediction
formula for the fluctuating pressure level within compression induced separated flows

has not been attempted at this time.

Power Spectra

The most comprehensive available data for power spectra of the fluctuating pressure
within separated flows was obtained for the homogeneous region of compression

corners c* :upersonic Mach numbers (References 14, 19, 20 and 2i). These data,
presented in Figure 9, were obtained for forward facing steps, wedges and conical
frustums. All data, represented by the cross-hatched band, showed a distinct
similarity in spectral characteristics when comoared using normalized spectral level
and frequency expressed as functions of local velocity, free-stream dynamic pressure,
and local boundary layer thickne :. A number »f velocity, length and pressure para-
meters were used to collapse the data; however, local velocity (Ul ), locai boundary
layer thickness (8[ ) and free-stream dynamic pressure appeared to be adequately repre-
sentative of the parameter deperidence of the fluctuating pressures fer the configurations
stuuied. Power ity of the fluctuating pressures within the homogeneous region of

separated flows may be represented by the following empirical formule:
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- ® (10)
2 083 2.15
q2 & f s
o [ L ‘]+<f/f°
v, ( {
Y,
Where f = 0.]7 _8—
0

, Figure 7, for expansion induced

-

N
e.n
]

1+ M; separated flows.
_P—z/ q> = the results as determined in Figure 8 for compression

induced separated flows.

and the subscripts £ and o refer to local and free-stream conditions respectively.

It is anticipated that Equation 10 can be used with good accuracy to predict the power
spectra for fluctuating pr :ssures within the homogeneous region of expansion induced

separated flows although it was derived based on data taken in compression corners.

Cross-Power Spectra

Typical cross-power spectra for the homogenecus region of two-dimensional separated
flows are presented in Figure 10. Again, noting that the co-spectral density is the
same as the narrow-band spatial correlation, it is seen that the separated flow exhibits
spatial coherence very simila. *> that of attached turbulent boundary layers. The
damping of the sinusoidal cross spectra for separated flow is exponential at high values
of uC/Uc as is the case for attached flow. Thus as a first approximation, the nor-

malized longitudinal co-spectra may be represented by:

e-ouC/Uc cos -‘G—g-

C

c(,f) = (1)
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The damping coefficient, a, is dependent on free-stream Mach number according
to the results presented in Reference 14. The Chyu and Hanely results show damping
coefficients ranging from approximately 0.13 at Mm = 2.5 to a valve of 0.33 at

Mcn = 1.6. This suggests that the turbulence structure in separated flows decays

somewhat more rapidly than for attached flow which has a coefficient of exponential
decay of 0.10. It should be noted that the exponential decays represent the envelope
of the crosc-spectra for various spatial distances, $. Fora given value of €, the
cross .pectra can be represented by the exponential envelope only at high frequencies,

the lower limits of which increase with increasing distance between measurem.ent

points.

The loss of coherence at low frequencies precludes a general collopse of the data using
a constant damping coefficient. This problem was overcome by Coe and Rechtie. ,
Reference 20, by introducing an attenuation coefficient which is related to the nor-

malized modulus of the cross-power spectral density by

fé
G <§—U—’—) oot (12
norm

The normalized modulii for available or selected transducer spacings, §, were curve-
fitted by an exponential function using the method of least squares to obtain a non-

dimensional attenuation-coefficient function « C f S/U h in Refererces 19-21.

The parameter h is the height of the protuberances used to generate the separated flow
field. Empirical approximations of the attenuntion coefficient, based on the experi-

rental results of Coe and Rechtien, are:

fﬁi fSl
o (C, T ) = 0.75/in. , += < 6éx 1073 (13)
i Yy



£ £6 /U
“(‘5'—0‘[‘) =o.75[—‘1£i- ] (14)
0

£6
! (F8 /v, )
£5
!
6x103 € —— < 6x1072
U
{
s,
where —_ = 6x1073
U
f /o
8, 5
a (8 5- =15/ -D!— > 6x 1072 (15)
7 7

/  f8 £
a (n, T‘—\= 0.75/in. 'D‘L < 6x1073 (16)
7/ i
£5 f8 /U 0.3 ¢s
« <r|, _UL) = 0.75/in. |- £ £ >6x10° (7
! F9/Y% ) :
'Y
where —_— = 6x]0-3
U
1 /o

It will be noted that the longitudinal and lateral attenuvation coefficients are the same

at Strouhal numbers, fSZ/Ul < 6x 10°2 and that the lateral atteruation coefficient
becomes larger than the longitudinal value at fsl /Ul 2 6x1072 . It was pointed

out in Reference 19 that this spatial characteristic indicates that the predominant

turbulence is ncnconvective at the lower trequencies and that contours of equal
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correlation would be circular; whereas, at f & /U > 6x 1072 the divergence

of the longitudinal and lateral attenuation coefficients indica*e a progressively
extended correlation pattern in the direction of the free=stream with increasing
frequency. This statement is not entirely true sinc the usual separable form of the
cross-power spectral density leads to the prediction that the magnitude of the nomalized
modulus is constant along straight lines on the surface, forming a diamond pattem
surrounding the origin rather than a circular or elliptic pattern. Under the assumption
of separability of the longitudinal and lateral cross-power spectra, the following
equations (which employ the attenuation coefficient) may be used as prediction

formula for the normalized longitudinal and lateral co-spectra.

Longitudinal Co-Spectra

£ wl
c (¢, _UL') = e-ac ¢ cos (18)
1/ c
Lateral Co-Spectra
f& -x_ N
c{nght)=e" (19)
J4
5
where a = o €, T as defined in Equations 13, 14 and 15.
¢ 1
3
@, = ", —U—- as defined in Equations 16 and 17.



2.3

Shock-Wave Oscillation

Generally, shock wave oscillation produces the most intense fluctuating pressure levels
that are usually encountered by a vehicle. As for the case of separated flow, there
are many types of shock-wave oscillation and little is known in regard to the similarities

and differences of their statistical parameters. Typical shock waves encountered by

vehicles are:

° Terminal shock waves for regions of transonic flow

. Displaced oblique shock waves as induced by the separated flow

in compression corners at local supersonic speeds

. Reattachment shock waves in the vicinity of the reattachment
point for separated flows generated by both compression and

expansion corners,

o Impingement shock waves as caused by local bodies such as

strap-on rockets.

All shock waves may be expected to produce similar fluctuating pressure environments

since the movement of the shoc\ wave results from the interaction with the separated

flow at the foot of the shock wave (see Reference 19) and the fluctuating pressure is
the result of the modulation of the pressure gradient through the shock wave. A
special case of shock wave oscillation is referred to as an altemating flow condition,
whereby, the flow at an expansion corner intermittently fluctuates between o
separated and attached condition. This environment is illustrated schematica'ly in
Figure 11 for a 25 degrer  ne angle together with the more common terminal shock—
wove oscillation case. Example data for various shock wave oscillation environments

are presented in the following sections.
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Overal! Level

The axial distribution of ms fluctuating pressure resulting from terminal shock wave
oscillation is shown in Figure 11 (from Reference 18). A special case of terminal sheck
wave oscillation results when the terminal shock wave moves forward to the expansion
shoulder of o cone-cylinder. For *his case, the flow intermiitently fluctuates between
the blunt-body separated flow condition and the attached flow condition ot high sub-
sonic (low transonic) Mach numbers. This condition represents an alternating unbalance
betweer the large presure rise through the shock wave that exceeds the values required
to separate the flow and the small pressure rise that is too small to maintain fully

separated conditions.

Extremely large fluctuating pressures result from this condition; however, it should be
noted that this chenomenon occurs over a small Mach number range and generally is of
very low frequency. Thus for lerge Mach number transients, this phenomenon may not
occur. On the other hand, some experimental studies using aeroelastic wind tunnel
models indicate that this phenomenon may become coupled with the vibrational response
of vehicles such that flutter in the lower order bending modes would result for certain
configuraﬁoﬁs ~— particularly for bulbous shaped payloads on rather slender launch

vehicles.

As Mach numbe- is increased above the range of alternating flow, the localized

oscillation of the shock wave produces intense fluctuating pressures for the region in

close proximity to the shock wave as shown in Figure 11. The shock wave moves aft
with diminishing strength with increasing Mach number such that the nns fluctuating
presssure levels also decreases. In addition to the results presented in Figure 11,
the fluctuating pressures which occur at the separation and reattachment points for
separated flow over compression corners (Figure 6 ) are fairly complete examples

of shock-wave oscillation data.
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Power Spectra

Only recently has comprehensive data been presented on the spectral characreristics
of shock-wave oscillation. Much of the previous data were presented in linear—
linear graphical form rather than using log—log scales. As a result, much resolution
was lost at the high frequencies. Recent experimental data b, Coe cnd Richtien

(Reference 20) gives a clearly defined spectrum for shock wave oscillation at Mm=2.0;

however, data at other Mach numbers have not been published. Data obtained for
three-dimensional protuberance flows do agree with the Coe and Richtien data and
thus substantiates their limited published results. The normalized power spectra for
shock-wave oscillation for both two- and three-dimensional protuberances (References
18 and 19) are presented in Figure 12. The power spectrum shows a relatively steep

roll-off starting at a Strouhal frequency (f 5°/U0 ) of 1 x 1072, where the subscript

o denotes local velocity and boundary layer thickness upstream of the shock wave. The
roll-off is 8 dB per octave for the range 1 x 1072 < f 80 /Uo S 2x 107" and above
this range the roll-off changes suddenly to 4 dB per octave. These unique spectral
characteristics of shock-wave induced fluctuating pressures are explained by the

physical behavior of the shock-wave oscillation and the resulting pressure time history.
The shock wave is basically a pressure discontinuity which becomes slightly distorted

by the boundary layer such that a finite gradient through the shock wave is observed

at the surface. Oscillation of the shock wave produces a wave form whi~h approaches

a random-rectangular wave as the displacement of the oscillation increases, Superim-
posed upon this signal is the low amplitude, high frequency disturbance associated

with the attached boundary layer (for that portion of the signal when the shock wave

is aft of the measurement point) and the moderate amplitude and frequency disturbances
associated with separated flow (for that portion of the signal when the shock wave is
forward of the measurement point). The roll=off rate of the power spectrum for a ran-
dom-rectangular wave form is 6 dB per octave which is 2 dB lower than the experi-

mentally observed value. Above f&o / Uo =2x 107", the power spectral density
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for the random modulation of the shock wave diminishes below the power spectral
density for the turbulence portion of the signal. Thus, the roll-off rate changes to a
value roughly equal to that for separated flow since this environment is the larger

of the two turbulence generating mechanisms (the other being attached flow).

Noting that the power spectra for shock wave oscillation is composed of 1) low
frequency spectral energy of the shock wave and 2) high frequency spectral energy
of the separated flow and attached boundary layer, the resulting empirical formula
for the power spectra may be written as a combination of power spectra of the contri-

buting sources:
[e0]qy = [e0]g" « & [o0]d «k [o0]x @0

where the subscripts and superscripts denote the following:

Subscripts: SW - shock wave

S - separated flow
A - attached flow

Superscripts: | - absence of viscosity (inviscid)
H - homogeneous flow

The constants, k‘ and k are weighting functions which accounr for that portion of
2

the total energy resulting from the presence of viscous flow in the form of separated

flow and attached flow respectively. It should be noted that the two secondary environ-
ments (separated flow and attached flow) are not simultaneously superimposed on the
shock wave signal but rather are time shared. This, together with the fact that these
environments may be correla. :d with the gross motion of the shock wave results in

values of |<| and k less than 1,0, Finally, for peak overall levels of shock wave
2

osciliation (corresponding to a point located at the mean position of the she  wave)
the contribution of attached flow is negligible in comparison to that for separated
flow. Thus, Equaiion 20 may be simplified to
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Wtk [em]d 2

(92}

0] 8 = [¢0]
I, 4

Based on the experimental data of Reference 19, the power spectra [¢(f) ]SW for

shock wave oscillation in the absence of viscous flow normalized by local inflowing

boundary layer thickness and velocity and free-stream dynamic pressure is given by:
- I,H

I, H P2/q2 ) ’
¢ U ( @ [\

2 f &
<)y B T

(22)

where:

I, H H
A W VY
. @ J sw ® | sw ! ® |5

- ' H
P2/q2 - overall level of shock oscillation peak
| ® | ow corresponding to the mean location of the
shock wave.
[ — H
i p? q; . - overall level of homogeneous separated flow as

defined from Figures 7 and 8.

The subscript O denotes local velocity and boundary layer thickr ess upstream of the

shock wave.
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f &
0 0

U = 1x1072
¢ deterinined empirically from
W experimental data of Reference
19
k = 0.25

Substitution of Equations 10 and 22 into Equation 21 gives the final expression for the

power spectra for shcck wave oscillation.

= +
2
% 8o w _f_OUiL $1+(f/f )\55 }17
o fsw! |
7/
0.25 —

fo 80 ‘] (f/f )o.sa )2,;5

—_ +

Uo A l \ 0 ‘ (23)

where (f; SO/UO)S is now defined for conditions upstream of the shock wave.

A comparison of the predicted power spectra for shock-wave oscillation with experi-
mental measurements is presented in Figure 13. Also shown in the upper right hand
corner of this figure is the variation in 1 —P_z-/qm with distance upstream from the
45 degree wedge. It should be noted that this prediction fc -wla holds true only

at a point corresponding to the mean location of the shock wave. On either side

of the shock wave, the influence of the shock dimini." s rapidly due to its small
displacement such that the environment is basically either attached »r separated
flow with some low frequency intermittency due to the shock wave. 1. is ccnvenient
to refer to these regions as non-homogeneous c*tached ar 1 separated flows and they

will be discussed later in Section 2.4.
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Cross-Power Spectra

Very little data has been published in the form of cross-power spectra of fluctuating
pressures beneath oscillating shock waves. Because oscillating shock waves ot a giver
flight condition are confined to relatively small are.; of the vehicle surface, it is
extremely cifficult to define the spatial characteristics of the attendant fluctuating
pressures. Fluctuating pressures in the vicinity of the shock wave are highly non-
homogeneous; although they do appear to be related in both spectral shape and
spatinl coherence. The only significant results or. the spatial c..«:rence ot fluctuating
pressures in the vicinity of shock-waves are thase by Coe and Rechtien (Reference 20)
Thei: data indicate that the fluctuating pressures generated by the shock wave are

related only at frequencies below fSO /Uo = 0.08 for the region immediately

downstream of the mean location of the shock wave (Figure 14). For the region
immediately upstream of the shock-wave, a small degree of col -ence is also evident

in this freq_ency range as well as o; f 80 /Uo 2 0.2. A comparison of the pcwer

spectra and coherence function shows some very interesting characteristics of shork-
induced fluctuating pressures. First, the power spectra of fluctuating pressures on
each side of the peak level point show lorge low frequence energy which can be
identified as having the same basic characteristics as the shock wave spectrum for

f 80 /U0 < 0.08. This is confirmed by the coherence of the data sver the same

frequency range (F 80 /U0 < 0.08 ) . For fSo /U0 > 0.08, power specira

immediately upstream and downstream of the shock wave show spectral characteristics
identical to attached turbulent boundary iayer and separated flow, respectively. Thus,
for f8° /Uo > 0.8, the spatial correlation cf fluctuating pressure immediately up-

stream of the peak should be characteristic of attached flow; wher2as, immediately
downstreain of the peak thzy should be charac!eristic of separated flow. Hewever,

when the spat’ - re'ation is normalize. by the pcwer spectrul densities ro obtain
the coherenc> fuac i, this coherence arpears to be minimized due to the large

spectrum leve! for the point of peak fluctuating pressure. Furthes discussion orn th
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characteristic will be given later in the section on non-homogeneous attached and

separated flows.

The spatial decay of the low frequency, shock induced fluctuating pressure in the
longitudinel direction as shown in Figure 14 may oe represented by an exponential

coherence function as follows:

- £6 /U
= e~80 o/o (24)

-~
A
e

-

c -
o om
————
|

A comparison of this empirical prediction with experimental data is presented in
Figure 14 It should be noted that, as separation distance is increased, the above
formulo fails to account for the low coherence at low frequencies. However,

because the large non-homogeneous effects associated with the flow in close proximity
of the shock wave, the application of classical statistical methods to define the spatial
characteristics for large separation distances may be questionable. Thus, for regicns
under the peak, Equaticn 24 is felt to be an accurate representation of the spatial
characteristics of the fluctuating pressures in the longitudinal direction.

The longitudinal co-spectra may be written:

-40 £8 /U £o
e 0 0 cos2m —2L (25)

C(le): U
0

Published data is not available on the transverse spatial characteristics of shock-induced
fluctuating pressures. However, it is unticipated that these disturbances will be
reasonably correlated over much larger distances in the transverse direction than in

the longitudinal direction because of the continuity of the shock wave in the plane

noimal to the flow.



2.4

Mon-Homogeneous Attoched and Separated Flows

Non-homogeneous aitcched and separated flows are defined as environments which

are basically attacked or separated; however, the statistical properties of their attendant
fluctuating pressures vary with spatial location. Examples to be considered herein are
attached and separated flows immediateiy upstream and downstream of oscillating shock
waves, respectively. The non-homogeneity may result from intermittency of the shock
wave oscillation or from a more basic modification to the turbulence structure of attached
and separated flow due to the motion of the shock wave. The voriations in both the
overa!! level and power spectra with position relative to the shock wave are evident

in Figure 13. These data are shown in comparison with homogeneous attached and
separat~d Fiow dae to illustrate the presence of low frequency energy due to the

shock wave. Again, basic characteristics of the overall levels, power spectra, and
cross-power spectra wiil be discussed for the puroose of defining empirical prediction
techniques for the non-homogeneous attached and separated flows.

Overal! Level

The overall Tluctuating pressure levels for attached ond separated flow in close

proximity to an oscillating shock wc ve are bounded on the low side by the levels of
fluctuating pressures corresponding *o homogeneous envirorments and are bounded on

the high side by the peak fluctuati:o pressures corresponding to shock wave oscillation.

In essence, this means that the differences between the homogeneous and non-homogeneous
fluctuating pressure levels may be attrikuted directly to fluctuating pressures induced by
the oscillating shock wave for the rase considered here. Thus, normalized fluctuating

pressure i2veis for non-homogeneau; flows may be defined as:

W H F NH 4?,3" H

—— s{— (26)
%o

%o W

A A SwW
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= \H = \NH [\ H
F___ < f_ < \_‘I:> (27)
w /s w /s o /g

where the subscripts and superscripts are defined os follows:

Subscripts A attached flow

S - separated flow
SW - shock wave
Superscripts  H homogeneous condition
NH - non-homogeneous condition

_ Under the assumption of statistical indepencence between the various sources, i.e.,
attached flow, separated flow and shock wave oscillation, the fluctuating pressure

levels may be expressed as:

J?_TNA /{'ﬁ-Hz J—_;—;H

2

= . + ¢ . (28)
)
w ® /A © /sw
l,? NH l,—,;-z H|? 1(? H |?
— = — + ¢ (29)

%o % N %

where < and c_are weighting functions less than 1,0, which represent the con-
tribution of the shock wave to the overcll fluctuating pressure level. The values of
< and ¢, vary with spatial location relative to the shock wave and therefore, are
difficult to predict. However, the above method of representation is useful in the
prediction of power spectra for non-horiogeneous flows as will be shown in the next

section,
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Power-Spectra

To predict the power spectra for non-homogeneous flows, a prior knowledge of the
overall fluctuating pressure levels is required. Under the assumption of statistical
independence between the various contributing sources, the power spectra for non—
homogeneous environments may be written as the summation of power spectra of the
contributing sources. Using the same symbolic representation as for the overall level,

the power spectra for non-homogeneous environments may be written as:

NH 1H I,H
{ob(ﬂ} = [da(f) ] + ¢ [¢(f)] (30)
- A A ! SW

NH H I, H
[m] - [dm';] ‘e [4»(0] 31)

S S 2 SwW

From Equations 30 and 31 , ¢ andc are given as
1 2

-P—"’ NH ;, H
2 = 2
q q
. _ QO A [o ] A
' 72 \ LH
2
q
® 7/ sw



? NH 72 H

2 2

qm s qm S

c2 = (33)

- I,H
P2 ’
2
q('.D

Tc determine the power spectra for non-homogeneous attached flow as caused by
shock wave oscillation in the vicinity of the attached flow regio:., Equations 2, 22,

and 32 are substituted into Equation 30, which gives c form normalized by local

conditions upstream of the shock wave:

pz \H
NH 2
[ 20 Y . % /a .
2
q- 5 f & 2
L% % A 20 l+(f/f
U
° /A
= \H
P2
( - (= (34)
qO)
5

) f/f )155{
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Similarly, substitution of Equaticns 10, 22, and 33 into Equation 31, leads to the

following expression for non-homogeneous separated flow:

F H
¢ u 1 %
0 - ) S +
2 5 f 5 ¢
Y % Jg oo f ). (f/f )0.83}2'5
U 0
¢ /s
; NH ? H
2 N Oy
9% S qcn S
f &
0 0 ‘ ! +(f/f )loSSI]J (395)
U l 0 |
0 SW

Comparison of these predictions with experimental measurements are shown in Figure 13.
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APPENDIX B

SHOCK WAVE OSCILLATION DRIVEN BY
TURBULENT BOUNDARY LAYER FLUCTUATIONS

High speed aerodynamic vehicles are subject to significant fluctuating pressure environments
from various turbulent and compressible effects, One of the more severe ervironments
encountered in transonic and supersonic flow is the oscillation of shock waves, where root
mean square pressure fluctuations are on the order of 1/10 dynamic pressure. Oscillating
shock waves are cften associated with more complex fluctuating flow fields, such as separation
in a compression corner. Although a considerable body of experimental data enables empirical
predictions of some fluctuating flow environments to be made with confidence, a better under-
standing of the basic mechanisms is needed to extend available data to more general cases.
Perhaps the most important feature of oscillating shock waves which must be determined is the
driving mechanism of the oscillations ~ whether shock motion is caused by the incoming
turbulent boundary layer, or by flowfield fluctuatings behind it. To answer this question, a
simple model is proposed in which the incoming turbulent boundary layer drives shock motion.
Analysis of this model shows excellent agreement with overall fluctuating pressure levels and
spectra for shock woves in separated flow ahead of a compression corner. This analysis,
performed under the present contract, is presented in Reference B-1 and is summarized in this
Appendix.

Earlier treatments of the shock oscillation follow the approach of Trilling (Reference B-2) for
interaction of a shock with a laminar boundary layer. In Trilling's analysis, frequencies were
found for which oscillations would be self-sustaining. This would suggest that shock spectra
would contain discrete frequencies. However, observed spectra are generally broadband,
with no frequency peaks. The basic source of broadband fluctuations is the incoming turbulent
boundary layer; it is therefore reasonable to look for a connection between this turbulence
and shock motion.

Any oscillating motion is a combination of a forcing function and a restoring mechanisin, Since
a turbulent boundary layer contains velocity fluctuations, the shock wave within the boundary
layer will be convected upstream or downstream. A one-dimensional model of this convection

is adopted as the forcing function, so that speed of the shock wave (reiative to its mean location)
is given by the instantaneous streamwise velocity fluctuation within the boundary layer, This
velocity fluctuation is represented as opr(f) , where u(t) is o stationary random furction

with zeromeanand ( p2 ) =1, and € is the ms turbulent Mach number.

The restoring mechanism is dependent on the particular flowfield geometry. Attention is
therefore directed to a specific geometry, separated flow in o compression corner, Figure B-1,
The mean location of the separation point and shock wave is governed by viscous interaction
and corner geometry. The mean location must he stable; otherwise the separation point would
not be there, If the separation point is displaced a distance x, it will return. If x is small
compared to separation length, it is reasonable to expect the rate of return to be proportional
to x , so that the shock wave returns with speed -3 x , where the constant 3 is a function

of mean flow parameters and corner geometry.

B-}



Combining the random boundary layer convection with the linear restoring mechanism, the
equation of motion for the foot of the shock wave is:

u = a €M (t) -83» (8-1)

Equation (B-1) may be integrcted to give the displacement:

x = e‘B’eom f’ u(t) €55 at (8-2)

]

Analysis of this equation of motion leads to the following stotistical properties at large time:

. Root mean square displacement:
(xz)% = €a (T /8 3 (B-3)
(D( B )

where 'rp = integral scale of boundary layer fluctuations.

The analysis leading to Equations (B-2) and (B=3) for the displacement follows
almost exactly that for the velocity of a particle in Brownian motion with
damping (Reference B-3).

™ Autocorrelation function:

Cxit) x(t+m)> 87
{x%)

Rx(T) = (8-4)

so that the integral scale of shock motion is T 1/8. This result was obtained
by using Equation {B-2) in the definition of Rx('r). The manipulations, con-

tained in Reference B-1, are somewhat lengthy but straightforward.

For a shock wave whose mean profile is P(x) and thickness is greater than < x?2 )J" , the
fluctuating pressure intensity and spectrum are found to be:

Cpdt =B eyt 8-5)

B-2



o) - —2<p7> (B-6)

Equation (B-5) assumes a constant gradient over the displacement distance; Equation (B-6)
is the Fourier transform of Equation (B=4).

The fluctuating pressure level and spectrum given by this theory were compared with experi-
mental data obtained by Coe and Rechtien (Reference B-4). Static and fluctuoting dota are

shown in Figure B~2, For the D =00, h =8 inches case of Figure B-2 - present theory
predicts ( p? )1‘;/ a, = 0.068. This i¢ in excellent agreement with sta, The
predicted spectrum is shown in Figure B-3, along with the measured spect. . .. .rom Reference

B-4. Also shown ir Figure B-3 are two spectra obtained by Robertson (Reference B-5) for
cylindrical protuberances.

The straightforward physical model proposed and the excclient agreement with experimental
data lead to the conclusion that shock wave oscillation is primarily due to velocity fluctuations
in the incoming tutbulent boundary layer. The agreement of the present theory with shock
spectra from both o two-dimensiono| compression corner and three-dimensional protuberances,
where the incoming boundary iayer and separated shock are similar but the separated flow
regions differ considerably, further substantiates this conclusion.
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APPENDIX C

MATHEMATICAL PROPERTIES OF THE EMPIRICAL SPECTRA

Spectral data for various fluctuating pressure environments have been analytically represented

in the form:
P2 /q?2
¢ HU _ / Yo
Q’ L fo L N 13
(- e { 1+ (f/fo) }
where: U = Characteristic velocity
L = Characteristic length
fo = Characteristic frequency
n, k = Spectrum shape factors

(c-)

The parameters fo , n and k are empirically determined. Characteristic velocity and length

are chusen as those which give the most general value of fo L/U over a range of flow

conditions; U is either free stream or local velocity, while L may be &, 8%, or a body

characteristic length,

Equation (C-1) may be re-~arranged to represent the normalized spectrum:

o0 _ %

p2 {1+(f/f0)" }"

p(f) =

®
The integrated spectral density inust equal the overa!: level, / o) df =

]

'{mv(F)df =[°° ; A !

Ak
1+(f/fo)"}

Introduce the transformation:

1
n

1+ (f/fo)

C-1

P< , so that

(C-3)



for which d(f/f ) = ~ (2 rot 1 iy | |
or whici d(/o)— -~ — -1 - (/0) t

t t
0
After slight manipulatian, Equation (C-3) becomes
1 1
@ ! -1 k-2
S oewar =~ [ 00" g = 1 (C-4)
0 0
The definition of the Beta function is (Equation 6.370 cf Peference -3 ):
‘ - -
Boy) = f 7 a-n? T a, Re (x) > 0 (C-5)
0 Re (y) >0
so that Equation (C-4) is:
‘_B(k-l,l)=l (C-6)
n n n

The Beta function may be represented in terms of the Gamma function (Equation 6,381 of
Reference C-1):

= ) Ily)
8 (XIY) - (X+Y) (C°7)
so that the present condition is:

S (L
L tel <

Noting the well known properties of the Gamma function:

rag =1 (C-9¢)

I (x+1)= x (x) (C-9b)
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Equation (C-8) is satisfied by:
k = 1+ — (C-]O)

It is obvious from Equation (C-3) that for each value of n there is a unique correct value of k.
Noting that Equation (C-10) and its inverse are single valued, Equation (C-10) is therefore the
unique solution to Equation (C-3).

With Equation (C-10), the three free parameters fo , nand k are reduced to two: fo and

either n or k. The prediction formulae presented in the body of this report and in Appendix A
did not make use of this relation, but rather fitted all three parameters independently, using
three points in each measured spectrum. The values of n and k obtained are listed in Table C-1.

TABLE C-1

VALUES OF n AND k USED IN EMPIRICAL SPECTRA

Environment n k
Attached Flow 0.9 2.0
Seporated Flow 0.83 2,15
Shock Oscillation 1.55 1.7

Figure C-1 shows these vaives of n and k as compared to Equation (C-10). The agreement

is quite good. Although it should be understood that the present point is strictly a mathematical
manipulation, the agreement shown in Figure C~1 provides additional justification for the use
of the form of Equation (C-!).

The values of n and k shown in Table C-1 are sufficiently close to agreement with Equation
(C-10) that they are retained unchanged in the prediction formulae. If at some future time it
is desired to revise n and k, this can be easily done. It should be noted that the most natura!
way of fitting the two independent parameters, fo and nork, is to utilize data at low

frequencies ( f <& fo ) to obtain f, , and high frequency data (f> fo ) to obtain n and k.
At £ f,, the slope of the spectrum on a log-log plot is - nk .

C-3
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WYLE LABORATORIES
COMPUTER PROGRAM DESCRIPTION

Program Number: 71/0045-1A
Authors: D.Lister, K.Plotkin
Date: May 1973

Source Language: Fortran [V-H
Computer: XDS Sigma 5

PROGRAM TITLE
Power Spectral Density

PURPOSE

Identical to Progrom 71/0045-1, written by D. Lister, except that the present version
is a subroutine and does not provide plots,

METHOD
Same as Program 71/0045-1,

COMPUTER CONFIGURATION

The required hardware is: XDS Sigma 5 Computer with 16 K core, card reader and
line printer,

CALL SEQUENCE

The progrom is entered by the call:

CALL PSDIN (F8, FE, ANN, TIT, IABCD, QS, DB, UL, PSQUAR,
FZERO)

All input variables correspond to those described for 71/004S-1, with the following
additional nototions:

° IABCD is o 4 element array, such that
IABCD (1) = IA
IABCD (2) = 1B
IABCD 3) = 1IC
IABCD 4y = 1ID

D-1
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° PSQUAR is a 3 element array, such that

PSQUAR (1) = PQSA
PSQUAR 2) = PQSB
PSQUAR (3) = PQST
) FZERO is a 3 element array, such that
FZERO (1) = FDUA
FZERO (2) = FDUB
FZERO (3) = FDUT

After a call to PSDIN has been made, subsequent entries for identical values of FB,
FE and ANN moy be made by the statement

CALL PSD (TIT, IABCD, QS, DB, UL, PSQUAR, FZERQ)

OUTFUT
The output is identical to 71/0045-1,

D-2
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WYLE LABORATORIES
COMPUTER PROGRAM DESCRIPTION

Program Number:  73/004P - 1
Author: K. J. Plotkin
Date: April 1973
Source Language:  Fortran 1V - H

PROGRAM TITLE

Correlation Function

PURPOSE

Given the local velocity and boundary layer thickness, the program computes and
prints narrow band cross correlation functions for attached turbulent boundary layer
flow, separated flow, and protuberance induced separated flow .

METHOD

The prediction method of Reference 1 is used. The tormulce, presented in Reference
1, for longitudinal and lateral correlation functions may be written

]

exp (-|§|/L€ ) cos 27r§-

Longitudinal: Ae ¢, f)
c

Lateral: A;, = exp (-l’ll/L€)

where £ and 1 are streamwise and transverse coordinates, f is frequency and v

is narrow band convection velocity . The present notation differs slightly from that
of Reference 1 in that Af here includes the cosine term. The notation Lf and

Ly isintroduced here, with these two quantities representing the exponential decay

length scales of the correlation functions,
The quantities L§ , L,7 and uc are functions of frequency.

The progrom computes Lf Ly Af and A') for attached turbulent boundary layers

and flore induced separated flows. Longitudinal quantities, L€ and Ae , are com-
puted for protuberence induced separated flow,
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5.0

COMPUTER CONFIGURATICN

The required hardware is: XDS Sigma 5 Computer with 16K core, cord reader, ond
line printer.

CALL SEQUENCES

This program is written as a subroutine, with four entry points. The entry names and
call sequences are os follows:

Initial Entry: Initiclizes frequency range and computes decay length scales.

CALL CLENFR (FB, FE. ANN, DB, UL, IATT, ISEP, IPROT, IGNOrE)

where

FB = Lower limit of frequency range of interest

FE = Upper limit of frequency range of interest
ANN = Number of frequercy points per decade

DB = Local boundary layer thickness, feet

UL = Local velocity, feet second

_ 1 if computation desired for attacned flow
IATT = . .
0 if not desired

ISEP = (1 if computation desired for separated flow
10 if not desired

IPROT = { 1 !f computation desired for protuberance flow
0 if not desired

IGNORE -1

An entry to CLENFR compures Lf ond L,7 for the desired frequency range and

saves these for later printout. Storage is in o COMMON block described in Sec~-
tion 6.0. Any or all of the environments may be selected for computation. The
first call to the routine, and any call with a change in FB, FE or ANN, must be to
CLENFR. Each time CLENFR is called, the frequency range is printed out.

Subsequent Computation of Lé ond L,7 :

If it is desired to compute Lf and L’l for different flow conditions over the some
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frequency range os before, this is accomplished by:
CALL CORLEN (DB, UL, IATT, ISEP, IPROT)

Computation of A5 and An:

A6 and A,) are computed as functions of distance for a specified frequency. The

call is

CALL CORFUN (DB, UL, IATT, ISEP, IPROT, IGNORE,
IFREQ, XB, XE, DEL)

where

1 if previously computed values of Ls ond Ly
are to be used

IGNORE C if L ond Ly are to be re~computed for the
speci ‘ied values of DB and UL
- A ’
IFRREQ = index of the frequency for which g ond A’7 are
to be computed

XB = Lower limit of separation distance range of interest

XE = Upper limit of separation distance range of inferest

DEL = Increment between distance points to be computed

Longitudinal and lateral correlation function are computed for the specified separa-
tion distance range and the frequency corresponding to IFREQ. These values are
saved for later printout.

Printout of Computed Values:

CALL CORPRT (TIT, ILEN, ICOR)
whare

TIT = Nome of o 20 eiement alphameric array containing
a title to be printed out
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6.0

ILEN 1 if L& and Ly are to be printed

B 10 if not
ICOR - {] Ef A, and An are to be prinfed
0 if not

A call to CORPRT with ILEN = 1 results in o printout of the lcst computed values of
Lf and Ly for all three environments as a function of fraquency. Strouhal number,

f6/ul , is also printed.

A call to CORPPT with ICOR = i results in a printout of the last computed volues of
Af and A, for all three environments.

The title TIT is printed obove each table. Also printed are parameters of the fre-
quency range.

A sample output is cttached. The printout is sufficiently annotated so as to be se!f-
explanatory.

STORAGE AND RETRIEVAL OF COMPUTED RESULTS

In the event that access is required to values computed by this subroutine, computed
values are stored in o COMMON block designated COLD. T gain access, the
following statement must be inserted into the main program or other subroutine:

COMMON /COLD/ F, ST, ATTLX, ATTLY, SEPLX, SEPLY, PRROTLX,
U~ATT, UCSEP, X, CORFAX, CORFAY, CORFSX, SORFSY, CURFPX

where each name is that of 2 100 element one dimensional array. Each array con-
tains the foliowing:

F = Frequency
ST = Strouhal number, f6/u[

ATTLX = Le for ‘tached flow

ATILY = L, for attached flow

SEPLX = Le for separated flow

SEPLY = Ly for separated flow
PROTLX = Lx for protuberance flow

UCATT = Narrow band convection velocity for attached flew
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7.0

UCSEP

X
CORFAX
CORFAY
CORFSX
CORFSY
CORFPX

Narrow band convection velocity for separated and
protuberance flow

Distance coordinate for correlation function
A€ for attached flow
A’l for attached flow
A€ for separated flow
A,7 for separated flow

Aé’ for protuberance flow

Different names may be used in the COMMON statement; however, the order must
be preserved exactly and each array must be dimensioned exactly 100. The name
COLD may not be used for any other purpose in the program.

Becouse of the dimension of 100, the frequency and distance parameters must be such

that ro more than 100 points are computed for ecch. If the frequency parameter

(FB, FE, ANN) do not satisfy this restriction, CLENFR will substitute an acceptable
value of ANN and proceed. If the distance parameters (XB, XE, DEL) do not satisfy

this restriction, o message will be printed and the job terminated.

REFERENCES

1. Robertson, J. E., "Prediction of In-Flight Fluctuating Pressure Environments

Including Protuberance Induced Fiow," Wyle Laboratories Recearch Staff
Report WR 71-10, March 1971,

D-7



€0+300001) 40
SU+ 300004 ¢0
LU+ 9000000

® 30VI30 ¥3Id SiNnIQd
® AINIDIMS TUYNL 4
®OAININT INY V[N

D-8



A TLAT I N Y YA
LR TAYTA T Sr-L L)
[YLFLT-FTNRIN N EI¢
bO*A2924 1916k 00
WOL49gUEY0 L IE D
bO*» 3Jap V60 LNV
LO* dewelievel o)
WO SN VpRbb Y
[LLE P8 AR
U0+ dchenuyEBe*l
CRAEVTAN- SIS Y YA
YO Jyder y9ley e
QU* 4ngep )0sb™ )
VUsJLinglglore el
YO* 43 ity el
JUPINEGUBULNZ D
V0P 3¢90 1LYty
V0P I6SNEVRGG D
VU*dEdwrnecd)®D
SRR TT-TIR L TR -8
'Med50BeYEIELY

UL T T RrA L)
yumJLGEVIVEGN U
Wedkgleivibr oy
VO JCEYYIO L IE 20
10ed9GU UL D)
Wedineilerb6b 00
t0eg1 15 VENE 0
IWe3ugugttch O
€Ue VUV YL YH* Y
FAEX YA YN T YA
CUe49GYn Iy gy el
eVadlge il bl bnel
cUeJinecivioe eV
¢V« J0ELBIV I IE D
eVodiugipUinged
CU=db6%14€961 00
clednnialeyuyier)
cleadliyUbrrtel el
EVedy [hyWyEde® Y
tU=dUpiciELNLe )

‘N lymYNLS

' LECYY-T4. VX L]
tJedelLubleee 0
bUS L LuEBAYL 'L
(Uedubglynnyned
IJe Jce Rl Myt
(PRSI THAL
LUe 4¢b9teLYee 'V
EEAETY YA LT NN R dY
ERAE ST TS L L AR
PUAS L L VYL R
JU® 3nldiepliLleeV
JUL dne i bakeoV
JUTAeLde b l¥pe Y
JU* InpgLeynt sl
JU® Jundyet bbb ¢V
JUTInLLuNivEneV
JU*Iin6eriLiney
U JIURLC YLV
JUT el heDyEw ol
JU*dielrokeYy Y
JU®IZVE LEBCELY Y
bO® 31 4956Y00 I ¢V
PUPHIEEVSEYE L2V
PO*3coGel Nl oV
tOP 0LV LEb LU
tU* IiwgualyLeel
PO*Iyy2VeELrE Y
PITIyYLedGLEn Y
VU INULeLVSS Y
sUe3Indinptepyey
U® JouRbcbcLyV
cU* 3ptomp¥eVied
PR PEFIVETS T RS LY
eV* JviGesing oV
SV JUelVLLb Y
A TRT L LTS
eVt Jie3blbinE sy
20% 3l oNLE Y
2U? UG ILINS Y
FEAR T 133 Y1 L1Y]
<U* bl Fugbelney

‘UNG | YMuld duddg

tJedlleceebet oy
[U=3Un b ynet sV
1Je3gLe0LF N LoV
INEFTAL AP TN T XY
TJ)=3yculgrUsiev
ILET RIS S57-4 AR LY
tue 30968 GNE LU
tleansugisobeel
fU=3EVsL94u0cc el
Ve dlengcylnc ol
IBLEITL VA4 FASTA L)
1)e336€8LEY eV
Tu=40L8lE96€ 00
1J=3.9w6VdL L0
TV=35596n6EL 0V
TI=31GYSULHIR 0V
1334950252060 %0
TU=4ELvEYIW IR0
TUe3cotULJyanel
TVedo5t9liUsnel
TU®306LESHNN Iy L
I LTI Y7L AT Y]
1JeIFEYTL9VEN
I PLEFIX I Y- -0 XNY]
T023¢5VIB YL YV
TJe3YELERYYLL 'V
Ve 3¢Uy9gaouL LoV
[JededeaoEeLy el
1Je30CeL1UnEY 0
1Ie30 Ik 98G6LG000
QU+ 3Iyeugrycuisl
00+3LEVEBEEVY IOV
OU+3e01T18114100
QU+3RC LTIV EL L0
QO¢3qU T hbbibo0
20¢3qT 110100400
OueInl T hbiiieQ
(CSLETINE SRR NIV
[PRLETIS 88 SRNRLY)
PRLET IS S8 SRR IS
QI*3n0bTiibb4o0

*lY Mpl14 43S

anjn e

US4 39895 S eV
e 4echaaygss el
U@ 4edSu9t555¢0
e degsuuug8geU
e gecuuyugsae
L F TR IN-T-T R )
bedee 3949536400
e 4 auiu 56y ey
U 4 uuyngag ey
(LLE LT T-{-1 TR
Ue e hnsnGGy e
VUe 4eetnbaGaEsy
MU Jee 59985650V
(1L LA {1 )
(YL P T -{ - X
e deduubu5Gs eV
Mo 3eduuss56Ge0
(LX)
e 482 Gu84GGE 0
bUe 4L uNYBGeY e
0@ 4eeuih GGGy
LN 24 T T
bUe 4YEYLLYI6G 0
U 3L679162EY0
(L1 ¢R% XX FL X1V
(e dyr it uw9aL ey
10e 4eV9959g L0
LU 4t hEY O
e gUeel IUnEy eV
Wednivyup G6eV
VU ducyyn20t eV
U0+ 4L 0uupEO b el
FOLFTHINSNSS § P L)
DIPTSR NS S SN V)
QO*anULLITTTeD
YU 4n014 3 4TT1e0
[SILFLNINNYS 4 X
VUL 40011 bTT L0
PRLFTHISRNS & SR W]
VO 4PULLETT el
PSR LU TNRNS & X3

CUNB | Yb 14 43S

It A¥Nfwey fEL )

ON MWW

LUa36lELBE1Y)e0
Vs 3662645VcU U
U390 105
10a30ygdneyies0
Ve 39ugeysHet eV
e d6n9ENNCOG OV
VUadptplsattye0
Ve 3t0yco956L Y
Lle3one9i9166°0
OU+31VECE Lt *V
QU+ Ipknnicunl el
OUe3VLL9yu2L 00
VO*IGHESIELUC O
QU+ 3 2hasEYREL D
QU+ 351295869¢*0
0U+3049E90V0E* 0O
VL*IGYT269W2E* 0
00¢3L0ELLG8E 0
QU+ JVBOELBLLE®D
PR PUYALES 1LY
0U+365060E9T9*0
VU+3RcTLENLENO
Q0+3EVLeo Ny D
0U+3919T 1 w590
QU+ 3BEEGEYETN + 0
00+ 3608 (S50L90
VU*35L219E9L N0
OU+ 308090 1lyne
QU+ JEG BN e 0
QUe3Lnl 10eLYNe0
UO* 399G wEVEY e O
0V+326¢90ECEN ' v
QU+3L6EILBEEY O
QU+309g LCiIg6n0
NU+306RL 1196900
UU+3290¢ 169640
QU+3L9nonG 6N 0
OVU+ 36¢8LnVBER 0
QO+ JLEwRnYeyeD
VU+310999/yewel
QU+ 4001 0¢V6EN* 0

*lvl Iy Ly

Q0% 40N LTSN YT L
QU+ qanllaguniel
00+ In I wGYLegl oD
OO0+ 31E10pkiwe2eD
VO* Il nnsi 2ol
JU+ JULGnNLegESD
U0* 3ua 2u9LLnel
VU JUeLELES GV
LA CT LY S $*78 FRTY
QU+ 39cYIpt uyBe U
10+ 352¢9£5L08e0
L VEPTIL L T2 L3
10* dec¥GeUG 100
10+ 36¢£E9Vn 190
O+ d9nyeL Ll oV
10+ 340961290
10+3V6R6¥LIN20
L0+ J¥2ENRSIYReD
10*3LLL9VWLLEOV
035G 1 L9<¢tees
L0* 3 iwegeyyQEQ
10430009808 1E0
10+3,90899L2€°0
10e3cEURNYGEE D
L0*31L46ECCHE U
104 3YnEENYLNE D
10436 LL000CGED
10+ 39E01 l9ugEesV
10+ 3ct loENEGEQ
10+ 30 wyeUylUgE+Q
10*3¢6£L299¢9E00
104341706 (99€0 0
10%36 IGUSES9E D
10v3n(aCbey9EeD
LO*3LL6L90L9E0Q
10¢3waviSyYL9E*0
LO*T Lot LW9EQ
104 396EGLSBIESV
0*3In06618W9E 0
L+ 3L96T9069EU
LI*3UHLNGCEIEY

CONGT I LLY

#0*+ 32254666660
a0e3Yc 9E2€ 96200
#C*+3G21EGE0E+D
#C+399,98110G6D
#0*3628401g86€+0
wU*30,292291€¢0
#C* 302G 8115200
#0*39,.692G661 0
4C*34,GeRNEGT D
#C*3IG568168G2100
E0*IQEEC 5666640
€0+3L0L42€96L+0
€0+32014560€9+0
€0+3£0558110G6¢0
EO*308690186€42
E0¢3€9692291€+0
EU*IERPLETIS200
EC*3IBE2525661 0
EU+3008984RGT 0
EU+35.0268521+0
20*3EC2.666664D
2093962526060
20+30654660€900
20+3€16581105+0
20+312960T86E«0
203211£2291E0
2093/68L811G2e0
20+3662525661+0
20*3E0ERB4BGT 0
2043291268520
10+309,. 86666690
10+32g,92€%6£+9
10+38/09660€90
10+ 32969811060
10+308490TR6E+0
10+310EL2291€00
T0*IHLERRT TG00
TU+3611926661+0
TU*3/2268485140
10U+ 38442685210
1043000000001 0

ADNINC3NS

ENGILIONNS NUILYT 8860 4@ S9IVIS AYIIC IVILINING4X3I

T XYW CLEVS INC THONDY T ITLINHY Ende=S

0-9



bO*ICI WL INL Y
NOAFTAYTA L IL LY
POPIYELEO0E BN Y
LV VAR Y1 AL
P ARGUEYV L [E*D
VUL JUNEVBULNC Y
VO AL RBOULEYEI ¢
(SR LA X1 AT L4)
LOPJUEGYEWECS L *D
P FTATA LIS 11N
PUAKT TN TRE FALY)
VO* 49ecE999¢y*0
VO* dvRe600EE"*0
VU 4iieZigleL eV
VO* ¥l leyQliee0
VUL INEYVEOLNC Y
YU+ 390 LYo b0
NU* 465006440 00
JO*3IL2LiWeyte 1 *0
PRI L LE 128
V0= 360ReYE bYLY
PUeJUGYE Y9I IeY D
pOe 4LSEVIVEGY*D
Wedbeldlgipr el
WeIcEYYYO L iE*D
10« 435060 L0
WO0edinciiedo b C
e 314068510
LU aueEdLBEC LY
€0« 400CYuYERL*O
e 20 LLEIBLD
cladvGge n9o iyl
clediGe)ilEpn*l
ASTETE IV Y 1Y 1R 2Y
cUsJUEL6Y0 L IE Y
FOLE X TAY VA R
cUsdbgutLeve LD
cleduniolousi®y
eVeglGlot¥bet® O
[N EYLY 312158 1L Re)
LU dUELELELYL0

TON IYMNYNLS

eyl 2edicts 'y
WU deLinaltee sy
LUS 3L uEONYE Y
LUe Jubyianayney
U= detgecelingyt s
LI N-RY-AL | FARY
SV P RN T8
SEETTTVE LT R L]
PIAS B Y1 L T L]
VT 3YYLbLUNE L 'Y
JUP gel9LB LIV
LR LIV AR T
JUP3EL2CT 6L C
JULINGI I Lyt ¢V
JU*3wedyrtest eV
FULEF ) YA2 PYR L ALY
QUPIG6er LIy
VO UL IwLG eV
JUP3esL6eUYEY U
JU* J.divetteyey
JO* JeUEVEDE LY L
AKX TEE DT T
WP IIREUSEYE L o0
(T AN TTY-YINY ALY
W dydiuLeoieV
W ingnalyLel
tU¥ Jyadueslire eV
VUt I¥YLeDELEN U
AL LI PR FAVL Y
WerIndinottoyoV
tU® JpudbecbELn*Y
cU* JbEaspNeYL U
2U* Jugeustut L oy
cU* IVIGCLINLLOV
203UVl LY
CUTILIGaRUY LU
CUTIILShisLne Y
CU® JuyDivgLEn e
(A OIS YAV T LD
2Vt spLIChEpY eV
VT 46 L duCOLLN Y

"UNE ) el lsde

INLETA TP I T AR
Tleadunizyndi oy
[JeIYLLULEWN LoV
ICLFTELA ST CIRRY
tJedyeuTgEUL oL
Tved9LesEady ol
[Ue3U9bEUSHE b oV
TJednsugliubUcel
TJ=3EUnLvsnceeV
Toe3l2ngeyuncel
[CLEIL R34 78100
TU=456¢8Le9L¢*V
10=30L9BLEDY6CV
[Ued/py6UcL itV
10235599686 00
1Je3iGuGUENYL ¢ 0
TUe3556252V6k 0V
10e3JELWESTRINOV
t0=3¢6EQLONYN 0
TUe36549110Ugwe0
TU=366LEGHNIGU
tuedpscndbGacl
TOI9EYIL9VUGR U
1Je3L6%G6EEY*0
10e3cgUIgINLY0
0= 39ELEWIYEL OV
10e3cUY9G9YLLV
TUe3cceSHENLY
tu=30eeL i Uvpu sl
1J=3n1E9G6L%46°0
QU+ 3pc¥9nYeU Lol
QU* 3L EUREEEVI D
OU*3nOLTL LIV %0
QU+340LTELELLOO
QU*340LTLLLLLOU
QU*3n0LTETLLIe0
QUe3nUITITIIIOU
CO*dn0biLELlLo0
QU+3n0 st i1LbeeV
OU*30LILYLL LU
00+3004TLTILIOU

*lY Malq d48

NN

Oe dedulsuGasE el
[DEY EEA I Y 3
LUe 4239946580
e 4254855665 ¢V
(L' LE ER T T R
N LE LA LT Y %)
Ve dedauahugGsel
tUe SCdunEygaY el
e 4eeuSHYGEG Y
L EEE T T {111
LU® 42 Gu5uGEs + U
Ve dedE98aGGs oV
e 1 Gs9LGES 0
Ve 4¢ 25u44GEG eV
e 4G9S GEY 00
Wi deesuugeG eV
108 I SuEEGEG eV
(UL LA
LU 4eGuSHGES 20
b0e 9eesu8uG665¢0
10e 46 SYY45G65 0
Ue 4eeSuEEGES Y
Wed¥EYLLYDEG O
Wedibuib2EYeV
e delUigigLIel
e dvELeyy92L 00
Ve JCU9YSIRLL Y
Ve dcecyvt o eV
Ve Ul bUggH el
e 4N lEYS6.G6eU
VO* JueEYny201i eV
VU* jepVEveE0l ol
VO* 490 L3t TTLe0
VO+4n0 L LT 1e0
QO+ LbITT eV
QUSANI B LELTT L0
(A FLIVESNNE 2 4 XI¢
UU* 490 4L ETTTe0
UU*4nUTLEITTT eV
POLYTITNNNS § WY
(SIAFLIVINNRR S & E 1)

*ONUY | MUI19 d3S

11 ¥NE by FEE

TVed6lELBS LYY
LU= dp626%0cUe U
1 Ye3g90LUBESEs
fUe3Vyger691iEeL
LU= 39¥82YGHEE* U
1Oe 4L YYENNSULOU
lue36E6lGnttye0
We310926956L°0
Ue3en29i9i6boy
QU+30E2E e *D
CU+3puanicuniel
QU J40LL99¥9L 400
QU*IGRESIELUC U
QUL I aGrINEC L
00+ 4G4294869¢0
0L+ 3019ey0VUE ¢ 0
QU+3gyiderdce U
00+ 3EVELLGH5E D
00+ 3080EL6LLE 0
0V¢ 356, 00GYWeL * U
0U+36506VEDT N0
QU+ Jde it iEwsV
QU*IEOT 2o ianne0
VU¢3IVIPTLLNGH0
VU+IYGEGLHNEIN U
QUe3608L550L4°0
QU*IGLETIYEILN 0
OU+3EORBUYOIR®*0Q
OU+ILEYESHNEN*O
OO+ 3ILwL10U6LEY*0
QU+3IN9GLAEVG Y0
0L+ 3¢6290ECEHN*0
QU+ IL6ELLREEN O
OV+JUYE LIl 56900
D0+ 308 L (9690
QU+ 3P L6969 0
UL+ 3L9490GL60°0
UU+ 368490867+ 0
OU* 3L nRanwenel
VU+3ILUIYILWER 0
QU300 L0EVE69+0

LYl 7Y LY

Q0+ 4UNLTIGAYT 100
VOeannlLinyGn|eC
QO+ INiNGYeeBIoD
QO+3itiveS¥EceC
CO* dcHLanbLneeC
U0+ JULGHRLEYES U
U0+ BN LEYPLSe0
U0*3UbSELESL GV
QO+ dsynliiwL1Le0
LU+ 39¢ 96 15870
LO+3G(YLSL0L 0
V0e 3 (8eeTe0
1043648560510
10*3622290n 10
10*390G2L L6100
We3se L U961 0
10* 306368 L0Ne*0
104+ 3y ngelgae?
L0*IeLL9I¥LL20
We3s51L9¢teee0
10+3W I Ngn990Ee0
10+ 3000URNVRTIED
10¢3L90809L2E*Q
10+ 3¢50299GEE 0
LO*3LL9bELEHE*D
L0+ 3WNEENILNESD
10436LL900CCE*OD
L0+ 4¥EUL LIGGE D
L0*3¢E L6UNEGE U
1043993904 09ED
10*3¢6L299<9€0
10+ 351 L0GL9QE U
10* 361 G0NESGE D
LU*39L006e99E+V
LO*3LL6LNOLIESD
LO* 3y iS9L9EC
10¢3165¢E IBYE*O
104 496£ 4 LS¥IE D
1039066 1HEYEY
10+ 3496 19V69€ 0
O+ FUUL HGCHIE L

SUNUT | LLY

03226966666+
®UTIRENEZENEL 0D
#0*3IGITESE0ESD
#C*399,0RT10GeY
#0*3€38¢0186E+D
#L+30L29229TE0Y
#0*302GLRI1G200
hU*39/602G660 00
«0* 39, G5F9BG1+D
#U*3IG6RTERGST Y
EU*3REE966666°0
€U+ 3ILOL92EW6L 00
€0*32014G60€E90
€0+3L0G58110G00
€0*308640186€E+0
€0+3E9592291€¢0
€0*3IERPLBTITS200
€0+*386252666100
EO0*300888#851 0
€0+435.02685210
20*3EG2L66666+0
20+39G2G2€96L¢0
20+ 30654560E9+0
20+3€16G8110600
20+3129G0196€¢0
20¢3211£2291€¢0
20*3/6RLRTTG20
20+43662526661¢0
2U*IE063BWRGT+D
20+32912685210
1C*309.86666640
T0*328L92€96L 0
10*38.09560€9+2
10¢329698T11050
10+308490186€E+0
T10+3T4EL2291E 0
TO*I9E88TT1G2e0
10+3611925661¢0
10*3£226848G10
T0*3RNe268G2 10
1U*20000003310

AONINLINS

SNETAONNS NULIA¥IINNED 40 537105 AVII0 IVIANING4X]I

LX7IN

“IYW ¢

X@x L8994 A0, L

PHONCY T I LS 6I-)S 4

D-10



WUSIEY LY lon] ey
wJedn Ut Ninu")
LJediPvevsdEl oY
JAL LTI LA L R
LndninYuysides.
Lusdnvedienlie .
(JedbYLYY lbJIE U
FIARE T YISL IV, T-A0) SUVE
Yoo ddlicalublti.
PR P NN YA LT ARV
PREELLE LAY T - AL 4
(Uedcie balie el
yUe 4¢P VaLN )
BUedY iYLyl
sle Ji¥JYbCE LV
FELE FTYTA L1 -]
nUedrdghtynylel
yue dELIYCHUN G e
WWedJpykvEep; e
LREREIFL AT AL L]
nledyYLedychl el
nledllveyinuZed
GUe I/ Ca¥YRLYE* I
wle dJEYNELCIZ D
LR FANY-T-1 A WA
DELE T R VA 1A R4V
gUededyationdie0
t0edudyYiLeyie
LIEX LTS T S L
U INGYECBLIES U
DULEFLE R AL I-1-4 AL
gUeIneINYRpL [0
cLe ¥ iUBC LI
cleadonennpyclole
EUeduSLuBYbey sy
cUeIJYEBVULHLIN Y
cUeditulasicdory
bOe 4G b u0b6ET ¢V
VWOedOE L bW IGT Y
AL E A YA NNV AN
Wedidelevrlsye
e d0ebevibehe U
e dbeneGiypode
JUtILELueENE L)
PELEFTYNA 1'% 13 S0
WOedulcvbls ey
VUL 40l vaceIe )
JULAIE AU ILENLS500
POP4000U0V0IVEY

‘UNM E vutd Lged

Ju* 4UQI00UCN0 Y
JU* 000000V 0 D
PILE RNV NIV o L34
PRLF BI RICHEBIVI X 1s}
PNLE B1sBIVH M1V L)
SRLE B SIVRIVIeN I L)
Sue F0000000U0
UJ*J0000I0LV0 L
Ju* 300000000Ce )
JV* JUOVLULLLO L
YO*30000000UC* 0
YU* IU0IV00UNC D
QU+ JUOVDLVLVD L
LL*3CE b LRSS T D
GL=3vsendeirgeu
EL®JUOLCHIINE* D
VLo dE9cYL bHLG U
WY JpOCLILOVUT T
99e JE9uestEYT Y
LE LR TLTN4 FZ ) F AR
€9 IO I0LuNLN D
VIe dRrEdNLeLVRD
LIS FYL 31 )
Sw®36098NILC2e)
DUEETR BT {1
lueJPEVYOWENG D)
PR LRI TYA T4 L AR LY
LALE DEIMLIVEE AR del
ane390N0L IQUESC
Ene VG iNELNiGes
Une3Ldeiagyygey
Lo dl e ngsnTel
Ste3IvgecELnnel
CeoIEOLEEG L bnoL
bE®350n510¢69C
Yee3opnNIEI T Y
LA R I A1 2 A2
LA -3 11 Y191 -7-1 4 39
e d(BeYict s
Uge 3ugeoveiees?
Lledngutntgnley
PYLE [T TT0 3 7T
LieInpligtennel
bio3de96ycn 0
L1 E TAe N VAT AR LY
ERLE T ML Y-
aUeIEN LUYYERE s U
CUe 42069968 )
(ISR LRIV IVIVIVR R 38

AFS AL FRERCEL

9l=469cbIiavie ]
Ededb%LLniec)
(YAELLIAINA IR L]
CYAF LI 1 L YA ARV
¥y=3diniledeV 0
LY=33ceruiniien
Iy JLLGNUL (DL Do
ny*deicIINCI* Do
€Y= IYN YL LB Do
P92 ALPLLINY960 0
659°3VU0CHYNVII* D
bY*dniybiacUE* Qe

RALECYY YIS TAle]

[CLETARTATYL FE )
DUTE N YA TR I'S L]
ldedb¥iyeulUded
Vasdnenyicive ¢d
PLEELYASE AL RR-L e I
Luednsebcdulnede
gredycOMeratn Qe
Ehedigeacacyi Qe
enesdubiodiiee 0
(LEE TS TTA X2 TSI 2e 2
bEedupyrtivce0
LeedesyeuLire D
GE~JLEUNL LYYV D
rtdweEobUyYE*D
EEedubnt bplitue0
ceedeeYUnedbe*0
JEe J¥HLOYNiNne e
LI AL YA YR T4 Aol
Ye=d661 L bIEYC 0
SCeVpecuyrlye0e
EcedchnoucEN D
¢ee JLEL Vb *Q
Ugedypblushec D
PARF LT IR T4 o)
Li®dcuGednlgye]
gbeICLEUNEEY L *D
e JUUTLY IR IE*D
[AXFEINNR VLT TR
Lo 48y 184058 ¢ 0e
VU4V IYIppUneDa
LU 4nQccynini*Qn
YU=498pYL 0L D
YU A¥G0 b 159L 10
COLE L L I X8 R
WWedebelLubctd®)
VO*AUUDLUVIV GO

PUNG ) MY IS d4S

ANIO 2 IY iy fER e

dimdcaLEEerue e
1= Iw0w09sLE U
21e 3¢ i 6ESHINY L
IREERVAL T AR
{1=degEcoldt sV
11=3eenus9schel
(SEETCYETEI X YA
I VAS IS L AN
Utedngeaslgydsy
Qle JUN2082(¥Yy*d
Ol=39T1&iL9680
60e3tLLuG9%Y1 Y
60« JnglceIeUEl
6U=ISEHNEN IL GV
gUedbetleecUl sV
BUe Jn 080Ny 20
RO= JLEEVL9GnE SV
BO=3nLRUYOSE YOV
LO® 3659918y LI PV
L0e3L0LEN nidV
(0®3I¥0nEYLneE PV
L0=3¢12Ep9GcL 0
YO=3L0ucONEE LU
JU=JoRLrL2SHac ey
90eISGEN I GLLGR D
YU LI LReR Y
SOe3e2LG9E2S 10
SO JnGIU90082* 0
G0*IEQUNERN L0
G0e ICELOENYne o0
20e3UPUELEELL Y
®0e39L,48<BELEQ
#0»39GEIELLYS Y
£0«3003080%0 ¢V
€0+3p90458986 440
E0*396G<n2S9E 0
EO= 449U9eN 1 LIV
2U=JNHEBLHELI D
20= 4L {06609 *V
CUeINERRUI LI el
20 3659 b LLIYLY
IU=3YNLGE6 L o0
10=300gRI 168V
10=3L09dEEI LN L
1003129594280
00* U iLETY LU
U0+31ES 116GV
U0+ 3UIEVREEN 300U
10+ 30000000000

*Lvi 1Y LLw

I EUTLERILY L IGEoY

SH MOV T XY

PRI T VLTSS
cUeIVIELLGo L0 )
LU IRSYIEEYS 0D
LUeIu LEvwaliige?)
(IR I T TS SR YY)
[(CLEMTEL- TS (Y X4 1]
LUe3pSigdct nes)
lUe4ceFrELSCe )
LWe36 IE LYISUL D)
[SLELTING Lo LAY D ]
CU*IEIIEGGE LD
LUs3nUgLelcieDe
W 395G b NdaYCeCe
lUeIEEY99UTYONe e
et en | lyitseDa
Wedblte60rEYe Da
(CLE (VAL TYANY LRl
MU IUYSLEIEYeCs
IVe3n n94gleyela
WWeIePn9spsenela
t0eFeGgEE N IYSC o U
2Ue 30969 L0
LUe3UERELGIGE SV
t0soaNeLnClLeD
VO*3IEIELLUFVL 0
YU+ 3ueyl 10 e b o0
VU+396RWLLO00Y LD
VU JLELNYGLL LD
QU+ 3IGYEELLRY L0
VU*3YeLOSELN LD
VUe3r L La0EEU L0
U3l ineaneyeDd
1Us36dVEELYY 0D
UU+ILNEENLIUL 0w
QU+ IWGLBYSEY L ¢ De
VU 39506c9n s 0n
QU+ 39,98 y0BOE* De
VU ISP LGUUN Ve
QUeInlGEblEen o0
QU+ V¥V IEFUReNa
Ve 3yUL UYL s 0w
U0+ 360900 nc* e
VUe 3445 1GcVUsele
lUsJlestyst el )
QU+ Jneu96cY¥cs 0
VU* I IVLeecU4G0
VU JR96HERUL O
QU*ILISECLBLYNe")
LU+ 30000000080

*UNGTT T Iy Ll

10+ IEX6666656°D
10¢ 4199P6666E6%0
10+ 39986666160
10+ 450666666890
104 J9266666LRD
10+ 4E06666658¢ D
10+ J9926666E 249
10+ 399866661429
10¢450666666L°0
10+ 4%266666LL°0
L0+ 3E666665L0
10*39986666EL*0D
10+ 498766661 £¢0
10+ 45066666690
10+ 4926666690
10+ 4€96666659¢0
10+ 42966666E9°0
10+3988666619¢0
10+ 35066666650
L0* 49266666450
L0+ IE6666665°?
10+ 32966666EG¢0D
10+ 19986666150
10+ 450566666%+0
10+ 49266666470
10+ 3En666665%°D
L0+ 42966666E%*0
104398R66661%4+0
10+350666666E°0
10+ 44266666LE*0
10*3E466666GF 0
10*32966666EE 0D
10+319666661€ED
10+ 36506666662°C
10+ dn266666L24°
10+ 3E€6666652D
10+ 42966666E2°0
1043186666612+ 0
10+ 45066666619
10+ 4926666641+ 0
10+ IEvc666651 0
10+ 32966666E340
104 318666661140
U0+ 30466666660
00+ 325666566240
00+ 3596666665°0
00+ 49/666666E¢0
00+ 48BF 366661 °D
0044000020003 ¢D

®4 1y SNGILINNS NETLVINNGD

CLEY S AN THININE L JTLLTHS END-ISY

D-1



HledNELVUIENIE S Ja
UVedeivghilideds

JU* 30000000000
JO*IV0IV0UIV0e

YU 300000000 *Q
LL= 450080 BB De

E1*380EcoE LUY Y
2123L9€E9G501 10

V=3V ILHLTCY400e
20e390190¢ec e De

10+ 360566666640
10*39266666L6°0

D-12



MUS IV IYTE LYWL
LR FAErs L re iy
VU 49g I bUVEEN Y
VU IL9LI IO
LUt ANGuEYOl bR
e IUREIBULNE Y
VUL IENEI L IB Y
IUeduhepve. 00
LU 4ULOHEY. ¢ b0
JO* dgneniytbey
VUTdNctoIE bL D
UL TTI% LIS AR
JU¢ 4nBeblirbh )
FHL TS L AL Y-
YOIl iYY0i e el
QUL IHEYVBULNC D
YO* eIV LTI 0D
WO+ JoGrEvbuY LY
UOPIECLWERECL
e IGGey YLD
Ve 130wpyE V8L 0
W= JUGOL YD IEY D
MUedeGEU VLYY
e b2l bFIbLD
e IEYYI0L LY
Yo 35GVHLLNE D
WedincilcrbboU
WediloEVesb s *0
[N EERFAL TR TR TRl
cUe JUOUYNYERDL* D
CUeILVILE LWL
CUa39G9499I¢Y 0
cUe4iGc ) IUEGNO
cDeaJiabei9IbR oV
cOaJUELOYV L IE U
cUedinegiplineeU
€0=346694L2961°0
¢U=309 19064510
¢L=ILGLbEREC )Y
LU= 45 1%guyERo* Y
tU=3061SLELWL O

CUN IYHNYYLS

(PLEPIY-I3 YA
tUedrLlagiene s
WUP ALl aEbNYE Y
(WIS I T2 X1¥)
(L CE TSR TR
bUeduegbe LoV
L POy LY
JU® J69GLIIIN L oY
JUP JUEIulLEIN LU
JUPIYVLOLUNGL 'V
JU*InVJeelLiceV
JUe Ll luge oy
JuedeL2eiivpe sy
JU*Inp9 ey ol
JUT Jyndyetoet *V
JUP IuLLeBLIGR U
BOAXITT-TA YA A
JU*I VgL luLs
JU* L6 CUYETD
POAKIY-FATARNY A
JU*IcUEVEDBELY D
W3 i956¥W60L*0
bUP 3R VGEWE LU
LWU*3cogelins oy
LIUPdylLulcb eV
WTIIngrnUY Lo
(XA TITAVEL VA TSRV
U dyYLclSLEn U
VU IN02enLUsyey
bu*dndinettey eV
bU? Jo98bCHbeLN 0
CUT 369 BHE6V L *0
¢U® JU¢EUSEYE | *V
¢U*IviGesLinlieV
FOLE NI TS A NS]
¢UPILIgnaLY LV
CLAC TET Y4 T3V
CU* WY I JIGLEN D
CUPIVGE I HLUGS U
<U® JpEIcpttpy
cUP 16 19ucHSLN U

PUNG 1 MUY Ludd

1JedLleGecoeiey
1030 b z90uE b o0
Tue3gLeULEYN LU
TJedluninpustev
Toe 39EWIGEVL V00
1Je39LesEucd LoD
Ve 30UIbeELE6 | *U
TJe3n ugLselesy
U=HEVuLIENCE oV
TUedlcnEIUng ol
TU=319¥,€xL5CeV
TU=306C8LEYLC PV
TU=30LYLEIVBCHV
TU= 3 Ru6IeLit 0
1U=35599606E ¢V
T4=3109GUENIE SV
TJ=366625¢V6k ¢U
TUS3ELWEYIVINSL
TU=3¢6E0L0uNN U
(U=365494 TUNe0
19=366LEGHN YU
TJe3ebelngiusty
TUe39EYTLYUEYIU
1Je3L69GLEEYIV
TI=3esViyivLyeu
T IYELERYICL OV
TJe3¢UY9G9¥LLe U
10=3cccGnENEY U
T0e3UeeL llney U
1023% 195645600
00+ 3MC¥INYCV IV
DVSIEEVEBEHV I *L
00+340ULTLT 41 LO0
004390 4TLTEILO0
Q0+3404 11114100
CO+30V4EbELL4O0
0U+390 LT ITHLL0
QUEINUITIT LU
QU+ INCETLTILOU
QU*INOLTEELL IOV
QU*INOLTTT IOV

*4¥7 M4 dIS

Inin ®

b= 4ediiu4ug8y el
e deehuatygse Y
V0o dedhutnggse Y
LUe Jeguu89GG8e Y
Woe JecuuubgGEe Y
POe dedtintinghGey
e 459945654V
108 4eeunLugEL eV
U@ I yEEEGEG U
(R - TTT TE
U@ 4e 598508 Y
0o ddcuuuugGyed
e JeCGYGEGEY e U
(LY LTI 11T
IUe deehubngag el
e deehinssgE5 eV
e JeeivssuGESe v
MU 4CL5HELG6E Y
VU 4EdGuS5G6G Y
e dceE948EGES e Y
Ve 4eeouyagsG e
b0e 4ey9S5EGGe Y
e dyEI L9060 0
We (b9 62EY Y
VWedesVwbRLTeU
Wedveley992Le9
Ve JEUIYGYRLL WY
WadeccantaEg el
10 JOLLLIUNER 0
LU 4N IEYSBLG60Y
QO* Jwegyn Y2010
QUL JEEUNNEE60 b 0 Y
QO* 401 tTT1eQ
UUe40LLbbTTT eV
QUEANUTLILTT D
VO* 40T LLETT o0
VA FLOINNNY 3 S X1%)
UVO* 40148 TT1eD
VO*400T LTI eD
VU490 T LE4TTTe0
UO*4R0LL LTTLeQ

'OND | MUd 43S

1N YNl &v FEES)

[Ve36lELES LI
Lv=366265J¢Ue0
1Ue 349D L0BLGCE Y
Ve 3U9¢C6YEL*0
LV 398N C9GHEL SV
Ve 3609t 00cU* 0
fU=36E6150EEY0
1U=310826956L°0
L0=3672943466°0
00+310g2E S0
CU+JIpsaniceri oL
OU+30LL9989L1¢0
00+3S9ESIELUC O
QU4 ILCoGEINEC*O
V0+ 351295869V
00+ 305990000
QU*IGYT26e8cE*D
QU+ IE0ELLGHSLE ¢ O
0U*304EL64LE°0Q
V¢ 3I56L09596E¢0
QU+ 364060EY 190
QU+ WS LeENIEN®D
QU+3IEOL2H lanneD
QU+391L9 1 1LLa5n0
QU+ 3IRGEGLNEIN0
00+ 3pVUgLEGUL YoV
QU+ IGLELIEILY*0
0U+3L08VYO0 LuN* U
QU+ IENcSENERID
QUL 106LBY*L
QO¢INIGLEVEY 0
OUe3e29VECEY U
OU¢3IL6E LLBEEH U
QU+ JUYE 1CT469° 0
0U+3068L1 196900
QU+ 390216960 ¢ U
DU+ 3IL9400GL6%°0
00+36cRLOVEEY L
QU3 IEN N NEEN*0
0U+310999L86%¢0
QU+30010¢066%+0

4Vl 'Y LAY

CO+ 4URLIGNYT e 0
CO+3nuLTnysSanlel
SRt B8 1-T 2713 L1
U0+ 31 L064REEe D
00+3c¢gLo85L8<00
00+30L5enLe9E*D
Q0+ 38#L2S9L59°0
00+ 306GELESLS*0
Q0¢3gyaiiyLt sl
00+39¢y96 LS8R0
b0*+34£9(5L010
10+3¢LcecEsEel 0
10* 36 L{¥S6UGTs D
P0*36cLeYUN 100
TU* 3905216100
10+ 356 £ L0961 0
10* VeBeBLVY 0
10* 4 owcU92s0
10€3¢4£918L4L2°0
10+3451L9<¢Epe 0
10*3¥ i ¥2ey90€ 0
10+ 3000BWUHIE
10+3,90We9L2€E0
LU+ 3¢GUECHYSEE D
$0* 3L LIBELCHE D
10¢3YNEENYLYED
10*3LLL990CSEQ
1O+ 3MEVIL9GGESQ
10*3CELGEYUGED
10+ 300galRU9E sV
10+4<6L299<¢9E*0
TO*3GLLUSLY9E eV
104361G09E59€°0
10+3nL206¢Y9E 0
10¢3LL6L90L9E 0
1U*3nBISHLIE Y
1043(6952L IHIED
10+396EGISRIED
10¢340664¥89€EL
10¢3L4619069E°0
VO*3UNL¥SCHIED

*ONGT T8 ALY

40+ 322646666622
W2+ IRENEZENEL 0D
#0+3621€660E9D
#J+399L48110G0
#0*3IEFBH0TREESD
#0*30£292291E¢0
#0*3625/811G20
#C*39,69266610
2U*IN SR8 RGTD
#0+3G6RTE68GET oD
€0*3IREEIE666699
€0*3L0s02EWEL eV
€0+32014560€900
EV*3LeGGRTITOGO
€0+309640TREED
€0+3€9592291€0
EO*3ER9LETT1S52+0
€0*38£252¢c66100
€£0+3003880RGT D
€0+35,C26852140
20*3€52/6666640
20+39G52G2€46L¢0
20+30654G60€9¢0
20+3IETEGRTT0G0
20*312950T86E0
20+3211£2291€¢0
20+3L68LWT11G2¢0
20+36625256610
20*3E06RB8GT 0
20+3291268G21¢0
10+309/966666+0
30 32RL92E46L40
10*38209660€9¢0
1032969811050
10+308490196£+0
10+3T0€L2291€00
T0*34LER8T 16200
10¢36119256630
10+3/226898510
10+ 38442685210
10+300000000%¢0

AININDIN Y

SNOILINNA NBLAVYIIBYED 48 S3VIS AVIIO IVIANINGEXT

SEN HIvW T Xvd fLSY3 400

THINNE 1 ITLUINHE 60eISH

D-13



woedrE LA bE .

GO JUCICIL YL

JUL JUOSLUIIUI D

ClednlEdot U0

ALELEYA TR Y- LR

10 4006566667

ruedt lzgul b bl e VI*4000VLY 3 LLed96 Mo ey Je cleILIEIGSGDLL o0 VeV LY ICEL Lo Oe L0* d02c6566L 50"
wuedEY YT Lonlel YU FUQOULLIYU e PYLR L T-T-OREE R cleJLGLGEREUL eV ALY Y. 103 ¥4 TR LY VO+dE966666G60 7
ENERLYSNIXTET L J0* 30009 VoD ELedpSLineicee) 21 3¥0CB09ELE Y cU=IFLELIGH 6D 10+ 499R6666EE 7
(U1 9nedEowe) NNLE RIsBIVOCRIFRTR beedynEat LS eQ 21% 3¢ 1EVRYNI U LJeIYSILEEIS LoD 10+ 49RREG66T6D
LU 4T HIENYYLD VO*IV0UUUL VDD UL=dY688SLNCh D) 11230£1G4929¢ 429 LUeIgLinwaligsn VO* 4506666668 D
IRTELITL I L L YRAN DO+ IVOVVIUTVD P D yyediaiibyeVieD (1o 3nyEcelete LU JooEnnEGCD L0+ de2c6666L80
LJedmIECIENITPU J0*3000000UUDeD LY=40eenuini LD 11e366949999¢0°0 1We3GineinelceD L0+ JENGEE66GR D
Ve doSLibuieJdEs e QO* 30000UYVUC ¢ D Y9edLLGV L ul 0. Lle3c yUCENBL 0 10e3pyigcctuc s L0+ 399R6666E 24D
YoedLINJIG9CI LU UU*3000U00LV0D S U nYedeolidyINgyY e 01=391LL8lenie0 U= 3569 rE64C 0 10+ 49986666170
YUeddlLcaivelo Ve UU* 30000000V0 0 PR LY L L LT YRL T4 1 JieIngLs0G9L 0 bUe36le bYPLULO Y 10+ 36C666666¢°0
Y. e d7dE b bdnNd Qe VO* JOO000LVVVUD Y VYo 3L9LLINI56 0 J1=30020GSL¥N U lues3celyleei®n 10+ 342666664 L°0
YoednaNniUngetUe VU* JOOIDLULUQ D BY®4UUCLYNVU L0 Vi=3IVIICiLG680 CU=FEINGLGELLeD L0+ 4ENEE666GL D
Lus3ZiEbUUE ¢ De VUP JV0V0LULUL LD 65 INLY L I ncUE* De 60 3L LBGINY 0 tU=3nileLalici o0 10+49986666E£L*D
YUe 3299080 uNN Y QU+ 3000000CUY S ‘9490 4666YLUEYL D 60+ 476U269cVE*0 L0eIYEY vy De 10+ 49886656140
wueddbIvLwbieY LL*3CELLLBGET ol LI TR T LT YR XL} 60® IUEUBENILG 0 O IEEYYLOINOY* Da 10#3506666669°+0
LYY PLITAL IS wleIiGehncy el L] YA X I°S Lo} #0=366106dcVi*0 Ve oanltu/ESeDa 10+ 49266666L9+0
wUedugibyyredel €L2300Lb6199E 0 LR 13 TAVA-AL0] gOsIn 0gE0NE I 0 10=3ElLb6UREY*De 10* 3E*66666G9°0
PR 2o ML TX1 1°) KO} VLo IEGLYEBELG Uge dnabylctyre) g0 ILEEVLIYNE 0 We3L u96Ltpyele 10¢42966666E9 2
URER YT T2 WL T T Y= 360cL VLU0 enedys0¥6i9b6ede g0e 3NL6BUNGEI U LU JUIYGLLE LY e )e t0* 49886666190
SUed4695VECHE U Y9e3E9 lpstEYle) L2 3r966CcuUY D (0°365791894 10 LusInLe9uslicyeDe 10+ 4GLE6666652
nJe d¥GyY 0Nl U LLEF LI YA L TN Sae 45208t RNE N Do L03L0LERLN IV LUeIINGGELL Yo Ve 10+39266666L5°2
#led¥9sbV9coltu= 29360 1LULENLN Y ENedigtScncs ¢ D FAs DL 1oL I FE TN LY IWeIEGLorvuGCe e 10+ JENG666655° "
"oeIL1FWYINVE D Uys InEenEcGUge ) dn=duELbeiitneOe t0e3cicte9ud *V ¢UeIglogeyrEde ) 10+4296666CESC
wUe dLd5¥YHLYE U= AT ETR ML I TR Y LhedbgycnnoUyele 90=3L0gcUNEL |20 LU= 3UewEG9NGE oD 10+398R666615°0
rUe3JEYNEUCVE Y Guedelgww9Lce v LT T LIR Y -4 90=3p8ENLEGNE L WeFpngnaliLe0 10+4506666660+0
LISEXYASNY S YL X YALS) CELEITL NI T2 AR LE=dusyulLleesD 90e FUGENIgNGN 0 V0+3E e 09ULe0 10+ 39266666L%°0
CORETRL RYLY AL bHe IYEIYOPENT LD SeedLEUnLYeV L *0 90e3£20cEL ey U QU3 LOLE O 10* JE*E6666G*0
DT PTIYL P AR CALEIS YA T I K fLe J¥6ELOVEIESD GOs362LSnERCST #D VU 398000910 10+ 32966666E%*V
LUe 49N IVIERY LY yhe3UgeURDCYT ¢S EEe Juprt LN D G0+ 4¥510900k+Q UU*3LEbv95iL b0 10+ 39786666170
2Ue3ngiwchpute*V ahe JyOal i I9UEeD cEsdce9Unuclobe*d GO® 35999ERN LG 0 U0*3giteE L2940 10+350666666€0
tUednGINCHLUE Ve CneYGLaE NG U CE=3¥gLbYninG* 0 G0e3¢ELV2HY460 00*3960058Lw b0 10*39266666LE0
tledsngnr9ccg e Uhe 3L ingGygel HEe dGLPELNGCY*Qa *«Q0e309UpLEELL+0 VU3 1100260160 10+3€9666665E¢0
¢LednZINYnbLl*Ue LESIILEENGSNT oY 9<e 466l b b9EYL* Da 40e3vL252R61E°0 Va3l inewecseQ 10+32966666€E+0
cledudiUseilTo0a Gtedngectiange) 9= Ve6CyInVY*0a #0=39G69E6LBSV Ve 3geUE6eLY 1000 10*319666661E°0
clUedoncanpciele CESJEQLLEGL N Lo dCanbEcRe 0= £0=30080URONLI 0 VU*ILOLENLL0IeDa 10+ 36066666620
R PIVET T LYE RXY Ee35005i0e9°0 ¢ BEVYYES L0 E0=369V4898E 1 0 QU+ 38489568100 10+3%26666642+0
(AR 14 T YY1 L) W AOENNIEI I Lo C Ve 49E6UUGnBE* 0 €0a3465292G9E 00 QU* 395062900 10+ IE466666G2°0
CUeAVEWLRGLVE 'V LT TR STTL 1579 T3] di= 059 ¥ueY I *0 E023L909¢w 190 QU+39L9¥90€0EDa 10+32966666€2¢0
10e G inloL ey nce dbNCOCIBCEY Li=dcuGeUnley*Q 20e3nqeuenEeiel Q0+359414500%e 00 10+ 318666661220
VWOadOELIINIGTeD CC®ILREYLLENG D GhodcLEGYENY L0 20+ 3 £06689¢2+0 QUeInLSERTECH 40 10+ 35066666680
cVedULclbl 16L0 Ucde JugeavElegt) 2130012y i8I0 20e3nEYROTLIwe0 00*306801EHON 0 10+ 442666664180
WedicpUc/VET Ve L12396SENNGNT D Eh=dWEELYUYSE* Qe 20+36SPLLI9VL SV UU* 3yl guUSE Do 10+ 3E46666651¢0
1WedldoeVibbn*Us G1e3IS0GNYUEYSIU e duslsrgoseede 1023945560410 QU*+36490208NC D V0* 42966566E1°0
CEFFTTR T-YX T EheIWELILELR D 6Ued101v166UN 0. 1003U0681T64< 0V V0*35045LiGcV b 00w 10+ 418666667100
VI ILELWRENET * D b Ie3296YLuENLS LU 3n0cc¥n v 0e 10« JEDIBEEIL Y *0 1Ue316HEGSEEL 0 00*40%6666666°0
VU IEGLL¥eYE T Ve YosIL0IwLUGET oD Y= J9ypYLNeLt*0e 1003122449680 00*399896¢9¥c 0 LU* 32566666640
p0e3EOLUB L 4L Ve YOaJEOEVLEU IR0 GUS UGN L 1G9LI¢0a 00*302¥IL60Y1 0 00*3L10L642050 00*3%96666665°0
YU+ J0FE bueLvE oV NUS IEH LUYIERE*D tU= deLUenELEE *D 00*31EGHNLES6C OV QU*39962¥ERUL 0 00+39/666666E+0
VOt 4ieEn0Ieu(E'V Ve L2nE6Y 0S50 IUs deedivyded 0 Q0*3U9cUREENSG O 00*3L952S81IWE*0 00* 3886666661 °0
PO*IVOIVVOVIL D O 30000V00UT D 10* IV0QUUL0V L * D 10#300000000) °0 10+ 300000000440 00+ 30000700000
*UNE ) Y13 Lgd “4Y1 M@d das CUNGT MU ddS *1l¥Y W Liv SUNGT “lW LY X

D-14

(M EV*IERILRILGEY 4 4¥ SNGILIONMS NOILVATMEQD

AN ® I YYNTAGN FEEC L 09N HOVW U XYW FLSYS ING HINNY 1 FTLINHS 6%0=D3SuW



2.0

3.0

4,0

5.0

WYLE LABORATORIES
COMPUTER PROGRAM DESCRIPTION

Program Number: ~ 73/005P-1
Author: K. Plotkin
Date: May 1973
Source longuage:  Fortran IV~H

PROGRAM TITLE

Transonic Flow

PURPOSE

To compute fluctuating pressure environments on the cylindrical portion of ¢ cone
cylinder at transonic Mach numbers 0.6SMwS 0.98.

METHOD

The program uses the prediction schemes presented in Reference 1 thru 3 for overall
fluctuating pressure levels and terminal shock wave oscillation. There are three
basic coses, as a function of Mach number and cone angle. For M < .6, attached
flow fluctuating pressure level is computed from Equation 1 of Reference 1, For
6<ME< Ma (Ma = attachment Mach number), overall level is computed from Steven's

prediction scheme (Reference 2) os cited in Reference 3, For attached flow and
shock wave oscillation, overall level and shock location (relative to cylinder dia-
meter) are computed from data presented in Figures 13 thru 16 of Reference 3,

COMPUTER CONFIGURATION
The required hardware is: XDS Sigma § Computer with 16 K core.

CALL SEQUENCE
The program is entered by a call :

CALL TRANS (THETA, EMINF, XOVERD, CP, NTYPE)

where
THETA = Cone half angle
EMINF =  Free stream Mach number
XOVERD =  Shock wave locatian divided by cylinder diometer
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CP = Fluctuating pressure coefficient, J;:E/qm
NTYPE =  Signal parameter to indicate type of flow present

The program is entered with values of THETA and EMINF, Values of XOVERD, CP
and NTYPE are returned. NTYPE may attain the following values:
0 : Ma)< 0.6 attached flow exists and has been
computed, XOVERD is set equal to 0.
1 ¢ 0.6< Mm< Ma' Separated flow exists and has
been computed. XOVERD is set equal to 0.
2 M°< Maa< 0.98. Attached flow ond shock
oscillation exists ond has been computed.

3 :  An unacceptably high value of Mm (>0.98)
has been specified,

INPUT AND OUTPUT

This subrouvtine contains no READ or WRITE statements; volues returned are to be
hendled by a main program provided by the user.

REFERENTES

1. Robertson, J. E., "Prediction of In=Flight Fluctuating Pressure Environments
Including Protuberance Induced Flow ," Wyle Laboratories Research Staff
Report WR 71-10 , March 1971,

2. Himelblow, Harry, "Aeroacoustic, Vibration and Shock Environments for the
Spoce Shuttle Orbiter," Paper presented at Space Shuttle Dynamics and
Aeroelasticity Technology Working Group Meeting, Ames Research Center,
Moffet Field, California, November 8-9, 1971,

3. Roberison, J. E., "Preliminary Estimates of Space Shuttle Fluctuating Pressure
Environments," Wyle Laboratories Research Staff Report WR 72-10, August
1972,
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WYLE LABORATORIES
C OMPUTER PROGRAM DESCRIPTION

Program Number: 71/0045-1
Author: D.M. Lister
Date: July 1971
Source Language: FORTRAN IV-H
Computer: XDS Sigma 5

PROGRAM TITLE

Power Spectral Density.

PURPQOSE

Given the local velocity, the free-stream dynomic pressure, the local boundary
layer thickness and the frequency range of interest, the program prints and plots,
the pressure spectral density, the normalized pressure spectral density and the
fluctuatirg pressure level.

METHOD

The meth sd employed is given in Section 3.2.2.4, page 31 f Reference 1.
COMPUTER CONFIGURATION

The required hardware is: XDS Sigma 5 computer with 16K core, card reader,
line printer and calcomp plotter.

PUNCHED ZARD INPUT

This is best illustrated in tabular form as shown on the following page.
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Note Cc;;d Variable 2;:;}‘;’; Description Format Column?t
1,5 1 fb FB Initial frequency of interest F10.0 1-10
1 1 fe FE Final frequency of interest F10.0 | 11-20
2 1 npd ANN Number of frecuency pts/decade F10.0 | 21-30
3 1 XDECADE | Length in inches of decade of n axis | F10.0 | 31-40
3 ! YDECADE | Length in inches of decade of y axis | F10,0 | 41-50
3 1 YTD8 Length in in-hes of 10dB on y axis | F10,0 | 51-60
4,5 2 Title TI(1), A Title card 20A4 1-80
1=1,20
5,6 3 1A 1 5
6 3 IB 11 10
6 3 1C Zone parameters I 15
6 3 1D 11 20
7 3 1P ) 11 25
7 3 P2 . Plot parameters I 30
7 3 IP3 ‘ 11 35
8 4 Y Qs Free-stream dynamic pressure F10.0 1-10
4 8[ OB Loca! beundary layer thickness F10.0 | 11-20
4 V) - Local velocity F10.0 | 21-30
4 5 | (P%/q? )A »QSA Norma'!ized mean square FPL F10.0 1-10
@© Attached Flow
5 | (£8,/U,) FDUA Normalized characteristic frequency | F10,0 11-20
ot VLA .
Attached Flow
9 6 | (PYq?) PQSB Normalized mean square FPL F10.0 1-10
o B
Separated Flow
6 (F &/U,) | FDUB Normalized characteristic frequency | F10.0 11-20
0o &" 1D .
Separated Flow
9 7 | (P¥Yq%) PQST Normalized total mean square FPL F10.0 1-10
o T et
Shock Oscillation
7 (f SI/U[ )~ | FDUT Normalized characteristic frequency | F10.0 | 11-20
0 - Shock Oscillation
7 (Pz/q:o )B PQSB Normolized mean square FPL F10.0 | 21-30

Separated Flow
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Note Card Variahle Fortran Description Format | Columr-
# Symbol
9 8 (P?/q” ) PQST Noimalized total mean square FPL F10.0 1-10
o7 CiLas
Shock Oscillution
% 8 | (f SI/UI )C FOUT Normalized characteristic frequency| F10.0 | 11-20
0 Shock Oscillation
9 8 | (P¥/q%) PQSA Normalized mean squore FPL F10.0 | 21-30
oA
Attached Flow
NOTES:

] The various output quantities are computed for values of frequency lying between Fb

and f_ . The ifh frequency point from fb is given by the formula:
- d_
log <fi) = log (fh) + pd log (10)

2 For third octave band frequencies,input npd = 10,

3 XDECADE is used by all three piots. It is suggested that XDECADE is selected such
that XDEC ADE multiplied by the number of x decades is less than ten.

(e.g., for frequency rance 1 Hz to 10* Hz then XDECADE is best chosen to be two.)

4 The program inputs this card and prinis its contents prior to the main output table.
(i.e., a title card.)

5 At the end of processing the program returns to rend a new title card ard a new
parameter card, If the sum of the zone parameters is zero a new card type one is
read, If FE is not greater than FB then the program stops.

6 The zone parameters must be equa’ to zero or one. A one indicates that the structure
is subjected to the indicated fiow condition (see Reference 1, page 32). Possible
combinations of the four zone parameters ave: (1,0,0,0), (1,0,0,1), (0,1,0,0,
(0,1,1,0), (0,0,1,0)and (0,0,9,1).

7 The plot parameters must be zero or unity. A unity indicates *hat a particular

plot is required. IP1 =1 then a plot of normalized pressure spectral density against
frequency (log/log) is obtained. IP2 =1 then a plot of pressure spectral density
against frequency (log/log) is obtained. 1P3 = 1 then a plat of fluctuating pressure
level (dB; re: 0.0002 dynes/cm?) against frequency (lin./log) is obtained.
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Units of these variables must be consistrent. Note FPL is referenced ossuming
ft. lb. sec units and Pref equal 0.0002 dynes/=m?,

If 1A = 0 then no card type five required.

If IB = 0 then no card typc six required.

1f 1IC = 0 then no card type seven required.

If ID = 0 then no card type eight required.
OUTPUT

The line printer output is adequately annotated.
STORACE

Just over @ quarter of the available core is used.

REFERENCE

Robertson, J.E., "Prediction of In-Flight Fluctuating Pressure Environments Including
Protuberance Induced Flow," NASA CR 119,947, March 1971 (N71-26677).
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WYLE LABORATORIES

COMPUTER PROGRAM DESCRIPTION
Program Number: 73,/003P-1
Author: K. J. Plotkin
Date: February 1973
Source Language: FORTRAN 1V-H
Computer: XDS Sigma V

PROGRAM TITLE
Plume Separation
PURPOSE

Given oxisymmetric launch vehicle and trajectory parameters, the progrom computes
properties relative to plume-induced separation. This includes separation length and
plateau pressure, plus various properties of the plume and parameters describing the
coupling to the unsteady pressure field.

METHOD

The analytic models incorporated in this program are described in detail in Wyle
Laboratories Research Staff Report WR 73-3.

COMPUTER CONFIGURATION

The required hardware is: XDS Sigma V computer with 16 k core, card reader, and
line printer.

PUNCHED CARD INPUT

Vehicle and trajectory parameters are input in metric units, Specific format for each
card is as follows:

Card 1 — Descriptive title of vehicle. Up to 80 alphameric characters

Card 2 — Columns 1-10: Vehicle radius, meters
Columns 11-20: Total thrust. Newtons
Columns 21-30: Plume drag to thrust ratio
Columns 31-40: Exhaust gammao

Columns 41-50: Exhoust Mach number
Columns 51-60: Engine chamber pressure, N/m?

Format for each item on this card is F10.0.
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6.0

Cord 3 — Descriptive title of trajectory. Up to 80 alphameric characters

Cord4 — N, ¥ 2 number of trajectory points to be read and computations
performed for. Format {5.

Cards 5 through 44N — Trajectory parameters

Columns 1-15: Time After Lift-Off, seconds
Columns 16-30; Altitude, kilometers

Columns 31-45; Flight Mach number

Columns 46-60. Free-stream dynamic pressure, N/m?

Format for each item on these cards is E15.10.
OUTPUT

The first items output are a table of atmospheric properties and a table of separation
conditions contained in the program. This is followed by output of the vehicle
parameters contained i Card 2, prefaced by the title input in Card 1. The title

input in Card 3 is then printed, followed by a listing of the trajectory parometers
input. Five (5) tables of computed properties are then printed. Each of these

tobles consists of the time after lift-off, followed by various properties. The

printout is sufficiently annotated so as to be self-explanatory; the column headings
are FORTRAN representations of various expressions defined in WR 73-3. A somple
output list is presented herein. Wiitten below each column is the exact notation

used in WR 73-3, or a definition for those items not specifically denoted in the report.

It should be noted that the program does not explicitly indicate whether or not the flow
is separated. The oulput listing must be examined to determine this. The computed
values represent separated flow when the plume angle is grecter than the separation
angle. In the sample output, flow is not separated at 84 seconds, but is at all other
computation times.
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