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ERRATA

The following pages are replaced in their entirety: 101, 102, 219, 220, 237 and 238.

Page 103 Reporting Requirements

Item (1)d should read:

d. Descripiion of the use of any "Q multiplication" (i.e., enhanced
sound pressure levels through placement of local sources at wall—
floor junctions and corners) or other special techniques employed
to enhance the acoustic field.

Pages 196 and 197; Figures 68(a) and 68(b)

The ordinates of these figures (i.e., Octave Band Sound Pressure Levels)
should be identical to Figure 19, i.e., 100 to 170 dB in 10 dB increments.

Page 216, Lines 3 and 8

Replace v by V.
Page 216 Step 3 of Procedure should read:
3. Determine OAand ....

Page 233; Figures 4(a) and 4(b)

The frequency bandwidth columns shown i these figures for the
purposes of curve identification should read as follows:

Figure 4(a): 150/300
75/150
300/600
OA
37.5/75

Figure 4(b):  2400/4£00
4800/9600
OA
1200/24(¢:0
600/1200




Page 244; Figure 16

The ordinate should read:

Source Distance, xo/De

Page 257, Line 15 should read:

soces

The general form of the co-power spectral density ....

Paée 259, Line 7

Page 277

Page 278

Page 279

ng wn
T should read V]
c c

L.H.S. of Equation (28):
Superscript NA should be NH,

Equation (31):

Subscript A in L.H.S. and R.H.S. should be subscript S.

Second temm in Equation (33):

Subscript A should read subscript S.
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PRECEDING PAGE BLANK NOT FILMED

PREFACE

The purpose of the study described in this report was to evaluate the effectiveness and
technicol basis of laboratory acoustic testing techniques for shroud/spacecraft systems.

The external acoustic environments, structural 1esponses, noise reductions and the internal
acoustic environments were determined for a typical shroud/spacecraft system during lift-
off and during various phases of flight. Spacecraft responses caused by encrgy transmission
from the shroud via mechanical and acoustic paths were compared and the importance of
the mechanical path was evaluated. The problem of simulating the acoustic environments
versus simulating the structural responses was considered and techniques for testing with
and without the shroud installed were reviewed.

Techniques for the prediction of the acoustic environment surrounding shroud/spacecraft
systems during lift-off have been presented, any ine results are generally in good agree-
ment with measured data. The aerodynamic environments were found to be exiremely
comglex at transonic Mach numbers, involving regions exposed to separated flow, shock-
wave oscillation and thickened boundary layers. The most significant internal noise levels
were vound to occur during lift-off, and internal sound pressure levels generally decreased
with increasing flight Mach number over the range M=0.7 to M=2.0. Relatively poor
agreement has been observed between predicted and measured noise reductions, pointing
up the fact that space-averaging of the internal acoustic field is a critical factor in
establishing noise reduction from experimental measurements. The low-order shroud modes
appear to exhibit strong coupling with the spacecraft adapter structure; this result
suggests that mechanical excitation of the adapter is an essential requirement when
attempting to test with the shroud removed. Because of the complexity and cost of direct
simulation of in-flight acoustic environments, simulation of the shroud responses utilizing
equivalent acoustic fields offers a practical alternative. Recommendations for further
study include limited laboratory investigations of (a) noise reduction of model-scale
shrouds utilizing different external acoustic fields, (b) the relative roles played by the
mechanical and acoustic transmission paths for a range of acoustic environments, and

(c) the relative contributions via the mechanical path for different adapter design
concepfs, -
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1.0 INTRODUCTION

The random vibration environment in shroud/spacecraft systems results directly from external
pressure fluctuations. During launch and low speed flight these fluctuations are caused by
acoustic noise radiated from the propulsion systems, whereas during the higher speed portions
of flight the pressure fluctuafions are generated by unsteady aerodynamic flows over the
vehicle. The acoustic environment at lift-off results primarily from the noise field produced
by the rocket exhaust flows. The actual characteristics of this environment depend on the
size of the rocket engines, the deflector configuration, and the distance between the space-
cr=ft <hrcud and the base of the vehicle. During the transonic flight phase, shock waves
generated at various points on the vehicle move towards the nose, prior to their eventual
stabilization in supersonic flight . In addition to their gross motion, the shocks may oscillate
and be coupled with, or supplemented by, possible severe buffeting. The magnitudes of
these external pressure fluctuations are highly dependent on vehicle geometry. Examination
of flicht vehicle records obtained during this flight regime typically show transient vibration
response. When the vehicle accelerates through the maximum dynamic pressure flight phase,
the excitation results primarily from turbulent fluctuations in the aerodynamic flow over the
spacecraft shroud.

These pressure fluctuations excite the external shroud and vehicle structure and are trans-
mitted to the spacecraft through two distinct paths; an air path and a mechanical path.

The air path is simply that qir space between the inside surface of the shroud and the
spacecraft. The mechanical path is that connection between the base of the shroud

and the adapter, which is in tyrn connected to the base of the spacecraft. In addition

to the vibration environment resulting from noise impinging directly on the shroud, there
are some additional low frequency vibration components resulting from acoustic excitation
of the basic modes of the entire launch vehicle. This vibration is transmitted to the space-
craft via the vehicle structure and adapter.

Because of the differences in these acoustic environments, their often localized nature,

and the complicated way in which the spacecraft, the shroud, and the launch vehicle
interact, it follows that realistic acoustic testing of shroud/spacecraft systems in the
laboratory is fraught with difficulties. Simulation of the in-flight acoustic environinent

is not, of course, always a reglistic proposition in view of the facility costs, power require-
ments and spuce-time correlation properties of the environments to be simulated. Thus a
simulation based upon duplicating structural responses of the shroud often becomes a necessary
alternative to be considered. Idea! shroud response simulation also implies simulation of
the boundary conditions and a portion of the vehicle structure below the shroud-launch
vehicle connection plane. Acoustic testing is further complicated by any requirement to
remove the shroud; it is often convenient to remove the shroud in order to reduce the
acoustic power output from the facility or to excite the spacecraft with a specific type

of acoustic field. Removal of the shroud effectively eliminates the mechanical path by
which shroud vibrations are fransmitted to the spacecraft,




The purpose of the study described in this report was to evaluate the effectiveness and
technical basis of laboratory acoustic testing techniques for shroud/spacecraft systems.
The specific objectives of this study were as follows:

o To establish the acoustic field characteristics external tc and
within the spacecraft shroud for all significant flight events.

o To determine the essential characteristics of these noise fields
which must be simulated in the laboratory, based upon their
effects on structural response and noise reductions.

e To evaluate the importance of simulating the atmospheric
pressure environment.

o To evaluate the influence of boundary conditions and adjacent
structure on the structural response and the interior acoustic field
within the shroud.

<

e To investigate variations in time—space correlation functions that
can be attained in a laboratory within reasondble levels of effort
and expense.

e To investigate the influence of test article volume relative to
reverberant room volume on the acoustic field characteristics.

e To evaluate the option of true simulation of the noise fields versus

simulation of the responses by adjusting the laboratory acoustic
field.

e To evaluate the feasibility and possible techniques for testing the
spacecraft with the shroud removed.

o To develop an acoustic test specification format to ensure consistency
between accustic tests performed in different facilities.

A comprehensive review of the general characteristics of shroud/spacecraft systems and
their free vibration behavior is presented in Section 2.0. This includes a discussion of
shroud mode shapes and resonant frequencies, structural coupling of the shroud and space-
craft, the effects of differential pressure and a vacuum environment, and structural and
acoustic radiation damping effects.

Theoretical techniques for predicting the lift-off and in-flight acoustic environments, the
structural responses of the shroud, and the shroud noise reductions are summarized in Section
3.0. This is followed by a detailed presentation of theoretical and experimental results in
Section 4.0, Predicted external acoustic environments, shroud responses, and internal
acoustic environments for a typical shroud/spacecraft system during lift-off and various
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critical stages of flight are presented. Spacecraft responses due to energy transmission
from the shroud via mechanical and acoustic paths are examined and the importance of
the mechanical trensmission path is evaluated in detail . Theoretica! predictions of the
acoustic environments, the structural responses, and the shroud noise reductions are com-
pared extensively with available laboratory and in-flight measurements. Equivalent
laboratory acoustic fields are derived from the theoretical results to provide acoustic
simulation techniques based upon identical laboratory and in-flight shroud responses.

A comprehensive review of acoustic testing technology is presented in Section 5.0. This
discussion includes a review of time-space correlations which can ke cchieved in the
laboratory, together with techniques for varying time and spatial distiibution of the
acoustic amplitudes. Various acoustic testing configurations for shroud/spacecraft systems
are examined and trade-off considerations are reviewed. The effects of reverberation
room dimensions on the lowest test frequency and the volume occupied by the test specimen
relative to the room volume are discussed. Simulation of the acoustic environment versus
simulation of the structural responses is examined in detail and techniques for testing
without the shroud are reviewed. A test specification format, to ensure consistency of
acoustic testing, together with suitable tclerances, is also outlined in this section.

Finally, in Section 6.0, each of the specific objectives listed above is discussed in tum,
and the conclusions resulting from this study are presented., Recommendations for further

work are discussed in Section 7.0,
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2.0 SHROUD/SPACECRAFT SYSTEMS
2.1 General Characteristics of Shroud/Spacecraft Systems

Shroud/Spacecraft Systems can be divided into several basic categories according to the
physical size and weight of the spacecraft, and the particular launch vehicle employed.
Typical overall dimensions for a range of shroud designs are illustrated in Figure 1. The
smaller shrouds such as the Delta bulbous or Agena short shroud, house communications
satellites, while the larger shrouds, such as the 50 ft Titan shroud, are intended for
multiple payload applications. The principal functions of the shroud are to: (a) provide
an aerodynamically "clean" shape around the spacecraft, (b) protect the spacecraft

from aerodynamic loads, acoustic loads and thermal loads, and (c) provide a contamina-
tion-free environment for the spacecraft.

The spacecraft are generally attached to the vehicle structure through single or multiple
adapters. The adapter may be in the form of a truss or may be a short cylindrical section.
In either case the adapter is rigidly connected to the final stage of the launch vehicle,
while the upper edge of the adapter (i.e., the adapter-spacecraft interface) is provided
with some form of separable connection. The spacecraft shroud normally extends below the
separable connection to the final stage of the vehicle and is usually connected rigidly to
either the adapter-vehicle stage interface ring or some portion of the final vehicle stage
below this interface ring. A typical shroud/spacecraft system is shown in Figures 2 and 3
for the Surveyor spacecraft and Atlas/Centaur launch vehicle. These figures illustrate the
cylindrical payload adapter concept, where the lower edge of the shroud is well removed
from the spacecraft-adapter interface. The simple truss adapter concept is illustrated in
Figure 4 for the OGO spacecraft—Atlas/Agena B launch vehicle combination. This figure
shows the lower edge of the shroud connected through an interface ring directly to the
spacecraft truss; in this design the lower edge of the shroud is closer to the spacecraft—
adapter interface.

2.1.1 Classification of Shroud Structures — In spite of the variations in the size of
shrouds, the materials employed in their construction are generally confined to magnesium,
aluminum and fiberglas; similarly the constructional details fall into two general classes,
i.e., unstiffened sheet construction and rib-stiffened sheet construction. A comprehensive
literature survey was conducted to define the properties of typical shroud and spacecraft
structures (References 1-4). A sufficiently wide range of shroud structures was investigated
to enable definition of the parameter ranges encountered in practice. Properties which
were investigated included; overall diameter and length, materials, type of construction,
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skin thickness, stiffener properties and total weight. From a knowledge of these proper-
ties, the surface weight densities and orthotropic (or isotropic) bending stiffnesses were
estimated.

A summary of typical shroud properties is shawn in Table I, where each shroud is defined
in terms of its overall dimensions, skin thickness, surface weight, orthotropic bending
stiffnesses, and extensional stiffness. In the following paragraphs, a number of the shrouds
identified in Table I are discussed in greater detail.

Mariner D Shroud

The Mariner D shroud consists of a magnesium cone-cylinder body with a beryllium nose
cap. The lengths of thé cylindrical and conical sections are 88 inches and 65 inches
respectively, and the nose cap radius is 12 inches. The cylindrical and conical sections
are stiffened by magnesium L-section ring frames. Overall length and diameter are 165
inches and 60 inches respectively, the skin thickness is U.08 inch and the total weight is
approximately 160 pounds. The surface weight density of the shroud has been calculated
to be approx:mately 0.006 Ib/in? and the cnrcumferenhol and longitudinal bending stiff-
nesses in the cylindrical section are 3.64 x 10* Ib in. and 305 b in., respectively.

Delta Low Drag Shroud

The Delta Low Drag shroud consists of a fiberglas cone-cylinder body stiffened in the
cylindrical section by aluminum ring frames. The lengths of the cylindrical and conical
sections are 78 inches and 39 inches respectively, and the nose radius is approximately
7 inches. Overall length and diameter are 124 inches and 33 inches respectively, the
average skin thickness is 0.17 inch and the total weight is 154 pounds. The cone angle
is 15 degrees and the surface weight density has been computed to be approximately
0.0135 Ib/in? . The circumferential and longitudinal bending sﬂffnesses in the cylin-
drical section have been computed to be approximately 1.66 x 102 1b in. (The shell
has been assumed to be isotropic since there are only two ring frames in the cylindrical
portion of the shroud).

Agena Long (or Nimbus) Shroud

The Nimbus shroud consists of a fiberglas cone-cv!inder body stiffened in both the
conical and cylindrical sections by aluminum ri-g f:mes, The lengths of the cylindrical
and conical portions are 130 inches and 81 inches ruspectively, and the nose radius is
approximately 12 inches. Overall length and di.» eter are 224 inches and 65 inches
respectively, and the average skin thickness varies between 0.1 and 0.14 inch in the
cylindrical section and is 0.14 inch in the conical section. The total shroud weight is
approximately 535 pounds, the cone angle is 15 degrees and the surface weight density
has been computed to be approximately 0,012 Ib/in? in the cylindrical portion. The
equivalent circumferential and longitudinal bending stiffnesses for the cylindrical
portion have been computed to be approximately 1,04 x 10% Ib in. and 9.3 x 102 Ib in.
respectively. The conical portion can be replaced for the purposes of structural analysis




TABLE I

TYPICAL SHROUD CONFIGURATIONS

Shroud Properties
Length of Skin Surface | Circumferential Longitudinal In-Plane
Representative | Launch Cylindrical { Thickness | Weight Bending Bending Extensional
Payloads Vehicle Shroud Geometry Section Density Stiffness Stiffness Stiffness
in, 1 Ib/ind b in. Ib in. b/in.
P Iy Lo ] * ——-r__
2 2 2 2
© Mariner D | Atiay/ Mariner D Shroud: Cone~cylinder 60 in. diameter x 165 in.lcag. 88 _0.08 __| 0.006 | 3.64x10*_ _ | 3.05x10% 5.2x10%*
Agena B | Magnesium skin with ring stiffeners - 160 1b weight 0.08 0.006 | 3.9x10%
o Echo Delta Delta Low Drag Shrow.. Cane<Cylinder 33 in. diameterx 124 in. 78 _0.17 | 0,0136 | 1.66x10° 1.66x i0° 6.3x10%"
o Relay Tong. Fiberglas skin with aluminum ring stiffeners - 154 [b wt. 0.17 0.0136 | 1.66x10°
o SYNCOM
o Nimbus Atlay/ Agena Long (or Nimbus) Shroud: Cone-Cylinder, 65 in. diameter | 130 _0.4 | 0012 | 1.04x106 | 9.3x10? 5.18x10%" |
o EOGO AgencB | x 228 in. long. Fiberglas skin with oluminum ring stiffeners - 0.4 0.0131 | 6.33x10°
e AOCSO 535 Ib wt.
o OGO
o Lunar Saturn V | Spacecraft Lunar Adapter: Conical Frustum 260 in. diameter - 1.7 0.0139 | 3.24x10° 3.24x 10° 4.7x10°
Module tapering to 155 in. diameter x 336 in. long. (349 in, slant
height). Aluminum honeycomb - unstiffened ~ 3070 1b wt.
o Oscar Titan 3A | Fiberglas Honeycomb Shroud: Cone~cylinder 120 in. diameter 30 _1.0(nom)_ | 0.0127 | 1.65x10% 1.65x 10% --
o Vela and C x 216 in, long. - unstiffened honeycomb fibergl<- ~ 4688 Ib wt. 1.0{nom
o IDCSP Titon 3 Standard Alumirum Titan Shroud: Cone-cylinder 120 in.diometer 30 _0.063 _ 1 0.0169 | 5.56x10°% 4.72x105 1_6.3x10% _
o Comsats x 216 in, long. Aluminum skin with ring and stringer stiffeners ~ 0.075 7.5x10
919 b wt.
o MOL Titan 3 Large Titan Shroud: Cone-cylinder 120 in. diameter x 600 in. 492 0,025-0.07 | 0.01025| 2.73x10% 4,72x105 | 2.5x10%_ |
o Multiple long. Aluminum skin with ring and stringer stiffeners -~ 2260 Ib 0.08-0,09 8.5x 105
Payloads wt.
o OAO Atlas/ OAOQ Shroud: Cone-cylinder 120 in, diameter x 347 in. long. 153 _1.82__ | 0.0084 | 3.16x10°__ _ 3.16x10° |_2.59x105
Agena D | Unstiffened honeycomb fiberglas - 860 Ib wt. 1.835 0.0084 | 3.16x10 2.96x 103
o Surveyor Atlas/ Surveyor Shroud: Cone-cylinder 120 in. diameter x 264 in. 72 _.1.75(nom) | _0.0084 | 3.16x10% _ _ 3.16x10° |_2.59x10°
Centaur | long. Unstiffened honeycomb fiberglos. 1.75(om) | 0.0084 | 3.16x 105 2.96%105
Note: ] Cylindrical Section
2 Conical Section
*

Same in both Cylindrical and Conical Sections
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by an equivalent cylindrical shell 47 in. diameter and 72 in. long. The surface weight
density for this equivalent shell is approximately 0.0131 Ib/in? and the equivalent cir-
cumferential and longitudinal bending stiffnesses have been comguted to be approximately
6.33x10° b in. and 9.3 x 10? Ib in. respectively.

Titan Fiberglas Shroud

The Titan IIIA and C fiberglas shrouds consist of a phenolic impregnated fiberglas honey-
comb cone-cylinder body. The lengths of the cylindrical and conical portions are 30
inches and 171 inches respectively, and the nose cap radius is 15 inches. Overall length
and diameter are 216 inches and 120 inches respectively, and the average skin thickness
is 1.0 inch. The total shroud weight is approximately 688 lbs, the cone angle is 1<
degrees, and the surface weight density has been computed to be approximately 0.0127
lb/5 in? . The isotropic bending stiffness has been computed to be approximately 1.65 x
10° Ib in.

Standard Aluminum Titan Shroud

The Standard Titan shroud consists of an aluminum cone-cylinder body having the same
overall dimensions as the fiber;'as Titan shroud. This shroud is stiffened circumferentially
by aluminum ring frames (5 inci.es pitch) and longitudinally by stringers (6 inches pitch).
The average skin thickness is approximately 0,05 inch in the nose region, 0.1 inch in the
conical section and 0.063 inch in the cylindrical section. The total shroud weight is
approximately 919 pounds and the surface weight density has been computed to be approxi-
mately 0.0169 Ib/in2. The circumferential and longitudinal bending stiffnesses have been
computed to be approximately 5.56 x 10° 1b in. and 4.72 x 10° Ib in, respectively.

Large Titan Shroud

The large Titan shroud (or Universal shroud) consists of an aluminum cone-cylinder body
which is stiffened longitudinally by stringers (6 inches pitch) and circumferentially by
ring frames (5 inch pitch in the conical section, and 15 inch pitch in the cylindrical
section). The basic shroud has standard conical and base modules, the former being

60 inches long and the latter 72 inches long. The nose cap is 48 inches in radius and

the intermediate section (between the lower edge of the conical section and the upper
edge of the base module) is assembled from seven separate cylindrical modules each 60
inches long. The curall length of the shroud can be varied by adding or removing these
intermediate modules. The maximum length of the shroud is 50 feet, the overall diameter
is 10 feet and the cone angle is approximately 10 degrees. Skin thickness varies from
0.08 to 0.09 inch in the conical section, 0.025 inch in the intermediate modules, to
0.04 to 0.07 inch in the base section. The total weight of the shroud is 2,260 pounds
and the surface weight density has been computed to be approximately 0.01025 Ib/in?.
The circumferential and longitudinal bending stiffnesses have been computed to be
approximately 2,73 x 10% Ib in. and 4.72 x 10° Ib in., respectively.




OAO Shroud

The OAO shroud consists of an unstiffened honeycomb fiberglas cone-cylinder body. The
lengths of the cylindrical and conical section are 153 inches and 179 inches respectively,
and the nose radius is 15 inches. Overall length and diameter are 347 inchas and 120
inches respectively, and the total well thickness varies between 1.82 inches and 1.84
inches. The shroud wall consists of @ 1-3/4 inch thick honeycon b core, an inner face
sheet 0,03 in. thick, and an outer face sheet ranging in thickness from 0.04 in, (in the
cylindrical section) to 0.06 in. (at tha forward stations on the conical section). The
total shroud weight is approximately 860 Ib, the cone angle is 13 degrees and *he surface
weight density has been computed to be approximately 0.0084 ib/in?, The circumferential
and longitudinal bending stiffnesses have been calculated to be approximately 3.16 x 10°
Ib in..

Surveyor Shroud

The Surveyor shroud is identical to the OAO shroud described above except for the overall
lengths which in this case are 72 inches in the cylindrical section and 177 inches in the
conical section. Design details for the Surveyor shroud are shown in Figures 2 and 3.

2.1.2 Spacecraft Structures — In this sub-section a number of typical spucecraft
structures are discussed in order to illustrate the particular design concepts and their
impetant structural properties from the standpoint of vibro-acoustic response.

Mariner Spacecraft

The Mariner spacecraft is mounted on two cylindrical adapters that constitute the structural
interface between the spacecraft and the launch vehicle. The primary struct.re or "bus"
forms the structural core of the spacecraft, providing support for the other sub-systems.

It consists of two octagoral rings approximately 55 inches in diamefer vined at the eight
corners by longerons approximately 16 inches long (Reference 5 ). Shear plates are
attached to seven of the eight bays while the eighth bay houses the propulsion system.

A truss-type structure inside the bus supports the planetary scan platform, which is latched
to the lower octagon ring during launch, Four solar panels, hinged at the upper octagon
ring, are coupled together through spring-dampers at their tips during launch, forming a
box-like structure. A parabolic reflector approximately 36 inches in diameter is mounted
on a truss-type superstructure which is also attached to the upper ring of the bus;. The
total spacecraft weight is approximately 830 pounds, while the combined weight of the
two adapter assemblies is about 85 pounds.

Each solar panel hus a rectangular platform with an 84 inch span and a 35 inch chord.
The panels are of lightweight construction (approximately 0.6 Ib/ft?) and the main load
carrying structure consists of two hat-section spars, cross-braced and joined by inter~
costals. The 0.005 inch face sheet, which supports solar cells, is bonded to a corrugated
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backing which is constructed from 0.005 inch sheet formed to a depth of about 0.5 inch.
This assembly, or "substrate, " is bonded to the spars which are hinged to the bus through
fittings at their inboard ends.

The lower order modes ot vibration of these solar panels all involve bending or twisting
of the hat-section stiffeners and occur in the frequency range of from 20 Hz to 100 Hz
(Reference 5 ). Vibrations in the higher order modes, which are most likely to be
caused by the acoustic field within a given shroud, will involve small panel segments
bounded by the stiffeners. For this particular case, the panel will undergo in-plane
bending aad a typical panel size will be about 28 inches by 22 inches.

Orbiting Geophysical Observatory (OGO Spacecraft)

The main bod: - of the OGO spacecraft is a box-like structure approximately 3 feet by
3 feet square and 6 feet long with projecting panels, antennas and experiments. The
box is constructed from corrugated aluminum sandwich built up from three sheets (two
panels plus the core) each 0.016 inch thick (Reference & ). Four longerons in the
corners of the spacecraft box, together with the side panels, form the basic load
carrying members. The spaceciaft is mounted on a fruss-type adapter which is in turn
rigidly connected to the interface ring attached to the launch vehicle, in the manner
shown in Figure 4.

Orbiting Astronomica! Observatory (OAO Spacecraft)

The external design of the OAO spacecraft consists of an octagonal shaped box which is
approximately 80 inches across the flats and 120 inches long. The structural framework
consists of eight rectangular cross-braced trusses radiating from a cylindrical core, and
attached to a base ring with clamp points for joining the spacecraft to the second stage
of the launch vehicle. Trusses, rings and core are connected together and stiffened by
beams and panels, and capped at each end by a sheet bulkhead o form a hollow center
octagonal prism. Each cf the eight bays between the trusses is sub-divided into six com-
partments such that typical external panel dimensions are 20 inches along the longitudinal
axis of the spacecraft and 40 inches along a direction at right angles to this axis. All
primary structure is aluminum, and the solar panels are approximately 60 inches square
in planform,

2.2 Free Vibration Characteristics

2.2.1 Conical Shell Behavior — Since the majority of payload shrouds consist of
cone-cylinder bodies, methods of predicting the vibration behavior of conical shells were
investigated. For subsequent analytical predictions of the structural response and noise
reduction of shrouds utilizing the modal analysis, it is first necessary to compute the
rescnant frequencies and the "joint acceptances” of the structural modes for the particular
fluctuating pressure environment. The joint acceptance, which is a measure of the
efficiency with which the fluctuating pressures couple with and excite a particular struc-
tural mode, is usually derived by integrating the product of a narrow-band space correla-
tion coefficient and the functional form for the mode shapes of the structure. Howe er, a
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review of the literature concerning the vibration behavior of conical shells (Reference 7)

has indicated that due to the difficulty of analytical treatment of the problem, most
investigators have either employed energy methods with simple assumed mode shape functions
or have resorted to numerical integration techniques. To obtain sufficient accuracy in the
prediction of mode shapes and resonant frequencies, considerable computational effort is
required, and in addition, five or more terms of an infinite series expansion for the mode
shapes must be reatined.

Since ihe use of such complicated mode shapes leads to difficulty in deriving closed-form
expressions for the joint acceptances of a conical shroud structure to random fluctuating
pressures, the concept of the "equivalent" cylindrical shell becomes a practical alterna-
tive. The equivalent cylindrical shell (having a length equal to the slant height of the
conical frustum and a radius equal to the mean radius) will exhibit substantially the same
resonant frequencies as the conical shell for the low order modes up to a circumferential
wave number of about n=6, but above this wave number the predicted frequencies will
be greater than those for the actual conical sheli, the error increasing with increasing
circumferential mode number and semi-vertex angle. Watkins and Clary (Reference 8 )
have examined experimentally the frequencies of a fixed-free conical frustum and com-
pared their results with the "equivalent” cylinder theory. These resulis confirmed the
divergence between theory and experiment as the number of circumferential waves was
increased beyond n =6. They also observed that at higher frequencies there were a
greater number of circumferential waves at the major diameter than at the minor diameter.
This difference in the number of waves increased with increasing conicity.

More recent experimental work by Miller and Hart (Reference 9 ) is shown in Figure 5.
Also shown in the figure are theoretical curves derived from a closed-form expression
for the resonant frequencies of a conical frustum, proposed by Miller and Hart. The
results obtained from the "equivalent” cylinder theory are also shown in the figure for
the purposes of comparison. For the particular conical frustum geometry indicated in
this figure, the results derived from equivalent cylinder theory are seen to be in good
agreement with the experimental results.

The errors introduced by the equivalent cylinder assumption become much less important
when considering the power spectral density of the response of the shroud to fluctuating
pressure fields, since this response is obtained by super-position of the responses of a
large number of normal modes. This is especially true at higher frequencies where the
structural modal density is high.

2,2.2 Shroud Mode Shapes and Resonant Frequencies

2.2.2.1 Mode Shapes and Resonant Frequencies of Flat Plates — When certain
portions of the shroud structure are subjected to separated flows or oscillating
shock waves, it is convenient to be able to predict the acceleration power
spectral density of the localized structural region which is affected. For such
special cases, the local structure can be idealized to a flat plate.

The mode shape for the (mn) mode of a simply supported flat plate is given by:
10
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q’mn(;'?) = sinm X °sinn7rf (1)
where
m = number of elasti. half-waves in the x-direction
n = number of elastic half-waves in the y-direction
X = ==
X L
x
y = -LL
y
Lx = panel length
l..y = panel width

The resonant frequencies of a simply supported flat isotropic plate are determined
from the relation:

wer e @
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For an orthotropic flat plate, the resonant frequency equation can be derived from
plate theory (Reference 10) as follows:

7’l’2 m 4 m 2 n 2 n 4 %
e [H () () o) o

2.2.2.2 Mode Shapes and Resonant Frequencies of Cylindrical Shells - The mode
shapes and resonant frequencies of typical shroud structures can be determined
with sufficient accuracy by simplifying the complex shroud structure to equivalent
simply supported isotropic or orthotropic cylindrical shells. For the general case
of a simply supported cylindrical shell subjected to an internal pressure, Reissner
(Reference 11) and Fung, et al., (Reference 12) have shown that the resonant
frequencies can be predicted from the relation:
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1 [K ¢ 5 pR / A2
w0 = e e . m + (A2 +n?) +——(—-—+n2)] (4)
mn R H (A2 +n?) pR? M 2
where
= radius of shell
= in-plane extensional stiffness per unit length of cylinder
¢ (= Eh for isotropic shells)
h = thickness of shell
M = mass per unit area
. m 7 R
)‘m = axial wave number parameter = [
X
m = number of elastic half-waves along the axis of the cylinder
Lx = axial length of cylinder
n = number of full elastic waves around the circumference of the
cylinder
. . . . El
D = isotropic bending stiffness =
1-v2

P = internal pressure (psig)

The first term on the righthand side of the above equation is associated with the
extensional (membrane) deformations, the second term is associated with bending
of the shell wall, while the third term represents the contribution from the internal
pressure.

For small values of n the resonant frequency is determined largely by the first
term whereas for large values of n the resonant frequency is determined largely
by the second term. This phenomenon, which governs the vibratory behavior

of cylindrical shells, leads to the interesting result that at higher frequencies,
the vibration characteristics of the shell approach those of an equivalent flat
plate, since bending deformations are significantly greater than membrane defor-
mations.
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To account for this behavior at high frequencies, Forsberg (Reference 13) has
developed an approximate correction to the usual mathematical forms describing
the vibration mode shapes. These correrted mode shapes are as follows
(Reference 14):

Radial Components of Mode Shape

]

¢mnl (x,y) = sin (max) ¢ sin (2 nny)

&)
®nna (Xr¥) = sin (mwx) -« cos (2n7y)
where
x = x/Lx
- _ L
y =v/L
L = 2nR
4
Circumferential Components of Mode Shape
Y 0y (Re¥) = sin (max) n=0
LI - -
= — sin (mrx) * cos (2nmy) n 21
6)
v (&Y =0 n=0
1 . - . -
= — sin (mawx) * sin (2n7y) n 21

A single structural mode shape is denoted by the pair of functions
[P Go e Yy )]
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where (mni) is a triplet ot integers with i =1, or i =2, Orthogonality between
two different modes (mni) and (rsj) is expressed by the equation:
L L
XepY
// [¢mni (x,y) q’rsj (x,y) + "bmni (x,y) wrsj (x,y)] dxdy =0 (7)
x=0 y=0

if (rsj) # (mni) R

Equation (6) implies that the amplitudes of the circumferential deflection components
approach zero as n increases. Thus, at higher frequencies only the radial deflec-
tion components are significant so that the shell characteristics approximate those

of a flat plate.

This transition from shell behavior to flat plate behavior is particularly noticeable
for the case of a thin eylindrical shell which is reinforced by relatively heavy ring
frames and longitudinal stringers. In this case the vibratory behavior changes from P
overall shell deformation to deformations occuring in a single panel which is
bounded by adjacent ring frames and stringers.

Between this transition from shell behavior to individual panel behavior however,
an intermediate region exists which involves the motion of coupled sets of panels
which in turn cause stringer bending and torsion. This intermediate frequency
range, which has been discussed by Lin (Reference 15), is characterized by the
grouping of sets of panels (including stringers) which are bounded by adjacent
ring frames.

L)

g A similar frequency equation describes the resonances of an orthotropic (or

[ stiffened) cylindrical shell. This can be derived approximately by expanding the

- second term in Equation (4) and comparing the resulting expression with that for
an orthotropic flat plate (Equation 3).

reomen e

Expanding the second tem in Equation (4)

D (Arzn +n?) =D x:n + ZDA;‘ n?+Dn*  (for an isotropic shell)

L)

(8)

5D M +2HM n2+D n* (for an orthotropic shell) .
x 'm m y
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where
H = Q/D D
xy

Longitudinal bending stiffness

o
"

D
4

Circumferential bending stiffness

The equivalent orthotropic bending stiffnesses are given by the equations:

EI
D = X Ib e in.
X 1-v2
7]
EI
D = —_L lb ® ino
y 1-v2
where Dx' Dy are the longitudinal and circumferential bending stiffnesses
respectively and
1 = Moment of inertia (per unit length) of the structural cross—
X section about the neutral axis of the skin and fongitudinal
stringer combination (i.e., longitudinally)
I = Moment of inertia (per unit length) of the structural cross—
y section about the neutral axis of the skin and ring frame
combination (i.e., circumferentially)
v = Poisson’s ratio
E = = Modulus of elasticity

For the case of an isotropic cylindrical shell:




2,2.3 Structural Coupling of the Shroud and Spacecraft — Apart from excitation of
the basic modes of the entire launch vehicle, the spacecraft vibrations are caused pre-
dominantly by the acoustic field within the shroud, and the vibratory energy transmitted
mechanically from the shroud via the adapter. Additional vibratory energy is transmitted
from below the shroud interface ring due to local vibration of the vehicle skin and tank
structure.

For the low order translation-type modes of the shroud (n=1), some degree of coupling

will exist between the shroud and the final vehicle stage. For higher order circumferential
mode numbers however, the shroud wiil essentially de-couple from the final vehicle stage
and will respond independently of the basic modes of the overall vehicle. Thus, the
dominant coupling mechanism will be that which exists between the shroud and the inter-
face ring and then to the adapter and the spacecraft.

Prediction of the spacecraft response to mechanical excitation transmitted from the shroud
is most conveniently achieved by use of statistical energy techniques (References 16 and
17). Three power balance equations can be defined to describe the coupling between the
shroud and the shroud stiffeners, the shroud stiffeners and the spacecraft adapter, and the
adapter and the spacecraft. Solving these power balance equations leads to an expression
for the spacecraft response in terms of (a) the shroud response to the external acoustic
excitation, and (b) the physical properties, modal densities, dissipation loss factors, and
coupling loss factors of the structural sub-systems.

This type of analysis has been reported by Manning (Reference 18) for a crude model of the
OG O spacecraft and Nimbus shroud (consisting of a rectangular box mounted within a
stiffened cylinder), and by Conticelli (Reference 19) for a cylindrical payload mounted
within a baffled honeycomb cylinder. In both cases the simulated shrouds were subjected
to a diffuse acoustic field.

2.2.4 The Effects of Pressure Differential and a Vacuum Environment — As a space
vehicle rises through the atmosphere following launch, the external ambient pressure
surrounding the vehicle is reduced. Simultaneously, venting of the interior volume within
the payload shroud takes place to prevent the buildup of a pressure differential. The
reduction in external atmospheric pressure has two principal effects:

e Firstly, the time lag associated with venting of the interior volume
causes a finite differential pressure across the shroud, the interior
volume being at a slightly higher pressure than the external atmos-
phere. This pressure differential causes a shift in the resonant
frequencies, which can be verified by observing the third term o,
the righthand side of Equation (4).

) Secondly, as the vehicle rises through the atmosphere, the
reduction in ambient pressure is accompanied by a reduction
in ambient density according to the relation:
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PA
P RT
where PA = ambient pressure
T = ambient temperature
and R = universal gas constant (= 1716 ft?>/sec® ©R)

This change in density therefore modifies the acoustic field within the shroud, since the
noise reduction is approximately inversely proportional to p ¢ . However, since the
speed of sound is dependent on temperature according to the relation

c = QYRT

a constant level of external acoustic excitation would result in the approximate noise
reduction versus ambient pressure relation;

N oo —— J—R—T- (10)
PA Y

Hence for constant temperature and a constant level of external excitation, the increase
in noise reduction would be approximately inversely proportional to ambient pressure.

Excitation of the spacecraft structure via the acoustic path would therefore be reduced;
however, excitation of the spacecraft via the mechanical path would not change
appreciably, except for small changes due to a reduction in the air damping of such
items as solar panels. These effects have been reported by Bruck (Reference 20) for the
OGO structural model and Nimbus~-type shroud during combined environment testing.
The results of this experimental study showed that the noise reduction increased with
decreasing ambient pressure for a constant level of acoustic excitation. However,
instead of an inverse proportionality between noise reduction and ambient pressure it was
found that the noise reduction varied inversely with the square root of the ambient
pressure. No data on the temperature or the stabilizing time of the test set-up following
pressure reduction were reported.

2.2,5 Damping Effects — The sources of damping in shroud structures are pre-
dominantly in the structural joinis (where ring frames or stringers are employed) and in
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the adjacent air into which acoustic energy can be radiated and lost. The relative
magnitude of these sources depends largely on the mode in which the structure vibrates.
Additional damping is provided: in the form of material damping, though for typical
stiffened skin structures this is of much less significance than the other two sources. For
honeycomb panels the predominant damping mechanisms are structural damping at the
boundaries, acoustic radiation damping, and the material damping arising from the com-
plex stress distribution within the cellular core and laminations of the panels.

2.2.5.1 Acoustic Damping— Theoretical expressions for the acoustic damping
ratio of a simply supported or fully fixed plate vibrating in its fundamental mode
have been developed by Mead (Reference 21) as follows:

0.156 E_\ 3 1 -
w - o 5 5 Rt — {simply supported) -
m m B
) )
0.245 o E 3 2 1\ T
= i n{1+ + — ) (fully fixed) i
ac c. Pm Pm 3n? n
where
c = speed of sound in the medium i
P = density of the medium -~
P = density of the plate material ;
Em = Young's modulus of the plate 3 ‘
n = length, breadth ratio of the plate

G e

These equations are based upon the assumption that the wavelength of the
radiated sound is large compared to the plate dimensions so that the damping —_
pressure is constant over the plate. Meads' theory (Reference 21), which is a
simplification of the work of Junger (Reference 22) predicts that the damping
factor for a panel of given material vibrating in a particular mode is dependent -
only on the density of the surrounding medium and the dimensionless length to
breadth ratio of the panel.

To extend this work to the case of a practical structure, Mead (Reference 21) ;
considered the acoustic radiation damping of a stiffened plate vibrating in two
predominant types of mode, stringer torsion modes, and stringer bending mod: :. 3
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For a stiffened panel vibrating in an ideal stringer torsion mode, it is assumed
that it can be regarded as an array of single plates with elastically restrained
edges, each plate vibrating in its fundamental mode in counterphase with the
adjacent plaie. If the radiated sound wavelength is much greater than the
individual plate width, then the acoustic damping pressure on one plate due to

its own motion will be almost cancelled by the pressure from the opposing motion
of the adjacent plate. Under these conditions the acoustic damping ratio will be
T extremely small and negligible compared to the structural damping (Reference 21).

When the same stiffened panel .ibrates in the stringer bending mode however, it
o is suggested (Reference 21) that it can be regarded as an array of fixed edge plates

& all vibrating in phase with each other, Under these conditions it is assumed that the
: damping pressure on one individual plate due to the motion of an adjacent plate is
PR sin (27w d/AY/2md/\ t'mes the pressure on this other plate due to its own motion.
: h The acoustic damping ratio of the whole array of panels is then approximately »/d

times that of a single fullv-fixed panel, where A = wavelength of plate vibration
and d = distance between centers of adjacent plates. Meads' expression for the
acoustic damping ratio of an infinitely long stiffened panel vibrating in the ideal
stringer bending mode then reduces to (Reference 21):

' ¢ = 0.2 <£ > <—P—) n, (12)
B ac -1t pm

_w where

t = plate thicness
ﬁ b = panel width

If a second array of panels is connected along side the first array, it is suggested
(Reference 21) that reinforcement of the damping pressure should oceur if the two
. arrays vibrate in phase; alternatively, carcellation should occur if they vibrate

@ anti-phase, During experiments with a Caravelle fuselage however, little
correlation between the vibrations of adjacsnt panel arrays was observed,
(Reference 23) and it was concluded that each panel array (between ringframes)
vibroted independently.

It has been claimed (Reference 21) that the acoustic damping of stringer torsion
modes is likely to be negligible compared with the structural damping, but that

2 of the stringer bending mode may be considerably larger than the structural

damping (for typical structural damping ratios of about 0.01), Acoustic damping

in the intermediate modes is claimed to be at least of the same order of magnitude
as the structural damping (Reference 21). However, comparison of predicted
acoustic damping ratios with measured total damping ratios (where the total d: mping

Horaany”
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is the sum of the structural and acoustic components) suggests that the simple
theory proposed by Mead (Reference 21) considerably overestimates the acoustic
damping ratio. From the experimental work of Clarkson and Ford (Reference 24),
involving acoustic excitation of a curved skin-stringer panel, the total damping
ratio in the stringer bending mode was found to be 0.008 at a frequency of 600
Hz. Using Meads simple theory (Equation 12 the calculated acoustic damping
ratio for this mode is 0.02, which is a factor of 2.5 greater than the measured
total damping ratio. Thus the application of this simple theory to complex
structural geometries appears questionable.

Meads" original work has been extended by Mangiarotty (Reference 25) to cover
the condition of a non-uniform damping pressure over the panel surface  The
resulting equations for the acoustic damping coefficient are highly complex, and
results have been given for the fundamental panel mode only. These results show
that for the fundamental panel modes, the difference between the uniform pressure
rheory (Reference 21) and the non-uniform pressure theory (Reference 25) is
relatively insignificant. Reinforcement or cancellation effects, due o the vibra-
tion of multiple panel structures, were not considered by Mangiarotty.

Due to the uncertainties associated with theoretical prediction of the acoustic
damping ratio, and the fact that most experimental damping measurements are

in terms of the total damping ratio (which automatically accounts for the acoustic
radiation components), there appears fo be little advantage in defining an
acoustic damping coefficient for use in structural response predictions of payload
shrouds. However, acoustic damping effects are likely to Le very important when
defining the interior acoustic field within the payload shroud, and also when sub-
jecting the payload shroud to progressive wave testing. For the former case,
Morse (Reference 26) has shown that for a three-dimensional acoustic field:

_ 4V 1
Sae = ca S + S/ 2 (1)
n x  VT-(n/m¢ )2
where

V = enclosed cylindrical volume within the shroud
a = average normal absorption coefficient at the walls
Sx = 27R’ (area of end walls)
S = 3.
Sg 2 R Lx (area of side walls)
n = radial mode number

Y = roofs of the characteristic equation J' (R) =0

ns (tabulated in Reference 26) n
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The above equation can be approximated by:

Q = AV (14)
ac ca S
n R

Further, by utilizing the approximaticn that o = 2 @ (i.e., the random

incidence absorption coefficient) the equation for acoustic damping is simplified
to:

Q = 8Vo (15)

ac ca

where
a = ; @, Si

the total square feet of absorption.

For the case of proyressive wave testing, Bozich (Refere..ce 27) has shown that
acoustic radiation damping can be a significant factor in determining the response
of the lower modes of a typical vehicle skin panel. Radiation damping in the low
modes has been shown to be of significant magnitude when the ratio of panel area
to duct cross sectional area approaches unity. The effects of panel area and duct
crass sectional area on the acoustic damping ratios are illustrated in Figure 6

(from Reference 27). In terms »f acoustic testing of shroud structures utilizing
ducts, these results suggest that the low order modes (involving odd numbered axial
half waves) may be subjected to reiatively high acoustic damping.

2.2,5.2 Total Damping — A compilation of damping data by Rader, et al.,
(Reference 28) covering skin and rib construction, bonded honeycomb panels,

and aircraft structural sections shows that the range of damping varies typically
from a Q of 15 to a Q of 100, the honeycomb panels tending to exhibit a lower
Q than the skin and rib construction. This tendency for honeycomb paneis to
exhibit a lower Q has also been reported by Ballentine, et al., (Reference 29)
during fatigue testing of rib-stiffened and honeycomb panels; average damping
(Q) in the lower panel modes varied from 15 to 38 for honeycomb panels and
from 27 to 50 for rib-stiffened panels. However, most of the available damping
data was obtained from single panels or multiple panel sections having fully
fixed boundary conditions of the type nomally utilized for fatigue testing
(References 28 and 29).

2]




During a recent study of Conticelli, et al., (Reference 30) of the impedance charac-
teristics of stiffened cylindrical shells, an attempt was made to obtair practical
damping data without the restrictions imposed by boundary conditions. The cylindrical
shells were placed in the upright position on top of a foam rubber mat and impedance
measurements were taken on the unstiffened portion of the shell wall, on the ring
frames, on the stringers, and at the intersections of the ring frames and stringers. A
definite trend toward a lower Q was observed as the number of stiffeners was
increased. However for a given design, no definite trends in the variation of Q

with frequency were observed; in some cases Q was found to increase with frequency
while in other cases Q was found to decrease with frequency. 1he range of
frequencies investigated varied from individual panel resonance at 50 Hz to the ring
frequency of the cylinders at about 1300 Hz.

More recent damping studies utilizing a stiffened cylindrical shell have been
reported in Reference 31. The damping data was deduced from free vibration decay
measurements, the transducer signal being passed through a third-octave filter
centered at various frequencies. These experiments have shown that average third-
octave band values of Q varied from a Q of 50 for the lowest modes to a Q of 100
or greater for the highest modes of the shell. The high Q values were attributed to
the low number of skin-stiffener joints and the fact that the test specimen had only
a moderate degree of stiffening.

The unpredictable variation of Q with frequency is an apparent feature of the total
damping exhibited by complex structures. Existing methods of predicting response
to fluctuating pressure fields (References 14 and 16) normal ly take into account the
overal! Q by assuming it to be constant for all modes. Based upon a review of the
available experimental measurements, this appears to be a reasonable assumption.
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3.0 THEORETICAL TECHNIQUES FOR PREDICTING ACOUSTIC LOADS,
STRUCTURAL RESPONSES AND NOISE REDUCTION

3.1 Introduction

To predict structural responses and the noise reduction for typical shroud structures,
subjected to arbitrary fluctuating pressure environments, it is first necessary to define the
acoustic loads acting on the external surface of the shroud. The key statistical properties
necessary for a complete definition of the environment are:

i) The Overall Level
it) The Power Spectrum
iii) The Narrow-band Space Correlation Coefficients

Once these characteristics have been defined, the structural responses and the resulting
noise reduction can be computed using modal analysis methods or statistical energy methods.

In Section 3.2, theoretical and empirical methods for predicting the essential character-
istics of the various flight environments are discussed. This is followed in Section 3.3 by
a discussion of the important properties (from a structural analysis view point) of laboratory
acoustic environments. Finally, a summary of the analytica! techniques for predicting
structural responses and noise reduction is presented in Section 3.4.

3.2 Definition of Flight Environments

3.2.1 Rocket Noise — The rocket noise environment is an important par. of the
overall environment experienced by the vehicle and its payload. The payload/shroud
system on a launch vehicle can be considered to be located in the acoustic mid-field of
the rocket exhaust. The most severe a. _ustic loading from the rocket noise environment
occurs during lift-off. Thus the configuration of the first stage boosters as well as the
deflector geometry are important parameters to be considered in determining the overall
acoustic environment.

3.2.1.1 Overall Level and Power Spectrum — Several precise methods of rocket
noise prediction have keen developed in recent years. Due to the semi-empirical
nature of these methods, however, none of them is general enough to cover all
situations, although each method has its own merit for its relevance to certain
special conditions.

Four different methods for rocket noise prediction have been considered during the
present study. The first is o method introduced by Cole, etal., (Reference 32).
This is one of the earliest methods which can provide a precise definition of rocket
noise environments, and is based on a series of rocket engine tests with thrusts
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ranging from 1000 Ibs to 130,000 Ibs. The second method was developed by the
Wyle Laboratories research staff (Reference 33) through a series of rocket noise
studies. In this approach, the rocket exhaust flow is divided into cegments of
apparent noise sources and the acoustic pressu.e fluctuations at various points on
the vehicle can be computed by summing the contributions from these source
segments. The apparent source location and the strength of the sources are derived
from experimental data, and presented in terms of normalized parameters. The
third method follows a different approach and was developed by Franken and
Wiener in 1963 (Reference 34). Acoustic measurements of launch noise environ-
ments on vehicles such as the Titan and Jupiter, were synthesized into a set of
three normalized curves. These curves represent approximately the top, mid—
section and bottom ~--ion of the launch vehicles. A correction factor is available
to take into accou~ . variations in thrust for individual launch vehicles. This
method ha: been shown to ke accurate for predictions of the noise environments for
large launch vehicles with theusis up to about 10 Ibs. Finally, a fourth method
which deals with very large bocsters, such as the Saturn V, was introduced by
Wilhold, et al., (Reference 35). This method takes into account the importance
of noise source distribution and the deflected geometry of the rocket exhaust. The
basic non-dimensional spectrum is compiled from data obtained during launch and
static testing of large booster engines. This method, which provides the flexibility
of dealing with advanced strap-on launch vehicles such as Titan III C or projected
post-Saturn launch vehicles, has been shown to be very accurate (Reference 36).

The detailed procedure for each method, as well as its range of application, is
discussed in detai! in Appendix A. For launch vehicles with simple geometry, the
noise environment can usually be predicted by using one of these four methods.
For strap-on launch vehicles, however, two different methods may be required to
handle the main rocket booster and the strap-on rockets separately.

3.2.1.2 Narrow-Band Space Correlation Coefficients — A necessary preliminary
to any study of structural response of a shroud to a random pressure field is the )
calculation of the surface pressure correlation function. The greatest structural

response occurs for any given mode when the spatial correlation or phase of the

pressures corresponds to the mode shape. Spatial correlation is defined in terms

of a pressure correlation coefficient, which is the long time avercge of the

instantaneous product of two acoustic pressure signals divided by the product of

their root mean square values. A correlation coefficient of one implies that the

two signals are in phase at all times. A correlation coefficient of zero indicates

that the two signals are completely independent, while a correlation coefficient s
of minus one indicates that the two pressures would be exactly out of phase.

The narrow band space correlation function R (€, n, w) can be thought of physi-
cally as a measure of the time average value of the relative phase between pressures
acting at two points (x, y) and (x', y') which are separated by component distances
€ and n. This implies that the pressure acting at any point (x', y') within the
central region of positive correlation will, over a long time average, be in-phase

24 i




[

for an R fraction of this time with the pressure acting at the center (x, y) of the
region. The correlation length, C, , is defined as equal to that length over which
the excitation may be considered as perfectly correlated in spuce, i.e., the cor-
relation length times unit correlation is equal to the area under the normalized
space correlation curve. Thus for a diffuse acoustic field where the narrow band
space correlation coefficient has the form C (k §; w)=sink {/k{, where € is
the spatial separation and k is 27 divided by the waveiength, the correlation
length is obtained from the relation:

a
€, x1) = 2f i'-'&'ff d (k&) (16)
(o]

.. A
giving the result that CI_ = 5

A second method of defining the correlation length which is sometimes preferred,
is to replace the upper limit of the above integration by the distance to the first
zero crossing of the narrow band space correlation coefficient.

It is known that, for a three-dimensional diffuse field without the struciure present,
the pressure correlation function is of the form sink{/ k&, where { is the spatial
separation. For a plane wave, the correlation function is simply cos k (x - x') ,
where x is in the direction of wave propagation. However, the pressure correlation
function will be changed in the presence of the vehicle due to diffraction effects,
Dyer discussed in Reference 37 some pressure correlation results determined from
measurements along a missile surface. The longitudinal correlation is shown in
Figure 7 and the angular correlation is shown in Figure 8. Dyer found that the
longitudinal correlation agreed very well witn cos k (x - x'), the correlation function
for a plane wave, for small non-dimensionol separation distances. The angular
correlation function shown in Figure 8 is piotted versus k a (¢ - ¢') . Since the
structural radius is a, then a (¢ - ¢') is the circumferential separation on the missile
surface. Thus it can be seen that for a given separation, angular correlati-n is equal
to or greater than the longitudinal correlation. Dyer interpreted this result as
follows: consider the largest separation possible in the circumferential direction, to
be ax, i.e., observation points on opposite sides of the missile. At low frequen-
cies, the sound source is centered relatively far down stream of the nozzle, conse-
quently the noise reaching the missile appears to originate from a single source point,
rather than from the volume distribution of the source. Thus the pressure signals
separated by a:r are still correlated. At high frequencies, the sound source is
centered relatively close to the nozzle. Thus the noise propagating along opposite
sides of the missile originates from different portions of the noise source, and because
the high frequency noise follows essentially straight~line paths, the signals are
uncorrelated.
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In the mid-field, the peak octave band sound pressure level occurs near a1 Strouhal
number of 0.1. By considering that the shroud diameter is approximately the same

as the effective diameter of the first stage rocket engines, the peak wavelength will
be about twice the shroud diameter. Hence, most of the acoustic pressure functions
are well correlated. Although the rocket exhaust flow may be deflected with respect

T
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tc the ground plane, the directional effect in the low frequency range is not significant.

The mid-field pressure correlation function on a vehicle for a given launch confi-
guration has been predicted by Potter (Reference 38). In this method, the noise for
a given frequency is assumed to originate from an apparent source location in the
exhaust stream. The wave front spreads out spherically and when it arrives at the

vehicle, it is practically a plane wave with a definite angle of incidence. According

to the classical theories of diffraction around a cylinder, a correlation function for
this particular wave length can be computed. The details of this computation have
been reported in Reference 38,

A summary of the angular correlation results obtained by Potter (Reference 38) for
the S-IC vehicle is shown in Figure 9. These results, for a range of octave band
center frequencies, are plotted versus the normalized separation angle ka (¢ - ¢')
or 2 n/\ (where a is the vehicle radius and n is the circumferential separation
distance). The correlation results show a much wider range than those suggested

by Franken (see Figure 8). For the purposes of comparison, the reverberant correia-
tion coefficient

C;w = sin 2x /A 27;’1 (17)

is also shown in Figure 9; this comparison shows that the low frequency correlation
is lower than the reverberant case, but the higher frequencies show substantially
greater correlation lengths than the reverberant case.

These theoretical results have been partially collapsed by replotting the correlation
coefficients versus the parameter n fli /¢ (where c is the speed of sound and f is
the appropriate center frequency). The data collapse is shown in Figure 10. For
the purposes of estimating the structural response,a functional form for the narrow
band correlation coefficient which lay reasonably close to the collapsed data shown
in Figure 10, was assumed. This correlation coefficient, givep by the general
expression sin2w n, /2w n, (where n, s equal to 10 f%4/c) is also shown in
Figure 10. The functional form for the correlation coefficient, is of course, similar
to that for a reverberant acoustic field; however the characteristic variations in
correlation for the various frequencies, illustrated in Figure 9, have been retained.
Although the assumed correlation coefficient is a relatively crude approximation to
the collapsed data shown in Figure 10, it is considered to be reasonable for the
purposes of predicting structural response.
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The longitudinal correlohon coefficient can be approximated reasonably well by
the function cos {21 S/A + sin B} where B is the angle between the normal to
the incident plane wave and the horizontal. In order to use this form for the
correlation coefficient in structural response predictions, it is necessary to know
the relationship between the angle of incidence 8, and the predominant frequencies
in the exhaust flow. Since all of the shrouds analyzed during the present study are
mounted on launch vehicles powered by an Atlas first stage booster, investigation
of the relationship between the angle 8 and frequency was confined to this particular
booster. Noise sources were allocated in the rocket exhaust flow according to the
rocket noise prediction technique outlined in Reference 33. From the geometry of
the exhaust flow and the allocated sources, the angle of incidence for each noise
source was plotted versus frequency, as shown in Figure 11, Based upon these
calculated results, the angle of incidence can be assumed to be given by the
following;

B = 38 degrees N<f<25 Hz
B =~ (26.2 log, f + 1.452) degrees 25 Hz <2500 Hz (18)
B = 90 degrees f >2500 Hz

To summarize the discussion of the narrow band space correlation coefficients, the
equations used for subsequent calculation of structural response are given below;

Cc (E; w) = cos Yy ¢ ~ Longitudinal
(19)
{ 20 —_— ":
C(Miw) = LT/ Lateral
W L, =
where
wl
T, = cx - sin 8
? = C/Lx
o= 0/,

axial length of structure

-
1} i}

circumferential length of structure

~
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3.2.2 Aerodynamic Environments

. 3.2.2.1 Introduction — This discussion is devoted to the specification of surface
fluctuating pressures resulting from unsteady aerodynamic phenomena during the
launch phase of flight. Previous wind tunnel and flight data show that fluctuating
pressures are proportional to free~stream dynamic pressure (g oo) for a given unsteady
flow phenomenon. However, peak fluctuating pressuies do not necessarily occur at
maximum q . for certain regions of a vehicle due 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 order of magnitude greater than regions exposed to attached flow . Thus, if
separated flow and oscillating shock waves are present, say at Mach numbers other
than the range of maximum Qoo then peak fluctuating pressures will also be en-
countered at conditions other than ot maximum q,. Thus, it is easily seen that -
vehicle configuration is very important in the specification of fluctuating pressure K
levels since the source phenomena are highly configuration dependent in addition
to varying with Mach number and angle of attack.

[

In light cf the foregoing 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 spe=ification of the surface excitation is free-stream dynamic
pressure and its variation with Mach number. For a given configuration, Mach
number and angle of attack define the phenomena, and dynamic pressure defines
the fluctuating pressure levels associated with the phenomena.

o)

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- x
cussion of their fluctuating pressure environment must be general. Practically all

experimental data for unsteady aerodynamic flow have been acquired for bodies of T

revolution which are typical of missile configurations. As a result of these studies, K
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 fluctuating =
pressure phenomena and their statistical properties can be predicted quire 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 practical ity of predicting 3
their occurrence on more complicated configurations. :

A complete discussion of the general features of typical bodies of revolution, the
unsteady flow fields which they encounter, and the methods of predicting the
statistical properties of each flow field, is presented in Appendix B.
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The remainder of this section is devoted to a summary of the particular fluctuating
pressures encountered at different Mach numbers by several typical shroud -~ launch
vehicle combinations. Three shrouds, each having a cope angle of 15 degrees, were
considered during the present study, as follows:

o Nimbus shroud
o OAO shroud

o Mariner D shroud

For these 15-degree cone-cylinder bodies the significant flight Mach numbers (in
terms of fluctuating pressures) are Mach 0.7, Mach 0.8, and the flight Mach
number corresponding to maximum dynamic pressure. Maximum dynamic pressures
for typical shroud/spacecraft-launch vehicle combinations generally occur in the
Mach number range M=1.25to M=2.0. This is illustrated in Figure 12 which
shows dynamic pressure time histories for the Thor/Agena B, Delta, Atlas/Agena B
and Atlas/Centaur vehicles. Altitude and Mach number versus time for the Atlas/
Centaur vehicle are also shown in this figure. This data was obtained from Refer-
ences 39 and 40, In the following sub=section the significant fluctuating pressure
environments encountered by the 15-degree cone-cylinder shrouds are discussed and

equations for predicting the statisticalcrroperﬁes of each environment are summarized.

This summary is based upon the detailed discussion presented in Appendix B and the
extensive cone~cylinder wind tunnel study reported by Roberfson in Reference 41.
Typical 15 degree cone-cylinder body results from this study are shown in Figure 13.
This figure describes the axial distributions of fluctuating pressures for various free

stream Mach numbers, Moo ; the results are presented in terms of QFE/ q, versus

the distance downstream in vehicle diameters, D, where D is the cylinder diameter.

3.2.2.2 Significa- : Fluctuating Pressure Environments — The fluctuating pressures
acting on typical 15-degree cone-cylinder shrouds are illustrated in Figure 14. This
figure defines the environments by type and by zone for Mach numbers M=0.7,
M=0.8, and 1.0 < M <2.0. Firstly it should be noted that the flow is attached
over the conical section of the shroud for all of the above Mach numbers.

At Mach 0.7 the flow over the cylindrical section is characterized by a separated
flow region in Zone 1 followed by modified attached flows in Zones 2 and 3. The
modified attached flows are characterized by thickened boundary layers, the
boundary layer thickness being substantially greater (by a factor of 3) than that for
regular undisturbed attached flow. Although Zones 2 and 3 have basically the
same type of flow phenomenon, i.e., attached, the overall levels differ, and

it is therefore convenient to consider them sepurately .

At Mach 0.8 the flow over the cylindrical section is characterized by a regular
attached flow region in Zone 1, followed by both separated flow and shock-wave
oscillation in Zone 2, and a modified attached flow in Zone 3.
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For Mach numbers equal to or greater than M = 1, the flow is attached over the
whole of the cylindrical section. The length of each zone, in terms of the shroud
diameter D, is aiso indicated in Figure 14,

3.2.2.3 Overall Levels — The overal! ievels in each zone for the three Mach
number ranges have been derived from the general results for cone-cylinder bodies
presented in Appendix B. For example, the overall levels for blunt body separated
flow over a 25 degree cone-cylinder body can be deduced from the results shown
in Figure 5 in Appendix B. For the 15 degree cone-cylinder shrouds considered
here, extensive use has been made of the results obtained by Robertson (Reference
41) for a ronge of model sizes and cone angles, typical results being as shown in
Figure 13. In defining the overall levels in a shroud zone of finite length, the
averuge fluctuating pressure levels (over the finite length) have been utilized
rather than maximum focal levels.

The overall levels in each zone for the three Mach number ranges are as follows:

Mach 0.7
Zone 1 PY2 = 0.03
(Separated Flow) @
Zone 2 F'-/ 2 = 0.022 (20)
(Modified Attached Flow) 9o
Zone 3 —
(Modified Attached Flow) g P%,fjo = 0.013

For the conical section of the shroud, where the flow is attached, the overall level
is given by the equation;

%/ PY/q_ = 0.006/(1+0.14 M) 21)

where M = 07
o

Mach 0.8

Zone 1 Same as Equation 21) withM = 0.8
(Regular Attached Flow) ! @
Zone 2 —
(Separated Flow Influence) P2 = 0.0259 (22)
Zone 2 p—
(Shock-Wave Oscillation Influence) Pz/q2 = 0.054
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Zone 3 —
(Modified Attached Flow) d Pz/q; = 0.008

For the conical portion of the shroud, where the flow is attached, the overall level
is given by Equation 21 with Mco = 0.8.

1.0SM=2.0

At these Mach numbers the flow is attached over both the conical and cylindrical
sections of the shroud. The overall levels are thus given by Equation {21) with the
appropriate free-stream Mach number substitution.

3.2.2,4 Power Spectra — For the cylindrical section of the shrouds, a generalized
equation for the power spectrum has been derived from the results discussed in
Appendix B. This generalized equation, which combines Equations (2), (10), (34)
and (35) of Appendix B, allows the normalized power spectrum to be computed in
any individuai zone, as follows:

UL B, AN

. - = . £ s — 2

9 8 21 9

= ) {7}
(P%/q2)p

+ B -
(), b ey

— -__ (23)
PYel )y - P/ )s

MY ¥
0 .ﬂ) 5517
—=] 1+ (f/8)
D2/ ,2 52/ 2
. (PYag)y = P7/aZ )
f 8 17
0. +55
(32). o)
where
¢ () = Pressure speciral density (psi)’/Hz
Uy = Local velocity (in./sec)
9y = Free=stream dynamic pressure (Ib/ in?)
§ = Local boundary layer thickness (in.)

31




A refers to zones having wholly attached flow.
B refers to zones having wholly separated flow.
C refers to zones having separated flow beneath a shock wave.

D refers to zones having attaced flow beneath a shock wave. 1
7

and the subscript T denotes total conditions, i.e., the total fluctuating pressure
due to the shock wave superimposed on the separated or attached flow.

It should be noted that in this generalized equation, the power spectrum has keen
normalized by local velocity, local boundary layer thickness and free stream 7
dynamic pressure. |

Over the range of Mach numbers considered during the present study, the flow over v
the conical section of the shrouds is attached. Thus, the power spectra can be derived
from the above equation with the following substitutions (for 15-degree cone-cylinder

shrouds) 7
B=C=D=0 il
A= 1.0 ,
(24) N
o 3.6.10~° £ § B
(P/q ), = ; ( ) = 0.346 :
o'A . 2 7
(1+0.14 M_) U /A ’g
where g
M, = free-stream Mach number )
Uﬂ = UCO A ‘
U, = free-stream velocity corresponding to each Mach number 3
& =38,
For the 15-degree cone-cylinder shrouds the appropriate substitutions in Equation (23) i
for the computation of the power spectrum in each zone are outlined below for the -
various Mach numbers. ‘{ 3
Mach 0.7 -~

Zone 1 A=D-=0
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_.:-‘ 7 - -ty ———————t = - 25
i)y = 675004 (=5 )a 0.17 (25)
-y fO 8!) =3
2 = =
(P /qzm)-l- = 9.0.10 ( T ke 1.0.10
where
U = 1077 ft/sec
§ = 3 Sb
Sb = boundary layer thickness for regular attached flows
R 2 0.1
=x|-0.37R;°"{1+( e )} ] (26)
- 6.9.107
x = distance from shroud nose cone to center of fluctuating pressure zone
of int ... %
Re = Reynolds number = U_ x/v
v = kirematic viscosity
U, = free-stream velocity
Zone 2 B=C=D=0
A=1.0
f
—_% 1]
(Pz/q:n)A = 4.84, 10'4,,/ 81) = 0.346 (27)
\
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Zone 3 B=C=D=0
A=1,0
o7 5 (f° &)
(P/qzm)A = 6.4.10°5, —UQ-)A= 0.346 (3?)
where
Uy = 965fifsec ; § = 3§

1.0£M<£2.0

In this Mach number range the flow is attached over the entire cylinder; thus the
power spectra can be computed utilizing the substitutions cutlined earlier in this
section for the conical sections.

3.2.2.5 Narrow-band Space Correlation Coefficients — In Summarizing the func-
tional forms for the narrow-band space correlation coefficients (or the cross-power
specira) it is convenient to consider each type of ervironment separately rather than
define explicitly the correlation in each zone. Thus, the correlation coefficients
can be grouped under the following headings: attached boundary layers (both regular
and thickened cases), separated flows, and shock-wave oscillation. To apply these
formulae to the particular Mach numbers and zones. it is necessary to substitute the
appropriate numerical values for the free-stream conditions, and the local conditions .
i.e., local velocities, local boundar layer thicknesses and free stream velocities.

Attached Turbulent Boundary Layers

C (E;ﬂ) = exp [- 5, Ifl] cos Yxf = Longitudinal

(32)
n:w) = - Y - Lateral
C (W) exp[ squ]
where

Y, ~ o L/U,
yy = uLy/Uc

- (33)
8x = q¥ + bl /82
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5 = +dL /%
y Ty y/%
U 0.09
U = 0.6984U ( co) - Bies Equation (Reference 42) (34)
c o\ ..
wd
& = & /8 for M<1.0
(1.340.43 M2 ) §,
on
& = " 72 for M>1.0 (35)
10.4+0.5M [1+2.10 v, |
ol
L, = oxial length of structure
Ly = circumferential length of structure
[
/i [
nos “/LY £
M = axial and circumferential separation distances 'i
8, = local boundary layer thickness -
a,b,c,d = constants, equal to 0.1, 0.27, 0.72, and 2.0, respectively
R, = Reynolds number

Separated Flows

C (c;u) = exp [- SXIC l]cos YxE — Longitudinal
(36)

CHiw

exp [-Syl?‘.'] -~ lateral




where

£85,
0.75L for L <6.107
X Ul
£§, /U, %3 £§
/Y% 3 %
—_ < —< -2
0.75L, [(fsz/ua)o] for 6.10 G, <6.10
f§ ,
]'5Lx for -01—' >6.10
$.10°3
ol
X
]
C
£5,
0.3Y, for —— <0.1
U,
(10 f&z)M £5
L, —
Uy [0.3 + log, m ]for 0.1<¢ G, 1.0
£5,
0.8 U!l for > 1.0
Y,
£8
0.75L for <6.1073
Yy Ug
[(f §,/Y,) 1** £ -
0.75 L — for —— >6.1
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Shock-Wave Oscillation

The correlation coefficient in the longitudinal direction may be written as (see
Equation (25) of Appendix B):

C(c;u) = exp [- 8x|§|]‘ cos Yxc (41)
where
3.18 0 L
% = T u
0 (42)
@l
Y, = —o~
x U0
Uo = local velocity upstream of the shock wave
Published data *s v.-ole on the fransverse spatial characteristics of shock—
induced fluctv - . ssures. However, it is anticipated that these disturbances
will be reasor. .~ 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 normal to the flow. Therefore, it is physically reasonable to
assume that the correlation coefficient is unity over one-quarter of the shroud
circumference, i.e., the circumference of the shroud can be divided into 4
uncorrelated spans, the correlation coefficient being equal to 1.0 in each span.

Thus, the narrow band correlation coefficient in the lateral direction may be
written as:

C (7 ; w) = UNITY over each of four quadrants (43)

3.2,2,6 Other Shroud Geomeiries — The discussion so far has been limited

to 15 degree cone-cylinder shrouds. Typical fluctuating pressure levels for

other cone-cylinders, boattails, steps and wedges, have been presented in
Appendix B. It is of interest here, however, to present typical axial distributions
of fluctuating pressures for three other shroud configurations. These data were
obtained by Coe (Reference 43) utilizing the Ames 14-foot transonic wind tunnel.
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Axial distributions of fluctuating pressures for: (1) an ellipsoidal nose cone on

a 6° 30' converging body section, (2) an ellipsoidal nose cone on a cylindrical
body with a 30 degree step, and (3) a 14° 28' cone-cylinder staged vehicle, are
shown in Figures 15, 16 and 17, respectively. These results are presented in

terms of QI P_z/qm (or Prms/ qco) versus the dizta..ce downstream in vehicle

diameters, D, for a range of free-siream Mach numbers, where D is the maximum
body diameter.

For the bulbous shroud, shown in Figure 15, the peak fluctuating pressure levels
are associated with the shock wave at the beginning of the converging section.

As the free-stream Mach number increases, the region of peak fluctuating pressure
moves aft with the shock wave.

For the boattail shroud, shown in Figure 16, two regions of peak fluctuating pressure
level are observed, depending upon the free-stream Mach number. The upstream
region, which occurs at transonic Mach numbers of about M = 0.8, is associated
with the separation at the beginning of the cylindrical section. The second region

of peak fluctuating pressure level is associated with re-attachment behind the boat-
tail region; the levels can be seen to diminish steadily with increasing free-stream
Mach number. Figure 17, shows a similar effect for the cone-cylinder staged
vehicle, there being two regions of peak fluctuating pressure level; both are
associated with shock wave oscillation at free-stream Mach numbers above Moo=0°8°

In comparing Figures 15, 16 and 17, the severity of the boattail geometry, in terms
of peak le: :Is, can be immediately observed. The local peak fluctuating pressure
levels (Prms/qm ) for these three shroud geometries are typically on the order of

0.06. Thus for a dynamic pressure of say 860 Ib/ft?, this correspords to an overall
level of about 162 dB.

In summary, the results presented in Figures 13, 15, 16 and 17 show the detailed
effects of shroud geometry on the fluctuating pressure levels. Clearly, there are
certain basic unsteady flow conditions which occur regardless of the detailed
geometry of the vehicle, e.g., flow separation, re-attachment, and shock-wave
oscillation. The magnitudes of the peak fluctuating pressure levels associated
with any one of these unsteady flow phenomena are quite similar over the range
of shroud geometries, though the size of the region affected (in terms of vehicle
diameters) may vary.
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3.3 Characteristics of Laboratory Acoustic Environments

The essential characteristics of laboratory acoustic environments from a structural analysis
view point are the space correlation functions. Therefore, this subsection is limited to a
discussion of the correlation functions for reverberant acoustic fields and ducted progressive
wave acoustic fields.

Reverberant Acoustic Field

The reverberant acoustic field is assumed to be an ideal diffuse field that is composed of
plane waves which impinge on the structural surface with an equal probability for all angles
of incidence. In an ideal reverberation room, the narrow band space correlation function
relative to any two points separated by a distance r is [sin kr]/k r where k=w/c =
acoustic wave number. The presence of the structure being analyzed is assumed to :...e

no influence on the impinging wave field, as for example, a small flat plate flush mounted
in a wall of the room.

For both flat and cylindrical surfaces, the narrow band space correlation functions are:

c v = i"l_.'fi
. T
(44)
C@;w) = m
kT

It has been shown (Reference 44) that the cbove equation for C (§; w) is quite accurate
for a cylinder even when scattering is considered. Because of scattering, the above
equation for C (7;w) introduces some errors for a cylinder; however, the errors diminish
with increasing frequency.

Reflections of the acoustic waves from the structural surface cause effective increases in
surface pressures. At low frequencies, the reflection factor on pressure level is unity,
while at high frequencies this factor is 2.0. In ail subsequent structural response calcula-
tions described in this report, the responses have been normalized to the actual surface
pressures. Thus in comparing responses of a given structure to a number of different
environments, it sh-: <. be borne in mind that the fluctuating pressures used in the analysis
are true surface pressures,
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Ducted Progressive Wave Field

The ducted progressive wave field consists of N independent plane wave fields that
propagate at parallel incidence along the length, L, of a cylindrical shell or rectungular
plate. This field is formed within a rigid shroud that completely covers the structural
surface and that is internally baffled so as to create a set of N straight, parallel ducts
which act as acoustic wave guides. The intermediate walls between adjacent ducts are
separated from the structural surface by a set of flexi'= seals that minimize acoustic
leakage between adjacent ducts and minimize struct: ai constraints introduced by the
shroud. The ducts have uniform widths of 2 wR/N cround the circumfe. ence of the
sheli, and L, /N across the width of a rectangular plate. Each duct is driven ot one
end by a broadband randem acoustic noise source and has an anechoic termination at the
other end. The N acoustic noise sources are driven by uncorrelated random signals in
order to produce N uncorrelated progressive wave fields. In the analysis of structural
response, it is assumed that plane wave fronts exist in each duct. The acoustic field
along the axis of any one duct is said to be axiclly correlated if ot any frequency the
axial pressure distributions are sinusoidal. Due to various acoustic phenomena in the
ducts, these axial pressure distributions may not be sinusoidal , in which case axial
correlation lengths may be limited.

Assuming that the sound pressure level is uniform along the ducts, the axial space correla-
tion coefficient for the acoustic field is;

C (C;u) = cos Y, T (45)
where
wl
- x
L% c

The circumferential correlation is assumed to have a value of unity, since the acoustic
waves generated within each duct are assumed to be plane waves.

3.4 Structural Response and Noise Reduction Equations

3.4.1 Modal Analysis — In the modal analysis, the classical method is adopted
to treat systems having a large number of modes whose natural frequencies are closely
spaced and whose bandwidths may overlap. It is assumed that the mean square response
amplitude of each mode can be obtained independently, and thct the summation of these
mean square responses is insensitive to damping coupling between modes. The tota!
mean square response of a structure at any point depends upon the summation of the
mean square modal responses and upon the summation of the cross-correlations berween
pairs of modes. The latter term is in some cases significant; however, each term in this
summation becomes equal to zero when the space average of the mean square response
is obtained. The cancellation of modal cross-correlations for space average response is
due to orthogonality between the modes.
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Response Equations

The analysis of structural response to random pressure fields utilizing normal modes was
initially formulated by Powell (References 45, 46 and 47); detailed results were derived
for the response of structures to plane acoustic waves and to a two-dimensional reverberant
ocoustic field (Reference 47). The theory was extended to predict the response of panels
to turbulent boundary layer pressure fluctuations by Wilby (Reference 48) and to a three—
dimensional reverberant acoustic field by Crocker and White (Reference 49). More
recently, this work has been extended to predict the responses of cylindrical shells to
random pressure fields (References 14 and 50).

A detailed derivation of the response equations is given in References 14 and 45-50; for
the purposes of the present study, only the final equation is presented.

It can be shown (Reference 14) that the space-average acceleration response spectrum is
given by the equation;

s U;fl] ] e (f )
_ mn} . .2
S[Pf] 2 ZZ ﬁmnHz f Jmn (F) (46)
(M9 m=1 n=0
where
S[U;f] = space-average power spectral density of acceleration; o /Hz
S[ P;f] = pressure power spectral dersity; (psi)z/ Hz
Mg =  weight per unit area of surface of shell or plate;(lb/in2)
= 2, m=1,2,3,...; n=0 Cylindrical
mn 22 Shell
= 4n*/(+ 0P, m=1,2,3,..; n=1,2,3,...
= 4, m=1,2,3,...; n=1,2,3,... Plate .
f
H ';m) = single degree of freedom dynamic magnificaiion factor for
acceleration response of the (m, n)-mede '
F N2 2 1 (f T h
mn
- | af -
mn
Q = dynamic magnification factor for the (m~-n) mode
jfnn (f) = joint acceptance for the (m, n) structural mode
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It is usually assumed that the structural mode shapes can be written in separable form
(i.e., ‘Pmn (X, y) = L (X) o ¢, (¥) ), so that the joint acceptance for the (m,n,)

mode may be re-defined as:

— 22 «2
jzmn () = j,® < (47)
where
j:‘ (f) = uint acceptance for mth mode
jzn (f) = joint acceptance for nth mode

Equation (46) may be used for estimating the response of a plate or cylindrical shell. The
assumptions inherent in this equation include the following:

® Mode shapes can be expressed as products of modes along the
principal axes of the plate or shell.

© Space-correlation functions for the fluctuating pressure fields
can be expressed as products of space-correlation functions
along the two principal axes of the plate or shell.

@ Mode shapes of the plate or shell are orthogonal with respect
to the mass, stiffness and damping distributions of the structure;
and this condition is valid if the structure is uniform.

The above equation treats each mode of the structure as a single degree of freedom system
whose response is independent of the responses of all other modes. The total mean-square
response of the structure is then equal to the sum of the ensemble of mean-square responses
of all of the structural modes. The influence of cross-correlations between the responses of
any pair of modes is automatically deleted by space averaging the response. Thus, Equation
(46) contains no cross-product terms associated with two different modes. The influence of
modal cross-correlations on response has been demonstrated for a simple pinned beam (Refer-
ence 14). The cross-correlations essentially describe the variation of response from the
space average, and such variations are expected to be important only for structures with
localized excitations. In the latter case, response levels are expected to be high near

the source of excitation and to decrease with increasing distance from the source. There-
fore when analyzing structural response to a localized excitation, responses should be
computed by two methods. First, Equation (46) can be used to give a reasonably good
estimate of the average response of the unforced portion of the structure. Secondly, the




response of only the forced portion of the structure should be computed to give an upper
bound to the localized response levels. Actual response levels near the source will be
lower thar “ose computed in the second calculation, while response levels far from the
source should be higher than those predicted by the first calculation.

Joint Acceptances for the Various Environments

The joint-acceptance equations for the various fluctuating pressure environments are
presented in Appendix C. Most of these equations were developed in References 14 and
45 - 50,

3.4.2 Statistical Energy Analysis — The statistical energy analysis is based on the
principle that the time average power flow between two simple oscillators, linearly coupled
and excited by a wide-band excitation, is proportional to the difference in their time-
average total energy, the power flow being always from the oscillator of higher energy to
that of lower energy. The extension of this principle to multi-modal systems is described
in Appendix C; only the final equations will be presented here.

For the case of a cylindrical structure excited by a reverberant acoustic field, the response
can be predicted from the following equation (Reference 19);

S _ "% [“2AF,1"2AF . M2As,1 "2As ][] . Sps]. )
Sor  APP L2gar, 1 T oar  Popg g FMloas S
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-] (&)
g | \psi?

Similarly, it can be shown (Reference 19) that the noise reduction is given by the relation;

o _M2A5,1"2As T AR "AF TRy
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2
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29AF,17MAs  2MAF, 11 NoAF

(49)

In the above equations;

Sc'2 = acceleration spectral density

Sp1 = pressure spectral density of the external acoustic field

Sp =  pressure spectral density of the internal acoustic field
3
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< = speed of sound in air
§ P, = mass density of air
:' T A =  surfoce area of cylinder
' P, =  surface mass density of cylinder
9 =  gravity acceleration
} NoAF = modal density of the resonant acoustically fast (AF) modal group
T
3 J'
: b NoAs = mndal density of the resonant acousticalily slow (AS) modal group
t ﬁ: n, =  modal density of the resonant interior space modes
_ Moap,7 =  coupling loss factor between the acoustic field and the resonant AF
ﬁ ! mode group
-y As. 1 coupling loss factor between the acoustic field and the resonant AF
- ! mode group
& NoAF = dissipating loss factor of the resonant AF moaal group
% NoAs =  dissipating loss factor of the resonant AS modal group
n, =  dissipating loss factor of the interior space modal group
4 A more det.iied discussion of this method, together with the appropriate eonations for the

modal densities and coupling loss factc:s is presented in Appendix C.

B

g—ﬁ,‘. 3.4.3 Structural Models for Theoretical Analyses — for the purposes of analyzing
: the response and noise reduction of typical spacecraft shrouds, three shroud designs were
selected. The selection wos based upon the availability of design data and the necessity
for determining response characteristics of various forms of shroud construction. The three
shrouds selected for analysis were as follows:

o Agena Long (or Nimbus) Shroud — This shroud is typical of orthotrapic
designs employing Fiberglas skin and aluminum ring-frame stiffeners.

o OAO Shroud — This shroud is typical of isotropic designs employing
honeycomb Fiberglas skin.

o

Mariner D Shroud — This shroud is typical of orthotropic designs
employing Magnesium skin and ring-frame stiffeners.
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Details of these three shrouds are shown in Figure 18. Each shroud was analyzed in two
stages; the lower cylindrical section, and the upper conical section. For the latter case,
the conical shell was idealized to an "equivalent” cylindrical shell. In each case the
upper and lower sections of the shroud were treated as simply-supported cylindrical shells.
For the stiffened shells, the equivalent orthotropic bending stiffnesses were computed in
the manner discussed in Section 2.2. The length of each "equivaient" cylinder utilized
for analyzing the conical section was measured from the cone-cylinder junction to a

forward station which was well removed from the nose cap, approximately mid-way between

the upper two ring frames.

The properties of the cylindrical shells which were analyzed are summarized in Table II.
For analyses involving the responses of local portions of the shrouds, short cylindrical
sections between ring frames were chosen; these cylindrical sections were also assumed
to be simply-supported at each end.

TABLE I

PROPERTIES OF SHROUDS SELECTED FOR THEORETICAL ANALYSIS

Axial Circumf. Surface Axial Circumf. In-Plane
iength Diameter Length Weight Bending Bending Extensional
SHROUD TYPE Density | Stiffness | Stiffness Stiffness
L D L () D D K
x y x y e
in. in. in. Ity/in? tb in. b in. Iy/in.
‘l.owerSecﬁon 130 65 204 .012 930 1-04+10° 518-10°
Nimbus
| Upper Section | 72 & 7.5 | o 920 | 633105 | 51810
;Lowersw;on 153 120 376.5 .0084 | 3-16-10° | 3-16-10° 2+59-10%
OAO
luppersecﬁon 148 84 264 .0084 | 3-16-10° | 3-16-10° 2:9610°
s Lower Section 88 60 188 .006 305 364104 5.2.10°
Mariner D
lupperSecﬁon 58 46 144.5 .006 305 3-94-10% 5:2¢10°
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4.0 THEORETICAL RESULTS AND COMPARISON WITH MEASURED DATA

4.1 Introduction

As discussed in Section 3.4.3, three typical shroud/launch vehicle configurations were
chosen for theoretical analysis of response and noise reduction. These configurations

were as follows: the Nimbus-Atlas/Agena B, the OAO-Atlas/Agena D, and the Mariner
D-Atlas/Agena B. OF these three configurations, the Nimbus-Atlas/Agena B was analy-
zed in detail. As a result of these analyses, the following characteristics were determined:

e The lift-off acoustic environment

) The acoustic environments due to unsteady aerodynamic fluctuating
pressures at Mach 0.7, Mach 0.8, Mach 1.0, Mach 1.4 and Mach 2.0,

) The space-average acceleration responses of the shroud during lift-off
and at the flight Mach numbers indicated above.

e The space-average acceleration responses of localized segments of the
shroud during lift-off and at critical flight Mach numbers.

) The noise reductions of the shrouds at lift-off and during various phases
of flight.

e The internal acoustic fields within the shroud at lift-off and during
flight.

® The space-average acceleration responses of the shroud to reverberant

acoustic fields, ducted progressive wave acoustic fields and localized
reverberant fields.

In the remainder of Section 4.0, these theoretical results are presented together with
relevant leboratory and flight data where appropriate.

4.2 Flight Environments

_ 4.2.1 Acoustic Environment at Lift- Off — The acoustic environmenf at lift-off
for typical payloads mounted on the Atlas Booster has been estimated by using two of
the prediction techniques discussed in Section 3.2.1. These results are shown in
Figure 19. The octave band spectra in Figure 19 were computed using the Franken and
Weiner method (Reference 34) and the method developed by Wyle Laboratories
(Reference 33).

In computing the lift-off acoustic environment of the Atlas Booster, the following engine
parameters were used:

]
w

Number of engines
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Thrust = 2 outer engines at 165,000 Ibs and 1 center engine at 57,000 lbs
Nozzle exit diameter = 51 in.

Distance from nozzle exit plane to deflector bucket = 12 ft

Distance from nozzle exit plane to point of interest on payload shroud = 95 ft
Acoustic efficiency = 0.003

Exhaust velocity = 8200 fi/sec

Because of the engine spacing and nozzle exit geometry (three engines in line, 63 inches
between centers), the acoustic spectrum was initially calculated for one of the outer
engines. A correction of 3 dB was added to this spectrum to account for the other out-
board engine and a correction of about 0.7 dB was added to account for the additional
thrust provided by the center engine.

To account for pressure doubling at the surface of the payload shroud, the predicted free
field ‘evels were corrected by adding an average of 3 dB for frequencies in the range:

c
> 2
f 2 7R Hz (50)
where c, = speed of sound in air
R = Radius of payload shroud

This 3 dB correction represents an average increase in sound press.re level around the
circumference of the shroud due to the impingement of random phuse acoustic waves
(Reference 51). In computing the free field sound pressure levzls, a directivity index

of 0 dB was assumed for radiation directions of 90 to 135 degrees to the exhaust flow.

For radiation directions between 135 and 180 degrees, the directivity index was assumed
to vary from 0 dB to -5 dB. Also shown in Figure 19 are the octa:. e band sound pressure
levels measured on the umbilical tower during launch of the Atlus,‘Centaur AC~16 vehicle
and OAO-A2 spacecraft (Reference 52). Since these measurements are essentially free—
field sound pressure levels, an average 3 dB correction was epplied in the same manner as
for the predicted sound pressure levels. The corrected octave band surface sound pressure
levels are indicated in Figure 19. The levels at the umbilical tower represent measured
averages in each octave band between times (T-3) sec and (T+2) sec. At time (T-0) sec
the vehicle had lifted 2 inches off the pad, while at (T+3) sec the vehicle had lifted 20
feet off the launch pad. Since the maximum levels in each ocrave band occurred at
different times during this five second period (Reference 52), interpretation of this
measured data is difficult; the overall sound pressure level computed from this averaging
process is 147.5 ¢'8, whereas the time history of the overall sound pressure level (shown in
Reference 52) . ver exceeded 145 dB during this five second period.
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Examination of the predicted and measured sound pressure levels shows that typical scatter
between the predicted and measured data is approximately 4 dB at low frequencies, increas-
ing to about 9 dB at 8K Hz.

A comparison between the acoustic levels at lift-off measured on the launch umbilical
tower near the surface of the payload shroud for three different first-stage boosters is shown
in Figure 20. This data, reported in References 52 and 53, was obtained during launchings
of Thrust-assisted Thor/Agena, Improved Delta, and Atlas/Centaur vehicles. The basic
Thor booster consists of a single engine developing approximately 172,000 lbs of thrust.
The Improved Delta and Thrust-assisted Thor/Agena vehicles described in Reference 53 had
additional thrust provided by three strap-on solid-propellant motors, each developing a
thrust of 54,000 lbs. The Atlas first stage booster was rated at approximately 386,500 Ibs
thrust. Figure 20 shows that despite the differences in thrust and rocket nozzle geometry,
the resulting free-field octave-band spectra in the vicinity of the shroud are basically
similar.

Typical one-third octave band sound pressure levels measured at the surface of payload
shrouds during lift-off and static firing for a range of Titan vehicles are shown in Figures

21 and 22, These measurements have been included for the purposes of comparison with

the Atlas, Delta and Thor acoustic data. Figure 21 shows the sound pressure levels
measured during static firing of three different Titan II vehicles. These results are reason-
ably consistent over the frequency range of 100 Hz - 2000 Hz, however outside this range
considerable scatter exists. Also shown in Figure 21 are the sound pressure levels obtained
during lift-off for a Titan IIIA vehicle. Although the Titan I and Titan IIIA have basically
identical first stage boosters (2 engines developing a total of 430,000 Ibs of thrust), the
sound pressure levels exhibited by the latter are slightly higher than those for the Titan II
at frequencies above 250 Hz. The differences between the launch pad configuration and the
static firing test stand, and the different angular locations of the microphones may account
for this. Lift-off data obtained from three Titan IIIC launches is shown in Figure 22, The
Titan IIIC vehicle is basically a Titan IIIA with an additional pair of strap-on solid-propel-
lant boosters, each developing approximately 1,203,600 lbs of thrust. At lift-off the
thrust is provided by the two solid motors. The data shown in Figure 22 for the Titan 11IC

is more consistent than the Titan II data though the levels are somewhat lower. This is
considered to be due primarily to the deflector configuration, which was basically a
90-degree closed bucket which extended 135 feet in the horizontal direction {approximately
17 nozzle exit diameters). Additionally, some shielding effects due to the two 120 inch
diameter strap-on motors are thought to be present.

One-third octave band sound pressure levels measured at the surface of the Instrument Unit
during lift-off for Saturn 1B and Saturn V vehicles are shown in Figure 23. The Saturn 1B
data was obtained from vehicles AS203 and AS204 (Reference 54), and the Saturn V data
represents the mean from vehicles AS501, AS502 and AS503 (Reference 54). Except for

the AS203 data at low frequencies, the sound pressure levels measured on the Saturn V and
Saturn 1B Instrument Units are reasonably consistent throughout the frequency range. Again,
these measurements have been included only for the purposes of comparison with the Atlas,
Delta and Thor acoustic data.
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4,2,2 Aerodynamic Environments — As discusset: in Section 3.2.2, for typical

15 degree cone-cylinder shrouds the significant flight Mach numbers, in terms of fluctua-

ting pressures, are Mach 0.7, Mach 0.8 and the flight Mach number corresponding to
maximum dynamic pressure. For the analytical studies, the Atlas/Centaur dynamic
pressure time history (Reference 40) was utilized. Dynamic pressure, altitude and Mach
number versus time from lift-off are shown in Figure 12. Maximum dynamic pressure,
which was assumed to occur at Mach 2.0, was equal to approximately 810 Ib/ft2,

For Mach numbers less than M = 1.0, the flow over the conical portion of the shroud is
completely attached whereas the flow over the cylindrical portion is characterized by 3
distinct zones.

These zones, which were discussed in Section 3.2.2.2, are shown in Figure 24 for the
Nimbus shroud. At Mach 0.7 the three zones are characterized by the following
environments:

) Zone 1 - Separated flow
® Zone 2 - Modified attached flow (i.e., a thickened boundary layer)
® Zone 3 - Modified attaches flow.

Although the space-correlation properties in Zones 2 and 3 are identical, the overall
fluctuating pressure levels are different. These overall levels were defined in Section

3.2,2.3. '
At Mach 0.8, the three zones are characterized by the following environments:

) Zone 1 - Attached flow
) Zone 2 - Separated flow and shock wave oscillation superimposed

e Zone 3 - Modified attached flow.

At Mach 2.0 (the maximum dynamic pressure condition), the flow is attached over both
conical and cylindrical portions of the shroud.

Fluctuating pressure spectra for the Nimbus shroud at Mach 0.7, Mach 0.8, and Mach
2.0 have been calculated utilizing the prediction schemes discussed in Appendix B
and summarized in Section 3.2.2, These spectra are shown in Figures 25, 26 and 27,
for Mach numbers M=0.7, M=0.8 and M=2.0, respectively. In each case, the
reference point for the computation of the boundary layer thickness and the fluctuating
pressure spectrum was taken to be the mid-point in each zone.

The calculated spectrum levels were converted to one-third octave band sound pressure
levels and re-plotted for the three Mach numbers, as shown in Figure 28, It can be

seen in this figure that the sound pressure levels over the conical section of the shroud
do not vary substantially with increasing Mach number and are also significantly lower
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than the levels over the cylindrical section, as expected. The highest sound pressure
levels during flight occur in Zone 2 of the cylindrical section at Mach 0.8; this parti-
cular zone is subjected to the combined influence of the separated flow and the shock—
wave oscillation. Significantly high sound pressure levels occur in all three zones of the
cylindrical section at Mach 0.7. This figure illusivates the importance of the transonic
portion of flight.

Apparently there are 10 in-flight measurements of the surface sound pressure levels

(for these vehicle configurations) available for direct comparison with the theoretical
results. However, limited measurements obtained from Titan IIIC and Saturn V vehicles
have been reported (References 55 and 56). This flight data is shown in Figure 29,

The Titan 11IC data which were obtained from three separate vehicles at Mach 1.0
show typical scatter of from 5 dB to 8 dB at low and kigh frequencies. All of these
measurements were recorded by a flush-mounted microphone in the payload region.

The Saturn V data, also shown in Figure 29, represent, ‘he space-average of the sound

pressure levels measured on the surface of the Service Module at Mach 1.6. (Reference
56).

4.3 Shroud Responses

4.3.1 Introduction — Acceleration Power Spectral Densities for the Nimbus
shroud, the Mariner D shroud, and the OAO shroud were comptted for the following
environments:

® Lift-off acoustic environment

® In-flight aerodynamic environments (Mach numbers 0.7, 0.8, 1.0, 1.4
and 2,0)

e Laboratory acoustic environments (reverberant acoustic field, 8, 4 and

1 progressive wave axial ducts, and localized reverberant acoustic fields).

The structural responses of the shrouds were computed using the modal analysis as
described in Section 3.4. The response data is presented in terms of normalized
acceleration spectra, i.e., the acceleration PSD divided by the pressure PSD, the

" units being g2/ (psi)® . For conversion to Acceleration Spectrum Level in dB, referenced

to 1g and 2,10~ 5 Newtons/m?, the following relation may be utilized: [AL-SPL] - dB
(Re 1g and 2,10~ N,/m?)= {10 log, (9%/ (psi)* - 170.75 } - dB .

For those cases where more than one fluctuating pressure envir. ment acts on the shroud,
e.g., the aerodynamic environment at Mach 0,7 and Mach 0.8, the overall space-average
acceleration response was obtained by adding the mean-square responses of the shroud to each
separate environment. In the following section, the response results for the Nimbus shroud
are discussed in detail.,
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4.3.2 Vibration Response of Nimbus Shroud

Launch Acoustic Environment

The acceleration response of the cylindrical portion of the Nimbus shroud to the launch
environment is shown in Figure 30. Two separate spectra are shown in this figure; the
solid curve denotes the overall space average acceleration, while the dashed curve
denotes the space average acceleration of a cylindrical section of the shroud between
ring frame staticas 115.0 and 159.0 (see Figure 18). The effects of the ring frequency
(approximately 630 Hz) and the acoustic critical frequency (i e., the coincidence fre-
quency for grazing incidence waves) at 5220 Hz are clearly evident. The slight
frequency shift between the two structural cases at the ring and coincidence frequencies
results from the different surface weights of the two structures; for the case of the whole
cylindrical section of the shroud, the ring frame weights were distributed over the surface
area. The response of tha .action between ring frames represents an upper bound to the
space-average response of the cylindrical portion of the Nimbus shroud. The accelera-
tion response of the conical portion of the Nimbus shroud to the launch environment is
shown in Figure 31. Again the response was computed for a section between ring frames
in addition to the overcil response of the total conical portion.

In order to determine the accuracy of the structural response theory for a rocket noise
environment, the response of the SLA structure to the Saturn 1B lift-off environment was
computed and compared to flight measurements. This comparison is shown in Figure 32
in terms of one-third octave band normulized acceleration. The flight data shown in
Figure 32 was recorded by two accelerometers located 40 in. from the base of the SLA
and 70 in. from the top of the SLA. It can be seen that the agreement between the
predicted and measured responses is reasonably good throughout the frequency range;
however, no data above 500 Hz are available. A comparison between the measured
SLA rasponses at lift-off, during transonic flight, and during supersonic flight is shown
in Figure 33, which was taken from Reference 57.

Mach 0.7

The acceleration response of the Nimbus shroud to the aerodynamic environment at
Mach 0.7 is shown in Figure 34, Since the cnvironment consisted of three distinct
zones (see Figure 24), the overall space average response of the cylindrical portion

to each environment was computed separately. The total response of the cylindrical
portion is obtained by adding the mean square responses for each fluctuating pressure
environment; this is shown in Figure 35. Note that the total mean square responses
are absolute accelerations; i.e., g2 averaged in one-third octave bands. The effects
of the separated flow environment can be clearly seen in Figures 34 and 35; at low
frequencies the contribution to tt overall response is quite small compared to the
contributions from the other two environments (concentrated over Zones 2 and 3),
whereas at high frequencies the contribution to the overall response is highly significant.
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The acceleration responses of localized regions in the cylindrical portion of the
Nimbus shroud are shown in Figure 36 for the Mach 0 7 flight environment. The
section befween ring frames stations 115.0 and 159.0 \vas analyzed for both the
separated flow environment (which extends over a length of 32.5 in.) and the
modified attached flow environment (which extends over the remaining 11.5 in.).

In addition, the acceleration response of the section between ring frame stations

198.5 and 221.5 was analyzed for the modified attached flow environment, These
responses represent an upper bound to the overall responses presented in Figure 34. The
total mean square response of the segment between ring frame stations 115.0 and 159.0
is shown in Figure 37; again the significance of the separated flow environment at
high frequencies can be observed.

Mach 0.8

The acceleration response of the Nimbus shroud to the aerodynamic environment at
Mach 0.8 is shown in Figure 38. Again, these responses are the overall space

average responses of the shroud to separate environments which are concentrated

over discrete areas. The significance of the shock wave oscillation environment over
the whole frequency range is clearly observed. It can be inferred from Figure 26,
however, (which shows a rapid decay in sound pressure level with increasing frequency)
that the absolute response to a shock wave os:illation does not contribute significantly
to the total response at high frequencies. The total mean square response of the cylind-
rical portion of the shroud, obtained by adding the individual mean square responses,

is shown in Figure 39.

The acceleration responses of the section between ring frame stations 115.0 and 159.0
are shown in Figure 40 for the Mach 0.8 flight environment. This particular section
of the Nimbus shroud has four separate fluctuating pressure environments superimposed,
namely; attached flow over the forward 6.5 in., separated flow and shock wave
oscillation over the next 19.5 in. and modified attached flow over the remaining

18 in.  /3ain, these responses represent an upper bound to the responses shown in
Figure 38,

Mach 2.0

The acceleration response of the Nimbus shroud to the aerodynamic environment at
Mach 2.0 is shown in Figure 41. For this Mach number, the flow is attached over the
whole shroud. For the purposes of comparing the mean-square response levels of the
shroud at different Mach numbers, the mean square responses for the Mach 2.0 environ-
ment are shown in Figure 42, The responses at Mach 2.0 are generally lower than those
at Mach 0.7 or Mach 0.8 over the frequency range investigated, except in the vicinity
of the acoustic critical frequency ( 5220 Hz), where response levels during Mach 2.0
flight are higher by a factor of 2 to 3.
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Reverberant Acoustic Field

The acceleration responses to a reverberant acoustic field are shown in Figure 43. Three
curves are shown in this figure; the dashed curve represents the overall space average
acceleration of the cylindrical portion of the Nimbus shroud, the solid curve describes

the acceleration response of a section between ring frame stations 115.0 and 159.0, and

the third curve shows the acceleration response of a section between ring frame stations
198.5 and 221.5. The absence of a peak at the acoustic critical frequency for the dashed
curve is due to the "joint acceptance" characteristics of the larger structure at high frequen-
cies. Similar acceleration spectra for the conical portion of the Nimbus shroud are shown

in Figure 44,

Localized Reverberant Acoustic Fields

The responses of the cylindrical portion of the Nimbus shroud subjected to localized
reverberant acoustic fields are shown in Figure 45. The three acceleration spectra
represent the overall space average responses to excitation applied over Zone 1, Zone
2 and Zone 3 separately, (the three zones corresponding to a simulation of the Mach
0.7 flight environment). Zones 1 and 2 each extended over one-quarter of the cylin~
drical length, while Zone 3 extended over the remaining one-half of the cylindrical
length, A detailed comparison between Figure 45 and Figure 43 shows that the space-
average response of the shroud is approximately proportional to the ratio of the excita-
tion area divided by the total surface area of the shroud.

Progressive Wave Axial Ducts

The acceleration responses of the Nimbus shroud to one, four, eight and sixteen
progressive wave axial ducts are shown in Figures 46 and 47. The responses of the
cylindrical portion are shown in Figure 46 and those of the conical portion in Figure

47. In each case it can be seen that above the ring frequency the number of progressive
wave ducts does not play an important role in determining the response to a unit
pressure spectrum. The acceleration spectra for the one duct cases include responses of
the n =0 modes only (i.e., breathing modes) since for all other values of n (the
number of full circumferential waves) the lateral joint acceptance is zero,

One-Third Octave Band Response Spectra

Acceleration responses of the shroud were also computed in terms of normalized one—
third octave band levels, i.e., [AL~SPL] indB re1gand 2x 107° Newtony/m?.
The acceleration levels are shown in Figure 48 for the lift-off environment, Mach 2.0
flight environment, reverberant acoustic field and the 1 duct and 8 duct progressive
wave configurations. ecause of the significant differences in the sound pressure levels
for the various shroud - snes at Mach 0.7 and Mach 0.8, this acceleration data was not
normalized and is therefore not shown in Figure 48,
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4.3.3 Special Effects —

Differential Pressure

The effects of a differential pressure across the shroud were discussed in Section 2.2.4,
, where it was pointed out that the principal effect was the shift in the resonant
‘ frequencies of the shroud. To determine more precisely the effects of a differential
pressure, the responses of the Nimbus shroud to a reverberant acoustic field and the
i aerodynamic environment at Mach 2.0 were computed for differential pressures of
0.5 psi, 1,0 psi, and 2,0 psi. These results indicated that a very slight frequency
- shift of the low order modes took place between zero differential pressure and 0.5 psi.
This shift was approximately 20 Hz. The results for 0.5 psi, 1.0 psi, and 2.0 psi were
almost identical. These trends were observed for both the reverberant and the aero-
dynamic excitation. No change in response levels was observed.

Sound Pressure Level Decay in Progressive Wave Ducts

As sound waves propagate along the axes of ducts, acoustic energy is absorbed by the
structure and as a result, the sound pressure levels decay along the duct axes. The

- effects of this sound pressure level decay can be estimated if it is assumed that the

3 decay is exponential along the length of the duct. For this condition the longitudinal
spatial correlation function can be expressed as (Reference 14):

2
T4
g 3

C(T;0) = oxp [-Ay, |T]]cosy, € 51)
F where Y, = wLx/ c
A T =
. = UL
L
b £ = separation distance
c = speed of sound
Lx = axial length of the structure
A = damping tem or axial decay parameter
= 0.693 for 6 dB decay between top and bottom of duct
= 1.286 for 12 dB decay between top and bottom of duct
: The sound pressure level decay is given by: 20 loglo [—J'& ] dB.
N e
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The effects of decaying sound pressure level along the length of a duct are shown in
Figure 49 for the SLA structure subjected to a 16-duct progressive wave environment.
This deta (obtained from Reference 14) shows the SLA response for zero decay, 4.5 dB
decay, and 8.7 dB decay. The responses shown in this figure are rormalized by the
pressure spectral density which exists at the beginning of the axial duct. Th> most
significant effect caused by the sound pressure level decay is the increase in high
frequency response of the SLA in the region above the acoustic critical frequency (which
for +he SLA is approximately 300 Hz). The response in the regior. of the ring frequency
(appreximately 175 Hz for the SLA) is reduced by a factor of between 2 and 3 due to the
sound pressure level decay.

3

Acoustic Radiation Damping i« ' rogressive Wave Ducts

The general properties of acoustic radiation damping were discussed in Section 2,2.5,
and the importance of the radiation damping inherent in progressive wave duct systems
was pointed out. For a given progressive wave duct configuration, The acoustic
damping ratio, € ,r can be evaluated using the results of Reference 27 shown in

Figure 6. The effective damping of the structure~duct configuration is then given by:

Q =Q +Q (52)
e 0 r

_ 1
where Ql‘ = -2—§—

r

and Qo

total damping of the structure withou. rhe progressive wave ducts.
Since the power spectral density of the acceleration response of the shroud is proportional
to Q? (see Equation (46) ), the low order odd-numbered axial modes of the shroud can
. T \»
be modified by multiplying the response PSD by the factor, ( —Q£-> . It is generally
0

assumed that for even numbered axial modes the effective radiation damping is negligible
due to cancellation effecis,

4,4 Shroud Noise Reduction

4,4.1 Introduction — The roise reductions of the Nimbus, OAO, and Mariner D
shrouds were computed utilizing the statistical energy method described in Section 3.4.
These computations were based upon the usual assumption of diffusivity of external and
internal acoustic fields. Because the conical and eylindrical sections of the shroud were

analyzed separately, it was necessary to account for this in the computation of the space—
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average internal acoustic field. This correction procedure is discussed later in Section
4.5, In the remainder of this section, the t'.-oretical results are discussed in detail and
compared with available experimental data.

4.4.2 Theoretical Results — The calculated noise reduction for the lower section
of the Nimbus shroud is shown in Figure 50 for three values of internal absorption. These
noise reduction curves display the characteristic minima at the ring frequency (632 Hz)
and the acoustic critical frequency (5220 Hz). Increasing the average internal absorp-
tion coefficient from 0.1 to 0.3 results in an increase in noise reduction of approximately
4 dB over the frequency range. The results shown in Figure 50 are not considered to be
very precise at frequencies below about 300 Hz because of the limitations in extending
the statistical energy method further than about one octave below the ring frequency.

The effects of varying altitude on the shroud noise reducticn are shown in Figure 51 for
the lower section of the Nimbus shroud. Three curves are shown in this figure, corres-
ponding to sea level, 18,000 ft and 45,000 ft, which represent the lift-off, Mach 0.8
and Mach 2.0 flight environments respectively. In computing the noise reductions,
appropriate values of p ¢ were utilized, based upon the flight Mach number and altitude
profiles shown in Fig -re 12, together with standard atmospheric properties (Reference 58).
Similar curves for the upper section of the Nimbus shroud are shown in Figure 52,

The effects of altitude are observed to be twofold; firstly the acoustic critical frequency
is shifted because of the change in the speed of sound, and secondly the noise reduction
is increased in proportion to the reduction in p ¢ . It has previously been shown
(Reference 59) that for the same media on both sides of the structure, the change in
transmission loss due to increasing altitude can be determined approximately from the
relation:

P c
A (TL) = 20 log (p° c°) dB (53)

11

where the subscripts ¢ and | refer to the conditions at sea level and at altitude,
respectively. The calculated increments in transmission loss for 18,000 ft and 45,000
ft altitude, based upon the above simple relationship, are approximately 5.5 dB and

15 dB respectively. It can be seen from Figures 51 and 52 that the results of this simple
calculation are in close agreement with the noise reduction trends computed using the
statistical energy analysis.

Noise reduction results for the OAO and Mariner D shrouds are shown in Figure 53,
oased on sea level conditions and an average internal absorption of 0.2. These results
can be compared directly with those shown in Figure 50 for the Nimbus shroud.

A comparison between flight and laborat~+ - noise reduction data for the Nimbus shroud
is shown in Figure 54, This figure shows tie measured noise reduction at lift-off during
launch of the OG O-C spacecraft (Reference 60) a=! = spavecraft (Reference 53).
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Also shown in the figure are three noise reduction curves measured during acoustic testing
of the Nimbus shroud. Two of these curves were determined from tests at the GSFC Launch
Phase Simulator — Progressive Wave Duct Facility (References 61 and 20) while the other
curve was determined from tests at the Langley Researct: Center (Reference 60) utilizing
the discharge from a blowdown wind tunnel. As can be seen in the figure, there is con-
siderable scatter in the noise reduction results. This scatter is caused by a number of
factors; the different characteristics of the external acoustic fields, configuration changes
within the shroud, and the number and locations of the microphones. Details of the external
acoustic fields, together with the relevant microphone locations corresponding to these
noise reduction measurements, are given in Figure 55, Comparisons between Figures 54
and 55 indicate that over the test frequency range, the scatter in the noise reduction data
is considerably greater than the variation in the external sound pressure levels.

Envelopes to the noise reduction data of Figure 54 have been plotted in Figure 56. These
envelopes show more clearly the spread in the results. Also shown in Figure 56 are two
theoretical curves describing the noise reduction of the Nimbus shroud for a diffuse
external acoustic field. The solid curve represents the noise reduction af sea level for
an absorption coefficient of 0.2 (see Figure 50), and the dashed curve represents the
simple "mass law" noise reduction (Reference 62).

Noise reduction data for the SLA and for the Ranger, OAO, and Titan (fiberglas and metal)
shrouds are shown in Figure 57. The SLA data was obtained during lift-off and during acous-
tic testing utilizing 16 progressive wave ducts (References 54 and 57). The Titan data
(Reference 55) and the OAO data (References 52 and 53) represent the noise reduction at
lift-off, The noise reduction for the Ranger shroud was presented by Kaplan (Reference 63)
and the characteristics of the envircnment were not reported. The noise reduction data
shown in Figure 57 has been presented for comparison purposes only.

Interpretation of the measured noise reduction data shown in Figures 54 and 57 is very
difficult. In many cases the noise reduction curves are derived from measurements
obtained by a single external microphone and a single internal microphone. Also,
additional uncertainty is introduced by the fact that the internal microphone was in
many cases located in close proximity to the inner wall of the shroud. Recent experi-
mental measurements of noise reduction through shells (Reference 31) using microphones
spaced throughout the interior volume, have shown that the sound pressure levels

vary considerably between measurement points close to the inner wall and measurement
points removed from the wall. This point is illustrated in Figure 58, which was taken
from Reference 31. Large deviations in the noise reduction determined from three
microphone measurements can be observed; these deviations are substantially reduced
as the frequency increases and the internal acoustic field becomes more diffuse.

4,4,3 Low Frequency Noise Reduction — At very low frequencies, below the
fundamental modal frequencies of both the interior acoustic field and the shroud, the
shroud~interior volume system is completely non-resonant. Under these conditions it
is possible to calculate the transmission loss, where the motion of the shroud and the
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contained air is one of "breathing" in a radial direction (Reference 59). The lowest
acoustic modal frequencies for the interior of a cylindrical shroud are given by the
expressions (Reference 26):

f = —'2-'—85—9- (radial and circumferential
R
modes)
(54)
f = -7(:7.— (axial modes)

where: R and L are the radius and length of the shroud, respectively, and ¢ is the speed of sound.

The low frequency noise reduction theory zan be applied up to a frequency fa . given
by whichever is lower of the above two frequencies. At frequencies below fa , the air

in the shroud undergoes compression and rarefaction such that the complete system
"breathes". The sound pressure inside the shroud is essentially constant throughout the
whole volume.

If it is assumed that the external driving sound pressure is due to a diffuse sound field,
the action of this pressure will be to periodically increase and decrease the radius of
the shroud about the mean, unexcited value in accordance with the frequency of
excitation. Under these conditiors, the stiffness Ks of the cylindrical shroud is given
by:

K = per unit length (55)

where h is the thickness of the cylindrical skin, and E is the elastic modulus.

The cylindrica! skin is effectively in series with the internal air, which behaves as a
pure stiffness Ka of value

2pc?

Ka = R (56)

where p is the density of air.

Utilizing impedance concepis, together with the above relations, it has been shown
(Reference 59) that the transmission loss is given by:

TL = 20 log Ehg ( _3 gp (57)
10 2Rpc2
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The noise reduction of an enclosure can be ok *1ined from the following general equaiion:

Rl
i

(58)

i

= 10 1+
NR logw

|
o

where

a = (I @, S. )/ L Si , the average absorption coefficient

S =1I Si , the rotal absorbing surface area

@ = the absorption coefficient associated with area Si

T = the averaae transmission coefficient of the structure through the
transmitiing area St = (X ‘rj Sj Y/ Sj

Sf = I Sj , the total transmitting surface area

Tj = the transmission coefficient associated with area Sj .

However, for the simple case of a shroud having a uniform external wall and subjected to
constant incident sound power over the entire external surface, the noise reduction can
be obtained for the relation (Reference 33):

NR = T.L - 10log — (59)

10 a‘g

An alternative scheme for the prediction of low frequency noise reduction, reported in
Reference 64, is as follows:

.

pO \ c:cc:m
NR = 20 log, —5—) = Wlog | 14— (60)
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where
v )

C = acoustic compliance of the contained volume = =1

con Y°P

con
Vcon = volume contained within the shroud
3

C = %L <% - ZV) for a cylindrical shroud
Y = 1.4 for air
Peon = initial pressure within the shroud (psi absolute)
v = Poisson's ratio
A = longitudinal cross-section area of the shroud wall

= 2h in? per unit length of shroud.

The low frequency nois2 reduction for the Nimbus shroud was computed using both of the
above prediction schemes. An average absorption coefficient of 0.1 was assumed in order to
convert the transmission loss computed from Equation (57) to noise reduction. The results of
these two calculations were 38 dB noise reduction from Equation (59) and 5% dB noise
reduction from Equation (60). These iwo results are shown in Figure 50, The lowest
acoustic mode for the cylindrical section of the shroud occurs at about 50 Hz; thus, the

low frequency noise reduction should be constant up to about 30 Hz or 40 Hz and then

begin to decrease as the 50 Hz resonance is approached.

Similar calculations for the SLA structure, using Equation (59), resulted in a low frequency
noise reduction of 27 dB. For the latter calculation the depth of the honeycomb section
was ignored and the effective wall thickness was assumed to be given by the two aluminum
face sheets. The first acoustic mode occurs at approximately 20 Hz. Thus the computed
low frequency noise reduction should begin to decrease as this frequency is appreached.
This low frequency noise reduction result is shown in Figure 57,
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4.5 Shroud Interior Acoustic Fields

4.5.1 Introduction — The space-average internal sound pressure levels within

the Nimbus shroud were computed for the lift-off acousiic environment and the Mach
0.7, Moch 0.8 and Mach 2.0 flight environments. The procedure adopted for com-
puting the internal acoustic fields was as follows:

(1

Convert the actual external sound pressure level spectrum to an "equivalent"
reverberant sound pressure level spectrum, i.e., the reverberani acoustic

field producing the same structural response as the flight environment being
considered. This is a necessary step since the calculated noise reductions are
based upon the assumption of diffusivity of external and internal acoustic fields.

As an example, the equivalent reverberant field for the rocket noise environment
is given by the ratio of the normalized acceleration responses, as follows:

. i .ol
s[p; "]Reverberont _ {S (U w] / S[P;a] jRocket Noise (61)

. . .ol
s[p; "’]Rockef Noise %S (U o) / s [P Q]iReverberant

S [P; Q]Reverberanf
s[P;u]

therefore

The quantity 10 logw
Rocket Noise

represents the dB correction to be added to the Rocket Noise Spectrum to give
the equivalent reverberant spectrum.

For the transonic Mach numbers, where more than one fluctuating pressure environ=
ment exists at the surface of the shroud, the equivalent reverberant spectrum is
given directly from the relation:

5 [U: © ]Trcmsonic (62)

s [P;u] =
’ 77 Reverberant fo s .
13 (u; w]/S (P; w]‘Reverberanf

where S [U; w] represents the sum of the mean-square responses of the

Transonic

shroud to the various fluctuating pressures. For this case the equivalent reverberant
spectrum is therefore given directly in units of (psi)?/Hz.
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Subtract the calculated Noise Reductions for the upper and lower sections of the
shroud from the equivalent reverberant spectra to obtain internal sound pressure
levels within the conical and cylindrical sections of the shroud. At low frequen-
cies (more than 1 to 1-1/2 octaves below the ring frequency) the lower envelope to
the measured noise reductions shown in Figure 54 was utilized rather than the pre-
dicted noise reduction,

Combine the two sound pressure levels to obtain an estimate of the space~
average sound pressure level within the shroud.

This final step is accomplished by use of the following relationships:

PWL = SPL + 10log A - 0.5 dB
1 ! 0 o

PWL = SPL + 10log A - 0.5 dB (63)
2 2 0 2 .
PWLTotal = SPLAverage + 10 logm ATotclI -0.5 dB
where
PWL = Acoustic Power Level — dB
SPL = Sound Pressure Level — dB
A = Surface area enclosing the volume of air

being considered — fi?

Subscripts 1, 2, and Total refer fo the cylindrical portion of the shroud, the
conical portion of the shroud, and the overall shroud respectively.

4.5.2 Space-Average Internal Sound Pressure Levels — The space-average inter-

nal sound pressure levels for the Nimbus shroud are shown in Figures 59, 60, 61 and 62
for the lift-off, Mach 0.7, Mach 0.8, and Mach 2.0 flight environments, respectively.
Also shown, for the purpose of comparison, are the computed external sound pressure
levels existing at the shroud surface during each significant flight phase. It can be seen
that the most significant intemnal acoustic levels occur at lift-off. At Mach 0.7, the
internal levels are lower than at lift-off, by about 10 dB over the frequency range.

The Mach 0.8 internal levels are very similar to those occurring at Mach 0.7, while ot
Mach 2.0 the internal levels are again reduced, by 10 dB - 20 dB at frequencies up to
2,000 Hz. Above this frequency the internal levels at Mach 2.0 are very similar to the
Mach 0.7 and Mach 0.8 flight conditions.
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Measured internal sound pressure levels during flight of the Nimbus shroud/OT-2 Space-
craft configuration are shown in Figure 63; these curves show the internal octave band
sound pressure levels at lift-off, the transonic portion of flight, and the max. q portion
of flight. A single microphone located close to the inner wall of the shroud at the cone—

cylinder intersection wos employed for these measurements; consequently the internal
sound pressure level data should be interpreted with care. Because the interior wall

is a locetion of pressure maxima for all radial acoustic modes of the shroud, it is
expected that sound pressure levels measured at this location would be substantially
higher than those measured further from the wall. This effect was discussed earlier in
Section 4.4.2 and is illustrated in Figure 58. Therefore the results shown in Figure 63
should be viewed as being indicative of the trends, rather than the magnitudes, of the
internal sound pressure levels. Direct comparison between the theoretical results and
these measured results is thus not justified, since the former are essentially spatial
averages within the shroud.

4.6 Spacecraft Response

Theoretical predictions of spacecraft response to the energy transmitted from vibrating
shrouds have been reported extensively in References 16, 18, 19 and 65. In each case the
total spacecraft response was computed in three stages: (a) the spacecraft response to
energy transmitted via the mechanical path, (b) the spacecraft response to energy
transmitted via the acoustic path and (c) the total mean-square response of the space-
craft obtained by adding the mean-square responses contributed via the mechanical cnd
acoustic paths. The theoretical studies reported in References 16, 18 and 65 dealt with
a relatively crude one-half scale shroud/spacecraft system (an approximate model of the
OG O spacecraft and Nimbus-type shroud), while in Reference 19 a much larger system,
the MARL simulated shroud/payload assembly, was analyzed. The dimensions of the one—
half scale and the MARL shrouds were 32 inches in diameter by 78.5 inches long by 0.087
inch wall thickness, and 130 inches in diameter by 300 inches long by 1.0 inch wall
thickenss, respectively. The shroud materials were Fiberglas and Aluminum honeycomb
respectively. In both cases, the shrouds were simple cylindrical shells with end baffles.

The most significant conclusion resulting from the small-scale study (Reference 65)

was that at low frequencies (up to about 2,000 Hz) the energy transmission via the
acoustic path exceeded that transmitted via the mechanical path, while above 2,000

Hz the converse was true. This result is illustrated in Figure 64, In order to verify

this conclusion, experiments were conducted with the one-half scale model in a rever-
berant chamber. Firstly, the total response of the spacecraft was measured while sub-
jecting the shroud-spacecraft assembly to a diffuse acoustic field. Secondly, the space-
craft response to energy transmitted via the mechanical path was determined by eliminating
the acoustic path and repeating the experiment; the acoustic path was eliminated by
placing a sound proof enclosure between the inner wall of the shroud and the spacecraft.
Finally, the spacecraft response to energy transmitted via the acoustic path was detenuined
by eliminating the mechanical path and repeating the experiment; the mechanical path
was eliminated by simply disconnecting the trusses from the shroud.
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The results of this experimental study are summarized in Figure 65. These results confirm
the predictad result that above 2,000 Hz, the transmission via the mechanical paih is
greater than the transmission via the acoustic path. For frequencies in the range 630 Hz
to 2,000 Hz however, there is no substantial ditference between the relative levels of
energy transmission. Below 630 Hz these results d= confirm the importance of the acoustic
path, though no data have been reported for frequencies below 400 Hz.

Similar experiments, utilizing a full-scale OG O-spacecraft and Nimbus shroud, have
been reported in Reference 61, The purpose of these experiments was to determine
whether or not the spacecraft could be realistically tested with the shroud removed.

The first part of the experiment was conducted with the shroud installed; the shroud/
spacecraft system was subjected to a progressive wave acoustic environment and the
space-average sound pressure levels outside and within the shroud were determined
together with the spacecraft responses. The second part of the experiment, conducted
with the shroud removed, consisted of reproducing the measured internal space-average
sound pressure level and again measuring the spacecraft response. In both experiments
detailed measurements of the spacecraft and truss responses, and the sound pressure
levels, were obtained. The "internal" space-average sound pressure level was repro-
duced to within 2 dB - 3 dB over the range 80 Hz to 10,000 Hz except in the frequency
range 125 Hz to 400 Hz where the variation ranged from 3 dB - 10 dB, the sound pressure
leve ks with the shroud removed being the higher of the two. No attempt was made to
reproduce the spatial characteristics of the internal sound field.

The most significant conclusion arising from the full-scale OG Q/ Nimbus experiments

was that at low frequencies the energy transmission via the mechanical path exceeded
that transmitted via the acoustic path. This result is particularly true for measurement
locations in the region of the truss. As the measurement point was moved along the
spacecraft away from the trusses, the differences between the total responses of the space-
craft, with and without the shroud installed, became much less, until at locations well
removed from the trusses the responses tended to be very nearly the same. These

results are illustrated in Figure 66 for measurement locations at the base of the spacecraft
truss and at the top of the spacecraft. Several computed rescnant frequencies of the
shroud are also indicated in Figure 66, It is clear that the (m=1, n=2) shroud mode at

125 Hz contributes substantially (via the mechanicai path) to L.th the spacecraft truss

and the spacecraft responses. Mechanically transmitted erntributions from the (m=2,

n=2) shroud mode may also be deduced from these rescii:. Tha response peaks in the
range 800 Hz to 1,250 Hz may possibly be associated with rasonances of the truss.

A further significant feature of the results shown in Figure 66 is the apparent result that
at high frequencies (above about 2,000 Hz) transmission via the acoustic path exceeds
transmission via the mechanical path, This result could possibly be due to the different
characteristics of the acoustic fields surrounding the spacecraft with and without the
shroud installed.
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Thus the results of the full-scale OG O-Nimbus experiments apparently contradict the
earlier results from the one-half scale model experiments reported in Reference 65,
Despite the fact that the characteristics of the internal acoustic field within the shroud
were not reproduced exactly, it is considered that the low frequency results shown in
Figure 66 are realistic, especially since the effects of the low order shroud modes can
be clearly seen.

During a similar study (References 19 and 66), involving the response of the MARL
simulated shroud/payload assembly to far-field rocket noise, the theoretical results
showed that the energy transmission via the mechanical path was much more significant
than transmission via the acoustic path. This finding was partially confirmed by the
experimental studies (Reference 66) which were conducted with both Air and Helium
within the shroud. During these experiments, the payload/shroud assembly was exposed
to the far-field acousi'c environments produced by static firings of $-1C and S-II stage
rockefs. Experimental measurements included free-field sound pressure levels, surface
sound pressure levels at the shroud; internal sound pressure levels within the shroud,
acceleration responses of the shroud and payload, and strain-gage responses of the truss
supporting the payload. A typical result from these experiments is shown in Figure 67
which compares the normalized space average radial accelerations of the payload for the
Air-filled shroud and the Helium-filled shroud. The acceleration responses have been
normalized by the sound pressure levels at the external surface of the shroud. Figure 67
shows that above 20 Hz the normalized radial acceleration of the payload is unaffected
by the substitution of Helium for Air within the shroud, despite the fact that an additional
10 dB of noise reduction was obtained over the entire fest frequency range as a result of
the substitution (Reference 66). It can therefore be inferred from Figure 67 that energy
transmission via the mechanical path is more significant than energy \ransmission via the
acoustic path for this shroud/payload system.

An important feature of the MARL shroud/payload system however, was the method of
attachment of the payload to the shroud. The payload truss was attached at eight point.
around the mid-height of the shroud, whereas the OG O-Nimbus payload truss was
attached to the interface ring at the lower edge of the shroud. The attachment method
adopted in the MARL design may well contrioute toward the negligible effect of the
acoustic path on the total payload response.

It is therefore clear that the geometry of the mounting trusses and the method of attach-

ment to the shroud play an important role in determining the relative contributions of
the mechanical and acoustic paths.
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4.7 Equivalent Acoustic Environments for Response Simulation

4.7.1 Introduction — Based upon the structural response results for the Nimbus
shroud, a number of equivalent acoustic environments have been defined for response
simulation during the various phases of flight. These environments include reverberant
acoustic fields, single-duct progressive wave configurations, eight-duct progressive
wave configurations and local reverberant excitation,

The procedure for computing the equivalent reverberant acoustic field was described
earlier in Section 4,5,1. The equivalent single-duct and eight-duct progressive wave
spectra were computed in exactly the same way. For example, the equivalent eight—
duct progressive wave spectrum for response simulation of Mach 2,0 is given by:

_S__[f’ 9] 8 Duets ) s [Uo]/5 [Pio Jlvgen 2.0 )
' {
l

S [P:9] pach 2.0 s [U; ol/s [Pi 1ls bucrs

‘ > [P‘ "’]8 Ducts

> 1779 IMach 2.0
to be added to the Mach 2.0 sound pressure level spectrum to give the equivalent
eight-duct acoustic spectrum.

Thus the quantity 10 log ) represents the dB correction
1

For the transonic Mach numbers, where more than one fluctuating pressure environment
exists over the surface of the shroud, the equivalent single-duct and eight-duct acoustic
spectra are computed in exactly the same manner as for the equivalent reverberant spec-
trum in Section 4.5.1. (See Equation (62).)

4,7.2 Theoretical Results — The equivalent acoustic environments for simulation
of the structural response of the Nimbus shroud during the varinus phases of flight are
shown in Figures 68-71, Each figure is in two parts, (a) and (b), representing the
cylindrical and conical sections of the shroud, respectively. A discussion of these equi-
valent environments and the significant conclusions arising from these results are presented
in the following pa ayraphs.

Lift- Off

Figure 68(a) describes the equivalent acoustic environments for simulation of the response
in the cylindrical section of the shroud at lift-off. The actual lift-off acoustic spectrum
has also been shown in this figure for the purposes of comparison. The most significant
effects which are illustrated in Figure 68(a) can be summarized as follows:
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The low-frequency deficiencies in the one-duct progressive wave
configuration are immediately apparent. These are caused
primarily by the fact that the (m=1, n=2) resonant mode of the
shroud, at 125 Hz, is not excited by the one-duct acoustic field.
This can be verified by examining Figure 46 which shows the
acceleration responses of the cylindrical section of the shroud to
progressive-wave duct excitation. The acceleration spectrum for
the one-duct case, shown in the la:ier figure, has contributions
from the n=0 modes only, the joint acceptances (or acoustic—
structural coupling factors) L :ing zero for all other modes where

n#0.

The similarity between the lift-off environment and the eight-duct
progressive wave environment (in terms of exciting the structure to

a given response level) is also illustrated in Figure 68(a), except at low
frequencies where the eight-duct configuration is substantially moie
efficient.

The equivalent reverberant acousti< field displays a sharp dip in the
spectrum at 250 Hz, while the actual lift-off acoustic spectrum

peaks at this frequency. This characteristic can be verified by com-
paring the normalized responses at 250 Hz for these two environments,
as shown in Figures 30 and 43. The resporse to the lift-off environ-
ment is approximately 4.5 x 102 g°/(psi)? , compared to about

6.0 x 10% g%/ (psi)* for the reverberant acoustic field. This result
is again due to the different joint acceptance characteristics of the
lift-off and reverberant environments.

At low frequencies, below about 80 Hz, it is observed ir Figure 68(a)
that the eight-duct progressive wave configuration is the mosi
efficient of the equivalent acoustic environments. Over the frequency
range of 80 Hz to about 800 Hz however, the reverberant acoustic
field is the most efficient acoustic environment. At high frequencies,
all three equivalent acoustic environments are very similar except

for the peak in the reverberant spectrum at 4,000 Hz,

The peak in the equivalent reverberant spectrum at 4,000 Hz is due
primarily to the fact that the reverberant acoustic field apparentiy

does not excite the structure efficiently in the region of the acoustic
critical frequency (which for the lower section of the Nimbus shroud

is approximately 5,220 Hz). The reason for this lies in the particular
structural models which were analyzed, and this point can be explained
with the aid of Figure 43, The latter figure shows the space-average
responses of the cylindrical section and a smaller section between ring
frames, for the case of a reverberant acoustic field. It is observed
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that the difference between the responses in the region of the acousric
critical frequency is quite significant. This difference is caused by the
T " relative magnitudes of the joint acceptances for the two structural models
B in this frequency region as follows:

Defining "coincidence" as wavelength matching between
the structural and acoustic waves, or )‘e = )‘u , it follows

that the condition of axial coincidence is given by the
2L
equality —-';:(— = )‘a , where Lx is the structural length

and m is the number of axial half-waves (or the exial mode
number); thus, the axial mode number corresponding to the
coincidence condition is given by m =2 I.x f/ €, ¢ where f

is the acoustic critical frequency and A is the speed of

sound in air. For the cylindrical section of the Nimbus shroud
this axial mode number has been computed to be about m =100
for the acous::c critical frequency of 5,220 Hz, whereas for the
_ section between ring frames the axial mode number is about

< m = 30. The axial joint acceptance jrzn(m) , is approximately

equal to 1/4m at coincidence (Reference 50), where m is
T the axial mode number corresponding to the coincident condition.
Thus, for the section between ring frames, the joint acceptance
at coincidence is about three times as great as the joint-acceptance
for the total cylindrical section.

In contrast, the results presented in Figure 30 show that for the
lift-off environment the response in the region of coincidence is

g relatively unaffected by the characteristics of the structural
mode!s chosen. Thus the result shown in Figure 68(a) for the
equivalent reverberant acoustic field in the region of coincidence
is directly attributable to the structural model. If in practice,
the cylindrica! section of the shroud responded in the form

of individual cylindrical segments bounded by nodes at each

ring frame, the peak in the equivalent reverberant spectrum

at 4,000 Hz would not be observed.

o It should be noted that the results presented in Figures 68(a) and 68(b)
represent the equivalent acoustic fields necessary for simulation of the
space-average responses of the cylindrical and conical sections of the
shroud, respectively. Since the lift-off acoustic environment is virtuolly
the same for both sections, and the dimensions of the two structural
models cnalyzed are not vastly different, the results shown in Figures

A
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Mach 0.7

68(a) and 68(b) are very similar. Thus the above discussion concerning

the cylindrical section is also applicable to the conical section. Although
the differences between the equivalent acoustic environments for the two
secticns of the shroud are not too great except in the cas2 of the one-duct
progressive wave configuration, they must nevertheless be considered when
applying excitation over the whole shroud. Thus if the equivalent rever-
berant acoustic field shown in Figure 68(a) was applied over the whole
shroud, the responses in the conical section would not exactly duplicate
those experienced at lift-off, particularly in the 125 Hz and 500 Hz
third-octave bands.

The equivalent acoustic environments for simulation of the response to the aerodynamic
fluctuating pressures at Mach 0.7 are shown in Figures 69 (a) and 69(b). The actual
external sound pressure levels predicted for this flight event are also shown in these
figures for the purposes of comparison. The most significant effects observed in these
figures can be summarized as fol lows:

The low frequency deficiencies in the one~-duct progressive wave
configuration are again immediately apparent in the results for the
cylindrical section. These effects are particularly noticeable in the
region of the (m=1, n=2) shroud mode, which occurs at 125 Hz in the
cylindrical section and at 210 Hz in the conical section. However the
one-duct progressive wave configuration for the conical section is
observed to be substantially more efficient than that for the cylindrical
section in the frequency region below the (m=1, n=2) structural mode.
The general comments given earlier for the lift-off environment are
also relevant here.

At low frequencies, below about 80 Hz (125 Hz for the conical section)
the eight-duct progressive wave configuration is the most efficient of the
equivalent acoustic environments. Over the frequency range of 100 Hz

to 500 Hz (160 Hz-630 Hz for the conical section) however, the rever-
berant acoustic field is the most efficient acoustic environment. At higher
frequencies all three equivalent acoustic environments display the same
levels, except for the absence of a sharp dip in the reverberant spectrum
at 5,000 Hz. As discussed previously this characteristic is caused by the
joint acceptance properties of the cylindrical structural model.

A detailed comparison between Figures 69(a) and 69(b) shows that, unlike
the lift-off portion of the flight, the in-flight external sound pressure
levels (and thus the equivalent acoustic fields) differ substantially
between the cylindrical and conical sections of the shroud. This presents
an immediate problem when considering the application of an equivalent
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acoustic environment to the whole shroud structure. Obviously the
reproduction of an equivalent acoustic specirum defined for the cylindrical
section would result in over-testing of the conical section. A number of
techniques can be adopted to overcome this problem. These techniques
include absorbing materials or attenuators for the conical section, double
reverberation room configurations, or alternatively, enhanced excitation
of the cylindrical section while maintaining reverberation rcom levels

to within those specified for the conical section. However, the noise
reduction calculations for this particular flight environment demonstrated
that the average sound pressure levels within the shroud were determined
essentially by those external levels existing over the cylindrical section;
the lower external sound pressure levels over the conical section had an
insignificant effect on the final results. Furthemore the mechanical
path from the shroud to the spacecraft involves primarily the cylindrical

. 9 ey i ‘:_* -

i section. Thus it is anticipated that the application of an equivalent

o acoustic field over the cylindrical section only (i.e., the conical section

- would not be subjected to acoustic excitation) would result in a proper

k. simulation of the spacecraft vibration response, since the energy transmission

via the acoustic and mechanical paths would be almost identical to that
experienced in flight.

° Mach 0.8

g The equivalent acoustic environments for simulation of the response to the aerodynamic
" fluctuating pressures at Mach 0.8 are shown in Figures 70(a) and 70(b). The actual

£ external sound pressure levels predicted for this flight event are also shown in these

E_;j; figures for the purposes of comparison. The most significant effects observed in these

figures can be summarized as follows:

configuration are again observed in these results for the cylindrical
section. This configuration is again more efficient for the conical
section than for the cylindrical sectior, as was the case for the
Mach 0.7 flight event.

£,
E* Y The low frequency dificiencies in the one-duct progressive wave
[

; 0 For the cylindrical section of the shroud, the one-third octave band

‘ levels in the low frequency region are considerably higher than those

predicted for Mach 0.7; this is the result of the shock wave oscillation

i over the cylindrical section at Mach 0.8. In contrast, the one-third
octave band levels over the conical section follow more closely those
predicted for the Mach 0.7 case.




Mach 2.0

At low frequencies, the eight-duct progressive wave configuration is
the most efficient of the equivalent acoustic environments, while over
the mid-frequency range the reverberant acoustic field is the most
efficient acoustic environment. At higher frequencies all three
equivalent acoustic environments display the same levels except for
the reverberant acoustic field in the 5,000 Hz one-third octave band,
for the reasons discusszd earlier.

Again, significant differences between the in-flight external sound
pressure levels over the cylindrical and conical sections of the shroud
have resulted in substantial differences between the equivalent
acoustic spectra for the two shroud sections. The discussion of this
problem given earlier for the Mach 0.7 case is applicable to the
Mach 0.8 case also. A further simplification may be possible in the
very low frequency region; although the one-third octave band sound
pressure levels necessary to simulate the shroud response are somewhat
higher in this frequency region due to the shock wave oscillation (sez
Figure 70(a) ), the predominant resonant frequencies of the spacecraft
may occur at significantly higher frequencies. In such a case the
equivalent acoustic spectra shown in Figure 70(a) could be modified
considerably in the lowest one-third octave bands,

The equivalent acoustic environments for simulation of the response to the aeradynamic
fluctuating pressures at Mach 2.0 are shown in Figures 71(a) and 71(b). The actual
external sound pressure levels predicted for this flight event are also shown in these
figures for the purposes of comparison. The most significant effects observed in these
figures can be summarized as follows:

@

The general characteristics of the equivalent acoustic fields are very
similar to those discussed for the Mach 0.7 case, though the relative
one-third octave band levels are considerably lower in the cylindrical
section of the shroud.

Although the predicted in-flight external sound pressure levels over the
cylindrical and conical sections vary by only 3 dB-4 dB over the
frequency range, the differences in the equivalent acoustic environments
are slightly greater. This is particularly true for the one-duct progressive

wave configuration at low frequencies, where the maximum variation
between levels over the cylinder and the cone approaches 20 dB in the
125 Hz one-third octave band. These differences however, are due
primarily to the shift in the resonant frequencies between the cylindrical
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and conical sections; this point can be verified by comparing the cylin-
- der and cone responses for cerodynamic turbulence, the reverberant

¥ acoustic field, and the progressive wave duct environments. Such a

= comparison shows that in general the peak responses and trends in the
response curves are very similar in magnitude for the two geometries,
but are shifted in frequency.

- These differences between the equivalent acoustic spectra for the two

' sections of the shroud, although relatively small (except in the case of
the one-duct progressive wave configuration), should be carefully

- considered when applying acoustic excitation over the whole shroud.

However, it was again found during the noise reduction calculations

that the average sound pressure levels within the shroud were determined

essentially by those external leveis existing over the cylindrical section.

This effect was discussed earlier for the Mach 0.7 flight event.

Special Cases

At Mach 0.7 the turbulent flow over the cylindrical section of the shroud is divided into

three distinct zones, as discussed previously; these zones involve separated flow followed

by two zones having modified attached flows, The structural responses of two cylindrical

segments between ring frames were discussed earlier in Section 4.3.2 for this case, and

1 the results were presented in Figure 36. These structural segments extend from station

i 115 to station 159, and from station 198.5 to station 221.5, respectively. The former
segment is subjected to separated flow over the forward region and modified attached

6 flow over the aft region at Mach 0.7; the latter segment is subjected to modified

) attached flow over the whole length.

For these special structural cases, the equivalent reverberant acoustic fields necessary
for simulation of the space-average responses have been computed, and are shown in
Figures 72 and 73, respectively. The predicted external sound pressure levels are also
shown in these figures for reference.

20T Salen !

The result shown in Figure 72 indicates that the localized rever erant acoustic field is
less efficient than the aerodynamic environment in the very low frequency region, but
is generally more efficient over the remainder of the frequency range. The ger
shape of the equivalent reverberant spectrum is very similar to that shown in Figure 69
for simulation of the response in the whole cylindrical section.

sy
ol

The result shown in Figure 73, for the cylindrical segment between stations 198.5 and
221.,5, indicates that the localized reverberant acoustic field is substantially less
efficient for frequencies below about 500 Hz, but more efficient for frequencies above
about 1,600 Hz. This result can be verified by comparing the responses of the cylin-
dric ' segment to the aerodynamic and reverberant environments, shown in Figures 36
and 43, respectively.




5.0 ACOUSTIC TESTING TECHNOLOGY
5.1 Introduction

In the previous section, the in-flight acoustic environments and the structural responses
of typical shroud/spacecraft systems were discussed extensively. Based upon simulation
of the space-average shroud respoises, equivalent acoustic environments were defined
and compared in detail. In the present section, a comprehensive review of acoustic
testing technology is presented. Firstly, a discussion of practical acoustic test environ-
ments, which includes the various spatial correlations that can be achieved, together
with techniques for varying the time and spatial distribution of the acoustic field, is
presented in Section 5.2. Various acoustic testing configurations for shroud/space-
craft systems are examined and technical trade-off considerations are reviewed. The
effects of the reverberation room dimensions on the lowest test frequency, and the
volume occupied by the test specimen relative to the room volume are discussed in
Section 5.3. This is followed in Section 5.4 by a general discussion of the simulation
problem, where simulation of the acoustic environment versus simulation of the structural
response is examined in detail. Finally, a typical test specification format, together
with testing tolerances, is presented in Section 5.5.

5.2 Acoustic Test Environments

The results presented in Section 4.0 have demonstrated the important differences between
the structural responses of the shroud when excited by the various in-flight environments
and typical laboratory acoustic fields. These differences depend primarily on the spatial
variations of the phase of the pressure fluctuations in narrow bands of frequency over the
vehicle. These differences in phase, generally expressed in terms of spatial correlation,
can be approximately accounted for by suitable adjustment in the spectrum and intensity
of the acoustic simulation. However, for such adjustment to be practical, the acoustic
field must have at least some of the important correlation properties of the flight environ-
ment. For example, it is exceedingly difficult to excite structural bending waves around
the circumference of a cylinder if the acoustic pressures are in phase and of the same
amplitude over the entire circumference. There are two pure types of acoustic field
which can be employed for acoustic testing; the reverberant field and the progressive
plane wave field. These environments, together with practical testing applications,

are discussed in detail in the following sub-sections.

5.2.1 The Reverberant Acoustic Field

5.2.1.1 Basic Characteristics of the Pure Reverberant Field — The ideal rever-
berant field is diffuse when excited by a wide band acoustic source, in that the
field is continuous in both narrow band frequency spectrum and angular distribution
of energy. A practical reverberation room does not fulfill this definition at low
frequencies, but sometimes approaches the ideal diffuse condition at high frequen-
cies, Nevertheless, the reverberation room furnishes a test tool of high utility

for tests in which the spectrum and level are uniform over the entire specimen
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surface. Diffusivity may be defined as being a condition whereby there is equal
probability that sound will pass through a given point from any direction, having
any frequency and any amplitude. Ideally, an ordinary pressure sensitive micro-
phone, when exposed to a diffuse field, will give the same reading at all points
in the field. Also, a narrow-band filter will show little or no variation in output
as it is tuned across the spectrum of the diffuse sound field. Another definition of
diffusivity states that if an omni-directional broadband microphone is moved around
the room in some random manner, all space having the same sound pressure level
within 1 dB can be considered to be within the diffuse field. This will not, of
course, include space close to the walls, the sound sources, or highly absorptive
or reflective surfaces.

In mathematical terms, it has been stated (Reference 59) that as a general rule,

if there are at least five normal modes within the bandwidth of one acoustic mode,
then the sound field can be considered to be reasonably diffuse.

The modal density or number of modes per unit bandwidth, of a rectangular room

is given by the expression (Reference 26):

dN _ 4mve  mSf L

F 2 TE =t s (65)
where

V = Volume of the room

S = Surface area of the room

L = 4(L +L +L)
X vy z

¢ = Speed of sound

f = Frequency
L, L,L = Dimensions of the room
x' y' 'z

This equation is usually approximated to give the number of individual modes,
N (f), accurring within a frequency range, Af , as follows:

477V 2

<3

N(f) =

o Af (66)

The relationship between the bandwidth of an acoustic mode, &f, and the resonant
frequency of the mode, f, is;




. SURSTEE

f oo _ ca
+F = Q = g (67)

where Q is the amplification factor of the acoustic mode and a is the acoustic
absorption for the mode considered, given by the product of the absorption
coefficient o of the surfaces and the area of the surfaces.

Thus for the condition of five or more normal modes within the bandwidth of
any one mode, it is required that:

N (f) S
xF 5f 25
i.e., 4—:3\% 2 5 (68)

In the above equations, the modal frequencies of a rectangular enclosure are
given by the relation:

1
c 1 \?2 m \2 n \2 &
o = 7 (T‘) +<T._> +<T’> )
X Yy z

where £, mand n are integers.

Since these integers may be varied independently over the range from zero to
infinity, it may be seen that a large number of allowed frequencies or Eigentones
may be accumulated within the first decade above the first such frequency. It

has long been known that a cubical room, or a room having definite integral
relations between the lengths of its walls, will show a tendency for the modes to
congregate, leaving large gaps in frequency space. To obfain a room shape which
spreads the modes in a uniform manner, Sepmeyer (Reference 67), studied the
performance of various reverberation room sizes using this equation and has deter-
mined some ideal shapes. Among these is a room having the dimensional ratio of
1:0,79 : 0.63.

The discussion so far has been concerned with the modal properties of reverberation
rooms and the various definitions of diffusivity. Ultimately however, it is necessary
to consider the requirements of the test specimen in determining if the sound field

is useful for the test, The aforementioned general rule concerning five resonances
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within the bandwidth of a given room mode does not specify that these five
resonances have peaks at each and every point in the room; this would in fact

be an impossible requirement. In the limit therefore, it is not necessary that

the sound field be ideally diffuse, if it can be arranged that all points in the
frequency domain of the specimen be matched to points in the frequency domain
of the test chamber so that all specimen resonances are driven by chamber
resonances. The subject of diffusivity and the influence of the test specimen

on the characteristics of reverberation rooms is discussed further in Section 5.3.2.

In an ideal reverberant test facility, the sound field is perfectly diffuse and the
space correlation coefficient at a given frequency is fixed and given by:

Rix, ) = —md T PO
§PP0 - P&
sin 27 fAx/c
77 hx/c (70)
where P(x) = instantaneous pressure at point x
f = frequency
Ax = separation between points x and x'
c = speed of sound
——— = signifies the long time average

Only by adding localized sources within a reverberant facility would it be possible to
modify this inherent spatial correlation.

5.2,1.2 Teshng Concepts for Varymg the Time and Spahal Distribution of Acoustic
Amplitudes — While a pnmary purpose for using a reverberation chamber is o
expose the whole of a given specimen to a uniform sound field, it is not always
desirable that all areas of the specimen receive the some sound pressure level.

This is particularly so for typical shrouds where the levels over the conical and

- eylindrical sections have been shown to differ substantially during certain flight

events. Accordingly, laboratory techniques have been studied for varying the sound
pressure level in order to expose certain areas to higher or lower levels than the
average level. These techniques make it possible to expose the bulk of a shroud/
spacecraft system to an average level simulating say generai aerodynamic noise.




Small, or even large areas of the structure may be simultaneously exposed to higher
or lower levels by installing sound sources or sinks near these areas.

Possible acoustic test configurations are reviewed in the following paragraphs, and
the degree to which they can simulate the required environment is discussed.

Simple Reverberation Room

In this configuration, the specimen is normally standing free near the center of a
reverberation room. This represents the most common method of performing an
acoustic test of a large component. The specimen is readily available for instru-
mentation installation and requires no special purpose facilities for the test. The
main disadvantage of this configuration is that it is unable to produce any sound
level gradients over the surface of the shroud to simulate the effect of any protu~
berances. In addition, it would generally be necessary either to simulate the
maximum loading that will occur at any one point on the shroud or to conduct the
test at a lower level and attempt to scale up the vibration response of the structure
to include the effect of local areas of higher excitation.

Reverberant Field with Absorption

This concept is similar to the simple reverberation room method, except that an
absorbent skirt of varying thickness is placed around the sections of the vehicle
which are required to be exposed to a lower level. For a typical shroud/space-
craft system, the absorbent skirt would be positioned over the conical section of
the vehicle. The absorbent material is designed to reduce the sound pressure
levels around the conical section of the vehicle from the higher levels occurring
in the rest of the reverberation room.

Reverberant Field with Local Excitation

This configuration consists of the specimen mounted in a reverberant chamber with
local sources applied in the regions of high excitation. The problems with this
configuration are concerned with designing suitable horns for applying this high
level loading without excessively loading the remainder of the structure through
the local excitation noise generating systems. To this end, a model program

to develop the required horns usually proves necessary and desirable.

Reverberant Field with Short Ducts and Absorbent Panels

In this configuration, the use of progressive wave ducts over only the cylindrical
section of a shroud allows higher acoustic levels to be generated locally, while
the remainder of the structure is maintained at a lower reverberant level. Such
a test configuration would be suitable for simulation of the intense local pressure
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fluctuations near protubarances or regions of separated flow on the spacecraft
shrouds. Absorbent material can be piaced over other sections to provide a
gradient in acoustic level if desired. The ducts would be powered by acoustic
sources connected by transition horns to the duct. The disadvantages of such a
configuration are concerned with the application of absorbent material to produce
any required sound pressure level gradients, and the difficulty of applying instru-
ments such as strain gages extemally to the specimen. This configuration could
effectively result in several zones with different or decreasing noise levels along
the vehicle axis.

Double Reverberant Field with Local Excitation

When justified by a particular test requirement, substantial flexibility in shaping
the spatial distribution of the sound pressure levels could warrant the use of a
double reverberant field with local enhanced excitation, The cylindrical and
conical sections of the spacecraft shroud would essentially be housed in separate
chambers having a common v-all, and subjected to independent reverberant acoustic
fields with local excifation superimposed where necessary. This arrangement allows
somewhat more freedom in generating local high sound pressure levels for testing
small areas associated with protuberances or separated flow. However, in applying
these local areas of high excitation, care must be taken to insure that the structure
is not directly loaded by the air through the local excitation noise generating

horn system,

Reverberation Room with Full Length Ducts

In this configuration, which is ver: similar to the short duct configuration discussed
above, several progressive wrve ducts are utilized which extend down the complete
length of the spacecraft shroud but do not span the entire circumference of the
shroud. The primary purpose of the ducts is to enhance the sound pressure levels
existing around protuberances and to provide suitable sound pressure level gradients
down the axis of the shroud. The ducts can be shaped independently so as to simu-
late individual protuberance regions and produce the necessary gradient across

the structure.

Reverberation Room with Acoustic Attenuators

In this configuration, a reverberant acoustic field is applied to the specimen and
"attenuators” are utilized to locally reduce the overall applied acoustic field over
certain portions of the test article. The “attenuators" simply consist of muslin
sheets (or other material possessing a high flow resistance) attached to a framework
which is placed against the test article so that a cavity exists between the musiin
sheeting and the test article surface. This technique would normally be attempted
during reverberant testing of large shroud/spacecraft systems, and could prove
suitable for simulation of the various zones of aerodynamic fluctuating pressure
over the cylindrical sections of cone~cylinder shrouds at transonic Mach numbers.

79




The primary function of the attenuators is to provide an even attenuation at all
frequencies of interest at the required positions on the test specimen. However,
in some special cases it may be desirable to employ attenuators so that acoustic
levels will be continuously variable with position on the specimen. The corres-
ponding reduction in *he acoustic level applied to the test article is usually refer-
red to as the "insertion loss."

The application of attenuators is complicated, since it is difficult to obtain a flat
spectrum of attenuation over a sufficiently wide frequency range because of the
fact that single elements of an attenuator structure will only bshave as such over

a limited frequency range. Experimental results (Reference 68) have shown t at
the insertion loss associated with attenuators constructed from severo! layers of
muslin sheeting placed over a wooden framework varies with frequency and further-
more is affected by resonance conditions. These resonances are associated with the
fundamental dynamic response of the attenuator and the air cavity trapped beneath
the attenuator. However, it has been shown (Reference 68) that by proper design,
a flat spectrum of attenuation can be obtained within the limits of = 2 dB over the
frequency range of 200 Hz to 5000 Hz by using a suitable flow resistance foi the
attenuator. For such a design, the maximum insertion loss over this frequency range
is typically 10 dB.

5.2.2 The Progressive Wave Acoustic Field

5.2.2.1 Basic Charucteristics of the Progressive Wave Field — The progressive
wave is more precisely a plane acoustic wave, differing unly in that it may contain
cross-modes which are introduced by the geometry of the tube along which the
wave is propagated. In a progressive wave facility, the energy travels from a
transducer to a coupling horn, and then along a tube to a termination where it is
absorbed, reflections being kept to a minimum. For irequencies I~wer than the
cross-mode frequencies, the progressive wave facility can be considered to be a
plane wave tube. The frequencies of the cross-modes are given by the relatinn:

WiV (E) (2) m
mn 2 L L
X Y

where "x and L are the cross-sectional dimensions of the progressive wave duct,
m and n are infggers, and ¢ is the speed of sound.

Theoretically, a plare wave tube imposes no particular spectral characteristics
upon the acoustic signal introduced, other than the low frequency cut-off of the
coupling horn between the transducer and the operating section. In actual
practice it is possible to approach this theoretical operation only under ideal
conditions, when standing waves have been adequately suppressed. A progressive
wave facility offers high efficiency and utility for testing a vehicle which requires
continuous variation in level over a portion or all of its surface.
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In a plane progressive wave acoustic field, the spatial correlation for a single
frequency is given by:

R(x, x") = cos (2nfAx/<C) (72)
where © = trace velocity of the sound wave over the path length Ax
= ¢/cos O
0 = angle between the direction of the path length Ax and

the incoming sound wave.

For most plane wave test facilities, © is zero or very nearly so, so that ¢ is very
nearly equal to ¢ . Only by using several plane wave sources such as an array of
plane wave tubes located circumferentially about a cylindrical or conical specimen,
can any significant change be made to the space correlation function in practical
plane wave test facilities.

5.2.2.2 The Progressive Wave Duct Testing Configuration — Perhaps the most
widely-used configuration for acoustic testing of components and flat panel
structural specimens is the progressive wave facility. Such a facility can deliver
higher acoustic levels per acoustic watt input than any other type of facility
(excluding the standing wa se tube). With a proper te mination and good quality
sound source, frequency response characteristics of sucn a facility cun be quite
uniform. To minimize the potential influence of cross-modes in such a facility
and fo increase the sound levels, the cross-sectional area of the progressive wave
duct is made as small as possible. The basic limit on this area, is the increasing
effect of radiation damping on the response of the low order structural modes as
the ratio of duct cross-seciional area to structural area is decreosed. The first
cross-mode occurs at a frequency given by the speed of sound divided by twice
the largest cross-dimension (i.e., f =¢/2L ). Above this frequency the sound
field within the duct is distorted due to the c%mplicaﬁons arising from the cross—
modes. Typically, the resulting sound pressure is non-progressive, varying
laterally across the duct and decaying exponentially in amplitude along the duct
axis. The severity of the cross-modes can usually be reduced by careful design
utilizing duct walls which possess high self damping.

The basic elements of a progressive wave test facility consist of a noise source,
horn coupling device to the progressive wave test section, the test section with
provision for mounting to the vehicle, and a termination designed to prevent
reflected waves from returning down the progressive wave duct. In applying
this configuration to rhroud/spacecraft systems, a series of full-length ducts is
placed around the entire circumference of the shroud. An example of this type
of testing configuration is the Spacecruft Acoustic Laboratory (SAL) described
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in References 56 and 57. This acoustic facility consisted of 16 progressive wave
ducts arranged around the circumference of the test article (which consisted of

the Apolio Command Module, Service Module and the Spacecraft Lunar Adapter).
The ducts were constructed of wood and steel, and visco-elastic damping com~
pound was used to reduce vibration of the steel components. The outer wall of
each duct was adjustable radially to control the sound pressure levels in the
longitudinal direction by varying the duct to test article clearance space. By
utilizing 1€ independent air-modulator noise sources, the sound field was optimized
in each duct for overall level, spectral content and correlation between adjacent
ducts.

Other examples of progressive wave testing configurations for cylindrical vehicles
include the GSFC Launch Phase Simulator — Progressive Wave Facility (References
60 and 69), and the special progressive wave facility constructed for testing a
1/10th scale model Voyager spacecraft and shroud system (Reference 70). In both of
these facilities, the progressive wave test section is formed by placing a concentric
fiberglas cylinder over the particular shroud/spacecraft assembly so as to form a
single annular duct. A considerable number of experiments have been conducted
in the GSFC facility, utilizing a full-scale Nimbus shroud and a structural model
of the OG O spacecraft (References 20, 60 and 61), while the limited experiments
which have been conducted with the Voyager scale model have been largely of an
exploratory nature (Reference 70).

5.2.3 Free-Field Testing — Free-field testing is usually contemplated when the
required correlation characteristics cannot be met in either the reverberation room or the
progressive wave facility; such a test may be performed outdoors or within an anechoic
room. Alternatively, this type of test may be conveniently undertaken in conjunction with
a static test firing of a particular rocket, or even a vehicle launching. A test conducted
in this manner offers a reasonable simulation of the rocket noise envirunment provided that
the test article is positioned correctly relative to the rocket exhaust flow.

Free~field testing outdoors or in an anechoic rocm would normally involve exciting the test
article with horn or loudspeaker-generatcd plane waves at fixed angles of incidence, in an
attempt to simulate, say, the response of a shroud/spacecraft system to the noise produced

by various segments of a deflected rocket exhaust flow. For the lift-off environment the

low frequency noise components arrive at the spacecraft shroud at almost normal incidence,
while the high frequency noise components impinge the shroud essentially at grazing incidence.

A drawback often associated with free-field testing, is the high acoustic power necessary to
provide a given sound pressure level at the specimen surface. However, while free~field
testing may not provide an adequate qualification test, it offers a useful technique for
qualitative studies of response and noise reduction of shroud/sp-icecraft systems.,
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5.2.4 Technical Tradeoff Considerations — The acoustic testing configurations
discussed above illustrate some of the possible ways that a spacecraft/shroud system may be
tested in reverberant, progressive wave and free-field acoustic environments to achieve a
wide range of spatial distribution of sound levels. Some of the reverberant configurations
have been presented only for completeness since they are impractical within the present
state of the art. Thus, an optimum testing technique must be chosen which is within the
state of the art and which utilizes some of the advantages of the preceeding concepts.
Some of the detailed considerations which must be accounted for in selecting an optimum
configuration are briefly reviewed in the following paragraphs.

The Pure Reverberant Field

It must be noted immediately that a simple reverberant field test may not be able to provide
the high levels often required in localized areas by certain shroud-vehicle combinations.
Furthermore, the required acoustic power to generate a sound pressure level of say 167 dB
in a large reverberant room imposes a high cost on such a facility. Under some conditicns
it may be possible to utilize a low test level for fatigue life tests so that a long test at

say 155 dB could be considered equivalent to « shorter test at a much higher level. In
addition, such a test sould at least allow the basic response modes of the shroud/spacecraft
system fo be determined. However, it would not be of a form which could be described as
sufficient for a structural qualification test of the shroud or spacecraft although it mignt be
highly appropriate for acceptance or systems testing.

One serious drawback of reverberant field testing is the tendency for an approximately
uniform distribution of the sound pressure with space. As indicated earlier, flight conditions
involve steep gradients in sound pressure levels; in a reverberant field, no such gradients
will be produced, normally.

A major advantage of reverberant field testing is, of course, that it has the :.otential
capability for testing an entire structural section or shroud/spacecraft system. If maximum
test levels cannot be met, then the lower test levels may often be used initially. The
response of the entire specimen to th*" low level is then determined in order to establish

the size of the sub-systems which can be separated out and tested individually, where
necessary, to meet performance criteria for the noise environments. These individual sub-
systems may then be constrained by the proper edge conditions, and exposed to higher

levels in smaller reverberation rooms as a qualification test. However, it will be recog-
nized that such a technique does not allow the full response of the structure to the individual
areas of high loading to be simulated.

The Full Progressive Wave Duct Conﬁgumﬁon

For a full duct configuration, such as that described earlier, several identical paralle!
ducts would be constructed, utilizing separate noise sources through coupling horns to
direct the sound energy along the entire length of the shroud under test. The individual
ducts would have three sides, two of which were shared with other ducts, the third side
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being the outer wall. In this way a relatively small amount of acoustic energy can be
used to generate very high levels on the test specimen; a consequence of using relatively
small amounts of energy is that small losses of energy along the duct add up to large
changes in sound pressure level as the energy prop ‘gates down the duct. The most signi-
ficant source of this loss is the absorption by the vehicle or shroud; insufficient sealing
between the duct walls and the test specimen, and radiation through the walls of the
duct also will cause the energy to be decreased. This means that the duct must be
effectively sealed to the vehicle with all the problems of damage and damping that have
been mentioned previously.

Estimates of the absorption of the vehicle or shroud can be derived from model experiments,
taking care to insure that a dynamically similar model specimen is created, or from judgment
based on previous test o -1ms. The problem of sealing the ducts to the vehicle can be
accomplished by using s .. seals once the ducts have been carefully contoured to the exact
shape of the vehicle. Additionally, soft putty can be used to seal points where sudden
discontinuities occur. The problem of radiation of sound through the outside walls of the
duct is controlled by mass loading and damping of the walls themselves.

Within each duct, the sound intensity is inversely proportional to the area of the duct,
and the position of the outer wall can be controlled to produce the required sound pressures
down the length of such a vehicle or shroud. Sudden changes in area have to be avoided
because of the impedance mismatch, but gradual changes in area and hence sound pressure
are entirely feasible. Thus, it is reasonable to expose a shoulder area on a shroud transi-
tion section to a sound pressure level of say 167 dB with the duct having an outer wall six
inches away from the vehicle skin. Then by gradually increasing the distance of this wall
from the skin, the sound pressure level will be reduced. An increase of the distance to
24 inches will reduce the level to 162 dB. In actual practice, the specimen walls will
absorb approximately 0.5 decibels per foot from the ducts so that further increases in area
for reduced levels will probably be unnecessary. Again, this is best evaluated by a model
study .

Summary of the Possible Testing Configurations

Table III presents a summary of the possible testing configurations which have been reviewed
in the discussion so far. This table lists representative sound pressure levels attainable, as
well as an indication of the correlation characteristics which will be produced. A note is
included concerning the amplitude as a function of space and it is followed by cerfain

brief remarks appropriate to each configuration. The parameters listed can be compared
directly with similar parameters for hypothetical flight conditions which are given in the

top line of the table. The spectral distribution parameter is excluded from Table III because
this limitation is imposed mainly by the acoustic sources rather than by the facility.




TABLE 11!
SUMMARY OF POSSIBLE ACOUSTIC TESTING CONFIGURATIONS
’- Conficuration Mo OA Space Correlation Coefficient Amplitude Remarks
onfiguratt SPL (Typical) Longitudinal Circumferentiol Function emar
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,, . sin boc sin kO Essentially o Mathematicolly simple sound
a Pure Revetberation 156 o B c N field
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In Room 1% kx ) Constant of conical section of shroud
In Skirt 154 e sinkx e Gnlke o o  SPLrapidly decreases in skirt
lot k0
Short Progressive Wmfe o  Short ducts over cylindrical
Ducts, Reverberant Field N N
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In Ducts 167 cos kx * in eoch duct Controlicble flight.
In Skirt 154 Same as skirt cbove o Absorbent skirt prevents overtest
In Room 156 Some os room cbove Constant of conical section exposed to the
reverberant field.
Double Reverberation 157 sin loc sin kB Constont in o Allows two levels in reverberant
Room 155 =3 [X:) each room field to simulate cylindrical and
ical sections of the shroud;
expensive.
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and separated flow regions.
Full Length Progressive
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1n Ducts 167 cos kx 1 in each duct Controllable hroud circumf e. Especially
sin kx sin k8 suitable for simulating high SPL's
In Room 1% 3 k8 Constant caused by protuberances.
Full Length Progressive . o Suitable for shrouds where the
Wave Configuration 167 cos lox 1" in eoch duct Controllable SPL decays axially along its
length.
Reverberant Field with
Local Attenuators n loc in kB
sin sin .
Room 156 —_— Constant o Suitchle for testing bulk of
N fx k8 specimen ot high level, and
Between sin foc sin k@ Almost reducing the 3PL locally over
Atien 16 fox k8 Constant certain portions of specimen.
and Specimen}
*Below first cross mode
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5.3 Special Considerations in Reverberant Testing

5.3.1 Test Specimen Size Relative to Reverberation Room Volume — A long
standing "rule-of-thumb™ concerning the allowed size of a given specimen being tested
in a reverberation has been that the specimen volume should not exceed 10% of the
volume of the test chamber. In the past, this criterion has been accepted for testing,
however, little information has been made available in the literature to show if this rule
is overly conservative or too liberal.

Accordingly, a brief study has been made using a model reverberation chamber having
the "ideal" dimensional ratio of 1:.816:.707. A "point source" was mounted in one
corner of the room. This source consisted of a standard horn driver with a small tube
mounted in the place of the horn. This tube had an inside diameter of approximately
1/4 inch and was filled with steel wool to increase its output impedance. The tube
extended through the wall of the chamber corner so that the speaker was mounted outside
and the opening of the tube was directly in the corner radiating outwards into the
chamber. A 1/2 inch B & K microphone Model 4133 was mounted in an opposite corner
on the same wall of the chamber. Sine sweep and random signals were radiated into the
chamber and recorded by the microphone driving a graphic level recorder. These
experiments were conducted firstly using the bare chamber, and then the chamber with
cylindrical test specimens inserted having volumes of 9 percent, 25 percent, and 50 percent
of the chamber volume.

The results of the random noise tests are shown in Figure 74 where the normalized levels

of the occupied reverberation room are plotted in one-third octave bands; all levels are
normalized to the bare room levels. Figure 75 shows some of the results from the sine
sweep tests. An extended frequency scale was enployed in collecting this data so that
various individual modes could be distinguished. The random noise data shown in Figure 74
shows that the longer average path lengths followed by the sound rays in passing around

the specimen results in a general lowering of the individual resonances of the room.

This conclusion is borne out by the sine sweep data of Figure 75, but in much greater
detail. The lowering of the resonances has the effect of spreading the peaks out in the
lower frequency range so that the room is even less usable at these low frequencies than
when it is bare; however, if the lowest test frequency is maintained at 2.5 octaves

above the first resonence of the bare room, relatively little degradation of room charac-
terisitcs is seen to fuke place for specimen sizes between 10% and 50% . For this chamber,
the 2.5 octave criterion is met at 1,000 Hz and it may be seen that in the 1/3 octave
centered on 1,000 Hz there are approximately nine resonant peaks in the bare room data.
The data for the room with specimens also shows that there are at least nine resonances

in this same 1/3 octave and in one case 13 distinct Eigentones may be counted in the

sine sweep data. In the case where the specimen occupies 50% of the room volume,

the levels are higher than they are for the other two specimen for all frequencies above
1,000 Hz and at many frequencies they are higher than for the bare room (See Figure 75).

This is probably due to the drastic reduction in volume of the chamber. None of the
specimens could be considered to be highly absorbent.

86

irend

st 4




It may be concluded from this brief study that, for the case of a chamber having this
particular shape at least, a specimen having a volume of 25% of the chamber volume
would not be considered to seriously degrade the room performance. For specimens
having resonant magnification factors below 30 to 50, the deep dips shown in the data
for the 50% specimen around 3,000 to 4,000 Hz (see Figure 75) would not be considered
deleterious, and it may therefore be considered feasible that a specimen as large as this
could be tested.

5.3.2 Reverberation Room Size Relative to the Lowest Test Frequency — The basic
parameters affecting reverberation chamber size are the size of the test specimen and the
lowest test frequency of interest. The specimen size versus reverberation room size has
been discussed above, and only minor effects have been c¢“served for specimens having
up to 25% of the room volume so that the main consideration for room size falls upon the
wavelength of the lowest frequency of interest.

Nearly all computations involving the response of a given specimen in a field of random
noise assume that the sound field is diffuse. Whil= ¢»is is a convenient assumption, and
diffusivity is easy to define, in practice it is very ificult o obtain. In addition, there

is no direct method available to measure diffusivity of a sound field. Correlation tech-
niques offer the best of all the methods for determining, indirectiy, that a given field is
diffuse, but this is frequently cumbersome and of little value when concerned with
designing a new facility or a new test in an existing facility. It is slightly easier to
conduct a spatial survey in an acoustic field to determine the variation of the sound
“pressure level in a given frequency band. If this band is held to the same bandwidth as the
response bandwidths of the specimen to be tested, and if the size of the room is increased
without limit until spatial variations do not exceed + 3 decibels in the specified band,
then it may be assumed that the specimen will be properly tested, regardless of the position
the specimen may occupy in the room.

Studies of the resonant bandwidths of a range of aerospace structures have indicated that,
for the general aerospace structure, a 10% bandwidth is quite common at the lcwer
frequencies. Thus, if a room can be designed such that no point in the room will pass
through a 10 % frequency band without experiencing at least one resonant peak, then each
structural resonance should be excited by the acoustic field, It cannot be said that any
point in the room will have a 100 % chance of experiencing a resonant peak within a given
10% bandwidth. Indeed, the probability of this happening becomes vanishingly small
within the first octave above the fundamental resonance of the room. Therefore, it has
become common practice to require that the room contain on the average three Eigentones
in a given 10% bandwidth, or slightly more than one mc e in a 4% bandwidth, This
corresponds to an average of approximately seven Eigentones in the lowest 1/3 octave in
which the room can be considered acceptable or about 20 Eigentones in the lowest octave
band. This is a somewhat arbitrary condition, but is often a sufficient one for most purposes.
A properly sh “ad reverberation room will generally reach the above criterion with a 95%
confidence limit at approximately 2.5 octaves above the first resonant frequency, and this
is generally considered the lowest frequency for which a room can be used with a reasonable
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degree of success. However, economic considerations frequently result in utilizing a room
as small as possible so that this criterion cannot always be met.

An alternative condition is that there are a certain number of room modes lying within the
bandwidth of the lowest structural mode of the specimen to be tested. Eldred (Reference 71)
has shown that the number of modF in any desired test specimen bandwidth, Af, can be
related to a room parameter, f V/°, where f is the center frequency of the band. This
relationship is shywn in Figure 76 which describes the approximate variation in the room
parameter f, V73 with the average number of modes N(F) within a test specimen bandwidth
Af. This figure can be derived with the aid of Equation (66) together with the substitution
f/Q for Af, where fo is the resonant frequency of the lowest structural mode and Q is
the amplification factor of the structural mode. The relationship between the room para-
meter and the average number of modes within a structural bandwidth Af is shown in Figure
76 for several amplification factors, and hence modal bandwidths. It has been suggested
(Reference 71), that a reasonable criterion would be that there is at least one room mode
lying within the bandwidth of the lowest structural mode. From Figure 76, it can be seen
that the former criterion of 3 modes ina 10% bandwidth sets the room parameter at about
fo V/3 = 1485, while the criterion of 1 mode in the lowest structural bandwidth results in
room parameters ranging from about 1020 for a Q of 10, to 1730 for a Q of 50. Thus the
criterion of 3 modes in a 10% bandwidth (or seven modes in the lowest 1/3 octave) is
siightly conservative for a structural Q of 25 but is insufficient for a Q of 50, on the basis
of one room mode within the bandwidth of the lowest structural mode. The lower bound
reverberant frequency, f , has been replotted against the room volume, V, in Figure 77
for the case of one acoustic mode within the test specimen bandwidth Af, and five acoustic
modes within the test specimen bandwidth. Three values of the amplification factor Q
have been included for the single acoustic mode case, corresponding to those shown in
Figure 76. From Figure 77 it can be seen that in order to achieve a lower bound rever-
berant frequency of 60 Hz, it is required that the reverberation room volume be approxi-
mately 11,000 fi®, based upon an anticipated Q of 25 for the test specimen resonating

at this frequency, and one resonant acoustic mode within the test specimen bandwidth
(which would be from 58.8 Hz to 61.2 Hz).

A more conservative criterion frequently applied to a chamber is to move a microphone
from place to place in the room and define the lowest one-third octave showing no more
than + 3 dB variation, as the lowest possible test frequency. By this criterion a good
reverberation room is limited to use at frequencies no lower than one decade above the
first resonance. At the other extreme, the criterion developed for reverberation room use
in Mil-Std-810B, Method 515, simply specifies the required spectrum in octave bands
with little further requirements placed upon the chamber other than a 10% test specimen
volume requirement. Using this standard, it is possible to perform a test with no more than
one Eigentone existing in the lowest frequency band specified. Thus, a chamber having
less than 1,000 cubic feet can perform a test which would require a 100,000 cubic foot
chamber under the + 3 dB per one-third octave band criterion previously outlined.
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It may be concluded then, that after careful consideration of the structure to be tested
and the shape of the test chamber, it may be expected that in general, acceptable test
results would be obtained down to a lower frequency of at least 2.5 octaves above the
first resonance of the chamber. This criterion does not apply to any room shape which
results in a large number of redundant modes. For test specimens having a fundamental
resonance in which the structural Q substantially exceeds 25, the lowest acceptable
test frequency should be verified by applying the condition that at least one room mode
exists within the corresponding structural bandwidth.

5.4 Simulation Techniques

5.4.1 Simulation of Acoustic Environment versus Simulation of Structural
Response — In general, the ideal testing technique for any system mounted within a
vehicle which is exposed to external pressure fluctuations during flight is to subject an
appropriate segment of the vehicle to realistically simulated external acoustic pressure
fluctuations in the laboratory. As long as the segment of the vehicle is of sufficient
size, it can be assumed that it will present to the internal system a vibration environment
which is well related to the actual flight vibration environment. If, on the other hand,
the internal system is directly exposed to an acoustic field which has been calculated to
be of an intensity similar to that anticipated inside the vehicle, the test will be of less
value since the structural filtering and the resultant structural vibration input to the
internal system will be absent.

This is particularly true for shroud/spacecraft systems where mechanical tronsmission
paths can predominate over the acoustic paths in certain frequency ranges. Thus the
appropriate segment of the vehicle for an ideal test would consist of the complete
shroud, the interface ring, and a portion of the final stage of the launch vehicle. The
shroud and the final stage segment serve primarily as a loading fixture with the unique
property that it is identical to the loading fixture utilized in flight.

The basic simulation problem s caused by the fact that in most cases the vibration
environment is induced generally by a distributed external fluctuating pressure field
(such as that provided by a turbulent boundary layer), which propagates along the

entire shroud and vehicle, rather than by several discrete sources of vibratory power.
There are cases when the vibration environment over certain frequency ranges is

caused by a localized fluctuating pressure field, typical examples being the separated
flow field over the cylindrical section of a shroud at transonic Mach numbers, However,
the flow field is generally uniformly distributed around the circumference of the shroud
and the length over which these flow fields propagate is of the order of one-quarter to
one-half of the shroud diameter.




Although the local forces on the shroud due to the distributed pressure fields may be
small, the integrated effect of such a field is to transmit large amounts of energy to

the shroud. To introduce a comparable amount of energy by local mechanical
excitation of the shroud or vehicle could produce extremely high local forces.

Hence, any attempt to create with one or more shakers the vibratory field within the
shroud which simulates the vibratory field resulting from a distributed environment,
necessarily involves compromises. In addition, the vibratory levels at high frequencies
are strongly attenuated in the shroud structure, and consequently, in order to impose
realistic levels at positions on the shroud remote from the shakers, the shaker excitation
levels must be further increased. Alternatively, if small shakers are distributed over the
shroud to simulate a distributed pressure loading, local forces near the shaker input are
often excessive. Furthermore, shakers often provide unnatural local constraints and
mass loading, so that the shroud cannot exhibit its natural dynamic characteristics.

In an effort to alleviate these inherent problems in distributed shaker systems, simulation
of aerodynamic fluctuating pressures utilizing impinging wall jets has been attempted
(Reference 72), In this particular study, each wall jet behaved effectively as a broad-
band shaker and the spectrum was conirolled by the nozzle diameters and the volume
flow of the air jets. Simulation was based upon duplication of the mechanical power
absorbed by the structure. The results of this study showed that for the structure tested,
the high frequency excitation (above 1,000 Hz) was adequately simulated, but that at
lower frequencies the required air flow was excessive. Thus the optimum wall-jet
simulation technique requires the use of a sound field to reclistically reproduce these
lower frequencies.

Because of these inherent difficulties in simulating the actual flight environments, together
with the high cost of such laboratory techniques, simulation of the structural response of the
shroud becomes a practical alternative. This involves replacing the actual flight environ-
ment by an equivalent acoustic environment which duplicates the structurol response of the
shroud. The flight environments which generally require simulation include the lift-off
acoustic environment, attached boundary layer turbulence, separated flow and shock-wave
oscillation. Since the spatial correlations for these environments differ from one another,
the structural responses are consequently different.

Thus, in order to define the equivalent sound fields for shroud response simulation, it is
necessary to predict the responses to both the flight environment and the particular sound
field under consideration. (The establishment of equivalent sound fields has been covered
extensively in Section 4.0.) The equivalent sound field is thus determined theoretically
in the first instance. Additionally, the equivalent sound fields could be derived empirically
if adequate laboratory and flight transfer function data (i.e., the ratio of acceleration
response to applied sound pressure level) were available. Acoustic testing based ugon
duplication of measured flight responses has been reported in References 56 and 57

for the Apollo spacecraft. Lift-off and in-flight measurements of the acceleration response
of the SLA structure were utilized as the basic testing criteria during the 16-duct acoustic
tests of this spacecraft. In the absence of in-flight and laboratory data however, the
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theoretically equivalent sound fields lead to a satisfactory qualitative comparison of the
effects of various acoustic testing configurations.

Finally, the internal acoustic field within the vehicle is related to the structural vibration
of the vehicle skin, so that it is generally assumed that if the structural response levels
are simulated, then the internal acoustic levels are simulated. This assumes, of course,
that the vibration ene.v;- is distributed among the various structural modes in a similar
manner.

5.4.2 Spacecraft Testing without the Shroud — In testing shroud/spacecraft systems;
it is often desirable to remove the shroud and thus subject the spacecraft to acoustic test
levels which are substantially lower than would be required external to the shroud. Also,
if it can be established that during flight, the acoustic field within the shroud is diffuse,
then removal of the shroud for testing purposes has obvious advantages from the point of
view of facility requirements.

However, the mechanical transmission path from the shroud to the spacecraft is
effectively removed by adopting this procedure. The available theoretical and experi-
mental results (see Section 4.6), although limited in number, have shown that for certain
shroud/spacecraft systems, vibration transmission via the mechanical path cannot be
ignored. A particularly important effect which has been observed in full-scale testing is
the strong mechanical coupling between the low order shroud modes and the spacecraft
trusses (Reference 61). One of the primary considerations therefore, when attempting to
test without the shroud, would be tt » resonant frequencies of the spacecraft which are of
interest relative to the frequencies of the low order shroud modes.

Attempts to simulate the spacecraft response to the vibration transmitted via the mechanical
path have been reported in Reference 65. For this study a relatively crude scale model of
a spacecraft and shroud system (described earlier in Section 4.6) was used. To investigate
transmission via the mechanical path, the shroud was effectively removed, leaving a 2 foot
long section attached to the interface ring to form a multi-modal test fixture. This test
fixture wes excited by a diffuse acoustic field, by a shaker point driven at the upper ring
frame (at the top of the 2 foot shroud section), and by a shaker point driven at the shell
wall mid-way up the fixture. For the acoustic testing portion of these experiments the
spacecraft was enclosed by a sound-proof box.

The results of these experiments are described in Figure 78, which shows the space-averaged
normalized acceleration levels of the spacecraft for the different types of fixture excitation.
The spacecraft acceleration ha: been normalized by the average fixture acceleration, Also
shown in Figure 78 for the purposes of comparison is the nomalized acceleration response

of the spacecraft to energy transmitted via the mechanical path, obtained during experi-
ments with the whole shroud installed and subjected to an external diffuse acoustic field.
For this latter case, the spacecraft acceleration levels have been normalized by the shroud
acceleration levels. It is immediately observed from Figure 78 that the acceleration
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responses of the space:raft obtained by acoustic excitation of the whole shroud and by
acoustic excitation of the multi-modal fixture agree to within + 1 dB, This result is not
too surprising since effectively it merely states that the space-average response of the
whole shroud (which was approximately 6 ft long) is similar in magnitude to the space
average response of the lower 2 ft section of the shroud. However, in the results
presented in Figure 78 no data have been reported for frequencies below 400 Hz;

thus, the coupling of the lcv: ~order shroud modes, particularly the (m=1,n=2)

mode at approximately 250 Hz, is not evident.

For shroud excitation by a diffuse external field, the normalized acceleration levels
denoted by the open symbols in Figure 78 may thus be regarded as the desired spacecraft
response levels or reference levels for adequate simulation of the mechanical transmission
path. With this in mind it can be seen that mechanical excitation applied to the upper
ring frame of the multi-modal fixture is slightly more efficient in terms of inducing space-
craft response, particularly at frequencies above about 5,000 Hz. Conversely, mechanical
excitation applied to the shell wall is observed to be much liess efficient (typically by
5-10 dB) in terms of inducing spacecraft response up to approximately 5,000 Hz; above
this frequency this form of mechanical excitation tends to be more efficient than acoustic
excitation of the fixture, but less efficient than mechanical excitation applied to the
upper ring frame.

The above result for the fixture wall excitation tends to confirm the earlier remarks con-
cerning shaker excitation of shell-type structures, i.e., the inherent problems of attenuation
of vibratory levels in the surrounding structure, and the local constraints and mass loading
which prevent the shroud from exhibiting its natural dynamic characteristics.

As a result of the simple model study described above (Reference 65) the following conclusions
can be drawn:

) For the particular truss geometry which was studied, the lower
section of the shroud provides a realistic loading fixture.

o Acoustic excitation of this lower shroud segment results in an
adequate simulation of the spacecraft response due to energy
transmission via the mechanical path. '

) The application of mechanical excitation to the lower shroud
segment results in a reasonable simulation of the space-average
spacecraft response over certain frequency ranges, the latter
being dependent upon the point of application of the shaker,

) These results apparently do not include the responses of the spacecraft
at frequencies in the neighborhood of the low order shroud modes,
where other previous work (Reference 61) suggests that the coupling
between these modes and the spacecraft adapter is of considerable
importance.
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Clearly the feasibility of shroud removal for acoustic testing must be carefully evaluated
for each individu=l « dapter design. The few theoretical and experimental studies which
have been beer ~d so far have declt only with truss-type adapters, where the
shro.d attachme: 2 is in close proximit ‘o the base of the truss. In other designs,
such as the Surveyor- Atlas-Centaur system, the spacecraft adapter consists of a truncated
conical section vhich is mounted to the upper surface of a hemispherical dome. The
shroud attachment plane for this design is located at the base of the hemispherical dome
(see Figures 2 and 3), ccnsiderably more remote from the base of the spacecraft adapter.
Thus it may be expected that for the latter design, the vibration transmission characteristics
would differ substantially from those of the truss-type adapter employed in the OGO
spacecraft/Nimbus shroud design.

To summarize this discussion, several key points should be borne in mind when evaluating
the feasibility of iesting ¢ given shroud/spacecraft system with the shroud removed. These
points can be listed as follows:

(M) The structural elements which connect the spacecraft to the shroud or to the
interface 1% ig are generally designed to withstand inertia or flight acceleration
loads. Furthermore, they are designed to achieve maxir:um strengih with
minimum weight and are therefore usually small in cross-section and of relatively
high surface density. Such structure is inherently less responsive to direct
accustic excitation than light-weight non-load carrying skin panel structures.

(2) At frequencies whic™ are substantially greater than the fundamental bending modes
of the load-carryir., - '>ecratt support structure, it is expected that this structure
will tend to act as a de-coupling element between the spacecraft itself and the
spacecraft mounting poinis. Only a! frequencie. above this de-coupling frequency
could direct acoustic excitation of the spacecraft system be expected to provide
a valid simulat-~a of the flight vibration environment.

(3) Below this de-coupling frequency, large portions of the spacecraft wii. .e expected
to respond more 7o structurally transmitted vibration from an acoustically-driven
shroud, than from accustic excitation of the spacecraft itself.

4) Above this de-coupling frequency, many of the sj.icecraft components will tend
to respond effectively to direct acoustic excitation. This will Le particularly true
for the spacecruft components located farthest from the shroud attachment points.
In other words, the presence of a shroud shoild not necessarily be requirea to
simulate the acoustically-induced resporse to the flight environments. This
general statement must be qualified, however, by two factors as follows:

(@) The presence of the shroud sc.ves as a spectrum filtering and attenuating
element for ar.y external acoustic field. Althc'igh the gross attenuation
characteristics of the acoustic environment inside a shroud can be
readily simulated, (once the noise reduction throug'- the shroud is known),




b)

it is not a simple matter to duplicate the fine structure in this attenuation,
namely the detailed spectral filtering provided in the shroud noise
reduction. Thus, without this detailed spectral filtering present in the
simulation of the intemal acoustic environment, the spacecraft could
possibly be overtested. However, this would be slightly conservative,
and need not be a severe limitation.

During the boost phase of flight, the most intense vibro-acoustic response
of spacecraft systems frequentiy occurs at altitudes ~f the order of

15,000 - 45,000 feet, during transonic or maximum dynamic pressure
flight regimes. In this case, the reduced atmospheric pressure inside an
unsealed shroud will reduce the internal noise levels for a given level of
fluctuating pressure on the surface of the shroud. Thus, ihe relative
significance of direct acoustic excitation of the spaceciaft will be reduced
in comparison to the structurally-transmitted excitation which will ¢
undiminished at altitude for a given external fluctuating pressure field on
the shroud.

While the above points have dealt with this acoustic testing problem in a purely qualitative
manner, (the lack of available experimental data should be emphasized at this point), they
are fundamental to the development of any approach for testing spacecraft without the
shroud. In defining feasible methods for spacecraft testing without the shroud, the following
specific approaches can be suggested. .

o

As a first choise, no attempt should be made to eliminate the shroud.
If necessary, a standard "shroud fixture" should be used to provide
some measure of the shroud influence on the vibro-acoustic response
of the spacecraft.

For load-carrying structural portions of a spacecraft, testing should
preferably be conducted with the shroud in position. In place of an
acoustic test utilizing the shrcud, mechanical excitation of this
structural portion should be provided, preferably through multiple
randomly-phased shakers to cover the lower frequency range where
vibratory stresses in such structure may be significant.

For the remainder of the spacecraft structure, when use of the shroud
is undesirable, direct acoustic excitaiion of the spacecraft components
should be accompanied simultaneously, or sequertially if necessary,
by mechanical vibration of the spacecraft base in order to cover Loth
forms of excitation which may be significant. For light-weigh?
components well removed from the spacecraft base, the mechanical
excitation can probably ke eliminated, since these components are
usually more responsive to direct acoustic excitation.

94




ohe

T SRR

<o
GG ]

=)

I

5.5 Acoustic Test Specification Format and Test Tolerances

For the purposes of improving the repeatability and ensuring consistency of acoustic tests on
shroud/spacecraft systems and structural components, an acoustic test specification format
is outlined in the following paragraphs. This test specification format covers reverberant
and progressive wave anvironments and de als specifically with facility requirements, test
spectra and tolerances, instrumentation and test monitoring requirements.
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Acoustic Test Specification Format
Scope: This specification will apply to acoustic testing performed upon structural
elements and components . . .
Purpose:  The purpose of this specification is to unify acoustic testing of structural
components. This will assist in improving the repeatability of a given
test in a given facility and improve comparisons of tests performed in
different facilities.
Apparatus: The apparatus to be covered in this specification includes reverberation
chambers and progressive wave facilities with accompanying instrumentation,
signal conditioning, and readout equipment.
5.5.1 Test Requirements (Reverberation Chamber) — The specimen shall be tested
in a Reverberant Field. The reverberation chamber used to contain this field shall meet
the following minimum requirements:
Shape The room shall be shaped to produce a minimum of redundant
modes with a preference for uniform distribution, in the
frequency domain, of modes. For rectangular rooms, nc
dimension shall be rationally related to any other dimension.
For non-rectangular rooms, there shall be no parallel surfaces
and symmetrical constryction shall be avoided. Calculation
or test shall be used to verify existence of a minimum of seven
allowed resonances within the 1/3-octave centered on the
lowest frequency of interest.
Volume The chamber shall be of sufficient volume such that (a) it i
will exhibit @ minimum ofseven resonarices within the 1/3—
octave centered on the lowest frequency of interest or (b) -

that its volume be at least four times the specimen volume,

whichever is greater. A well-designed chamber will

generally meet raquirement (@) 2-1/2 octaves above its -
first resonance frequency. '

Additionally, for test specimens having a fundamental resonance - -
in which the structural Q substantially exceeds 25, the lowest S
acceptable test frequency should be verified by applying the

condition that at least one room mode exists within the corres- ~

ponding structural bandwidth.
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Specimen Placement  Placement of the specimen in a reverberant field shall be
governed by a consideration of the effect of chamber
surfaces upon the uniformity of the sound field. All
surfaces of the specimen shall be placed at least one-half
wavelength from chamber surfaces at the lowest frequency
of interest. This will generally mean that the specimen
will be at least five feet or more from floors, ceilings,

and walls of the test chamber during the test. It is recom-
mended that exact symmetry in the center of a chamber also
be avoided where possible.

Boundary Conditions A portion of the vehicle stage below the lower edge of the
shroud should be utilized as a fixture. If this portion of the
vehicle cannot be furnished, a suitable fixture should be
designed so as to provide a reasonable simulation without
unduly influencing the low order vibratory modes of the shroud.

Specimen Closure Where the test specimen is a section of a cylindrical vehicle,
it will generally be found that at least one end of the specimen
is open and will admit sound to the inside of the vehicle. In all
-, . of this type, a closure shall be designed to seal the open
1 5) so that the sound reduction through this closure is at
-=.si 10 decibels greater than that of the vehicle walls. The
attachment line between the closure and the vehicle shall not
restrain the vehicle more than would the remainder of the
vehicle if it were attached.

Reverberation Time Reverberation time shall be held to a minimum consistent with
sound pressure level requirements and sound power level avail-
able. This will tend to increase the probability that specific
specimen structural resonances will not lie at chamber minima.

5.5.2 Test Requirements {Progressive Wave Facnhty) ~ The test specimen shall be
exposed fo a progressive wave. Two types of progressive wave testing are possible, depend-
ing upon the nature of the specimen. An external test is to be considered when the speclmen
is a large flat or curved panel and the response of the panel and/or items mounted on it is
the major test objective. For this type of test, an existing facility having an adequately
sized test opening may be considered. An internal test is to be conducted where a cylindri-
cal or near cylindrical specimen such as a spacecraft shroud is to be exgnsed to a sound
field from all sides. In this case, the specimen should be placed inside a suitably shaped
test section composed of longitudinal progressive wave ducts so that it may be surrounded
by acoustic energy.

All progressive wave test facilities shall meet the fo!lowing minimum requirements:
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Size The cross-sectional area of the acoustic duct(s) or channel(s)
shall be of adequate size to contain the specimen without
causing undue radiation damping, yet have small enough
cross-dimensions to minimize the presence of cross-modes in
the duct for the test frequency range being considered. This
involves a trade-off between; (1) a sufficienttv large ratio
of duct area to test specimen area, to meet acoustic radiation
damping requirements, (2) sufficiently small duct cross—
dimensions for suppression of cross-modes, in addition to,

(3) the necessary longitudinal variation in duct cross-sectional
area for the test sound pressure level requirements.

It should be noted that the cross-mode numbers m and n in
Equation (71) denote the number of half-waves between

parallel duct wall surfaces. The cross-modes have pressure
maxima af the walls and at points which are an integral

number of half-waves from the walls. Pressure minima will
occur at points located an odd number of quarter waves away
from the wall, If the first cross-mode frequency falls within

a critical test frequency range of interest, the lateral distribu-
tion of the sound pressure level within a plane wave duct should
be measured, preferably with the specimen replaced by a dummy
rigid specimen, to assist in shaping the test spectrum.

The cross-sectional area of the sound channel for an external

test hall be no less than 5% of the surface area of the panel

beiiig tested. For an internal test, the cross-sectional area

of an individual sound channel shall be no less than 5% of the

surface area of the specimen which is covered by this channel.

In any test where the specimen curvature causes an area obstruc -

tion of more than 10% of the sound channel area, a fairing shall

be used upstream to direct sound around the specimen. No B
specimen shall cause an area obstruction of more than 90% of f
the channel area.

Fairing As mentioned above, a fairing shall be used to make a smooth
area 'ransition at any point in the cross-section of a progressive
wave facility where a specimen or other protuberance occupies
more than 10% of the section. Where the transition causes less
than a 50% change in area it is permissible to use fairings
consisting of conic sections having flare rates no greater than ™
18°, Where a larger percentage of the cross-sectional area is to ‘
be occupied, consideration must be given to the frequency response
characteristics of the rate of change of area so that this change

rate d-~s not cause reflection of acoustic energy at the lowest

frequency of interest,
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Horn Coupling
Frequency Response

Boundary Condi tions

Termination

Progressive wave facilities are generally driven by acoustic
generators through coupling horns. These horns have definite
cut-off characteristics which exclude all frequencies below a
cut-off frequency from the test section. In acoustic horn
design (Reference 73), the cut-off frequency is defined as that
frequency, below which no energy is transmitted. In designing
such horns, the lowest frequency of interest must be placed at
least 1/2 octave above this cut-off frequency.

A panel mounted at the side of a progressive wave facility for

an external test will be fastened to the facility in some manner,
It shall be the responsibility of the test manager to determine

the suitability of the mounting used in relation to the require-
ments of a specific test. Panel response is critically dependent
upon the edge mounting conditions, whether the panel may be
considered simply supported, pinned, clamped, or a combin. *~n
of these. It will generally be desired that the panel be securely
restrained along all edges to produce a clamped-clamped
condition or be mounted in a fixture which duplicates, very
closely, the actual boundary conditions to be experienced by the
specimen in use, Verification that a fixture provides such a
simulation shall be made by a svitable engineering study. Actual
edge conditions used will be thoroughly documented.

For the internal test, utilizing a ducted progressive wave config~
uration surrounding a cylindrical test specimen or shroud, a
portion of the vehicle stage below the lower edge of the shroud
should be utilized as a fixture. If this portion of the vehicle
cannot be furnished, a svitable fixture should be designed so as
to provide a reasonable simulation without unduly influencing
the low order vibratory modes of the shroud.

A progressive wave facility must include a termination following
the test section to absoirb at least 95% of al! energy entering it.
This will prevent reflection of energy back to the test section
where it will combine with the incident energy and cause large
gradients in sound pressure lzvel over the specimen length. When
such a facility is powered by an airstream modulator, the temina~
tion must be designed to allow free passage of air so that static
cressure exceeding 2 in. of water is not imposed upon the test
section.
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Special Requirements for For those internal progressive wave testing configurations
Internal Progressive Wave utilizing single or multiple progressive wave ducts and
Facilities horns surrounding a cylindrical specimen, t' e basic require-

ments outlined in this section regarding fairings, horn
coupling and termination are still applicable. However,
the duct dimensions and the boundary conditions (between
the duct walls and the specimen) must be carefully designed
for each testing configuration such that:

(a) The desired sound pressure | s over the specimen
are achieved without excessive radiation damping effects
or duct cross-mode effects.

(b) The interfaces between the edges of the duct walls
and the test specimen surface do not cause unrealistic con-
straints which would affect the natural dynamic character-
istics of the specimen.

5.5.3 Detailed Test Reguirements

Test Spectrum: The test spectrum shall comply with the tabulation as shown in the accom-

panying table. The overall test level shall be decibels (re: 2x 10°3
newtons/meter2) + 2 decibels.

TABLE OF ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS

1/3 Octave Band Level in Decibels Tolerance
Center Frequency (re: Overall Level) in Decibels

10 10
12 +10
16
20
25
31.5
40
50
63
80
100
125
160
200
250
315
400

[
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TABLE OF ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS (Continued)

1/3 Octave Band Level in Decibels Tolerance
Center Frequency (re: Overall Level) in Decibels
500 + 3
600 = 3
800 + 3
1,000 * 4
1,250 + 4
1,600 * 5
2,000 + 5
2,500 + 5
3,150 — £ 5
4,000 £ 5
5,000 + 5
6,300 z 5
8,000 £ 5
10,000 + 8
12,500 + 8
16,000 — + 8
20,000 = 8
Mark upper and lower frequency with *
Test Duration: The test shall have a total duration of minutes or until major
structural failure is noted. During the test period the facility shall be shut down
every minutes for a visual examination of the specimen to detect structural
failure. In addition, the test shall be interrupted every minutes for thorough

examination of the specimen for minor damage. This will include the following
special tests:

1.
2,

3. (Et Cetera)

Acoustic Instrumentation: In order to verify compliance with the requirements of the
test spectrum, acoustic instrumentation will be installed to monitor the sound field.
Instrumentation shall consist of microphones having a maximum pressure rating of at
least 20 decibels higher than the overall test spectrum level. These microphones shall
meet ANSI Standard $1.12-1967, as revised, for a type M microphone. They shall be
calibrated in accordance with ANSI Standard S1,10-1966, as revised, Field calibration
shall be performed upon the entire microphone system at the beginning and end of each
working day at a minimum of 1 frequency at a sound pressure level comparable with or
above test levels. The frequency response characteristics of the entire microphone
system with readout equipment must be known to within + .5 decibel. Determination of
this characteristic shall be performed periodically to manufacturer's recommendations.
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Calibration of the instrumentation shall employ laboratory standards traceable to the
National Bureau of Standards. All acoustic instrumentation exposed to the sound f' eld
shall be resiliently mounted to minimiza response to vibration.

Placement of Instrumentation: The purpose of acoustic pressure monitors is to determine
the pressure acting upon the specimen itself. A measurement of the sound field near or
on a non-rigid surface will inherently include the pressure caused by re-radiation of
acoustic energy by the specimen. Thus, the test manager must make some decision as
to placement of transducers when a specimen is small compared with the acoustic wave~-
lengths of concern. When such is the case, reflection and re-radiation are of little
consequence and the transdurers may be placed at convenient locations within one
wavelength of the specimen ¢ * the peak energy frequency. Thus, for a spectrum peak
occurring at 500 Hz, the transducers may be resiliently mounted within two feet of the
specimen. When the specimen is large compared with the acoustic wavelengths of
concern, flush-mounted microphones are to be preferred. The lower bound frequency,
above which pressure remforcement due to re-radiation may be assumed to occur is

given approximately by; f = TT where €, s the speed of sound and Re is the

vehicle radius. When flush-mounfmg is not possible, the active face of the transducer
shall face the specimen surface and shall be placed with 1/8th wavelength at the highest
frequency of interest,

Number of Monitoring Transducers: It is generally acceptable that a minimum of three
microphone positions be used to monitor the acoustic field around small test specimens
subjected to a uniform acoustic field. Where it is inconvenient to use three separate
transducers it is permissible to use a single transducer moved sequentially to the three
different positions when the field can be shown to be stationary. Large test specimens
will require a minimum of three transducers placed around the specimen. Where very
large tests are contemplated, or where large gradients are expected over a specimen,

considerably more transducers may be required at the option of the requesting organization.

Specific locations inside a large specimen may also require added transducers. Spatial
variations between monitor microphones which are greater than + 3 dB from the average
level are considered excessive for tests in a uniform acoustic field, and shall be justifica-
tion for modifying the test procedure or facility in order to reduce this variation to the
specified limits. For testing in a progressive wave duct configuration, this deviation of

+ 3 dB may be considered to apply to the distribution of sound pressure levels around the
circumference, at a given axial station. This will not of course apply to those tests where
localized regions of higher sound pressure level have been specified.

Control Microphone: All acoustic level settings will be determined by reference to one

specific transducer or the average of a number of such transducers. The location(s) of these
‘transducer (s) are specified.

1. 2. 3. Et Cetera

A single mir ophone may be used for control provided that it measures a sound pressure
level within + 1 dB of the average of all monitor microphones.
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Verification of Acoustic Environment Specification: The required acoustic test levels

shall be established by the tollowing procedure:

(1)

(2)

(3)

(4)

(5)

Prior to inserting the test specimen, trial runs shall be made at levels of
approximately =20, =10, -6 and J dB below the required levels with
monitoring at levels to be made at the same positions that are to be used
for measuring with the specimen inserted (to the extent possible).

Repeat this procedure with the specimen in place, taking particular care

to establish the required spectrum shape and required spatial distribution
over the test article surface at a test level approximately -20 dB below

the specification. For progressive wave test set-up, conduct sweep at
constant electrical power to obtain frequency response, measure performance
of termination, and investigate standing waves.

Spectrum analyses shall be conducted at each of these test levels with a
spectrum analyzer having a bandwidth no greater than one-third octave.

For the final verification of test requirements, data shall be analyzed with
a sufficient data sample length fo achieve at least 100 statistical degrees of
freedom (i.e., the product of filter bandwidth and sampling time) in the
analysis of each band.

Indicating, recording or other suitable analysis output indicators shall read in
terms of the true rms levels in each band.

Reporting Requirements: Information about the actual parameters used in a test shall

be reported and will include the following minimum information:

)

Reverberation Room Characteristics

a.  Diagram of chamber with dimensions, locations of transducers, horns,
specimen, special equipment in the field such as local absorbers or
sources, etc, :

b.  Reverberation time of the chamber with and without the specimen,

c.  Description of special wall treatment if any.

Description of the use of any acoustic "Q multiplication" or other
special techniques employed to enhance the acoustic field.

e. Verification of fransmission loss between outside and inside of
"box" specimens.
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(2) Progressive Wave Facility Characteristics
"
a. Dimensioned diagram of the facility and the test specimen with
transducer locations.

b.  Horn and termination cutoff characteristics. ;
c.  Verification of panel or vehicle mounting characteristics to demonstrate K
"hard mourt" or "soft mount" whatever the case may be. ;
d.  Description of fairings used. -

e. Evaluation of dominant cross-modes by measurements in the progressive
wave test section with a dummy rigid specimen if possible. B
B

(3) Characteristics of both Facility Types

]
a. Description of specimen mounting techniques. ;
b.  Description of transducer mounting techniques. R
j
c. Evidence of the actual required degree of spatial uniformity, or required N
spatial variation, obtained in the field over the specimen. This will include !
1/3 octave analyses made at representative ositions near the specimen. }

d.  Temperature r. i humidity of ambient air around specimen.

e.  Photographs of pertinent items not clear!, shown above.

f. Enginecring data describing the essential design characteristics, supported
where necessary by experiniental data, of any special non-standard test .
facility such as combined reverberant - progressive wave duct facility or ]
multiple duct facility,

(4) Instrumentation List showing pertinent calibration information. {

(5) Block diagrams of instrumentation, signal conditioning and readout equipment.

(6) Description of data reduction techniques with sample calculations where appropriate.

(7)  All test data requested,
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Additional Recommendations: It is recommended that the following additional steps be
taken when appropriate.

(1)  For panel testing in a plane wave facility, the lower resonance frequencies and
damping ratio of at least the first mode of the panel should be measured before
and after mounting the specimen in the test opening.

(2) For shell-like test specimens, the use of strain gages as response transducers is

recommended in addition to other appropriate means of monitoring specimen
response to acoustic testing.
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6.0 DISCUSSION

The external acoustic environments, structural responses, noise reductions, and the
internal acoustic environments have been predicted for a typical shroud/spacecraft

system during lift-off and various critical stages of flight. Spacecraft responses caused
by energy transmission from the shroud via mechanical and acoustic paths have been com-
pared and the importance of the mechanical path has been evaluated. Theoretical
predictions have been compared extensively with available laboratory and in-flight
measurements. Equivalent laboratory acoustic fields for simulation of shroud response
during the various phases of flight have been derived and compared in detail. Techniques
for varying the time-space correlations of laboratory acoustic fields have been examined,
together with methods for varying the time and spatial distribution of acoustic amplitudes.
Possible acoustic testing configurations for shroud/spacecraft systems have been suggested
and trade-off considerations have been reviewed. The effects of reverberation room
dimensions on the lowest test frequency, and the volume occupied by the test specimen
relative to the reverberation room volume have been assessed. The problem of simulating
the acoustic environments versus simulating the structural responses has been considered
and techniques for testing without the shroud installed have been discussed.

The most significant findings of the present study are summarized in the following
paragraphs; these points are arranged in approximately the same order as the specific
objectives outlined in the Introduction to this report.

) Several rocket noise prediction methods have been evaluated and their applicability
to given launch configurations have been reviewed. Predicted octave-band sound
pressure levels at the surface of a typical shroud/spacecraft system agree reasonably
well with measured data. Simplified correlation functions based upon plane waves
radiating from distributed sources in the rocket exhaust flow were utilized in the
structural response calculations; computed responses have been found to be in good
agreement with responses measured at lift-off.,

o The aerodynamic environments for typical shroud/spacecraft systems employing
15 degree cone-cylinder shrouds are extremely complex for transonic Mach numbers.
The flow over the conical section is attached for all Mach numbers up to maximum
dynamic pressure (approximately M=2.0 for the range of spacecraft-vehicle combina-
tions investigated); however, the flow over the cylindrical section of the shroud is
characterized by distinct zoning. These zones contain separated flows, shock-wave
oscillations and thickened boundary layers, the exact characteristics depending upon
the particular transonic Mach number and the shroud diameter. The sound pressure
levels over the conical section of the shroud do not vary substantially with increasing
Mach number and are significantly lower than the levels over the cylindrical
section. The highest sound pressure levels (for the Nimbus shroud and Atlas-Agena
vehicle) occur on the cylindrical section of the shroud at approximately Mach 0.8,
and are associated with the combined influence of a zone of separated flow near the
cone-cylinder intersection and a superimposed shock-wave oscillation. The influence
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of the shock-wave oscillation is confined to low frequencies, typically in the
one-third octave bands centered at 16 Hz, 31.5 Hz and 63 Hz.

At transonic Mach numbers, the overall level characteristics of the fluctuating
pressure environments for other shroud geometries (such as bulbous and boattail
shrouds) are very similar to those for the 15 degree cone-cylinder shrouds.

The most significant internal acoustic levels for the shroud-vehicle combinations
investigated occur at lift-off. At transonic Mach numbers the internal levels are
lower than at lift-off by about 10 dB to 15 dB over the frequency range investigated,
while during the maximum dynamic pressure flight regime the internal sound

pressure levels were found to be significantly lower than at lift-off. Measured
internal sound pressure levels during flight are significantly higher than those
predicted; this is considered to be due primarily to the fact that these sound
pressure levels were measured by a single microphone placed near the inner

wall of the shroud which is in fact a point of pressure maxima for all radial acoustic
modes within the shroud.

In caleule.aing the space-average internal sound pressure levels due to the aero-
dynamic fluctuating pressures, it was found that the levels within the shroud were
determined essentially by those external levels existing over the cylindrical section.
The lower external sound pressure levels over the conical section had an insignificant
effect upon the final space-average result.

Relatively poor agreement has been observed between predicted and measured noise
reductions for typical shrouds, Furthermore, noise reduction measurements for
identical shrouds subjected to various acoustic test environments and in-flight
environments exhibit considerable scatter. These results point up the fact that
space-averaging of the internal acoustic field is a critical factor in establishing
realistic noise reduction curves.

The normalized structural responses of the shroud to the lift-off acoustic environment
and the duct=d progressive wave environments were found to be very similar. The
one-duct progressive wave environment dees not excite the low order shroud modes
involving non-zero circumferential mode numbers. The separated flow environment
over the cylindrical section of.the shroud at transonic Mach numbers contributes
significantly to the response at high frequincies, typically above 2,000 Hz, while
the low frequency response is determined «lmost exclusively by the pressure fluctua-
tions in the thickened boundary layer over the aft portion of the shroud. The shock
wave-oscillation does not contribute significantly to the overall space-average
mean-square response of the shroud, except at very low frequencies. During the
maximum dynamic pressure portion of flight, the mean-square response levels are

in general lower than for the transonic Mach numbers, except at high frequencies
in the region of the acoustic critical fraquency, where they are substantially
higher.
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A comparison of the computed equivalent acoustic fields for simulation of shroud
responses indicate that the one~-duct progressive wave test configuration contains
severe low frequency deficiencies due to its inability to excite the low order
shroud modes involving non-zero circumferential mode numbers. At low frequencies
the eight-duct progressive wave environment was found to be the most efficient
of the test environments considered while in the mid-frequency range (typically
100 Hz to 800 Hz) the reverberant acoustic field was more efficient. For
frequencies greater than about 800 Hz all three test environments were found to
be comparable in efficiency. It can also be concluded, from examination of the
normalized response results, that the four-duct and sixteen-duct progressive wave
configurations produce very similar results to the eight-duct configuration, small
differences being observed in the frequency region between the ring and acoustic
critical frequencies. In this frequency region, an increase in the number of ducts
causes slight increases in the structural response per unit exciting pressure.

The reduction of atmospheric pressure during flight causes an increase in the shroud
noise reduction of approximately 6 dB for an altitude of 18,000 ft (approximately
Mach 0.8) and 15 dB for an altitude of 45,000 ft (approximately Mach 2.0).

The effects of a finite pressure differential on the shroud response were found to
be negligible for increments up to 2.0 psi.

It has been demonstrated that for certain shroud/spacecraft or shroud/payload
systems, vibration transmission via the mechanical path from the shroud to the
spacecraft (or payload) is significantly greater than that transmitted via the
acoustic path over certain frequency ranges. This has been found to be especially
true at lower frequencies where the low-order shroud modes exhibit strong coupling
with the spacecraft (or payload) adapter. Because of the importance of the
mechanical transmission path, it is essential that a portion of the final vehicle
stage below the shroud connection plane be simulated during any acoustic or
vibration testing, whether or not the shroud is installed.

Modification of the spatial correlation properties of the reverberant acoustic field
and the progressive wave field can be accomplished only by the addition of
localized sources or sinks (for the former), or by using several plane wave sources
arranged circumferentially around the shroud (for the latter). These techniques
provide a convenient means for varying the time and spatial distribution of the
acoustic amplitudes. The most serious drawback associated with testing in a pure
reverberant field is the continuous nature of the amplitude function of the sound
pressure with space; the pure reverberant field does not lend itself to the provision
of sound pressure level gradients over the structure. Inefficiencies associated

with the progressive wave duct configuration include the energy losses along the
duct due to absorption by the shroud, insufficient sealing between ducts and
radiation through the duct walls.
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® Model-scale experiments utilizing a reverberation chamber of ideal dimensions

e together with test specimens occupying different percentages of the room volume

' have been described, These experiments have shown that as the test specimen
volume is increased, the sound rays radiating from the source travel along longer

) paths around the room, thus lowering the individual room resonances. If the
lowest test frequency is maintained at 2.5 octaves above the first room resonance,
little degradation of room characteristics can be expected for specimen volumes
occupying up to 25% of the room volume. In general, the room performance
will not be seriously altered by installing test specimens occupying volumes up
to 25% of the room volume; furthermore, the model-scale results suggest that
testing with specimens occupying 50% of the room volume may be considered
feasible.

o The basic laboratory simulation problem is caused by the fact that in most cases

: the vibration environment is induced by a distributed external fluctuating pressure
field rather than by several discrete sources of vibratory power. A true simulation
of boundary layer turbulence cannot realistically be obtained except by using
small localized acoustic noise sources or shakers, Direct insertion of a test
specimen into a wind tunnel test section is very rarely feasible due to the limited
test section dimensions and the problems associated with tunnel background noise.
Simulation of aerodynamic fluctuating pressures by utilizing impinging wall jets
has apparently been successful for high frequencies only, typically above 1,000
Hz. Local mechanical excitation of the shroud utilizing shakers often introduces
extremely high local forces and, in addition, the vibratory levels induced at
high frequencies are attenuated rapidly in the surrounding structure. Also, local
constraints and mass loading tend to prevent the shroud from exhibiting its natural
dynamic characteristics.

. Because of these difficulties and the excessive costs involved, simulation of shroud
response by applying an equivalent acoustic field becomes the only practical approach.
These equivalent acoustic fields, which may be derived theoretically, or empirically
from laboratory and in-flight transfer function data, have been discussed above.

) For shrouds subjected to a diffuse acoustic field in the laboratory, it has been shown
that removal of a section of the shroud, leaving the lower one-third attached to the
interface ring intact, results in a realistic loading fixture. Application of a simulated
external acoustic environment to the outside surface of this loading fixture provides
a realistic simulation of energy transmission via the mechanical path. Mechanical
excitation of this loading fixture appears to provide a reasonable simulation of the
spacecraft response over certain frequency ranges, the latter being largely a function
of the point of application of the driving force. Insufficient experimental data are
available to establish the validity of this particular simulation technique at low
frequencies where strong coupling between the low order shroud modes and the
spacecraft adapter has been shown to exist. It can be concluded that for
realistic testing of shroud/spacecraft systems with the shroud removed, mechanical
excitation in the region of the spacecraft adapter is an essential requirement.
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For consistent acoustic tests performed in different reverberant facilities, it is
essential that there be a minimum of seven resonances within the one-third octave
band centered on the lowest test frequency of interest. For test specimens having

a fundamental resonance in which the structural Q is significantly greater than 25,
the lowest acceptable test frequency aiven by this prior condition should be

verified by applying the condition that at least one room mode exists within the
corresponding bandwidth of the structural resonance. An acoustic test specifica-
tion format has been prepared to assist in improving the repeatabiliry and consistency
of acoustic testing of shroud/spacecraft systems. This specification contains detailed
requirements for testing in reverberant enclosures and progressive wave facilities.
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7.0 RECOMMENDATIONS

The results of the present study have demonstrated the effects of different types of acoustic
environment on both the structural response of the shroud, and the internal sound pressure
levels within the shroud. For a given shroud, a correction factor can be determined
analytically for the purposes of adjusting the actual in-flight acoustic spectrum to a
laboratory acoustic spectrum. This adjustment provides theoretically identical space—
iveraged structural responses of the shroud. The internal sound pressure levels are then
determined by first converting the actual in-flight acoustic spectrum to an equivalent
reverberant acoustic spectrum (producing the same structural response levels in the shroud)
and then subtracting the computed noise reduction (which is based upon the assumption
that the acoustic field is diffuse both outside and inside the shroud) from the reverberant
levels. It should be emphasized that theoretical derivation of the equivalent acoustic
environments is limited by inherent inaccuracies in the modal analysis theory and the
structural modelling; consequently, the absolute decibel corrections to a given flight
acoustic spectrum should be viewed with caution. However, it is considered that the
theoretically derived correction factors present a reasonable qualitative comparison
between the various equivalent laboratory acoustic environments. A more precise method
of adjusting the in-flight acoustic spectra would be based upon the results of a program
involving detailed measurements of response to excitation transfer functions collected from
vehicle flights and laboratory studies, extrapolating where necessary.

In dealing with the shroud/spacecraft response problem theoretically, the most significant
weakness is in the determination of shroud noise reduction; agreement between theoretical
predictions of noise reduction and measured data is generally poor. This is due partly to
the fact that the noise reduction theory is based upon the assumption of diffusivity of
external and internal acoustic fields, while many of the experimental studies which have
been reported were conducted in non-diffuse acoustic fields. Further uncertainty is
introduced by the fact that many measurement programs involved only a single microphone
located inside the shroud. Thus any meaningful comparisons between predicted and
measured noise reductions for a given shroud are extremely difficult.

Clearly this represents an area for further study, preferably involving model-scale experi-
ments, The objectives of such an experimental study would be to: (a) determine, for a
given shroud, the characteristics of the internal acoustic field for a range of external
acoustic environments, and (b) evaluate the effects of shroud detail design on the noise
reduction characteristics, utilizing a number of shroud design concepts. The range of
acousiic environments should include typically, a reverberant acoustic field, plane
waves having arbitrary angles of incidence, a ducted progressive wave configuration and
possibly a localized form of acoustic excitation. Detailed measurements of the internal
sound field shoulc' ue conducted to determine the typical variations in noise reduction to
be expected as a result of a limited number of transducers and their individual locations.
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Investigation of the role played by the mechanica! pnth in transmitting energy from the
shroud to the spacecraft has to date been limited to « iew basic theoretical and experimental
studies. The experimental studies have been conducted in acoustic environments ranging
from diffuse fields and single-duct progressive wave fields, to far-field rocket noise environ-
ments. However, because of the differences in the specific objectives of each of these
studies, the available experimental results are fragmentary and only limited comparisons can
be made. Additional model-scale experiments are therefore required in order to realistically
assess the effects of different acoustic environments on the energy trarsmission via the two
paths. The objectives of such an experimental program would be to eliminate in

turn the acoustic and mechanical paths and to: (a) determine the spacecraft response as a
function of the type of acoustic field applied to the shroud, and (b) determine the relative
roles played by the mechanical path and the acoustic path for each type of acoustic
excitation applied to the shroud. The range of acoustic environments to be considered
should include those previously outlined above.

Spacecraft adapter designs generally fall into one of two categories: (a) the basic open
framework truss, which is attached directly to the interface ring, and (b) the continuous
cylindrical or conical adapter, which is usually attached to the upper surfaces of a hemis-
pherical bulkhead. In the former case the shroud is attached directly to the interface ring,
while in the latter case the shroud is attached to the lower surfaces of the hemispherical
bulkhead. It is anticipated that the mechanical transmission of energy from the shroud to
the spacecraft would differ for these two design concepts. Thus an attempt should be made
to determine, either analytically or experimentally, the magnitude of this difference.

It has been found during this study that for 15 degree cone-cylinder shrouds, the internal
acoustic environment during flight is determined primarily by the external acoustic levels
existing over the cylindrical section of the shroud. Furthermore, these external levels are
characterized by distinct zoning caused by the turbulent flow over the shroud, the acoustic
levels differing significantly from zone to zone in certain cases. These results suggest that
acoustic testing which involves the application of a localized acoustic field (concentrated
over a small portion of the shroud) may provide a feasible technique for adequate simulation
of the spacecraft response during flight. Some attempt should be made to examine, in the
laboratory, the efiects of applying a localized environment to the shroud, using a suitably
scaled model. This investigation should examine the effects of acoustic intensity, the
magnitude of the excitation area, and the location of the excitation area, upon the shroud
response, adapter and spacecraft response, and the interior acoustic field.
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Appendix

Predicted Surfoce Pressures based upon Wyle Method A

Measured Maximum Free~Field Sound Pressure Levels between
(T-3) sec and (T+2) sec. Microphone located on Umbilical Tower
about 25 ft from Vehicle Surfuce (Atlas/Centaur AC-16) Ref. 52

Measured Umbilical Tower Data Corrected to Surface Pressures
at the Shroud
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Rocket-Noise Spectra at External Surface of Payload Shrouds for the Atlas
Booster at Lift-Off — Comparison between Various Prediction Schemes
and Measured Data 141
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Figure 20, Measured Octave Band Sound Pressure Levels on the Umbilical Tower o
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One-Third Octave Band Center Frequencies, Hz

———— Titan II; External SPL during Captive Firing of Stage 1 (flush-mounted

. Z_T.T = microphone located 90 degrees off target at forward end of vehicle

« approximately 80 ft from nozzle exit). Data from Vehicle Numbers
N1, N3, and N8, respectively, Reference 74

=== Titan Il A; External SPL at Lift-Off (flush mounted microphone located
20 degrees off target, 4 ft Lelow base of payload shroud on Compartment
3A approximately 100 ft from nozzle exit). Data from Vehicle Number
SSLV-1, Reference 75 '

§ Figure 21, Titan Il and Titan IIIA; One-Third Octave Band External Sound Pressure
Levels at Shroud Surface luring Lift-Off and Static Firing

143




Octave Band Center Frequencies

[ ﬂ!lixxﬁ. v s = _a.laﬂl\.vz ﬁ,\uﬁ.u,} e e ,14\..:3
S
=3 RARAN RARRNRAARS LEARI RARRS AR R AR R R AR AR R AR AR RRARE ERRARE L
w YT TS FUUTE INTNI VTR NN STI SRR TI EN N1 STS NI U TS SRR RUN NI PR FU AT
0 -—jdddq- -—q--- ﬂddﬁ‘qun- -—u-—-<—~ -ﬂ<~—--— -qud—xquu -‘-‘—d-dc
<
=4 I T TR T TR VAT ST ST T FTRTN AU UTI CVUTN FUVWE FUOTY PO
o -_-—jlq- —-——d-—— ——-—««—— -—#ﬁ,—d-—— .\l-—du«— -q—-jdw#u -uawuuiq-w
~N Y 2
~\.\«
o
8 \
m t.-_hP-F .:__._-» P»»h_ht. .:»— 1 :-._.... _:n—..: :..-...n
u-*ﬂ‘_‘dﬂqu —-#d—ddqu --———- -—-— -qd«—ﬂqqd -—-——--— —-dn—-—
e N
\ °
AL
io\
= ..__.: .:—__:- _:n_hhpp 141 r“: e laess pbbb_...- .:.__.:
R LSRN R RERERERRERERIRERRE RA) AR R RN RN ARRRE R ARAREARN RARES AR
m t.._-pb b—.._-.._ 114 14141081 ’.b» »...t#.r?-h-_..». .-..—npb-
o~ -Jdd-«- ——-.—J-d—- qu—u—d-u e LIS _-.——q-dw d\dd—,—-—- -quu—‘u
[V
H
) N,
o~ »._-..~ -bbb...~ -.pPhbt. [ _Pf.l -p-—h... ...._...- ..».—p-~
R RN A RN LR R RS RE j:ﬁ 1./::—:._ RRRERRARSRARRRNS
o L darredevenberrsbereaberaadensrslane chereeleerelienbeenet b
6 -4-1—J1ﬂq- d-—-jqqn —-—————-\4 uqu<—-— -—-qq -q-—uuqu --«——-d‘d
.
-
n U TR NSRS PRSI NN NI AVINI SURTINNNTISTNRI SNNTISUSTE RRNTS SUNTU OUET
TYFTT LIRBLE ] LR LS Trees Frey LA R BRI TTvy ¥ LIS L) LIR L) Ty LIS rYyvy R
— } | | | 1 | 1
™
0 ot e by oo boan oy o a oo n b e e na o e bney oo e lo s alagaslaasalsass
[ d —-~—-—-— LR —J}—j —--—-—- —-_-—-q« --—-—q- —‘<<¢-—- -q-—-
pedoentlaaneleggy p».—.m SRS ENI TN TS ETENE FRERICSN N AN UNTRVI FE T
1.
o (=] [} o (=] (=) o
N el 79} w (3] o~ ~— o
— — — — — — — —

(z4/N ¢-01 X Z :8Y) gp - |2497 pudg 2AD450 Pty -auQ

00001
0008
00€9

0sie
00s¢
000
0091
osel
oool
008

0e9

00S
00¥

Sle

002
091
Gcl
ont
Ot
£9

(§
L4

91
4

YO

One-Third Octave Band Center Frequencies, Hz

Titan 111 C; External SPL ot Lift-Off (flush mounted microphone

located 20 degrees off Target, 4 ft below base of payload shroud

on Compartment 3A, approximately 100 ¢ from nozzle exit). Data

from Vehicle Numbers SSLV5-08, SSLV5-11, and SSLV5-13,

}

- sem s e

respectively, Reference 55 — Closed 90 degree bucket deflector

Figure 22. Titan IIIC; One-Third Octave Band External Sound Pressure Levels at
Shroud Surface during Lift-Off

144




o 00001
m -d-—-d\# du_q—-u_ __—dl—-—- -q———-u— -—-—_-—- ———-—¢-« -—«—~<~u °°8 o
00€9 £
—
0005 “
w :-.—...- ...._.ph. .:._b._. :-bbr: TESEBNET .:._..-. ..~._..: ~ o
=2 AR AL ARARS LRI RALRA AR RARRE RARES RARAA RARL AR RRARRRRAAS RRRL 000¥ c m “
M 0S1e 6 ]
- o pm
T 0
S _ | [ _ _ _ 0082 s 3T A
S HHHHHTHHHHHHHHH AT 0002 82 3 8= 5
—s 09t N =5 % E
4 H [7) [ ] L Va2 |
o Q
Vi szt .~ £8 2 o< £
o \ H _ [o J-"4 Q m 7.3 wi
(=] st liers »_..__:> »»-._:_ 1l tid :..-.: __n-_._.. Attt e 80—. .a\w |m. -~ ﬂ [
o --—-<d q-~—-- -~<——-d\~ﬂ uﬁ—. ~«-— -u-—qq—« -—-—-- —-dq-—_ omw 04 - Imilm .Iwe
‘s = 4 a 008 = o Q9 o0-°= =
Q o
o O N =
m ‘P -\\ - 72 ] - owlm | -
S T 11 Ko Qﬂo o %\A m mv o
=3 ETENU IR TY FUS TN SRS U R UTNE A FNETI SIS ANV SN SNERE SNENE FRTY Om m © - £ g
o w RARANERRERIRRRE RN RARRE RAR U LA RRARE AR RN AR RN RRARIRARRE RRRE! 0 i md ﬂ w 6 W
o ooy = = < & o
[ .ln o
- 1
2 gie T &9 o g2
T o { 1 ® 5> o %&£ o ®
& B HHHHHHHHH i 052 8 % £ 54 5
[ ]
o 00¢ € a& > P &
c & a . 79
l S E & ~
& -t ETERE ENUTE FUTT saalaraaleias %— () ww (<] S”“ -m.m —
AR>S RAAAS LARAR AR IARERRRRRERRE T4 2 o £ =% 2 o
- oot § E=x o8 2:3 848
2 (] T o< -
3 o8 O mw@ o £28 2F
Q IS NETENET] il eegalen £9 e (TR« | 2 a1
LAAAS RARERARARS LARARRARBRRAS) - L lmv o~ @ &
0S = ~L = >fx 25
[} , [TH ~
oy o m..m .~ m.ﬂm - T
7o) 13 22 o0 22 ol
L YN CTUTE IR S RN AN [ESS IYITUNNEY 1€ O ‘58 3> B EQ 5
(%)
m q-qd-\ﬂqu 444-—-‘- rry uqqq—qudd mN Ss .lm S SM .d o
333337 28
d *
? € =
0z e < Db m.
O lasealaaardsias e, tatdeaaalsen 91 o >
[ LA ARERAELARARERAA] IRABLARREARRR]
- i ! zt I S
. 7Y
! ! o
TR IR TN IR SN R SR AN ST FR U T ATEN N FUERINEUN N RSN SRR S FRAT vO | $ ~
| | o
o o <. o o o =]
N S ! < ] ~ = 8 R
— — — g — — — — i
(zW/N ¢-01 X Z :9Y) gp - |2A87] pupg 8ADISO Pyl -8u0
r [Eee—— | SOV R S O B A (% .




All Dimensions in Inches

|
31.5
56.7
93.5
77.5
Conical Conical Conical
_ 96.7 Section: Section: Section:
T Attached Flow Attached Flow 6.5 Attached Flow
§ 115.0
L e _Zone |
S Zone 1: ]
E Separated Flow | 32.5 Zone 2 - 19.5
_ B } 1
& u‘;’ Zone 2: f
£ 159.0 :
o Modified 32.5
Attached Flow &
130.0
104.0
198.5
Zone 3: 65 Zone 3: Cylindrical
221.5 Modified Modified Section:
Attached Flow Attached Flow Attached Flow
245.5 ,
Mach No.=0.7 Mach No. =0.8 Mach No.=2.0
Zone 1: Attached Flow
Zone 2: Separated Flow plus
shock wave oscillation
Figure 24, Characteristics of the Aerodynamic Fluctuating Pressure Environments for the Nimbus Shroud (15-degree
Cone-Cylinder Body)
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Figure 34, Acceleration Spectra of Nimbus Shroud; Mach 0.7
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Figure 36. Acceleration Spectra of Local Sections of the Nimbus Shroud; Mach 0.7
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Figure 39, Mean Square Acceleration of Nimbus Shroud; Mach 0.8
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Figure 49. Response of SLA Structure to 16-Duct Progressive Wave Excitation;
Effects of Exponential Decay in Sound Pressure Level along the Duct
(results from Reference 14)
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Figure 50, Noise Reduction of Cylindrical Portion of Nimbus Shroud; Effect of

Varying the Average Absorption Coefficient
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Figure 54, Comparison Between Flight and Laboratory Noise Reduciion Data for the Nimbus Shroud
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———— Lift- Off (OG O-C Spacecraft)/ Thrust-Augmented Thor { "AT)-Agena D Vehicle.
Average of two microphones located on umbilical tower, Reference 53

—ev—wem  Langley Research Center Acoustic Test, Average of four microphones located
in close proximity to shroud skin, Reference 60

~=———  Lift-Off (OT-2 Spacecraft)/Improved Delta (TAD) Vehicle. Single external
microphone on umbilical tower, Reference 60
160 —

——— GSFC Progressive Wave Acoustic Test (LPS Facility). Average of ten microphones
————— located 6 in. to 10 in, from shroud skin, References 61 and 20, respectively
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dB (Re: 2 x 10”5 N/m?)

Octave Band External Sound Pressure Level,

120 \ Lol I Lt | Lo
10 100 1000 10,000

Frequency, Hz

Figure 55. Range of External Sound Pressure Levels Corresponding to the In-Flight and
Laboratory Noise Reductions shown in Figure 54 for the Nimbus Shroud




Z8l

Envelope to Experimental Data of Figure 54

Theoretical Noise Reduction for Cylindrical Portion of Nimbus Shioud in a Diffuse A_custic Field

32
—em.w—  Mass Law Noise Reduction (Reference 62)
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Figure 56. Noise Reduction of Nimbus Shroud; Comparison Between Measured Data and Prediction
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SLA Lift-Off (Vehicle AS501): 1 external micrc ohone on 1.U. and 2 internal
microphones (third octave data from Reference 54)

MR =REESE P PEIECy U .

1 0, e m— SLA 16 Duct Acoustic Test: 16 external microphones and 18 internal microphones
: (third octave data from Reference 57)
E |, —————— Titan Fiberglas Shroud: Lift-off (third octave data from Titan IIIC Vehicle No. SSLV5-11;
F Y Reference 55)
251~ =+ =-=.=  Titan Metal Shroud: Lift-off (third octave data from Titan IIIC Vehicle No. 5LV5-13;
b Reference 55)
)
; | My,  Low Frequency Noise Reduction Estimate for the SLA
‘_ (from Equation (59))
A o
Ef' o 20—
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1 ool L Loyl L Lot
10 100 1000 10,000
Frequency - Hz

* (a) SLA and Titan Shrouds

Figure 57. Range of Noise Reduction Data for the SLA, Ranger, OAO, and Titan Shrouds
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Noise Reduction, dB
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Ranger/Atlas-Agena Magnesium shroud (octave band data from Reference 63)
OAOQ Fiberglas shroud (octave band data from Reference 63)

OAO-2/Atlas-Centaur: Lift~-Off (one internal microphone at base of shroud close to
inner wall) Octave band data from Reference 52
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{(b) Ranger and OAQO Shrouds

Figure 57. Concluded

NS o e mn{ e Py




= 00001
w; T Y YT T T YT I O T T YT AR AR AR R AR RN RN RANRS ARRL] 0008 <
‘-
L ¢ 00£9 c
O o o
g 8% 1 _ 1 0005 g
8ts s ! o T ooov 55
um...c..T 1 © Gi 0,4 £ u. g
-2 5] o & 0052 2 s
2 RNH Q < [YETEERETASINRIET [ATE NSRRI o Za T 0002 «“ 5
..W.n.. [} 3 ARARRAARERLARE RARANRRSARRLARERT )74 LAAR o Y
™~ oo ] . @
S 3 e (1, T4} ‘g =~
(= 3 & et selseaalys 7 | %p M\WIV
s Sf° % HHHH R A oot 8 £ E
o — - nl
o o
5 71 ;o g 2=
2 .‘.‘.‘\ 80 wl g
o TETE IRETI IUNTE SNSRI RN VST NEE TSN SUNES SNSRI U, FENL N S UE T o >
@ H T CANRAARAILALRERS ARl atns 00§ ok )
F Ollov § - - —
® . ...\.A\.\. S 9 e O
- 7 — 1) § s mm
m w :.-—.... ..-thn -.-_...- I —-L‘.-. -».._»... 1141 ..-.r*b-» RN C rm.w o
d-qﬂ—quud -——-—.—-a ——dﬂdquw—- -a—ruﬂ-‘j -quu—-qdq q-——-ﬂ— iy LRSS f.ll
il -] N e AT
...m q'o'-'.'c'.' * -+ o— 'Jl\"l. SN W L ad ﬂ %
8 1o (1,41 a ..a%.\ @
% ».-——..%.-nbbbp-‘ ..-.-n-h- --._-.-. t-——.hb i WNF (] .
W. P R R R R R AR R AR SR AR R R AR R R RA RN ARAR! w S ﬂ
= o
.m — —— e o o °°F .Mw m.m
S > R et 8 O 5%
::—»:. -:._.:. 111l :P»r:_ :._:r- .:-::- ::_p-: m@ ° o Q)
“ R S R AR AN AR AR RS RA RS AR RRRENRARRNRARAS AR RRARE LARRE RRRA) = Dd
oS = c o
1 0O C
) w9
) ! | _ _ _ | or S gk
Yhaseadloeanteese oo natpene b aoanten s loanabeeon o eeeloreadstradoteadants e o) S =
— dqud—d\-d -dd-dddq— -d-—u-u— d--—qdj qu-u~4-<q -qdd-ddq- -dd—q-- ds
™ Q
174 &< &
QO
0C w £
O Baaxatareste v taag e ten b an o b endonantoe s toaselaansboaeslonanleans 91 °E
— e R R R RS RN AR R L) RAARE SRRRE LAARE AR zZ &
o
[e0]
taatasotleenalevonfonrabosrelascalonngboesadonoaloaeeleasslonnedoany o
1 1 1 <o [
2
o
3 8 & 8 @ o e o &
. r'
(;w /N 0L X T :2Y) gp ‘uolopay asioN
By Bille  pm S e e (rmd WTET b AP odelsl SR VAT ¥

BT MR Sl T e oo gl e e e




" )

Octave Band Center Frequencies

4000 8000

63 125 250 500 1000 2000

31.5

16

PRSSTN

LARERRARE ~.ﬂ~\«\\.¥\ﬂ“\_:: AR ANRRALERAARR RRRA J IRAAR
7
:—PP»»-» »»5 -p._:: vl w 134 ._»-—,—. P»»-—-»-»
—-d—«quﬂ -v—\-\ﬁ«- --——1-- TTTT i LIRS —-.-—-d—- dq!dldx—d*d-
& /
\ I/
aridlecribs ._\\: YT TSNS STETI SUTA N . RUUTIIUTY FUTTE FYRNY INUT
H .\\_: RS RARAERARRERRY) RABASLARRNRRRRSARARERARE!
<>
NI ITSNINI NV IR TN ATV IVEYE FONY
TEEVHA -—w-—qqq— q-dd—dﬁq— —ddu—uqq-
L
g
/ i
N
TIENETENIERU CE NN ENS RN OV ERR NN AUNT
QLRI BRI LAARARRIANRRARN RRRE:
\ » f//
anbw-b— hnnnn.nnn 111 -n---n[- -nb!m-..h Pbb-—--
LARSASSERAREN RARRENS e e
4 \/\
« ) \/7V
I ..i.—.-.~ b.--n.h- .t.—...b -b»—p--
— da~—-—-— -_—«———-d qdq——uq_- -————q-‘d
4
X I
] J'd
..._mhbph .:::. .:_T_: »_:_p:. --__.-:
LAAR SRR LA RRRRE AR R ARAIRRRRARRARERARRN RRAR:
- A Y
N
6/ /A/MA
IYRUEENTY| ...5 terilers f/?.l.: NYSRINITIIRIVESRERIINETUINIT
q-——~<q~ ~4«—4— idj-—-q d—‘—-dqd -d-c—qu-ﬂ -w-q-—-qqq -qqd—d-q-
tesalanss ..--.. M .-—L»»_ ....hbr.. --_-bp —.-._.-bb ..»--.-
et e e e e e
savadaenndaetalesendenuabonnadooea by gnsdsnnoboraalentabonandsngatnang
(=] [e) o o o w o (]
i < yrl o~ — [« (<]
— — - — — -

(W/N ¢-0L X Z :9¥) gP - |9497 pupg 2ADid0

s

0e9

ooy
GLe
0s¢
00¢
09t
174}
ool

€9
e
114

91
cl

YO

- Hz

One-~Third Octave Band Center Frequenci

Range of External SPL from Figure 19

e izen - mxis..

Internal Sound Pressure Levels at these Frequencies based upon
Lower Envelope to Measured Noise Reductions shown in Figure 54

Figure 59. Predicted Space-Average Internal Sound Pressure Levels at Lift- Off
for the Nimbus Shroud
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—— “emp— ™~
o0
p—
-3
-
— N ™M |m
2 22 n
6 06 O 4
N N N 0
S £
S 89 Z
£ £ £ o 2
= %% o =
(O RGOS 5
[Pl
« 1!
_____
|t
: ) )
I T
.«.r.v(.\.\. . » i s mh;v.ueb. PR JTY




Octave Band, Center Frequenci

4000 8000

2000

10n0

500

31.5

16

: w, .,.., .e%i t;
LAAAN AR ::\_:. «:4:\: RN RSN R RSN RE RN ERARE EARR]
T ~. V.
K T
{ I
T 1
:.._.... pbpn.»b_:_ EPLE TREN! USSR ENECEETENERRRTY FUNNA i ) .»bb_-
«ﬁdl—qu—d ———.q——-«— ———M—ﬂq i1 dqud—qauu q-wdd—«—-d -—dd—‘ UL} d_‘-q—-—ﬂd
! i
H M
bi Py
1 1
S INUER TSNS TS NIRVIFANRRE RESTNATENUANNSS NI W A FENRE PR T
) j-—u-q— -qq_’_‘— d~d1—\‘—‘d‘44- —-¢_—-—«—¥- d-d<-d
.
re A
: : 1}
—— ——A
et desraite i lyaes n:__:fv.:;:: TETENVANITTRIENTTIIY
q-uqqqdq— -;———-—_— -m«-—ﬂ—-/— dqaqﬂdﬁiu LI U T3 -—-————n T
.
: : - <K
| : W 4
TUITETRINE RN FRE T ——...__..._ wtalipes .:._:J
TIJ#T.: LA RN AR R RS RAREE VAR RRRRNRERRERARE |_|I..m.r|+++\
1 \ A !
? )
{ : \\

-»—r-_-n— nbnol——h-— Ll -—.»»- i 1 11y b—-——-nnn —-———-»- -——,-—-
HH e R e e g e
b ... V, '

\ . H
! \ \ ]
‘ K A NE .\\
h--—-nn -—P-—--— -—brnnhn hh-‘.ﬂ- bhhhhhbhb 411 1 t1t ——-—P-Pb
ASREARREERE) ARARSARERE LARSNRERRS AN ARERRARARRANARS7 SRRRARRRRRE AR RN
3 : A\ z
‘v P4
| \ L\
B K \ T
st brereleene plaeeelea N e abevemis e bt aanloentloeee
] | 1l Ly bt
HH e ...Z. RRAS LAY .M.::..d I AERERRARELERARRRRR
! 3 2
. A}
\ / .r \\\
: - . M \ Y ad
wurlie ._\._:: [TSVIEEEN PSR ENEE] Dovosbivrebrnredosen bl
d-‘d-—Q~¢- ¥ qumﬁqua dﬂuﬂ—ﬂqﬂd ﬂ-q-—-‘dl-‘* ——qdnd dnﬁﬂ—--d --—ﬂﬂ-‘ﬂ
s \ Z 1\
7 ; N\
A \
\ N,
-n.-»-h\....w.._. ...h_bnb_ .....—..._ _..‘_ Lit ~P-—_»hbb pr._...-
_-:-_‘J R RN AN S AR N AR\ R AR RN R AR AR SR AR AR RN AR
\ v\
X
TERERETR NN SN NN SE FUNEEASENE SRR ENAVENN FNRVITSSCN SNSRI SERNE FNET)
(o] (] (=] (=] o o [}
unH ~ (32 N — [&] % o0
— — — — — —

(g4/N g-01 X Z :9Y) P - {9487 puog 8Ap42Q pity|-uQ

00001
0008
00e9
0005

0gic
00s¢

0091

oscl
0001
008
0e?
00¢
ooy
GLe
0S¢
00¢
09t
1A
ool
08
€9

One-Third Octave Band Center Frequencies, Hz

&
sc

7
“

ot
el

vyC

~ e

Cylinder, Zone 2

St o4 ¢ enmemn ¢ ¢ o cm

External Sound Pressure Levels (From Figure 28)

Cylinder, Zone 3

Cone

— e ¢ c— t—

}

Internal Sound Pressure Levels at these Frequencies based upon

Measured Noise Reductions shown in Figure 54

Cylinder, Zone 1

— emamp ¢ ey ¢ S

Figure 61, Predicted Space-Average Internal Sound Pressure Levels at Mach 0.8 for

the Nimbus Shroud
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Figure 62, Measured Internal Sound Pressure Levels during Launch and Flight of the
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Figure 64, Predicted One-Third Octave Band Spacecraft Responses to Vibration
Transmitted by the Different Paths; One~Half Scale Model of the
Spacecraft-Shroud System from Reference 65
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Figure 65. Measured One-Third Octave Band Spacecraft Responses to Vibration
Transmitted by the Different Paths; One-Half Scale Model of the
Spacecraft-Shroud System from Reference 65
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(a) Average Acceleration at Base of Adapter Truss

Figure 66. Measured Acceleration Responses of the OGO Spacecraft during Progressive Wave Testing
with and without the Nimbus Shroud Installed, from Reference 61
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Figure 71. Equivalent Acoustic Environments to Simulate the Structural Response of
the Nimbus Shroud ot Mach 2.0
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APPENDIX A

ROCKET NOISE ENVIRONMENTS FOR
SHROULY/SPACECRAFT SYSTEMS

1.0 INTRODUCTION

For large coniemp s>rary rocket powered vehicles, the rocket noise is an important part
of the overall environment experienced by the vehicle and its payload. Since many of
these vehicles can produce over 100 million watts of acoustic power at launch, it is
necessary to accurately specify the noise environments when designing such vehicles or
their payload and shroud systems.

The primary concern in this Appendix is the specification of noise environments for
the payload and shroud region of the vehicle. A typical rocket exhaust noise field
can be divided into three regions:

e Near-Field — This region is immediately outside of the rocket
exhaust flow itself. The scund pressure level is very high in the
near-field such that finite amplitude effects should be considered.
The pressure fluctuation field contains a component which is out
of phase with the particle velocity. In specifying the acoustic
environments in this region, the effect of sound source location
must be taken i io account. The end of the near-field is generally
defined as five wavelengths away from the noise source.

e Mid-Field ~ This region is located immediately outside of the
near-field. In this region, the pressure fluctuations are in phase
with the particle velocity. The apparent noise source location
remains an important parameter for the specification of noise
environments in the mid-field.

e Far-Field — This region occupies all the space beyond the mid-field.
The rocket exhaust can be regarded as a single point source where
noise of all frequencies is emitted. In order to define the acoustic
environments in this region, the atmospheric and greund attenuation
effects must be considered.

The payload and shroud system on a launch vehicle can be considered to be located in
the acoustic mid-field of the rocket exhaust. For the rocket noise environment, the
most severe acoustic loading on the launch vehicle occurs during lift-off. Therefore,
the configuration of the first stage boosters as well as the deflector geometry are im-
portant parameters to be considered in detemining the overall acoustic environment,
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Several precise methods of rocket noise prediction will be discussed in Section 2,0,
Each of these methods has its own merit with respect to specific ranges of application,
The influence of the deflector configuration on the noise environment and a few other
special problems will be discussed in Section 3.0. Finally, the spatial correlation
characteristics of the noise field around th~ launch vehicle will be discussed in Section

4.0.

2,0 METHODS OF PREDICTION OF ROCKET NOISE

In spite of the wide variations in size, design, and propellant requirements in rocket
engines, the exhaust flows are generally dynamically similar. For existing large launch
vehicles, the rocket exhaust flow velocity ranges generally from 7500 to 9000 ft/sec,
with a typical Mach number of approximately 3.5. The expansion ratio of the rocket
exhaust is nearly constant for optimum rocket nozzle performance along the flight tra-
jectory in the atmosphere.

Various methods are available for rocket noise predictions. However, due to the semi-
empirical nature of these methods, none of them are general enough to cover all situations.
Each of them, however, has its own merit for its relevance to certain special conditions.
Four different methods for rocket noise predictions will be discussed in this Section.

The first is a method introduced by Cole, etal., (Reference 1). This is one of the
earliest methods which can provide a precise definition of rocket noise environments,
and is based on a series of rocket engine tests with *hrusts ranging from 1000 lbs to
130,000 Ibs. The second method was developed by the Wyle Laboratorie:. “ssearch

staff through a series of rocket noise studies. In this approach, the rocket exhaust

flow is divided into segments of apparent noise sources and the acoustic pressure
fluctuations at various points on the vehicle can be computed by summing the
contributions from these source segments. The apparent source location and the

strength of the sources are derived from experimental data, and presented in terms

of normalized parameters. The third method follows a different approach and was
developed by Franken and Wiener in 1963 (Reference 2). Acoustic measurements

of launch noise environments on vehicles such as the Titan and Jupiter, were synthe-
sized into a set of three normalized curves. These curves represent approximately

the top, mid-section and bottom section of the launch vehicles. A correction factor

is available to take into account the variations in thrust for individual launch - ehicles.
This method has been shown to be accurate for predictions of the noise environments

for large launch vehicles. Finally, a fourth method which deals with very large boosters
was introduced by Wilhold, etal., (References 3 and 4). This method takes into ac-
count the importance of noise source distribution and the deflected geometry of the
rocket exhaust. The basic non-dimensional spectrum is compiled from data obtained
during launch and static testing of large booster engines. This method which provides
the flexibility of dealing with advanced strop~-on launch vehicles such as Titan IIIC,

or projected post-Saturn launch vehicles has been shown to be very accurate.
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The detailed procedure for each method, as well as its raage of application, will be
discussc' below, For launch vehicles with simple gecmetry, the noise environment
can us " » predicted by using one of these fcy: methods. For sirap-on launch
vehic... , ../ever, two different  thods may be required to handle the mnin rocket
booster anu the strap-on rockets separatelv,

It should be emphasized that each of these methods predicts the free-field sound pre<sure
levels in the apsence of the structure. To obtain the actual surface sound pressure levels,
a correction of 3 dB should be added to the free-field levels for frequencies equal to or
greater than ¢ 0/ 27R, where < is the speed of sound in air, and R is the radius of the

payload shroud. This 3 dB correction represents an average increase in sound pressure
level around the circumference of the shroud due to the impingement of random phase
acoustic waves.,

The Method of Cole, et al.

This method of prediction was developed from a series of rocket noise measurements
undertaken by Cole, et al., (Reference 1) at ihe Air Force Wrighi Air Development
Center. Both rockets with liquid propellant, and rocke!s with solid propellant were
included, and most of these had standard conicai nozzles. The thrust of these rockets
ranged from 1C00 lbs to 130,000 Ibs. Near field and far field levels from eleven
static fired and three vertically launched rockets were measured under free-field
conditions. No exhoust blast deflectors were utilized for the static firings. Full
details of this rec ch program are reported in Reference 1,

Esseniially, this method predicts the overall scund power of o given rocket by using an
emirical formula. The spectrum and the directivity index of the noise field are given
in non-dime' <’onal graphs. The prediction procedure is given as follows:

Notation

SPL = Sound Pressure Leve!

PWL = Sound Power Level

OA = Overaii

OB = Octave Band

w M T Total Mechanica! Power of Rocke* in Watts
t = Thrust, Ibs

g = Gravitational Acceleration = 32.2 f},/sec?
w = Weight Flow, Ibs/sec
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d = Exit Diameter of Rocket Exhaust, ft

f = Geometric Meun Frequency of Octave Band

v = Gas Velocity at Nozzle Exit, fi/sec
Procedure

1. Determine the overall sound power level using Figure 1

OAPWL = 78+ 13.5log, Wy, dB, re: 10-° waits

where

fzg

W,, = 0,676 v = 0.676 T watts

M

2. Determine octave band power spectrum of the source as follows:

aj  Compute the Strouhal numbers fd/V for the center
frequencies of the octave bands.

b)  Determine the power spectrum level re: zero reference
at each Strouhal number from the empirical curve shown
in Figure 2,

c) Determine the power spectrum level re: 107" watts by
computing zero reference level which equals OAPWL - 10
log,, v/d and algebraically adding this reference level to
each power spectrum level determined in the previous step.

d)  Convert these power spectrum levels at the geometric mean
frequencies to octave band power levels by adding the
appropriate 10 log,, Af correction factors on Figure 2 to each
power spectrum level.

3. Determine AO and OB space average SPL's at 100 ft from the
formula:

Space Average SPL = PWL - 43 dB

4. Correct these space average SPL's at 100 ft to those free-field levels
at any distance R by employing the corrections on Figure 3u or 3b,

216

R

mn o

oy




5. Algebraically add the appropriate generalized directivity indice
: of Figure 4a or 4b to the computed space average free field SPL
R (R, f) to determine SPL (R, f, 6).

Although this method was originally intended for noise predictions in the far-field, it
is safe to extend the applicatic 1 into the mid-field for small launch venicles. In this
case, the correction factor is Step 4 can be obtained simply by using the inverse
square spreading rule. The deflection of the rocket exhaust flow should be considered
in Step 5.

Cole's method of prediction has been found to be accurate for rockets with total
mechanical power of less than 107 watts.

During a second measurement program (Reference 5) Cole investigated the noise radiation
characteristics of nine different types of vehicle during launch. These :aunchings
included Titan, Atlas, Saturn 1B, Thor, and Jupiter vehicles. However, no refinements
to he generalized power spectrum shown in Figure 2 were attempted. Peverley and
Smith {Reference 6) have reduced a portion of this Titan data together with Saturn data
from References 7, 8 and 9 and compared these results v:ith Cole's generalized power
spectrum. The results obtained by Peverley and Smith are shown in Figure 2. Except

for the Titan data at low Strouhal numbers, the results are in good agreement with

Cole's empirical curve,

Method Developed by Wyle Laboratories

It is known from previous experimental work by Dyer (Reference 10) and others (References
11, 12 and 13) that each segment of the jet exhaust flow apparently produces noise mainiy
D in a characteristic frequercy band, with the lower frequencies being further away from

the rocket nozzle exit plane. Since the effective noise producing region of the rocket
exhaust is at lecsi as long as the rocket vehicle itself, it is important to know the apparent
noise source locatinn for an accurate estimate of the near-field and mid-field environments.
For predictions ¢f *he rocket noise environment on the laurch vehicle, a method which
took into account the effect of source location was first introduced by Dyer (Reference 14).
A later study by Potter and Crocke: (Reference 15) has added a significant number of

Cor refinements tc Dyer's method, and has resulted in two accurate source allocation methods

' for predicting rocket noise environments. These methods are more appropriate for pre-
dicting the noise environments produced by rocket vehicles of moderate size.

In the first method, a non-dimensional octave band spectral function (Figure 5) is assumed
to represent the quality of the overall noise fierd. Two curves are shown in Figure 5,
- one derived from Cole's spectral function shown in Figure 2, and the other derived from

i, experimental data reported by Morgan and Young (Reference 11), Tedrick (Reference 16)
and Mcyes, et al. (Reference 17). It can be seen that for Strouhal numbers greater than
13 about 0.02, the octave band spectrum derived from Cole's curve fits this data reasonably

! well. it is recommended that for Strouhal numbers less than 0.02, the upper curve should

be. used. It was found during ctudies of near-field characteristics that the source location
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is a function of Mach number. A detailed discussion of the jet flow structure can be
found in Reference 18 by Eldred, et oi.

The simpler source cllocation method of prediction has been presented in Reference 19;
however, the procedure is described here in detail, as follows:

Step 1 — Obtain necessary geometry and rocket performance data including the
surface position of interest, P, nozzle exit conditions, (mass flow, velocity etc.,
sufficient to calculate total mechanical power), deflector position, if ary, and
flow turning angle (Figure 6), number of nozzles n, nozzle diameter D , Jjet
exit Mach number MJ (ratio of exhnaust velocity to speed of sound in the flow,

typically eque! to 3.5),

Step 2 — Calculate the Strouhal numbers (f De/ V)i for the octave band center

frequencies of interest. For nwltiple nozzles, use the equivalent diameter
* —
De = \/ n Dg

Step 3 — Calculate the overall acoustic power generated by the exhaust
OAPWL = 130 + 10 log W dB re 10”2 watts

where 1 is the acoustic efficiency (~0.003) and W is the mechanical power of
the exhaust flow in watts,

Step 4 — Read the relative octave band power levels, A OBPWL from Figure 5
for each non-dimensional frequency (f D / V). .

Step 5 — Look up the downstream source location X/ De for each frequency in

Figure 7. (The solid curve for the open scoop deflector is normally the preferred
curve for determining the apparent source locations.) Correct to actual distance
X (multiplying by De ) and identify distance Ri (between source and P), and 9F ’

the angle between P and the positive flow direction {~ 180 if the flow is undetiected
or if the apparent source position is upstream of the deflector - see Figure 6).

Step 6 — Compute octave band free-field sound pressure levels at the point P
according to:
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OBSPLi = OAPWL + AOBPWLi - 20 log Ri + DI (9)i - 10.5

[ P (ro )'/2 ]
' 10leg, o \T7) *20log (1-Me) [ie i, flight

where P and T are the ambient pressure and absolute temperature (subscript ¢ for sea
level conditions). DI (8 )i is the directivity index obtained from Figure 8; the directivity
curves shown in this figure are essentially those presented in Reference 19, and are based
upon previous experimental measurements (References 1, 11, 15 and 17). It is emphasized
however, that these curves represent far-field directivity, whereas shroud/spacecraft
systems are located in the acoustic mid-field. It is therefore recommended that a direc-
tivity index of 0 dB is assumed for radiation directions between 90 degrees, and 135 degrees
to the exhaust flow. For radiation Jdirections between 135 degrees and 180 degrees it is
recommended that the directivity index be varied from 0 dB to -5 dB. Previous comparisons
between predicted and measured rocket noise spectra at the vehicle have shown these
assumed directivity indices to be satisfactory.

The second source al” :s*ion prediction method is based upon the fact that at any location

in the exhaust !+ .« :trum of noise is generated rather than noise at a discrete
frequency as w 1. 1n the previous source allocation method. This source allocation
technique is ic.y more complex than the previous method and involves a significant
amount of ¢~ - .ation ro arrive at the free-field sound pressure levels. However, this

method is especially suitable when shielding occurs between the point of interest on the
vehicle and the apparent sources in the flow. This technique was first presented by Eldred,
et al. (Reference 18) and later refined by Potter and Crocker (Reference 15). The procedure
is as follows:

Step 1 — Same as previous source allocation method.

Step 2 ~ Calcuiate the length of the laminar flow core, X, s from the relation:

x = 345D (1+0,38M )?
t e e

For multiple nozzles, use the equivalent diameter
D* = \’ D
e " Ye

Step 3 — Calculate the overall acoustic power generated by the exhaust:

OAPWL = 130+10log,, NW  dBre 1073 watts

il




y
where w = 0,676 ane ,watts
n = acoustic efficiency (=0,003)
n = number of noz:les
t = thrust per nozzle, ibs
Ve = exit velocity, ft/sec
Step 4 — Divide the rocket exhaust flow into a number of segments of length, Sx .
It is recommended that the laminar flow core be divided into at least 3 segments.
Step 5 — Determine the nommalized acoustic power per unit core length from
Figure 9 for each segment:
i.e. [PWL - OAPWL ] - dB
where PWL = Acoustic Power per unit core length ,
Step 6 —~ Compute the acoustic power for each segment of the rocket exhaust
flow as follows:
PWL), = [PWL - OAPWL] + OAPWL +10log G /x, dB re 107" watts
L}
where i denotes the i-th segment, and
Sx = length of segment (ft).
Step 7 — Using the normalized power spectium shown in Figure 10, compute the
acoustic power in a given bandwidth for each segmer.t as follows:
fo Ve ao Ve ao ’
(PWL)ik =10 logw W . %o + (PWL)i - 10 loglo -—x—q—— B
x e e &
+ 10log ~ Af, dB re 107" watts f
t
220 i
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where W{_. = Sound Power per Hz per unit axial length at distance
x x from ihe nozzle exit plane (wattsy/Hz/ft)
Wx = Sound Power per unit axial iength at distance x

from the nozzle exit plane (watts/ft)

X = Distance from the nozzle exit plane to the center
of the i-th segment (ft)

k = Center frequency of the appropriate band (i.e.,

Afk = 0,707 fk for the octave band centered at fk)
a = Ambient speed of sound (ft/sec)
a, = Exit speed of sound (ft/sec)

Step 8 — For the point of interest on the vehicle, P, compute the free-field sound
oressure level in each frequency band contributed by each segment as follows:

(SPL)ik = (PWI')ik -20 lleo Ri - 10.5 + DI (6)i

where R, = Distance from center of i~th segment to the point of
' interest P.

Step 9 — Sum the contribution (in a given frequency band) from all segments in
the exhaust flow from the relation:

(S PL);k

(SPL), = 101og. Z Antilog —=— , dB re2.107° N/m?

The Franken and Wiener Method

s tromntiial

This predicfion method was compiled from actual noise measurements obtained on several
large rockat-powered systems including Jupiter, Atlas, Titan, and Saturn. The firing
configL -ion considered here involves the rocket firing vertically downward, with an
exhaust de:lector turning the stream into one or more horizontal paths. This prediction
method has been found to be accurate for the class of rocket launch vehicles described
above and the procedure is relatively simple. However, it is difficult to apply this
method to p-edict the noise environment of special vehicle configurations which do not
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conform with the restrictions imposing during the compilation of this method. These
restrictions include the ratio of the total vehicle length to rocket nozzle diameter and
the deflect~r configuration.

e T -~ B ]

The prediction procedure is straightforward as follows (Reference 2):

1) Determine the total system thrust F in pounds and the effective
nozzle diameter D¢ in inches from the relation

Deffz'nD

2) Obtain the octave band sound pressure level estimates from Figures
11-13 for typical thrust conditions. Replot the abscissas of these
curves in terms of frequency, using the appropriate value of the
effective nozzle diameter Deff'

3) Determine the typical thrust from Figure 14

4) Calculate the quantity

total thrust
typical thrust

oo

10 log,

ond add this quantity to the levels obtained in Step 2.

]

5) For deflector configurations in which the spacing between the rocket
exhaust nozzle and the impingement point on the deflector exceeds
about three times D¢, make the appropriate level correction in each :
band as indicated in Figures 11-13,

Cadd

The level estimates obtained by this procedure represent the muximum
octave band sound pressure levels to be expected, since the levels in
the vicinity of the vehicle generally decrease after lift~off. Shielding
effects, if present, will reduce the maximum levels below the estimates
obtuinad by this procedure. It should be emphasized that these sound
pressure levels are those existing near the surface of the vehicle and are
not true surfac oressures.

J—

The Prediction Method Developed by Wilhold, etal.

This method represents the state-of-the-art of noise environment predictions for large
rocket boosters. Due to the extremely large thrust and power of rockets such as Saturn,
the deflector and the deflected exhaust stream provide a very complex environment for
the near-field, mid-field, and far-field. The more advanced post-Saturn rocket confi-
gurations further complicate the problem. Therefore, separate methods of prediction ;

1
[P,
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have been developed for the near-field, mid-field, and far-field by Wilhold, etal.,
(References 3 and 4)., Only the mid-field prediction method, which is relevant to
payload/shroud systems, is presented here. The prediction method is as follows:

Notation

OB SPL

DSF

]

n

octave band sound pressure level in dB, re: 2 x 107
newton/m?

the dimensionless spectrum function which is a term
proportional to acoustic power radiated toward the vehicle
for a given Strouhal number, the dimensionless frequency
term, fD/V,

effective nozzle exit velocity (ft/sec)

weight flow rate (Ibs/sec) per nozzle

ambient atmospheric density (lb-sec?/ft4)

ambient sound velocity in the atmosphere (ft/sec)

diameter of the nozzle exit (ft)

effective diameter of the nozzle exit = V N D

thrust per engine (Ibs)
gravitational constant (ft/ sec?)
number of engines

frequency (Hz)

center frequency of the octave band of interest (Hz)

apparent source distance (from Figure 16), (ft)

is the distance between the engine nozzle plane and
the vehicle position of interest (ft)

s (B + X2 distance from the source of a given frequency to

the vehicle station (ft)
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Procedure

The octave band sound pressure level near the vehicle can be obtained by using
the following equation:

2V, o
OBSPL = 10 log,, (DSF) - 10 log, W

- 2log,, R() + 10log, f. + 126 (dB)

where the dime.- “nless spectral function (DSF) is given in Figure 15, and the
distance functica R (f) can be determined from Figure 16,

The curves given with this prediction technique are usable only for deflected
supersonic flows, i.e., while the vehicle is on-pad or being statically fired.

This restriction is chosen because it represents the most severe rocket noise
environment as far as the vehicle is concerned. For the special case of strap-on
rockets, the acoustic output of the strap-on rockets should be estimated separately,
and then be added to the noise field produced by the main kooster stage.

3.0 SPECIAL EFFECTS

Deflector Geometry

One of the most significant characteristics of rocket noise radiation is its directivity
pattern. For an undeflected rocket exhaust flow, the maximum acoustic radiation is
in a direction between 50 to 60 degrees from the downstream flow direction. The
acoustic intensity remains relatively high up towards 90°, and then decreases signifi-
cantly as the direction progresses from 90° towards 180°, the direction of flight. This
effect is responsible mainly for the remarkable sound intensity profile at launch.

The sound pressure level on the vehicle begins to build up rapidly after ignition. Within
a few seconds after liftoff, the overall sound pressure level reaches a peak and then starts
to decline sharply. It has been observed that the overall SPL on the vehicle drop: us much
as 25 dB in 9 to 10 seconds (Reference 4), The physical explanation is relatively simple.
After ignition, the rocket engine rapidly reaches full power, therefore, the noise level
begins to build up. When the launch vehicle is on the launch pad, or shortly after lift
off, the jet exhaust flow is deflected to a direction parallel to or inclined above the
ground plane. The launch vehicle thus receives a significant amount of acoustic power
from the exhaust. Within a few seconds after liftoff, the rocket nozzle exit plane draws
away from the deflector. Thus, most of the noise returns to the vehicle at a 180° directivity
instead of less than 900, and the SPL at the vehicle drops sharply from its peak value. It
is, therefore, the deflector geometry which has a first order effect on the rocket exhaust
noise environment surrounding the vehicle. The deflector geometry also has a secondary
eff- t on the rocket noise environment. After the exhaust is deflected by a deflector,
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the mixing process of the exhaust flow is somewhat modified. According to a scale model
study of the deflector geometry effect by Cole, etal. (Reference 20), it was found that
deflectors which diffuse the flow rapidly also produce lower power levels, with a conical
defiector showing the lowest PWL. Some of these results are shown in Figure 17. It was
found also that the near field sc ind pressure levels are increased by about 5 dB if the
nozzle exit plane is within three nozzle exit diameters from the deflectors. These con-
clusions have been confirmed by measurements taken during Saturn static tests and launches
(References 6 and 21),

If the rocket exhaust were divided into two streams by a wedge, or four streams by a spike,
an estimate of the sound field environment produced by each of these streams should be
made separately and then combined to give the total sound field. The overall sound

power spectrum is not affected significantly by the splitting, however, the directivity
pattern and local spectrum in various regions in the far field may be very complex.
Fortunately, this directional effect does not have very much influence on the mid-field
environment sutrounding the vehicle itself. This effect is, thus, of little significance for
payload/shroud systems.

Effects of Coolant Water

Theoretically, the rocket exhaust noise can be reduced by 15 dB or 20 dB by injecting

a large amount of water at the launch pad to quench the exhaust flow. However, a
water mass flow rate of more than ten times the propellant flow rate is required to achieve
significant reductions. The existing water spray arrangements at the launch pads are
primarily for cooling purposes only and have a negligible effect on the acoustic environ-
ment.

Launch Acoustic Measurements

It was emphasized at the beginning of this section that the directivity of the rocket
exhaust noise has a dominant effect on the noise profile around the launch vehicle.
Thus, caution must be exercised in the interpretation of ocoustic measurements obtained
from microphones which are not located on the vehicle structure. A specific case in
point is acoustic data obtained from measurements on the launch umbilical tower. The
time history of the noise environment recorded by a microphone on the umbilical tower
may differ drastically from those recorded by microphones on the launch vehicle. How-
ever, if a microphone on the tower were located near the shroud, its measurements of
noise environment before lift off and one or two seconds after liftoff would resemble
closely the acoustic environment experienced by the shroud itself. Thus, thes. tower
-icrophone measurements should be used only with caution and the conditions under
nich measurements were taken must be carefully evaluated.
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4,0 SURFACE PRESSURE CORRELATIONS

A necessary preliminary to any study of structural response of a vehicle to a random
pressure field is the calculation of the surface pressure correlation function or its Fourier
transform. It is known that, for a three-dimensional diffuse tield without the structure
present, the pressure correlaiton function is of the form sin kr/kr, where r is the spatial
separation, and k is 2w divided by the wave length. For o plane wave, the correlation
function is simply cos k (x - x'), where x is in the direction of wave propagation. How-
ever, the pressure correlation function will be changed in the presence of the vehicle due
to ditfraction effects.

Dyer discussed in Reference 14 some pressure correlaticn results determined from measure-
ments along a missile surface. The longitudinal and angular correlations are shown in
Figures 8 and ¢ in the main body of the report. Dyer found that the longitudinal correlation
agreed very well with cos k (x - x'), the correlation function for a plane wave, for smail
non-dimensional separation distances. The angular correlation function shown in Figure
9 is plotted versus ka (¢ - ¢'). Since the structural radius is a, then a (¢ - ¢') is the
circumferential separation on the missile surface. Thus it can be seen that for a given
separation, angular correlation is equal to or greater than the longitudinal correlation.
Dyer interpreted this result as follows; consider the largest separati~n possible in the
circumferential direction, tobe an, i.e., observation poinis on opposite sides of the
missile. At low frequencies, the sound source is centered relatively far down stream of
the nozzle, consequently the noise reaching the missile appears to originate from a single
source point, rather than from the volume distribution of the source. Thus the pressure
signals separated by aw are still correlated. At high frequencies, the sound source is
centered relati- ~ly close to the nozzle. Thus the noise propagating clong opposite sides
of the missile -~ ginates from different portions of the noise source, and because the high
frequency noise follows essentially straight-line paths, the signals are uncorrelated.

The surfu.e pressure correlation for a cylinder in a three-dimesional diffuse sound field
has been computed theoretically by Wenzel in Reference 22. It was found that the longi-
tudinal correlation function shown in Figure 18 follows clasely the function sin kr/kr

as expected from a diffuse field in the absence of a cylinder. However, the circum-
ferential correlation, also shown in Figure 18 falls ccnsiderably below the free field
correlation function, especially at low frequencies.

In the mid-field, the peak octave band sound pressure level occurs near a Strouhal
number of 0.1. By considering that the shroud diameter is approximately the same as
the effective diameter of the first stage rocket engines, the peak wavelength will be
about twice tne shroud diameter. Hence, most of the acoustic pressure functions are
well correlated. Although the rocket exhaust flow may be deflected with respect to the
ground plane, the directional effect in the low frequency range is not significant. On
the other hand, if the acoustic environment of the shroud were simulated by a diffuse
field, then, by comparing the results of Dyer and Wenzel, the simulated correlation
length may be smaller than the actual correlation occurring in the launch environments.,
The effect of correlation length on the structural response can be verified by experiment
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or structural analysis. For rockets having strap-on configurations, such as the Titan
IIIC, the rocket nozzles are widely separated. Each exhaust flow produces its sound
field independently. According to the method of computing the effective diameter,

it is found immediately that the peak frequency is at least half an octave higher than

a rocket with a clustered set of engines producing the same thrust and mechanical power.
The sound source region is also more diverse. Qualitatively, the correlation function
may resemble the correlation function for a diffuse sound field.

The mid-field pressure correlation function on a vehicle for a given launching confi-
guration has been predicted by Potter (Reference 23), In this method, the noise for a
given frequency is assumed to originate from an apparent source location in the exhaust
stream. The wave front spreads out spherically and when it arrives at the vehicle, it

is practically a plane wave with a definite angle of incidence. According to the
classical theories of diffraction around a cylinder, a correlation function for this
particular wave length can be computed. The details of this computation have been
reported ir. Reference 23. An approximate procedure for estimating the narrow band
space-correlation coefficients, based upon the work reported in Reference 23 is dis-
cussed in greater detail in Section 3.2.1 in the main body of the report,
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Figure 18, Narrow-Baaz Lo .yitudinal and Lateral Space Correlation Coefficient
on Surface of a Cylinder Immersed in a Reverberant Acoustic Field

(Reference 22,
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APPENDIX B

PREDICTION OF 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 important.

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

fluctuating pressures. These are listed in e 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 un 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 precsures are

present.

This Appendix is devoted to the specification of surface fluctuating pressures resulting
from uasteady aerodynamic phenomena during the launch phase of flight. Aerodynamic
fluctuating pressures (pseudo-sound) are zero 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 ~re proportional to free-stream dynamic
pressure q (=vy Po: M; /2 , where y is the ratio of specific heats, Poo is the free-
stream static pressure, and Moo is the free-stream Mach number) for a given unsteady
flow phenomenon. However, peak fluctuating pressures do not necessarily occur at
maximum 9 for certain regions of a vehicle due to the non-homogenecus 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 osciliating shock waves are present, say at Mach numbers other than the range
of maximum 9 * then peak fluctuating pressures will also be encountered at conditions
other than at maximum Iy * Thus, it is easily seen that vehicle configuration 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 ¢ the foregoing discussion, one general statement ~~n be made in regard tc
aerodynamic fluctuating pressures. Regions exposed to the same unsteady phenomenon
will experience fluctuating pressure levels which are propcrtional to free-stream
dynamic pressure. Thus, it can be readily seen that a fundamental parameter in the
specification o the surface excitation is free-stream dynamic pressure and its variation
with Mach number. For a given configuration, Mach number and angle of attack define
the phe-omena, and dynamic pressure defines the fluctuating pressure levels associated

with the phenomena.

Unsteady aerodynamic flow and the attendant fiuctuating pressures experienced by
aerospace vehicles naturally depend on the f]ight environments and the geometry of
the vehicle. There are an infinite numbe. of possible configurations and any dis-
cussion of their fluctuating pressure environment must be general. Practically all
experimental data for unsteady aerodynamic flow have been acquired for bodie: of
revolution which are typical of missile configurations. As a result 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 fluctuating 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, aerospace vehicles may have a numbe.

of protuberances projecting from their surface in which case the flow field is complicated
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by the super-position of the protuberance flow field onto the flow field of the bas..
structure. Most protuberances are ;hree-dimensional projections and general charac-

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

BASIC FLUCTUATING PRESS JRE PHENOMENA

Examples uf several bodies of revolution are shown in Figure 1. For the purbose of
the sresent discussion, three basic configurarions will be considered as specified

below:

) Cone-cylinder shroud
) Cone-cylinder~flare shroud

) Cone~cylinder-boattail shroud

Virtually all axisymmeiric vehicles fall into one of these categories although numercus

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

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 fiel s will depend
on the angle of attack of the vehicle which causes nc.symmetricel lnading (¢ n
statically and dynamically); howeve:, for the purpose of this discussion, non.. metri-

cal loading will not be discussed.

Schematics of subsonic, tran:onic and supersonic flow fields for the basic configurations
are shown in Figure 1 . At subsonic speeds, all three configurations experience region:
of attached flow and separated flow. The cone-cylinder partion 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 aft of the shoulder (depending on cone angle) for the cone-
cylinder ar.d boattail configurations, whereas for the flare body, separation may con-
tinue over the flare. 3oth the flare and boattail induce separation for typical config-

vrations. At high transonic speeds, the flow negotiates the shoulder of a cone-cylinder
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body without separating, reaches supersonic speed :mmediately 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 attached 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-

tait (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 transoni~ speeds, since in this range, fluctuating pressures reach maxi-
mum values due to their proportionality to dynamic pressure. in order o assess the
fluctuating pressure environment of a vehicle of any arbitrary geor etry, it is conven-
ient to discuss the statistical properties of the fluctuating 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 layer 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 disturbarices within
the separated shear layer and instabilities associated 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 pressite discontinuity associated with the

shock wave. The statistical characteristics of each fluctuating pressure environment
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that are important in the analysis of structural response may be classified under three

¥, Srdeeg) o D L o be

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
T . . .
T separately in the following subsections.
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2.1 Attached Turbulent Boundary Layers

[z

The surface fluctuating pressures beneath attached turbulent boundary layers have been

the subject of both theoretical und 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 fo 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 turbulent boundary layers and, more recently, several carefully planned experi-

ments have provided additional information cn the statistical characteristics of the

pertubations. Lowson, Reference 1, presents a good summary of the results of studies

Ceoad ol

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, fogether with a presentation

W
4

of empirical and 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, which has been nodified to be more consistent with the power spectra
at low Strovhal numbers. The following discussion presents a review of the experimen-

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

g
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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 fluctuating pressure level, V p2 . Free-stream dynamic pressure, 9y ¢ local

dynamic pressure; q , and wall shear stress, L have been used ‘o rormalize
V ? so that meaningful data collapse can be realized throughot *Aach number
range. The most generally accepted normalizing parameter is 9, 94 hus, 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 turbulence 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 normalized RMS
value of the fluctuating pressure varies from \IP? qcnz 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 genera!l

trend in the data:

\'l>_2/qm = 0.006/(1+0.14M_?) )

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 should be done so with the
understanding that it has not been verified in this Mach number range and may lead to
significant error. However, in the Mach number range up to, say Moo = 3.0, it

is in good agreement with experimental results,
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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 (§

b)l
stress (Tu) and momentum thickness (8) have all been used by various investigators.

displacement thickness (5*), wall shear

The most generally used typical lengths are Sb 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 experimental findings throughout the Mach
number range. In this formula, it will be noted that 8* and Ucn (the free-stream
velocity) have been used as normalizing parameters. The power spectral density,

®(w) is given by the relation:

o (w) U (P2 /q%)

PV o /% @
: 2 g% w &% 0.9 | 2,0
% t] 1+ (m/wo )

: [o 3]

Y

where 0w =05 -2

; 0 §*

= 0.006) 2

-; P2 q; = ( )

(1+0.14M2)*

©

: §* = 8§ /8 for M<1.0

ot

(1.3+0.43M2 ) 8
§* = ® for M> 1.0

?
10.4 + 0.5M? [1 +2.10°8 R ]
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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 narrow band, space correlation
function or co~power spectral density. This parameter is the key function needed 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 17 for the struc-
tural response computational technique). The spatial correlation 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 expenentially 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:

[A]
Spp(C,n,w) =¢(w)A(§,mw)coS(-U—c> (3

Cc

where A ({, n, ) 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 s
actual positions (say x and x + § longitudinally and y and y + n laterally). Further,

w and Uc are the circular frequency and convection velocity, respectively. Assum-

ing that A (¢, n, w) isseparable into its longitudinal and lateral components, and

normalizing by the power spectral density of the homogenous field gives (Reference 1):
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Gpp (¢, n, wy = GC(C, w) Gf\(n' w) = {AC(C, w)-cos(—tf) } . An(n,w)

= C (CI (d) « C (t‘], Q) (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 unreasonable (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

7/2. Thus, integration of formula containing the cross~spectral density function

should be multiplied by a factor of /2 to allow for its probable underestimate of

W:*'«‘*‘A’MJ;

the correlation area at any frequency.

Measurements of the correlation coefficients have been made by Bull and others

metoend

(see Reference 1) and the results are presented in Figures 4a and 4b. It is seen

that the data in Figures 4a and 4b have been collapsed based on Strouhal numbers

\rrbrand

—6—9—- and -%9- . From these data, the following empirical expressions were -
derived for the correlation coefficients:
1
3
C o) = exp (-o.m | c| w/U_ ) . cos (%) (5)
C(, w) = exp (-0.715 lf] I w/Uc ) (6) g
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These correlation curves have been inserted in Figures 4a and 4b for comparisoir.

Typical values of the convection velocity (itself a function of frequency) for subsonic

floware U = 0.6 U for the small scale eddies near the walland U = 0.9 U
c o c ®

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

e
The accuracy of Equations (5) and (6 ) break down at small values of %—— ;
c

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

correlation coefficients for small values of 8—- and —%—-— . Based on these data,

the Equations (5) and (6) may be corrected to include the lower frequencies, and

the resulting expressions are:

oo (00 [¢] ) o (02| | 3) - em(85) @
C(n,0) = exp (-0.72 |n| u/Uc) . exp (-2.0 | n l/sb) @®)

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

c(§,w)
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2,2 Separated Flow

Separated flows as induced by steps, wedges, flares and other, basically two-
dimensional geometric changes have undergone considerable study only in recent
years. Considerably less data is available on the fluctuating pressure environments
within separated flow regions than is the case with attached turbulent boundary layers.
Furthermore, there are various types of separated 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 occur at cone~cylinder and flare-cylinder

exparsion corners at subsonic Mach numbers)

P

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

compression corners) ¥

° Shock-induced separation {(as occur on cylinders, airfoils, etc., beneath

terminal shock waves at transonic speeds and due to shock wave impingement

at supersonic speeds)

pm—1

) Boattail~induced and rearward facing-step-induced separation (such as occur

in the base region of launch vehicles).

.
vl

All of the foregoing environments differ to some degree in their aerodynamic structure.

b

However, some basic comments can be made in regard to their fluctuating pressure

characteristics. First, all of these environments may be regarded as two-dimensional

2
<

[

tvpe separated flows having mean separation and reattachment lines which are normal

to the free-stream. Second, a general characteristic is that if the flow separates

PR 25

from an expansion corner, the separation line is quite stable in that oscillations which
produce fluctuating pressures are not generated. However, if separation occurs, say, .
on the cylindrical portion of a payload shroud (flare induced separation) the separation '
point is unstable and may produce significant fluctuating pressures, particularly at

?
supersonic speeds where the separation is accompanied by an oblique shock wave. t
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Third, the reattachment point of the separated flow field produces rather large fluctua-
ting pressure levels for virtually all types of separated flow fields. The region within
the separated flow field (between the separation and reattachr ant points) is a fairly
homogeneous environment which is characterized by fluctuating 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 pres..res resulting from blunt~body separation
is shown in Figure 5 (results taken from Reference 18), These data were obtained

at high subsonic Mach numbers for a 25-degree cone-cylinder configuration., The
axial distribution of v'gz / 9, shows a relatively nonhomogeneous environment with
a peak level which moves aft with increasing Mach number. The peak in V—F;z/ 9

results from the reattachment of the separated flow from the shoulder. Thus, the
extent of the separated region increases with increasing Mach number. Peck levels

of rms fluctuating pressure reach 11 percent of free-stream dynamic pressure at a
free~stream Mach number of 0.70, and results from the instability of the reattachment
point. It will be noted that the fluctuating pressure levels near the shoulder (X/D=0)
are relatively low (same order of magnitude as generally found within the h-mogeneous
region of two-dimensional separated flows and typical of the environment for separated
shear layers) thus indicating that the separation point which occurs at the shoulder is
relatively stable. Separated flow over the boattail region of a bulbous vehicle may
be expected to exhibit fluctuating pressure characteristics very similar to the cone-
cylinder; however, the blunt-body separation on a cone-cylinder body is limited to

the subsonic speed range, whereas, the boattail configuration may induce separation
at all Mach numbers.
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Typical fluctuating pressure data for flare-induced separation are presented in
Figure & (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/ qoo) , and on the downstream by the reattachment perturbations
(aft peak in sz/ qm). Surface fluctuating pressures for the separated flow region

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
dynamic 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 blur” body separation. Further discussion of shock-wave oscillation data

is presented in a later section.

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

of expansion 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 represented by t":e data presented in Figure 7. These environments will be
referred to as «xpansion induced separated flows and it will be noted that the attendant
fluctuating pressures exhibit the same general trend with local Mach number. The
largest levels occured at low Mach numbers and decreased as local Mach numbers
increased, These data represent the region of plateau static pressure and the tolerance
brackets on the data represent the variations due to non-homogeneous flow within

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

empirical approximation to these experimental measurements is:

Exparsion Induced Separated Flow:

o] 2
I+M£
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This equation is similar in form to that oreviously proposed for aitached turbulent

boundary layers.

Fluctuating pressure measurements for the region of plateau s*atic pressure upstream ot
compression corners are presented in Figure 8. The regions immediately upstream of
forward-facing steps, wedges, and flares are represented oy the data presented in
Figure 8. Also, the previouz 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 fluctucting pressure level with increasing
free-stream Mach number in the range, 1.0 < MODS 2,0 — reaching a constant level
at Mach numbers above 2.0, Free-stream Mach number is used here because adequate
data is not available for determining the local ivicch number in the vicinity 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 attemptad at this time,
Power Spectra

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

corners at supersonic Mach numbers (References 14, 19, 20 and 21). These data,
presented in Figure 9, were obtained for forwurd facing steps, wedges and conical
frustums. All data, represented by the cross-hatched band, showed a distinct
similarity in spectral characteristics when compared using normalized spectral [evel

a d ‘requency expressed as functions of local velocity, free-stream dynamic pressure,
and local boundary layer thickness. A number of velocity, length and pressure nara-
meters were used to collapse the data; however, local velocity (Ul ), local boundary
layer thickness (8[) and free-stream dynamic pressure appeared to be adequately repre-
sentative of the parameter dependence of the fluctuating pressures for the configurations
studied. Power spectra of the fluctuating pressures within the homogeneous region of

separated flows may be represented by the following empirical fomulas
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u P?/q*
@(f) { q 0
2 0.83 \ 2.15
q° & f &
® o ®1 | 1+ (#/f
u, | 0
l A Y
Yy
where f = 0.17 5
]
/
F/ q; - 0.06 , Figure 7, for expansion induced
1+ M; separated flows.
?/ q<21> = the results as determined in Figure 8 for compressior

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 pressures within the homogeneous region of expansion induced

separated flows although it was derived } 'sed on data taken in compression corners.

Cross-Power Spectra

Typical cross-power spectra for the homogeneous region of tvwa-dimensional separated
flows are presented in Figure 10, Again, noting that the co-spectral density is the
same as the narrow-band spatial cosrelation, it is seen that the separated flow exhibits
s-atial coherence very similar to that of attached turbulent boundary layers. The
damping of the sinusoidal cross spectra for separated flow is exponential at high values
of wl/ Uc as is the case for attached flow. Thus as a first approximation, the nor-

malized longitudinal co-spectra may be represented by:
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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 Mco = 2,5 to a value of 0.33 at

Moo =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 cross-spectra for various spatial distances, $. For a given value of S, the

M = " 2,

cross-spectra can be represented by the exponential envelope only at high frequencies,

the lower limits of which increase with increasing distance between measurement

basnienn

points,

The loss of coherence at low frequencies precludes a general collapse of the data using

a constant damping coefficient. This problem was overcome by Coe and Rechtien,

T
i k“] s

Reference 20, by introducing an attenuation coefficient which is related to the nor-

malized modulus of the cross-power spectral density by

£5
- G (C.Tl—) = et (12)
i % £ / | nom
_ Z 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 « ( €, f 8;: / Ul )- h in References 19-21.

2 g
.t

The parameter h is the height of the protuberances used to generate the separated flow

._,_._«_,,

field. Empirical approximations of the attenuation coefficient, based on the experi-

mental results of Coe and Rechtien, are:

Comimettin,

£8, £8, )
e a8, — }=075/in, , == <6x107° (13)
g % G
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! (F8,/4 ), i
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s ]
where —Ul— = 6x1073
? /o ]
f8 £
o c,—gf-)= 1.5/in. ul > 6x 10°2 (15) i
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: Lateral Direction
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|
6 £s /U 0.3 £6
o (n. -UL) = 0.75/ in. 9/Y , =L > 6x100° 7 1
/ (5/Y% ), l

-

4
gy

g
where T = 6x107°
L /o

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

at Strouhal numbe:s, f Sl / Ul < 6x 1072 and that the lateral attenuation coefficient

|
[acies e ]

) 7

becomes larger than the longitudinal value at f8£ /Ul 2 6x1072, It was pointed g
out in Reference 19 that this spatial characteristic indicates that the predominant 7
1

turbulence is nonconvective at the lower frequencies and that contours of equal
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correlation would be circular; whereas, at f 81/Ul > 6x 1072 the divergence

of the longitudina and lateral attenuation coefficients indicate a progressively
extended correlation pattern in the direction of the free-stream with increasing
frequency. This statement is not entirely true since the usual separable form of the
cross-power spectral density leads to the prediction that the magnitude of the normalized
modulus is constant along straight lines on the surface, forming a diamond patten
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
sauations (which employ the attenuation coefficient) may be used as prediction

formula for the normalized longitudinal and lateral co-spectra.

Longitudinal Co-Spectra

(18)

Lateral Co-Spectra

-+

O

=
-]

C N, 77— = e (19)

U
J4
y
where a = a |, T as defined in Equations 13, 14 and 15,
S 1
Lt
a = a - as defined in Equations 16 and 17,
n U[
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2.3

~i;

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 induce 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.

. 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 shock 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 a
separated and attached condition. This environment is illustrated schematically in
Figure 11 for a 25 degree cone angle together with the more common terminal shock—
wave oscillation case. Example data for various shock wave oscillation environments

are presented in the following sections.
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The axial distribution of rms fluctuating pressure resulting from terminal shock wave
oscillation is shown in Figure 11 (from Reference 18). A special case of terminal shock
wave oscillation results when the terminal shock wave moves forward to the expansion
shoulder of a cone-cylinder. For this case, the flow intermittently fluctuates between
the blunt-body separated flow condition and the attached flow condition at high sub-
sonic (low transonic) Mach numbers. This condition represents an alternating unbalance
between the large pressure 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 phenomenon occurs over a small Mach number range and generally is of
very low frequency. Thus for large 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
configurations — particularly for bulbous shaped payloads on rather slender launch

vehicles.

As Mach number 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 rms 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 characteristics
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 by Coe and 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 fi>ws 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 ir Tigure 12. The power spectrum shows a relatively steep

roll-off starting at a Strouial frequency (f 80 / U 0 ) of 1 x 1072, where the subscript

o denotes local velocity and boundary le- er thickness upstream of the shock wave. The
rol l-off is 8 dB per octave for the range  1x 1072 < 8 / U S 2x107 and dbove
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 which 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 f80 / U0 =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:
H _ I, H H H
[e0] &y = [¢0]gy" + K [60]8 +k, [e0]x o
where the subscripts and superscripts denote the following:

Subscripts: SW - shock wave
- separated flow
attached flow

Superscripts: - absence of viscosity (inviscid)

= >» v
'

- homogeneous flow

The constants, k, and k are weighting functions which account 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 signul but rather are time shared. This, together with the fact that these
environments may be correlated with the gross motion of the shock wave results in

values of k' and lr.2 less than 1.0. Finally, for peak overall levels of shock wave

oscillation (corresponding to a point located at the mean position of the shock wave)
the contribution of attached flow is negligible in comparison to that for separated .
flow. Thus, Equation 20 may be simplified to

N




00) 8 - [0 5 [o0]f

LH

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

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

boundary layer thickness and velocity and free=-stream dynamic pressure is given by:

iy 2 Il H
omu 70 H (P /qoo)
0 _ Sw
q ( ) §1+(f/f)1.55}1.7
@ 0
SwW Uo SW 0

where:
[_5 2]I,H [__2 H _ H
P? /q =P/:|2] -k[lﬂ/&}
® | sw ® ) sw ! ® |

- . H
?/q2 - overall level of shock oscillation peak
! ® Jow corresponding to the mean location of the

shock wave.

[ — H
p2 q;] S - overall level of homogeneous separated flow as

defined from Figures 7 and 8.

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

shock wave.
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we

] =1x107
¢ SW determined empirically from
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 shock wave os::"iiation.

H (—2/2 )I,H
P*/q
'I’(f)Uo ) ® [ow ,
2 g f & .
qoo o o o - f/f 1.55 1.7
SW U 0
0 Jsw .
s H
2 2
(P %o )s
0.25
f

; 80 0.83 }2.15
= l+(F/fo ) (23)
¢ Js

where (f,8,/Uy)g 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 ﬁ/ 9, with disfance-upsfreom from the

45 degree wedge. It should be noted that this prediction formula holds true only

at a point corresponding to the mean location of the shock wave. On either side e
of the shock wave, the influence of the shock diminishes rapidly due to its small

displacement such that the environment is basically either attached or separated

flow with some low frequency intermittency due to the shock wave. It is convenient

to refer to these regions as non-homogeneous attached and 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 given
flight condition are confined to relatively small areas of the vehicle surface, it is
extremely difficult 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
spatial coherence. The only significant results on the spatial coherence of fluctuating
pressures in the vicinity of shock-waves are those by Coe and Rechtien (Reference 20)
Their data indicate that the fluctuating pressures generated by the shock wave are

related only at frequencies below f80 / U0 = 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 coherence is also evident

in this frequency range as well as at f 8o / Uo 2 0.2, A comparison of the power

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

f 80 / Uo < 0.08. This is confirmed by the conerence of the data over the same

frequency range (f 80 / U0 < 0.08 ) . For f 80 / Uo > 0.08, power spectra

immediately upstream and downstream of the shock wave show spectral characteristics

identical to attached turbulent boundary layer and separated flow, respectively. Thus,

for fSO / Uo > 0.8, the spatial correlation of fluctuating pressure immediately up-

stream of the peak should be characteristic of attached flow; whereas, immediately

o

downstream of the peak they should be characteristic of separated flow. However,
when the spatial correlation is normalized by the power spectral densities to obtain
the coherence function, this coherence appears to be minimized due to the large

spectrum level for the point of peak fluctuating pressure. Further discussion on this

.
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characteristic will be given later in the section on non-homogeneous attached «ind

separated flows.

The spatial dezay of the low frequency, shock induced fluctuating pressure in the
longitudinal direction as shown in Figure 14 may be represented by an exponential

coherence function as follows:

- o-t0 8 /U, (24)

-~
A
[P ]

-

c -
[ loon
Nrv——

|

A comparison of this empirical prediction with experimental « .. s presented in
Figure 14, It should be noted that, as separation distance is incieased, the above
formula fails fo 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 i~y be questionable. Thus, for regions
under the peak, Equation 24 is felt to be an accurate represe.itation of the spatial

characteristics of the fluctuating pressui-s in the longitudinal direction.

The longitudinal co-spectra may be written:

-40 8 /U £8
C(¢,f)=e 0/ 0 cos 7 % (25)

0

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

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

normal to the flow. R
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Non-Homogeneous Attached and Sepurated Flows

lon-homogeneous attached and sepersted flows are defined as environments which
are basically attacheo or separated; however, the statistical p.operties of their attendant
fluctuati-g pressures vary with spatial location. Examples to be considered herein are
attached and separated flows immediately 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 variations in both the
overall level and power spectra vrith position relative to the shock wave are evident
in Figure 13. These data are shown in comparison with homogeneous attached and
separated flow data to illustrate tie presence of low frequency energy due to the

shock wave. Again, basic characteristics of the overall levels, power spectra, and

cross—power spectra will be discussed for ihe purpose of defining empirical prediction

techniques for the non-homogeneous atieched and separated flows.

The - . iii fluctuating pressure levels for attached and separated flow in close

proximity to ar oscil'ating shock wave are bounded on the low side by the levels of
flyctuating pressures corresponding to homogeneous environments and are bounded on

the high side by the peak fluctuating pressures corresponding to shock wave oscillation.

In essence, this means that the differences between the nomogeneous and non~homogeneouys
fluctuating pressure levels may be attributed directly to fluctuating pressures induced by
the oscillating shock wave for the case considered here. Thus, normalized fluctuating

pressure levels for non-homogenecus flews may k2 defined as:

Jﬁ H J_P—_ﬁ- \ NH V'F‘—'E‘“ k
<
w ), % ), =

(26)
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(27)
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Yo S o S

F" H ﬁ NH ‘{ff\)H
Sw

where the subscripts and superscripts are defined as follows:

Subscripts A
S - separated flow
SW - shock wave

Superscripts H

attached flow

homogeneous conditior

NH - non-homogeneous condition

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

levels may be expressed as:

f:‘ NA [—_ H |2 ’—_ H
P2 P2 P2

3 = 3 + ¢ 3 (28)
1
® TA ® JA @ Jsw
— pa— 2 — 2
‘[ =2 \NH lf_ % \H ‘{_ =z \H
—_— = toc (29)
w /s % [ N\ Y [

where c and c are waighting functions less than 1,0, which represent the con-
tribution of the shock wave to the overall fluctuating pressure level. The values of
c and c, vary with spatial location relative to the shock wave and therefore, are
difficult to predict. However, the abcove method of representation is useful in the
prediction of power spectra for nen-homogeneous flows as will ke 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 .etween 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:

TNH H r qLH
[¢>(f) I - [¢(f)] A L¢(f)] 30)
A A ! SW
NH H I,H
[¢(ﬂ] - [qs(f)] ‘e [¢(f)] 1)
A A 2 SW

From Equations 30 and 31 , c] and ¢ are given as
2

52\ NH 7 \H
— - — (32)
) qa., A G A
C' =
w3\ LH
q?
®© 7/ ow

!




? NH ra H
2 N2
q q
o] @
¢ = 5 A (33)
2 7z I,H
2
q
@/ sw

To determine the power spectra for non-homogeneous attached flow as caused by
shock wave oscillation in the vicinity of the attached flow region, Equations 2, 22,

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

conditions upstream of the shock wave:

7z \H
NH T
¢M U 3 % /A .
2
qm 80 fo 50 \09 2
—_ 1+ (§/f e
A U % (/ol i
A
— \ NH {— \H
(P (= "
2 q2
% A @® /A
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Similarly, substitution of Equations 10, 22, and 33 into Equation 31, leads to the

following expression for non-homogeneous separated flow:

Y
om u 1M %
0 ~ S +
2 g f 8 ) .
T % Jg L =]+ (f/f )0.83}2‘5
0
o /s
; NH ‘;;5 H
2 T2
9% /s qcn S
£ 8
TR { 1 +'(f/fo )1-55 ; " (35)
0 SW

Comparison of these predictions with experimental measurements are shown in Figure 13.
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Basic Vehicle Geometry Mach Number Range

Subsonic Tromeenic Supersonic

Cone - Cylinder

Shoulder Separation Shock Wave Oscillorion with Attached Flow
Attached Flow
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Kk Flare Induced Separated Flow ond Shock Wave Oxscillation
Cone - Cylinder - Boattail {Bulbous) £ . - . !j L ; . 3 - -
i Shoulder and Boattal! Induced Seporation Shock Wove Oxcillation with Attached Flow with Boattall Induced
4 Boattail Induced Seporation Separation and Shock Wave Oscillation
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&
I 1. Subsoni i : . .
{ Figure 1. sonic, Transonic, and Supersonic Flow Fields for Basic Vehicle Configurations
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Chyu and Hanly (Ames-Cylinder dato; X/D 7.9 Retf 14
Unpublished Ames-Tunnel Wall Data, Ref. 19

Speaker and Ailman-Tunnel Waoll data, Ref. 2

Belcher - Flight data, Ref. &

Kistler and Laufer, Ref. 19

Williams = Tunnel Wal! Data, Ref, 13

Bull, etal,,~Tunnel Wall dota, Refs. 3 ond 4

Bull and Willis - Tunnel wall data, Ref, 19
Willmarth and Roos=Tunnel wall data, Ref . 10
Serafini-Tunnel wall data, Ref. 7

Willmarth and Woolridge - Tunnel wall data, Ret. 16
Unpublished XB-70 flight data, Ref. 19
Maestrello-Tunne! wall data, Ref, 15
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Figure 2. Comporison of Pressure Fluctuation Measurements beneath Attached Flows
by Various Investigators
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Figure 7. Variation of Normalized RMS Fluctuating Pressure Level with Local Mach Number for Expansion Induced Separated
Flow
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Alternating Flow Shock Wave Oscillation
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APPENDIX C

PREDICTION OF STRUCTURAL RESPONSE AND NOISE REDUCTION

1.0 INTRODUCTION

A brief summary of the final equations for predicting the structural response and noise
reduction of shroud structures was presented in Section 3.4 in the main body of this

report. In this Appendix the equations for the joint acceptances for the various fluctu-
ating pressure environments are presented. In addition, a more comprehensive description
of the Statistical Energy Analysis is presented, together with the quations for the modal
densities and coupling loss factors. The general forms for these joint acceptance expressions
were originally derived in References 1 and 2, while the statistical energy equations were
derived in References 3, 4, and 5.

In Section 2.0 of this Appendix, the general joint acceptance equations for cylindrical

shells are presented for uniformly distributed excitation, i.e., a uniform pressure power
spectral density over the structural surface. This is followed by a detailed presentation of the
axial and circumferential joint acceptances, j2 (w) aid j% (w} , respectively, for boundary
layer turbulence, reverberant acoustic fields, progressive wave ducts, rocket noise, separated
flow and shock-wave oscillation. In Sections 3.0 and 4.0, the axial and circumferential joint
acceptances are presented for special cases of localized excitation, i.e., cases involving the
joint acceptance of the iotal cylindrical shell when only a portion of the surface is subjected
to excitation. Finally in Section 5.0, the relevant equations are presented for the computation
of structural response and noise redsction utilizing the Statistical Energy Method.

2.0 JOINT ACCEPTAMCE FOR UNIFORMLY DISTRIBUTED EXCITATION

2.1 General Joint Acceptance Equations — The general equations for the axial

and circumferential joint acceptances, jrzn (w) and ji (w) , for the (mn) mode of a

cylindrical shell are given by:

1 1
j:\ {w) =/ /C(C;u) « sinmmex - sin maxX* dx dx'

x=0X'=0

L
2) = / f Cniw) cos 2un &y o' (2)
y=oy'=o
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Expressions (1) and (2) involve double integration over one of the coordinate axes of the
cylinder. Since, in both cases, the correlation coefficient is a function of separation
distance, and since the modal deflection functions are spatially harmonic, the double
integration can be reduced to a single integration, for an arbitrary correlation coefficient,
bZ a transformation of the variables of iniegration, Consnder first the expression for

w) given by (1). The product [ sinmax « sinmmx' ] can be written as

sin muaxX . sinmux' = -;—[cos mﬂz-cos m;]
Ec X + X! ‘i:-%-[z+.€]
T w oL wt sie L|IFE_T

= X - X X'= 2[§-§]

In (1), the region of integrationis 0 <x <1, 0<x'< 1; and this region is shown in

Figure 1. If £and ¢ represent the new wuriables of integration, the transformed region
over which the integration is performed is shown in Figure 1. The element of area dx dx’
is transformed according to the equation

3x ax
3 2t 3 1/2 1/2

& & = i & = f f:'—l ET-f et L
. oz e an df d 5|4 =5 dbd
'3 al

tegrating first with respect to 5 the limits of int.  ation for the first mfegml are
I , = 2- l S ' The limits of infegration for the variable t are

__E_— nd
¢ = C . Thus (1) can be written ir the form
2-|¢]
j W = —'f c&; u)f cos mu% - cos mng] dZ &b
t- 1 |§|

Performing the fi.:r integration gives

1
1:‘(6)= —;-f C(E;U)[(1-|E,)cosmr?+ m]'n sin mx |—§|] o€ (3)
4

=1
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However, C ( S ; w) is an even function of € so that Equation (3) reduces to

1
1:(0) j C(Eiu) [(1~E)cosm [ ;‘; sfnmuf]df (4)
=0

A similar transformation applied to (2) gives the general cxpression for the joint-acceptance
of the ring modes

1
@)= 2f (-7 C6 o cos 200 )

7=0

The cbove expression for the case of the breathing modes (n=0) reduces to

1
L@= 2f aRcRuwd ©)
7-0

2.2 Boundary Layer Turbulence — The space correlation functions for boundary
layer turbulence are given by the expressions:

C (;w = exp [-»SXIZ'l] cos ¥ T (7)
C (1;w) = exp [-Sylﬁl] (8)
where
L w L
A x
Sx = .10 U + .27 5
¢ b
Lw
- X
Ty U
c
Lw L
5, = .72 —LUC +1.9s—ng 9
I =
x
ﬁ = ﬂ/[_

— e S P A Y g SR e =t ey et s a2 e S D




The joint acceptance of the axial modes of the cylinder for boundary layer turbulence
can be obtained by substituting (7) into (4), performing the necessary integration and
simplifying the resulting algebraic expressions, giving

-5 -5
ifn(o) = (m:;’Az [P{l e X cos’ixt" 4" qe * sin 7, + 1"2_' ,A] (10)

y 2 s ¢,y e
where A = [‘ *(‘;x;) + (ij] -4 Lﬂ)
) .

(I

This expression agrees with that obtained by Wilby in Reference 6.

Using (8) and (5), the comparable expression for the circumferential bending mode is

24 25, , (2nn) - sy [] -sy] 19

W = + -

n [(an)i+ 57] [(21rn)2+ 5’]’ ¢ (12)
Yy Yy

2.3 Reverberant Acoustic Field — It is assumed that the space correlation functions
for the reverberant acoustic field can be represented by the expressions:

L —
sin 2!‘——;( )

cfw =

. (13)
L
sin (2n —)‘L? )
Cme) =—7T—

L
p PR
A
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The joint acceptance expression for the axial modes of the cylinder to a reverberant
acoustic field is obtained by substituting the first of Equations (13) into (4). The resulting
integral contains three terms in the integrand. The first term can be written in terms of
cosine integrals, the second term can be integrated directly, and the third term can be
written in terms of sine integrals. The joint acceptance scuation can thus be expressed

as follows:
i,: @ = W[ Cin {a(m+2|./x)z- Cin {wlm-2L/k|}J
+ ‘T{?ﬂ‘ [s; {w(m+2L/A)}- si gu (m~2l.’/o\)}] (14)

1 1-(-1)"cos (2 uL{’A)

(m=)? 1-@L /m a2

where
Cin (2) = [ k%‘ dx {cosine integral)

Si (2) =J Sinx dx {sine integral)

Next, substituting (3) into (5) and performing the integration gives the following
expression for the joint acceptance of the circumferential modes to a reverberant

acoustic field namely,

2 1 . |
A o) [s. {zn(nuy/x)}-sx-lzu(n-Lymf]

n

1 1~ cos@xL A)
+ Y at n £ 0 (]5)
2 (hm)? -t /n 32
. |
) Si lZuLy/A‘ i l-czos(ZnLy/A) =0
- 2
Ly/" 27 (Ly/}')

As shown in Reference 7, the sine and cosine integrals can be evaluated numerically
by using power series expansions for small values of z (0 <z <1), rational function
approximations for intermediai» values of z (1< z <50), and asymtotic expansions
for large values of z (50 <z). The indicated ranges of the values of z were used
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in the present analysis; and for these renges, it was necessary to use at most five
terms in the power series and asymptotic expansions to maintain a maximum error of
107 in the numerical values of the sine and cosine integrals. The approximating
expressions used in the numerical evaluations are summarized below:

© (_Un z2n+1
Siz) = (2n +1) (2n + 1)
n=0
&= +1 2
Cin (z) = E (a)ntlAn
n=0 (.«.n?(Zn;!
Si(z) = g—--f(z)s.os; - g(z)sinz
®
Ci{z) = f(z)sinz - g(z) cosz =-f‘%—tdt
z
Cin(z) = y + Lnz - Ci(2)
Y = Euler’s constant = .5772156649.
e"Zt 1 az8+oxé+oz4+cz +a
= 2 8 6 4 2 0
fiz) = 2 ds 2 8. 6 7 2
tTF1 z bsz +b62 +b4z +b2z + bo
te-z' 1 caz8 + céz6 + c4z4 + c222 + <o
8(z) =) ——— -dt & Sp—a—a—"
t7+1 z dsz + déz + d4z + dzz + do
] 2} 4]
f(z) =—[1-—2-—+7—' e
z z z
1 4 !
g(z) = 2[1-32 + 5r-...
z z z

1<z< @

1<z< @

<<z

1<<z2

Numerica! values for the constants a., bi ' S and di appearing in the expressions

f(z) and g(z) are tabulated in Table I.
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2.4 Non-Decaying Progressive Wave Duct Excitation — Assuming that the sound
pressure level is uniform along the ducts, the axial space correlation coefficient

C (§'; w) for the acoustic field is
C(g; w) = €os (w'g/c)

or in nondimensional form

C(%u) = cosy § (17)
‘where
Lxu _
Y T o T mL/A
A = acoustic wave length
c = speed of sound

To obtain the joint acceptance of the axial modes of the cylinder for a non-decaying
piogressive wave excitation, substitute (17) info (4). Performing the necessary

integration leads to

) 2 1 - (-1)" cos (2% LA
W =
T ) [1 -4 (Lx/mX)z]z
2 1-(-1)" cos (2x L /N
P = A y;/A (18)
(mw) [1 - (2L /m ]
2 1-(-1)" cos (2% L /e

mef 1 @L ¥meP]

The space correlation function for the circumferential modes was not defined explicitly
above since the joint acceptance expression can be obtained directly as follows. When
a radially directed oscillatory point force acts on the cylinder, the circumferential
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bending modes will align themselves so that each mode exhibits an antinode at the point
of application of the force. It is reasonable that the acoustic field of a single correlated
span or duct will cause the circumferential modes to have antinodes located at the center
of the duct. Since the sound field for such a duct has a unit circumferential correlation,
it is clear that the lateral joint acceptance for one duct is

As2 2
J'zn('-‘) =[[ cos2¥ny - d7] (19)

where A is the dimensional width of a duct. If there are N uncorrelated ducts the
total joint acceptance is N-times that given by Equation (19) so that

3 2

WOR N[{ cos 2mny - dv] (20)
/2

Performing the integration of Equation (20),

I

it
z|~
~—o
W
-
3
td
2
| S —)
N
3
M.
o

(21)

Equation (21) has been numerically evaluated for the first ten ring modes for each of the
following uncorrelated duct patterns; N=1, 2, 4, 8, and 16, The results are presented in
Table II.

2.5 Rocket Noise — The space correlation functions for the rocket noise
environment can be represented by the following expressions:

c (% ) = cos yxE (22)
L
sin (27:'—)-\% n)
C(m; w [ (23)
277—%; n
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where

w Lx

Yx = * sinf8

c = Speed of sound

B = Angle between the nomal to the incident plane wave
and the horizontal

A = 0.1Af %

A = off

Notice that the functional form of Equation (22) is identical to Equation (17) for the
non-decaying progressive wave duct, while the functiona! form of Equation (23) is
identical to Equation (13) for the reverberant acoustic field. Thus the axial and
circumferential joint acceptance for rocket noise will be identical to Equations (18)
and (15), respectively with the appropriate substitutions for 7, and A*,

2,6 Separated Flow — The space correlation functions for the separated flow
environment can be represented by the following expressions:

C (E; w) = exp [-Sx ]El] cos YXE (24)

C(M; w) = exp [-8)' ,ﬁl] (25)

where 8x 'Yy and 8)' are as defined in Section 3.2.2.5 in the main body of this

report. Notice that the functional forms of Equations (24) and (25) are identical to

those for the attached boundary layer, i.e., Equations (7) and (8). Thus the axial and
circumferential joint acceptances for separated flow are identical to Equations (10) and

(12) respectively, with the appropriate substitutions for & , y_and & from
Section 3.2.2.5. x x Y
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2,7 Shock Wave Oscillation — The space correlation functions for the shock
wave oscillation environment can be represented by the following expressions:

c(Su) = WP[“SICI}'C%Y S (26)
X X
C (n; w) = 1.0 (over each of 4 quadrants) (27)
where 5 = 3'18wLx
X U
0
wl
- X
Yx U
0
Uo = local velocity upstream of the shock wave

It should be noted that the functional forms defined in Equations (26) and (27) are
identical to those for the attached boundary layer and the non-decaying progressive
wave duct, respectively. Thus the axial and circumferential joint acceptances for
the shock wave oscillation are identical to Equations (10) and (21) respectively,
with the appropriate substitutions for Sx ' Vo and U 0" Note also that for the

shock-wave oscillation, N is equal to 4 in Equation (21).

3.0 AXIAL JOINT ACCEPTANCES FOR CASES INVOLVING
LOCALIZED EXCITATION

Consider a pinned-pinned beam, such as that shown in Figure 2, on which a distributed
random pressure loading acts over the range X SXEX . The center of the loading
2

is located at X s and the length of the loading is Ax so that

X, = (xz + x])/2
(28)
A = x - x
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It is assumed that, within the range xls x< x , the load is homogeneous and is
2

chai~cterized by a space correlation function C( €.w) which depends only upon
the - :paration distance > between any two points in the range X SXSX . The

general equation for the joint acceptance, jr2n (w), of the m-th mode is:

.2 @ = 1 x? x2 c . ' s
J,,,“-I-;-»f f €w) - o, (x) - ¢ (x') dx dx
X x=x, x'=x,
;2 "iz
- CRiw) - o, (%) -9, (X') - d% - d&' (29)
X=X, X'=%,
L (x) = Pm (X) = sin (mwxx/L)) = sin (muX) (30)
%= L (31)

X

Following the procedure described in Section 2.1 above, the double integral in
Equation (29) can be reduced to a single integral. This transformation of the integration
leads to:

jfn(ﬂ) = ";]‘-' C(Tw) [cos mwt - cos mwZ ] - dZ .dt
t= 'Sx E=2% +l ?I
i cos 2m X - - _
=3 ~ C () [(Kx-|fl)cosmnf~'_mr—£- sinmw(&—'(l)] dt
=y
[A( . [ _ 05 2me X, -
=) €@ | (A -Dewmnl - —— sir na (B, - ?)]df (32)
£=0

The integral in Equation (32) can be further simplified to

cos 2mu X,

1
jfn(u) = Z: [ C (z;u) [(l ~-2)cosmuz - sinme (1 -z)] dz

z=0

mn




or

i@ 1
—2 '[ Z:C(z;w) cosmnz . dz
A
x 0
2mxX, - sinmn 1
+ {1- > m;:(’ ] / Clz;w) -cosmnz - dz (33)
0
cos2m1r‘i('o~cosm1r 1
+ progn f C(z;w) «sinmxz . dz
0
where
z = C/& = C/AX I (34)
m = mzx ‘

As Kx—b 0, the right-hand side of Equatior (33) approaches a finite, non-zero quantity.
For example, in the case of a point force applied at X 1 C(z;w)=1.0,2 =0, the
first term in Equation (33) is equal to (1/2), the second is equal to -cos 2 m7r3(’o , and
the third term is equal to (1/2) cos 2mor '>'<'o ; and hence

jf“ )

Lim = % [1 - cm?mu’io] = sin? mx X, (35)

A?

which is the correct result.

Boundary Layer Turbulence Parallc i to Flow Axis

The space correlation function, C (z;w), selected here for representing localized
boundary layer turbulence is:

-Sx |z]
Clz;w) = e - cos y, z (36)
Tw = @ Ax/ Ue I
5, = ay +bAss | (37)
U, = convection velocity

& = boundary layer thickness

a,b = constants dependent upon measured characteristics of boundary layer flow field.
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When the boundary layer s distributed over the entire length of the beam, then

Ax = Lx and Equation (37) reduces to those presented in Section 2.2 above,

Upon substituting Equation (36) into Equation (33) and performing the integration
gives:

:2 [ 2 2 2 2
n® (8, [82 + (v, tma)] + 8 - (y t mu) -6,
e 2 732 e cos(yxt mu)
A i 2(8 + (y, t mn)’]
nime B+, tmu) 428 -8
- T 772 e sin (yxt ma)
| 2 [sx + (-,x + mu)']
5,2('(Yx't’"1')2 1 [ cosme'i°~ sinm -« ]
- 4 1 - Py
2 [8: + (yx + mu')z‘,2 2 »” u
Sx -Sx
° - - {'l-e cos(yx:!;m:)}
5 *+(y, t mu)
Y imn -8,
+ x e * sin (y, +mu)
8: ty, ¢ mu)? x

0

1+

cos 2muX, - cosmu [ (y,t mm) {1 -8, ( )
-e cos(y ¢ m:}

2 2
Z2mauw 8x+(yxt mu)

8 -8
- X e X sin (yx + ma)] (38)

8; +(7x + mx)?

Equation (38) scntains twice as many terms as are shown; one set is associated with the
(+) sign and one set is associated with the (=) sign. The total equation for j; (wY Ai

is obtained by algebraically adding these two sets of terms,

When the boundary layer extends over the entire length of the beam, then Zx =1.0,

m = m = integer, and Equation (38) can be reduced to:

A
&°

[



1l

(y. + mn)? - 82 (mn £y )/mn -5
j:,‘(u) —;‘li X X + X {l-(-l)me x\usyx}

2
(6 + (v, m)?] S+ tmu)

-8 (yxi m ) Sx/2m1r m "5 )
+ ; pov 2 5 (-1)" e sin y,
(6, *(r, t mn)?] § t(y tmm)
s /2
y - (39)

2 2
§ +(r, t mu)

P

where the (+) sign once again implies a summation of (4 terms and (=) terms, It is a
straightforward exercise *o show that Equation (39) can be rewritten in the more con-
densed form of Equation (10) in Section 2.2 above.

Equations (38) and (39) are applicable to a flat rectangular plate and a cylindrica! shell
if the flow is directed along the x-axia, which for the shell is parallel to the center
line.

pe—y

When Ax = 1.0, coincidence between the elastic waves of the m~th mode of the beam
and the turbulence wavelengths occurs when Y, = m7. From Equation (37), the
corresponding coincidence frequency is:

mU
f = 27 = -2-—L£ = coincidence frequency for m-th mode. (40)

Setting Y, = m7 in Equation (39) gives the following expression for the joint

acceptance, j;‘; (wc) , it coincidence:

2 _e2
.2 _ ] (2mﬂ) 5x 2 ] _8x
]m (“c) = —E’ 2 2 ] + - e 1-e
[Sx +{2mu)? ] 8: +(2mu)? 8:

8,/2 1 (41)

si + (2mn)? 26

X

Aerodynamically slow modes, for which response levels are generally not large, are
those modes for which Y, <M while aerodynamically fast modes are defined by the

condition v, >mn.
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Progressive Wave Acoustic Excitation

The joint-acceptance for a correlated acoustic wave progressing along the beam at
parallel incidence can be obtained from Equation (38) by setting Sx = 0. Ifthe

wave acts over the entire length of the beam, then AX = 1.0 ond s = m, and

in this case, Equation (39) reduces to the following well—known equation developed
by Powell in Reference 8.

2 1-(-1\"
Pw = C“sz (42)
m (mm)? b - (yx/mu)Z]

It is possib & fo rewrite Equation (42) in the following alternate form:

. 2
2@ = 1 [ sin (mwe/2) 43)
=TT w0l Leeea ] 3

¢ = deviation of excitation frequency, f, from coincidence frequency fc

Y, f
= X . 1 = — =1 (44)
mn fe
mc
f = 2 Lo = coinzidence frequency for m=-th mode (45)
x

The fluctuating part of j;‘; (@) is controlled by [sin(mwe/2)/ (mme/2)]? and
this factor is shown graphically in Figure 3.

Reverberant Acoustic Field

The space correlation function for a localized reverberant acoustic field on the beam
is chosen as

sin Y 2
R (46)
Y. = qu/c:°

Substituting Equation (46) into Equation (33) and performing the integration gives:
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cos(yx+mn)-l cos(yx-m‘ﬂ)-1

27)( (7x+ m“) 27)( (yx-m“)

+

1 cos2mu7° . sinmw
—2—7' [l- ] [Si(yx+ mu) + Si (yx-mn)]

m
X

. cos 2Zmmw X, - cos mw [Cin (Yx+ ma) - Cin le' m'ﬂl] )

2max '

€
i}

where

s )

z -
Si (2) =[ sn:x . dx

0
9
Cin(z)=/ TCOSX | dx
0

)

(48"

X

e IR o)

Various methods for approximating the functions S i (z) and Cin (z) are discussed in
Section 2.3. Equation (47) is applicable for buth axes of a flat rectangular plate and
for the axial direction along a cylindrical shell.

4,0 CIRCUMFERENTIAL JOINT ACCEPTANCES FOR CASES
INVOLVING LOCALIZED EXCITATION

u\mﬁ m

Consider a circular ring which has a distributed random pressure loading over the range
-Ay/2 <y < Ay/2 . Mode shapes of the ring modes that may respond to such an
excitation are:

t' - N ;

Y
R i |

L {y) = sin (2 ﬂny/Ly)

¢

n2

y) = cos (Z'uny/l.y)

y =

Ly =

n =

circumferential coordinates

circumferential length of rirg

number of elastic full-waves around circumference.

Following the procedure in Reference (1), the joint acceptance ji (u) for the n-th

mode of the ring can be written in the form:
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2 1 Ay/2 Ay/2
@ = — / C(npw) - [0,,, o) e, 0 e, O o (y')] “dy - dy'
Y y=-Ay/2 y'=-Ay/2
) Ay/2 v/2
= ?— / C (n;w) * cos (2:nr|/Ly) +dy *dy' (49)
y y=-Ay/2 y'=Ay/2
n=y=-y' = separation distance around ring
Cm) = space correlation coefficient for homogeneous pressure field.

Equation (49) can be reduced to a single integral by using the same procedure as that
described in Section 2.1. The resulting equation is:

1
j: W = Zzy f (1-2) - C(z;0) *cos 2nwz - dz (50)
z=0
Ay = Ay/L,
n = n.Ay

Joint acceptance expressions are developed below for correlation functions associated
with boundary layer turbulence and a reverberant acoustic field.

Boundary Layer Turbulence

For a boundary layer convected along the axis of a cylindrical shell, the space correlation
coefficient around the circumference of the ring is assumed to have the form:

5|
Co = o 7 (51)

Substituting Equation (51) into Equation (50) and integrating gives:

RO @ew-d Y ]
Zz = [82 e )2]2 - e cos2nm
y y 2T
dun & -8 8
- _y__’_ e 7 sin2, + -y (52)
[ s; + @2nx)?] s; + (2n %)?
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Reverberant Acoustic Field

For a reverberant acoustic field the space correlation coefficient aroung the ring is
approximated as follows:

sin LV

C(z;0) = (53)
Y 2z
y
where
Ty T uAY/ 0
Substituting Equation (53) into Equation (50) and integrating gives:
32
26 = r: [ss o +2m]} +si {(yy-zmz)}]
_z - -
. Ay 1 - cos (4un) cos (7y) - (21m/yy) sin (4nn) sin (yy)  ufo
2 (o) 1- (77/21m)2
24? 2 [M-cosly)
R AP RY g LR &9
Y, Y,

5.0 STATISTICAL ENERGY ANALYSIS OF THE
REVERBERANT RESPONSE OF CYLINDERS

A method which can be used to predict the response of structures to an external excitation
is offered by the statistical energy analysis (References 3 and 9). This method is based on
the fact that the time average power flow between two simple oscillators, linearly coupled
and excited by a wide-band excitation, is proportional to the difference in their time—
average total energy, the power flow being always from the oscillator of higher energy to
that of lower energy. This principle can be expressed by the following equation.

316




Prd> = ¢, [CED - <EDI
where

{Pp > = time average power flow frem oscillator 1 to oscillator 2
<{E;> = time average total energy of oscillator 1
{Ey> = time average total energy of oscillator 2

€, = coupling factor between the two oscillators. An expression for this factor can be found by

using the admittance concept (Reference 9).

This principal can be extended to two vibrating systems, A and B, for which the time
average power transferred from A to B can be written in the following form:

P

A8 = &

AB.NA.NB[E&-EB.] (55)

where
QAB = average mode~to-mode coupling factor between the two subsystems
Ep = average total energy of subsystem A
Eg = average total energy of subsystem B
Nj = number of modes in subsystem A

Ng = number of modes in subsystem B.

The above expression is valid when the subsystems satisfy one of the following conditions
(which in most cases are approximately satisfied): (Sew Reference 9.)

a. The coupling factors between modes are 'l equal.

b. Modes within the same subsystems have the same time-av--~ae
total energy.

c. The time-average total energy of @ mode is independent of its
coupling to any particular mode in the other subsystem.

When a multimodal system is excited in a band of frequencies, its modes can be

divided into resonant and non-resonant modes within the band and each of these groups
can be divided into groups of modes which satisfy one of the above mentioned conditions.
Then, Equation (55) can be applied among the resonant groups. The energy transmission
setween non-resonant modes and between resonant and non~resonant modes cannot be
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predicted by the statistical energy analysis and, usually, it is calculated by using
classical vibrational analysis. Equation (55) can be written in the following fashion:

PaB = © MaB A [E—A - 'EE]
nA ﬂB

where

€
[}

center frequency of the excitation band

ut

18 48 NB/u = coupling loss factor

|1}

average modal density of system A over a band of frequency A; it is defined as:

N7 (F+A/2) - Ny (F- A/2)
nA— A

NA() = average number of modes with resonance frequencies below f

1]

ng average modal density of system B.

Now, a power balance equation can be written for each vibrating system. These equations
will state that the summation of the power received from other systems, the power given to
other systems and the power dissipated must be equal to zero in steady state conditions.

For example, the power-balance equation for the n-th system of a series has the following

form:

E E E E
n n+] n n-1 NR NR
“Nn,ntl "n [T "n+l] e, n1 I:'r: - nn-l]ﬂ' M, &t Pn,n-l + Pn,n+l =0 (56)

where
wn, En = power dissipated

n, = dissipating loss factor

PNR

n,n-1 and ?:j: +] 9re the power transmitted through nonresonant modes.

If equations similar to Equation (56) are written for each vibrating system of the series,

a set of linear equations is obtained. This set can be solved for the energy of the
resonant modal group in terms of the coupling and dissipating loss factors, modal densities
and power transmitted from non-resonant modal groups. Finally, the response of the
vibrating systems can be predicted in the form of power spectral density. In fact, the
PSDs of an acoustic field and of a structural system are given in term of the average
energy by the following relations:
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2
_ CXA E
5,0 =<'z (57))
5,0 -4 (58)

Equation (57) gives the sound pressure level spectral density Sp (f) (which is a function of

frequency, f) in temms of the average energy, E, within a band of frequency A, the
density of the medium, p0 , the speed of sound , co . the volume, V, and the band of

frequency, A. Equation (58) gives the acceleration spectral density of a structurc| system
Sa (f) , in terms of the average energy, E, the mass, M, the band center frequency, w,

and the band of frequency, A,

In the case of a cylinder excited by a reverberant acoustic field, the following expression
can be derived to predict the response:

AL [ N2AF,1"2AF | M2as,1"2as ][1 + i"-"-] [L] (4’-2-) (59)
S

o1 APP L Moar, 1T oA Pgps,1 Floas SeidLg? J\psi?
where
S = acceleration spectral density
S o1 = sound pressure spectral density
S

Jo1 - M2as,1 "2As TN 1AF,1 "2aF T N3 "

3 = 1 (= noise reduction) (60)
P M2as,1"2as . _"2AF,1 "2AF
209p5,1 T 245 2N2af,1 P Naaf

2y = speed of sound in air

py = mass density of air

A = surface area of cylinder

G surface mass density of cylinder
g = gravity acceleration

NoAE™ modal density of the resonant acoustically fast (AF) modal group
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DI L
ne daikens

noAs™ modal density of the resonant acoustically slow (AS) modal group
ny = modal density of the resonance interior space modes

M24F,1 = coupling loss factor between the acoustic field and the resonant AF mode group
N2As,1 - coupling loss factor between the acoustic field and the resonant AF mode group
MoAF = dissipating loss factor of the resonant AF modal group
Noas = dissipating loss factor of the resonant AS modal group

n, = dissipating loss factor of the interior space modal group

Values of the above factors and modal densities are given by the following expressions:

a) Modal Densities

An expression for the total modal density of a simply supported thin cylindrical
shell is given by Bolotin's formula (Reference 3)

243 ™ . -3
ny(¥) = x‘— [1- —‘"\‘:29] 48 (61)
0

where

v = £ ratio of frequency f to the ring frequency f_
f
r

fo = /2x=a

L = speed of sound in the material

a = radius of cylinder

h = thickness of shell wall
sinlyfv i vl

8, =

/2 if v>l

The number of AF modes below the frequency v (for v Vc), Ny AR is given by
(Reference 3):

Om

v _ .24 _‘_'g -v_c_ _4sin‘3%

NzAF'mﬂf[z’z ) ©2)
0




h
a Y12

v = fc/fr

8 =

o

-~
n

critical frequency = frequency at which the free-bending wave speed in the panel is
equal to the speed of sound. Therefore, the critical frequency is found from

Di
cb=ﬁ[?] =<
or
2
. f =c-°-
2%

B
c D

where

ey = bending wave speed

(v
"

flexural rigidity

p = surface mass density

(3]
1]

speed of sound in air.

The modal density of the AF modal group can be obtained from Equation (62) as:

v)

Now, it can be seen from Equations (62) and (63) that NoAF for 1<v< vc is
zero as shown in Figure 11 of Reference 3.

For frequencies above the critical frequency, all modes are acoustically fast and
then

v _ W
MAF T ™

The modal density of the AS modal group is given by the difference between the total
density and the AF modal density.

An approximate expression for the acoustic volume modal density is
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b)

c)

Coupling Loss Factors

The coupling factor between the acoustic field and the acoustically fast modes
is given by (Reference 3):

_ RS

N24F,1 ~ 2xf ps‘

The coupling factor for the AS group (for f > Fr and when the cylinder dimensions

are greater than an acoustic wavelength) is (Reference 3):

p, 2

= __0_0_ 2
N245,1 " 2xFi p, [2)‘0 g, (f/5) +Pr92(f/fc)]

where

Aq = acoustic wavelength

)
l

= radiating perimeter = 4xa

(4/1%) (l-2f/fc/Vf/fc (1 -/1) f<0.5f,
9, (t/1o) = (Reference 10)
0 £20.5¢,

820/ = {(1-1/%) In [(I+]/f/fc)/(l -\/f/fc)] + 2T }/«2(1~f/fc)3/ 2 (Reference 10)

When the cylinder dimensions are smaller than an acoustic wavelength and for
f fr , the following coupling factor is used:

2
Py S 4
"245,1 ~ Zafi p, A ("7 P V'/'c)

Dissipating Loss “actor

The structural loss factors are given by:
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. 1
M2aF  M2a5 ° Q@

where Q is the dynamic magnification factor of resonance.

The loss factor of the inside acoustic volume can be expressed in terms of the
average absorption coefficient o as

:
i
]
i
|
!
]
i
1 23




1.-FERENCES:

]0.

White, R.W.,"Predicted Vibration Responses of Apc.lo Structure and Effects of
Pressure Correlation Lengths on Response, " Wyle Laboratories Research Staff
Report, WR 67-4, March 1967 and Revised March 1968,

Bozich, D. and White, R.W., "A Study of the Vibration Responses of Shells
and Plates to Fluctuating Pressure Environments," NASA CR-1515, March
1970.

Manning, J.E. et al., "Transmission of Sound and Vibration to a S.roud—
Enclosed Spacecraft, " BBN Report 1431, October 1966,

Smith, P.N. and Lyon, R.H., "Sound and Structural Vibration," NASA CR-160,
March 1965.

Conticelli, V.C., "Study of Vibratory Response of a Pc.vioad Subjecte: to a
High Frequency Acoustic Field," work performed under Contract No. NAS8-21260
for Marshall Space Flight Center, May 1769,

Wilby, J.F., "The Response of Simple Panels to Turbulent Boundary Layer
Excitation, ” AFFDL-TR-67-70, October 1967,

Abromowitz, M., and I.A. Stegun, "Handbook of Mathematical Functinns, "
U.S. Department of Commerce, National Bur.au of Standards, Americal
Mathematical Series 55, November 1964,

Powell, A., "On the Response of Structures to Random Pressures and to Jet Noise
in Particular, " Chapter 8 of Random Vibration (S.H. Trandall, Ed.), MIT Press,
Cambridge, Massachusetts, 1958.

Ungar, E.E., "Fundamentals of Statistical Energy Analysis of Vibrating System, "
Technical Report 66-52, Air Force Flight Dynamics Laboratory, Wright-Patterson
Air Force Base, Chio, May 1966,

Maidanik, G., "Respons: of Ribbed Panels to Reverberant Acoustic Fields, "
J. Acoust. Soc. Am., No. 34, June 1962,

324

R N e L I T
B L S IR s A2 i

et AR o LS
N ry =




TABLE 1

SUMMARY OF COEFFICIENTS FOr RATIONAL FRACTION
APPROXIMATIONS FOR SINE AND COSINE INTEGRALS

P

b.

d.

o N &~ O ®

1.000000
38.027264
265.187033
335.677320
38.102495

1.0000u0
40.021433
322.624911
570.236280
157.105423

1.000009
42.242855
302.757865
352.018498
21.821899

1.000000
48196927
482 485984
1114.978885
449 .690326

TABLE {1

LATERAL JOINT ACCEPTANCE VALUES, jﬁ (o), FOR
VVARIOUS SYMMETRIC DUCT CORRELA..ON PATTERNS

i (from Reference 1)
AN
j n 1 2 4 8 16
" 0 |1.000 }o0.5000 |0.2500 |0.1250 | 0.0625
2 |0.006 ]0.0000 | 0.1012 |0.1125 | 0.0598
g 3 |0.000 [0.0225 |0.0750 |0.0775 { 0.0563
4 |0.000 |0.0000 | 0.0000 [0.057 | 0.0510
ﬂ 5 |o0.000 |90.008: |0.0081 |0.0279 | 0.0451
6 10.000 |{0.0000 | 0.0114 |0.0114 | 0.0388
7 |o0.000 |0.0041 |0.9042 |0.0024 | 0.0319
@ 8 |0.000 |0.0000 [ 0.0000 |0.0000 | 0.0255
9 |0.000 |0.0025 | 0.0025 |0.0015 | 0.0194
B 10 |0.000 |0.0000 | 0.0041 |0.0041 | 0.0140
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Figure 1. Transformation of the Region of Integration for Joint Acceptances
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Figure 2. Pinned-Pinned Beam with Localized Excitation
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Figure 3. Joint Acceptance, j; (w), for Progressive Acoustic Wave of

Frequency f on Pinned-Pinned Beam of Length L (from Reference 2)
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