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PREFACE 

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 external acoustic environments, structuul t esponses, noise reductions and the internal 
acoustic environments were determined for a typical shroudJspacecraft system during I ift- 
off and during various phases of flight. Spacecraft responses caused by energy 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 shrotrd/spacecraft 
systems during lift-off have been presented, and ine results are generally in good agree- 
men? with measured data. The aerodynamic environments were found to be extremely 
complex at  transonic Mach numbers, involving regions exposed to separated flow, shock- 
wave oscillation and thickened boundary layers. The most significant internal noise levels 
were found to occur during lift-off, and internal sound pressure levels generally decreased 
with increasing flight Mach number over the range M . 7  to Ak2.0 . Relatively poor 
agreement has been observed between predicted and measured noise reductions, pointing 
up the fact that space-averaging of the internal acoustic field i s  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 i s  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 resportses utilizing 
equivalent acoustic fields offen a practical al-ternative. Recommendations for further 
study include limited laboratory investigations of (a) noise reduction of model-swle 
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 deign 
concepts . 

... 
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1 .O 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 fluctuations are generated by unsteady aerodynamic f laws over the 
vehicle. The acoustic environment at l ift-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 beheen the space- 
crdt  4vcud and the base of the vehic!e. 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 cwpled with, or supplemented by, possible severe buffeting. The magnitudes of 
these external pressure fluctuations are highly dependent on vehicle geometry. Examination 
d flifc’t 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 mc i te  the external shroud and vehicle structure and are trans- 
mitted to the spacecraft t h w +  two distinct paths; an air path and a mechanical path. 
The air poth is simply that air space between the inside surface of the shroud and the 
spacecraft. The mechanical path i s  that connection between the base of the shroud 
and the adapter, which is in tun 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 i s  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 spcicscroft, 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 
i s  not, of course, always a realistic proposition in view of the facility costs, power require- 
ments and space-time correlotion 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. Ideal shroud response simulation also implies simulation of 
the boundary conditions and Q 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 i s  often convenient to remove the shroud in order to reduce the 
acoustic power output from the foci lity 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 tranmitted to the spacecraft. 

1 



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 spacecruft shroud for al l  significant flight events. 1 

! 

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. 

Q 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. 

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

* 
e 

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

Q 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 foci lities . 

A comprehensive review of the general characteristics of shroud/spacecraft systems and 
their free vibration behavior i s  presented in  Section 2.0. This iwludes 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 IIft-off and in-flight acoustic environments, the 
structural responses of the shroud, and the shroud noise reductions aie summarized in  Section 
3 .O. This i s  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 trtlnsmission path is evaluated i n  detai I .  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 upor’ IAentical laboratory and in-flight Fhroud responses. 

A comprehensive review of acoustic testing technology is presonted in Section 5.0. This 
discussion includes a review of time-space correlations which can he cchieved in the 
laboratory, together with techniques for varying time and spatial disfr%ution of the 
acoustic amplitudes. Various acoustic testing configurations for shrcsud,i’:pacecraft 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 i s  examined in detail and techniques for testing 
without the shroud are reviewed. A test specification format, PO ensure consistency of 
acoustic testing, together with suitable tolerances, i s  also outlined in this section . 
Finally, in Section 6.0, each of the specific objectives listed above is discussed in turn, 
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 genetally attached to the vehicle structure through single or mJltiple 
adapters. The adapter may be in the form of a truss or may be a short cylindrical section. 
In either case the adapter i s  rigidly connected to the final stage of the launch vehicle, 
while the upper edge of the adapter (i .e., the adapter-spacecraft interface) i s  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 i s  shown in Figures 2 and 3 
for the Surveyor spacecraft and Atladcentaur launch vehicle. These figures illustrate the 
cylindrical payload adapter concept, where the lower edge of the shroud i s  well removed 
from the spacecraft-adapter interface. The simple truss adapter concept i s  illustrated in 
Figure 4 for the OGO spacecraft-AtladAgena B launch vehicle combination. This figure 
shows the lower edge of the shroud connected through an interface ring directly to the 
spacecraft buss; in this design the lower edge of the shroud i s  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 rarlges 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 
es ti ma ted . 
A summary of typical shroud properties i s  sbwn in Table I, where each shroud i s  defined 
in  terms of i t s  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 the cylindrical and conical sections are 88 inches and 65 inches 
respectively, and the nose cap radius i s  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 i s  1.08 inch and the total weight i s  
approximately 160 pounds. The surface weight density of the shroud has been calculated 
to be approximately O.OO6 IbJin? and the circumferential and longitudinal bending stiff- 
nesses in  the cylindrical section are 3.64 x lo4 Ib in. and 305 Ib in., respectively. 

Delta Low Draa 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. OveruII length and diumeter are 124 inches and 33 inches respectively, the 
average skin thickness i s  0.17 inch and the total weight i s  154 pounds. The cone angle 
i s  15 degrees and.the surface weight density has been computed to be approximately 
0.0135 IbJin? . The circumferential and longitudinal bending stiffnesses in the cylin- 
drical section have been computed to be approximately 1.66 x lo3 Ib 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-cvl:nd~r ~Ody stiffened in  both the 
conical and cylindrical sections by aluminum r i , y  $::rtnes. The lengths of the cylindrical 
and conical portions are 130 inches and 81 inches respectively, and the nose radius i s  
approximately 12 inches. Overall length and di.j* &er are 224 inches and 65 inches 
respectively, and the average skin thickness varies between 0.1 and 0.14 inch in the 
cylindrica! section and i s  0.14 inch i n  the conical section. The total shroud weight i s  
approximately 5% p~UndS, the cone angle i s  15 degrees and the surface weight density 
has been computed to be approximately 0.012 IbJin? in the cylindrical portion. The 
equivalent circumferential and longitudinal bending stiffnesses for the cylindrical 
portion have been computed to be approximately 1.04 x lob Ib in. and 9.3 x lo2 Ib in. 
respectively. The conical portion can be replaced fa* the purposes of structural analysis 
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TABLE I 

TYPICAL SHROUD CONFIGURATIONS 

. .  

Shroud Properties 

Len& of 1 Skin 
Cylindrical 1 lhiiknes _ ,  

Section 
in. 

------ 

Surface 
Weight 
Density 
lb/in? 

1 
2 

----- 

Representative 
Payloads 

Launch 
Vehicle 

Shroud Geometry Extensional 

------- 
Q MarinerD A t 1 4  

Agena 6 
---- 3 a X  to4 I 3 . 0 5 ~ 1 8  I ~ . 2 ~ 1 0 5 *  
3 . 9 ~  lor--- 

Mariner D Shroud: Cone-cylinder 60 in. diameter x 165 in. Icng. 
Magnesium skin with ring stiffeners - 160 Ib weight 

Q Echo 
e Relay 
o SYNCOM 

Delta 0.0136 
0.0136 

----- Delta Lw Drag Shr-,. Cme-Cylinder 33 in. diameterx 124 in. 
long. Fiberglas skin with aluminum ring stiffeners - 154 Ib wt. 

o Nimbus 
o EOGO 
o AOSO 
o OGO 

A t 1 4  
Agenc 6 

Agena Long (or Nimbus) Shroud: Cone-Cylinder, 65 In. diameter 
x 228 in. lona. F i b e r a T ' x w i t h  oluminum ring stiffeners - 1 !30 I-Q,JJ-- - 

0.14 - - 
535 Ib wt. 

0 Lunar 
Module 

Saturn v I -- I l S 7  

spacecraft Lunar Adapter: conical Frustum 260 in. diameter 
tapering to 155 in. diameter x 336 in. long. (349 in. slant 
height). Aluminum honeycomb - unstiffened - 3070 Ib wt. 

0.0139 ~4 .24~  105 

0 Oscar 
o Vela 

Titan 3A 
and C 

0.0127 I '.65x105 I - -  
1 . 6 5 ~  IO5 Fiberglas Honeycomb Shroud: Cone-cylinder 120 in. diameter 30 -L.%?q- 

x 216 in. long. - unstiffened honeycomb fiberglc.. - 688 Ib wt. 1 .O(nan 

0.063 
0.075 

Standard Alumifium Titan Shroud: Cone-cylinder 120 in.diameter 30 .-----. 
x 216 in. long. Aluminum skin with ring and strinyK stiffeners - 
919 Ib wt. 

Large Titan Shroud: Cone-cylinder 120 in. diameter x 600 in. 
long. Aluminum skin with ring and stringer stiffeners - 2260 Ib 
'ut. 

492 0.025-0.07 
I----- 

0.08 -0.09 

0 IDCSP 
0 can24tr 

Titan 3 4 . 7 2 ~  lo5 -&&LO5 
7.5x l o r  - I 1 5 .sX  105 0.0169 

0.01025 4 . n x  105 -2-5i!1_05 I I 8 s X  105-- 
2 . n X  105 Titan 3 

o Multiple 

I ---- 3. 1bX 105 
3 . 1 6 ~  I$--' 

1.82 
1.835 

------ OAO Shroud: Cone-cylinder 120 in. diameter x 347 in. long. 
Umtiffened honeycomb fiberglas .- 860 Ib wt. 

Surveyor Shroud: Cone-cylinder 120 in. diameter x 264 in. 

153 

72 -_  Lzshe2 
long. Unstiffened honeycanb fiberglas. 1.75(nom) 

Note: 1 Cylindrical Section 
2 conic01 sectia-, 
t 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 i s  approximately 0.0131 Ib/in? aod the equivalent cir- 
cumferential and longitudinal bending stiffnesses have been compted to be approximately 
6.33 x lo5 Ib in. and 9.3 x lo2 Ib in. respectively. 

Titan Fibernlas Shroud 

The Titan IIIA and C fiberglas shrouds consist of a phenolic impregnated Gbcrgfas 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 i s  15 inches. Overall length 
and d:ameter are 21 6 inches and 120 inches respectively, and the average skin thickness 
i s  1 ,O inch, The total shroud weight i s  approximately 688 Ibs, the cone angle i s  15 
degrees, and the surface weight density has been computed to be approximately 0.0127 
Ib/in? . The isotropic bending stiffness has been computed to be approximately 1.65 x 
lo5 Ib in. 

Standard Aluminum Titan Shroud 

The Standard Titan shroud consists of an aluminum cone-cylinder body having the same 
overall dimensions as the fibecT:!as Titan shroud. This shroud is  stiffened circumferentially 
by aluminum ring frames (5 incites pitch) and longitudinally by stringers (6 inches pitch). 
The average skin thickness i s  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 i s  
approximately 919 pounds and the surface weight density has been computed to be approxi- 
mately 0.0169 Ib/in? . The circumferential and longitudinal bending stiffnesses have been 
computed to be approximately 5.56 x lo5 Ib in. and 4.72 x la5 Ib in. respectively. 

Laqe Titan Shroud 

The large Titan shroud (or Universal shroud) consists of an aluminum =ne-cylinder body 
which i s  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 mdc!es, the former being 
60 inches long and the latter 72 inches long. The nose cap i s  48 inches in  radius and 
the intermediate section (between the lower edge of the conical section and the upper 
edge of the base module) i s  assembled from seven separate cylindrical modules each 60 
inches long, The cwrall length of the shroud can be varied by adding or removing these 
intermediate modules. The maximum length of the shroud i s  50 feet, the overall diameter 
i s  10 feet and the cone angle i s  approximately 10 degrees. Skin thickness varies from 
0,08 to 0.09 inch in  the conical section, 0.025 inch i n  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 lb/in!. 
Tha circumferential and longitudinal bending stiffnesses have been computed to be 
approximately 2.73 x lo5 Ib in. and 4.72 x lo5 Ib in., respectively. 
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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. OteraII length and diameter are 347 inch3s and 120 
inches respectively, and the total well thickness varies between 1.82 inches and 1.84- 
inches. The shroud wall consists of a 1-3/4 inch thick honeycorr 5 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 thls forward stations on the conical section). The 
total shroud weight i s  approximately 863 Ib, the cone angle i s  IS degrees and the surface 
weight density has been computed to be approximately 0.0084 Ib/inf . The circumferential 
and longitudinal bending stiffnesses have been calculated to be approximately 3.16 x IO5 
Ib in.. 

Surveyor Shroud 

The Surveyor shroud i s  identical to the OAO shroud described ahove except for the overall 
lengths which in this case are 72 inches in  fhe 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 spc,cecraft 
structures are discussed in  order to illustrate the particular design concepts and ?heir 
impo?ant structural properties from the standpoint of vibro-acoustic response . 
Mariner Smcecraft 

The Mariner spacecraft i s  mounted on two cylindrical adapters that constitute the structural 
interface behveen 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 octagonal rings approximately 55 inches in  diarneiar jqined 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 tnrss-iype structure inside the bus supports the planetary scan platform, which i s  latched 
to the lower octagon ring during launch. Four solar panels, hinged at the upper octagon 
ring, are coupled togefher through spring-hmpers at their tips during launch, forming a 
box-like structure. A parabolic reflector approximately 36 inches in diameter i s  mounted 
on a truss-type superstructure which is  also attached to the upper ring of the bw. The 
total spacecraft weight is  approximately 830 pounds, while the combined weight of the 
two adapter assemblies i s  about 85 pounds. 

! 
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-. 
Each solar panel hus a rectangular platform with an 84 inch span and u 35 inch chord. 
The panels are of lightweight construction (approximately 0.6 lb/ft2) and the main load 
carrying structure consists of two hat-section spars, cross-braced and joined by inter- 
costal~. The 0.005 inch face sheet, which supports solar cells, i s  bonded to a corrugated 
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backing which i s  constructed from 0.005 inch sheet formed to a depth of about 0.5 inch. 
This assembly, or "substrate, 'I i s  bonded to the spars which are hinged to the bus through 
fittings at their inboard ends. 

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

Orbiting Geophysical Observatory (OGO Spacecraft) 

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

Orbitina Astronomical Observatow (OAO Swrcecraftl 

The external design of the OAO spacecraft consists of an octagonal shaped box which i s  
approximately 80 inches across the flats and 120 inches long. The Structural framework 
consists of eight rectangular crass-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, r ings and core are connected together and stiffened by 
beams and panels, and capped at each end by a sheet bulkhead PO form a hollow center 
actagonal prism. Each cf the eight bays between the trusses i s  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. Al l  
primary structure i s  aluminum, and the solar panels am 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 
reduction of shrouds uti1 izing 
resonant frequencies and the 

analytical predictions of the structural response and noise 
the modal analysis, it i s  first necessary to compute 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, i s  uswlly derived by integrating the product of a narrow-band space correla- 
tion coefficieitt and the functional form for the mode shapes of the structure. Howe ar, 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 i s  
required, and in addition, five or more terms of an infinite series expansion for the mode 
shapes must be rea tined. 

Since rhe 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 al terna- 
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) wi l l  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 wi l l  
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 results confirmed the 
divergence between theory and experiment as the number of circumferential waves was 
increased beyond n = 6. They also observed that a t  higher frequencies there were a 
greater number of circumferential waves at the major diameter than at the minor digmeter. 
This difference in  the number of waves increased with increasing conicity. 

More recent experimental work by Miller and Hart (Reference 9 ) i s  shown in Figure 5. 
Also shown in the figure are theoretical curves derived from a closed-form expmssion 
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 loss important 
when considering the power spectral density of the response of the shroud to fluctuating 

pressure fields, since h i s  response is obtained by super-position of &e responses of a 
large number of normal modes. This i s  especially true at higher frequencies where the 
structural modal density i s  high. 

2.2.2 Shroud Mode Shapes and Resonant Freauencies 

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, i t is  convenient to be able to preaict the acceleration power 
spectral density of the localized structural region which i s  affected. For such 
special cases, the local structure can be idealized to a flat plate. 

The mode shape for the (m n) mode of a simply supported flat plate i s  given by: 
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where 

m 

n 
- 
X 

- 
Y 

L 

L 

X 

Y 

tp ( X , r )  = sin m r5T sin n n j 7  
mn 

-7 number of elasti, half-waves in  the x-direction 

= number of elastic half-waves in the y-direction 

I. 

L 

X 

X 

- - -  

- Y  - -  

= panel length 

Y 

= panelwidth 

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

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

2.2.2.2 Mode S h o p  and Resonant Frequencies of C lindrical Shells - The made 

with sufficient accuracy by simplifying the complex shroud structure to equivalent 
simply supported isotropic or orthotropic cylindrical shells. For the geneml case 
of a simply srjpported 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: 

shapes a n d s c t u r e s  + can e determined 
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(4) 
D 

2 m 

1 A4 
+ -  

(A2 + n2) PR2 
mn 

m 

where 

. .  

R = radius of shell 

K = in-plane extensional stiffness per unit length of CyIinder 
e ( = Eh for isotropic shells) 

h = thickness of shell 

p = mass per unit area 
m r R  X = axial wave number parameter = - m L 

X 

m 

L = axial length of cylinder 

n 

= number of elastic half-wavzs along the axis of the cylinder 

X 

= number of full elastic waves around the circumference of the 
cy I i nder 

E1 D = isotropic bending stiffness = - 
1-v2 

p = internal pressure (psig) 

The first term on the righthand side of the above equation i s  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 i s  determined largely by the first 
term whereas for large values of n the resonant frequency i s  determined largely 
by the second term. This phenomenon, which governs the vibratory behavior 
of cylindiical 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- 
ma tions. 
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To account for this behavior at high frequencies, Fonberg (Reference 13) has 
developed an approximate correction to the usual mathematical forms describing 
the vibration mode shapes. These corrected mode shapes are as follows 
(Reference 14): 

Radial Components of Made Shape 

(X8y) = sin (mnTc) sin (2 nnj i)  
'mn, 

( X , j i )  = sin (mz2) cos (2nlpji) 
'mn2 

where 

- 
x = X/L, 

Y = Y A Y  
- 

L = 21~R 
Y 

Circumferential Components of Mode Shape 

- -  - 1 sin(mnSZ) cos(2nn7) n 3 1  
n 

(6) 

n = O  

n 3 1  1 
n 

- _ -  sin (mnS7) s i n  (2nn7) 

A single structural mode shape i s  denoted by the pair of hnctions 
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where (mni) i s  a triplet ot integers with i = 1, or i = 2. Orthogonality between 
two different modes (m n i ) and ( r s  j ) i s  expressed by the equation: 

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 she1 I characteristics approximate those 
of a flat plate. 

This transition from shell behavior to flat plate behavior i s  particularly noticeable 
for the case of a thin cylindrical shell which i s  reinforced by relatively heavy ring 
fmmes and longitudinal stringen. In this case the vibratory behavior changes from 
overall shell deformation to deformations occuring in a single panel which i s  
bounded by adjacent ring fmrnes 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), i s  characterized by the 
grouping of sets of panels (including stringers) which are bounded by adjacent 
ring frames. 

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 cmpuring the resulting expression with.that for 
an orthotropic flat plate (Equation 3). 

Expanding the second term in  Equation (4) 

2 
D (A2 + n2) = D A4 + 2 D A' n2 + D n4 (for an isotropic shell) 

m m m 

5 D A4 + 2 HA2 n2 + D n4 
(8) 

(for an orthotropic shell) 
x m  m Y 
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where 

H = d D x D y  

D = Longitudinal bending stiffness 
X 

D = Circumferential bending stiffness 
Y 

The qu iw len t  orthotropic bending stiffnesses are given by the equations: 

E1 

I - v *  
Ib in. 

X D =  
X 

I 

E1 

1 - v 2  
D = Y  Ib in. 

Y 

where D D are the longitudinal and circumferential bending stiffnesses 

respectively and 
X I  Y 

I = Moment of inertia (per unit length) of the structural cross- 
section about the neutral axis of the skin and longitudinal 
stringer combination (i .e., longitudinally) 

X 

I 
Y 

= Moment of inertia (per unit length) of the structural cross- 
section about the neutral axis of the skin and ring frame 
combination (i reo, circumferenhlly) 

V = Poisson's ratio 

E = = Modulus of elasticity 

For the case of an isotropic cylindrical shell: 

D = D  = D  
X Y 
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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 i s  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=l), some degree of coupling 
wil l  exist between the shroud and the final vehicle stage. For higher order circumferential 
mode numbers however, the shroud wi l l  essentially de-couple from the final vehicle stage 
and w i l l  respond independently of the basic modes of the overall vehicle. Thus, the 
dominant coupling mechanism wi l l  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 
OGO 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 i s  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: 

0 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 orl 
the righthand side of Equation (4). 

0 Secondly, as the vehicle rises through the atmosphere, the 
reduction in ambient pressure i s  accompanied by a reduction 
in ambient density according to the relation: 
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where pA = ambient pressure 

T = ambient temperature 

and R = universal gas constant ( =  1716 ft2/sec2 OR) 

This change in density therefore modifies the acoustic field within the shroud, since the 
noise reduction Is approximately inversely proportional to p c 
speed of sound i s  dependent on temperature according to the relation 

However, since the 

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

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 puth 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 (Reference20) 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 datu on the temperature or the stabilizing time of the test set-up following 
pressure reduction were reported. 

1 

2.2.5 Dam ing Effects - The sources of damping in shroud structures are pre- 
dominantly in 7;p--7- t e sttuctum fdnh (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 i s  provided: in the form of material damping, though for typical 
stiffened skin structures this i s  of much less significance than the other two sources. For 
honeycomb panels the predamimnt 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 laminutions of the panels. 

2.2.5.1 Acoustic Damping - Theoretical expressions for the acoustic damping 
ratio of a simply supported or fuily fixed plate vibrating in i t s  fundamental mode 
have been developed by Mead (Reference 21 as fooflowr: 

0.156 p 

Pm 
c =--- (simply supported) 
ac c 

where 

C 

P 

'm 

m E 

n 

= speed of sound in the medium 

= density of the medium 

= density of the plate material 

= Young's modulus of the plate 

= length, breadth ratio of the plate 

These equations are based upon the assumption that the wavelength of the 
radiated sound i s  large compared to the plate dimensions so that the damping 
pressure i s  constant over the plate. Meads' theory (Reference21), which i s  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 i s  dependent 
only on the density of the surrounding medium and the dimensionless lengtb to 
breadth ratio of the. panel. 

To extend this work to the case of a practical structure, Mead (Reference21) 
considered the acoustic radiation damping of a stiffened plate vibrating in two 
predominant types of mode, stringer torsion modes, and stringer bending modi I. 
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For a stiffened panel vibrating in an ideal stringer torsion mode, it i s  assumed 
that it can be regarded as an array of single plates with elastically restrained 
edges, each plate vibrating in i t s  fundamental mode in counterphase with the 
adjacent plate. If the radiated sound wavelength i s  much greater than the 
individual plate width, then the acoustic damping pressure on one plate due to 
its own motion wil l  be almost cancelled by the pressure from the opposing motion 
of the adjacent plate. Under these conditions the acoustic damping ratio wil l  be 
extremely small and negligible compared to the structural damping (Reference 21). 

When the same stiffened panel ;ibrates in the stringer bending mode however, i t  
i s  suggested (Reference 21) that it can be regarded as an array of fixed edge plates 
a l l  vibrating in phase with each other. Under these conditions it i s  assumed thut the 
damping pressure on one individwl plate due to the motion of an adjacent plate i s  
sin (2 n d/X)/2 7r dJX thes the pressure on this other plate due PO its own motion. 
The acoustic damping ratio of the whole array of panels i s  then approximately lfd 
tlmes that of a single fullv-axed panel, where X = wavelength of plate vibratlon 
and d = distance between centers of adjacent plates. Meads' expression for thg 
acoustic damping ratio of un infinitely long stiffened panel vibrating in the ideal 
stringer bending mode then reduces to (Reference 21): 

where 

t = plate thic'xtess 

b = panel width 

If a second a m y  of panels. is connected along side the first array, it i s  suggested 
(Reference 21) that reinforcement of the damping pressure s'lould occur if the two 
arrays vibrate in  phase; alternatively, cancellation should occur if they vibrate 
anti-phase. During experiments with a Caravelle fuselage however, l i tt le 
correlation between the vibrations of adjac.snt panel arrays was observed, 
(Reference 23) and it was concluded that each panel army (between ringframes) 
vibrated independently, 

It has been claimed (Reference 21) that the acoustic damping of stringer torsion 
modes i s  likely to be negligible compared with the structural damping, but that 
of the stringer bending mode may be considerably larger than the structural 
damping (for typical stnrcturul damping ratios of about 0.01), Acoustic damping 
in the intermediate modtits i s  claimed to be at least of the same order of magnitude 
as the structural damping (Reference 21). However, comparison of predicted 
acoustic dampitrg ratios with measured total damping ratios (where the total d: mping 
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I 
i s  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 ;iieference 241, 
involving acoustic excitation of a curved skin-stringer panel, the total damping 
ratio in  the stringer benc’ing mode was found to be 0.008 at a frequency of 600 
HI. Using Meads simple theory (Equation 12) the calculated acoustic damping 
ratio for this mode i s  0.02, which i s  a factor of 2.5 greater than the measured 
total damping ratio. Thus the application of this simple theory to complex 
structum I geometries appears q*Jestionable. 

Meads’ original work has been extended by Mangiarotty (Reference 25) to cover 
the condition of a non-uniform dumping pressure over the panel surface 
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-unifmn pressure theory (Reference 25) i s  
relatively insignificant. Reinforcement or cancellation effects, due :o the vibra- 
tion of multiple panal structures, were not considered by Mangiarotty. 

The 

Due to the uncertainties associated with Pheoretical 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 to be l i t t le  advantage in defining an 
acoustic damping coefficient for use i n  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: 

where 

v =  

u J =  
ns 

enclosed cylindrical volume within the shroud 

average normal absorption coefficient at the walls 

2 n R ’ (area of end wal Is) 

2 R L (area of ;;de walls) 

radiai mode number 

roots of the characteristic equation J’ (R) = O  
(tabulated in Reference 26) 
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The above equation can be approximated by: 

4 v w  
ac c Z S  n R  

Q 2 :  

Further, by utilizing the approximaticn that CW = 2 01 (i.eO8 the random 
n 

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

8 V w  Q S- 
ac c a  

where 

0 = ai si 
I 

the total square feet of absorption. 

For the case of pqpsssive wave testing, Bozich (Refere..ce 27) has shswn that 
acoustic radiation damping can be a significant kctor in determining the response 
of the lower modes of a typical vehicle skin panel. Radiation damping in the low 
mudes 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 
cms sectional area on the acoustic damping ratios are illustrated i r?  Figure (5 
(fmm Reference 27). In tern of acowtlc testing of shroud s?ructures utilizing 
ducts, th.m results suggest that the low order modes (involving odd numbered axial 
half waves) may be subjected 00 reiatively high acousfic damping. 

2 d o 2  Total Dam ing - A compilation of damping data by Rader, et al . 8 

(Reference + 28 coveriw skin and rib construction, bonded haneycomb panels, 
and aircraft structural sectlorn shows thot the mnge of damping varies fypicafly 
from a Q of 15 to o 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 o lower Q has also been reported by Ballentine, et 01.8 (Reference 20) 
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 normally utilized for fatigue testing 
(References 28 and 29). 
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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. !-lowever 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 i n  other cases Q was found to decrease with frequency. Ihe 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 fi Iter 
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. 

- 
t 

The unpredictable variation of Q with frequency i s  an apparent feature of the total 
damping exhibited by complex structures. Existing methods of predicting response 
to fluctuating pressure fields (References 14 and 16) normally take into account the 
oveml! Q by assuming it to be constant for a l l  modes. Rased upon a review of the 
available experimental measurements, this appears to be a reasonable assumption. 

22 

i 

- 

T 

I 

-. p 



.A- 

i 

3 .O 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 i s  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 

ii) The Power Spectrum 

iii) The Narrow-band Space Corielation Coefficients 

Once these characteristk? 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 i s  followed in  Section 3.3 by 
a discussion of the important properties (from a structural analysis vi= point) of laboratory 
acoustic environments. Finally, a summary of the analytica! techniques for predicting 
structural responses and noise reduction i s  presented in  Section 3.4. 

3.2 Definition of Flight Environments 

3.2.1 Rocket Noise - The rocket noise environment i s  an important par: of the 
overall environment experienced by the vehicle and i t s  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 u.  ,ustic loading from the rocket noise environment 
occurs during lift-off. Thus the configuration of the first stage boasters as well os 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 been developed in  recent years. Due to the semi-empirical 
nature of these methods, however, none of them is general enough to cover al l  
situations, although each method hos i ts  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 a method introduced by Cole, et al . , (Reference 32). 
This i s  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 i s  divided into segments of 
apparent noise sources and the acoustic pressule fluctuations at various points on 
the vehicle can be computed by summing the contributions from these source 
segments. The appaient 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 i s  available 
to take into accuw . variations in thrust for individual launch vehicles. This 
method ha: been shown to hs accurate for predictions of the noise environments for 
large launch vehicles with thrusts up to about lo6 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 i s  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 111 C or projected 
post-Saturn launch vehicles, has been shown to be very accurate (Reference 36). 

The detailed procedure for each method, as we1 I as its range of application, i s  
discussed in  detail 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 i s  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 i s  defined in  terms 
of a pressure correlation coefficient, which i s  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 a l l  times. A correlation coefficient of zero indicates 
that the two signals are completely independent, while a correlation coefficient 
of minus one indicates that the two pressures would be exactly out of phase. 

The narrow band space correlation function R ( 5 ,  q, 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 (XI, y') which are separated by component distances 

central region of positive correlation will, over a long time average, be in-phase 
and '1. This implies that the pressure acting at any point (XI, y') within the 
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for an R fraction of this time with the pressure acting at the center (x, y) of the 
region. The correlation length, CL , 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 i s  equal to the area under the nonnalized 
space correlation curve. Thus for a diffuse acoustic field where the narrow band 
space correlation coefficient has the form C (k C; o )  = sin k C/kC , where C is  
the spatial separation and k i s  2n divided by the wavelength, the correlation 
length i s  obtained from the relation: 

0 

x - 
c L -  2 giving the result that 

A second method of defining the correlation length which is sometimes preferred, 
i s  to replace the upper l imi t  of the above intqration by the distance to the first 
zero crossing of the narrow band space correlation coefficient. 

It i s  known that, for a three-dimensional diffuse field without the structure present, 
the pressure correlation function is of the form sin k C/ k f , where C is  the spatial 
separation, For a plane wave, the correlation function is simply cos k (x - XI) , 
where x i s  in the direction of wave propagation. However, the pressure correlation 
function wi l l  be changed in  the presence of the vehicle due to d i b c t i o n  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 80 Dyer found that the 
longitudinal correlation agreed very well with cos k (x - XI), the correlation function 
for a p!ane wave, for small non-dimensional separation distances. The angular 
correlation function shown in  Figure 8 is piotted versus k a ( ~ p  - 9 ' )  Since the 
stnrctuml radius is a, then a (+ - 9' )  i s  the circumferential separation on the missile 
surface. Thus it can be seen that for o given separation, angular correlatbn i s  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 a n ,  i,e., observation points on opposite sides of the missile. At low frequen- 
cies, the sound source i s  centered relatively far down stream of the nozzle, conse- 
quently the noise reaching the missile appeaa to originate from a single source point, 
rather than from the volume distribution of the source. Thus the pressure signals 
separated by a z  are s t i l l  correlated. At high frequencies, the sound source is 
centered relatively close to the nozzle. Thus the noise propagating along oppadte 
sides of the missile originates from different portions of the noise source, and because 
the high frequency noise follows essentially struight-line paths, the signals are 
uncorrelated , 
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In the mid-field, the peak octave band sound pressure level occurs near rt Strouhaf 
number of 0.1. By considering that the shroud diameter i s  approximately the same 
as the effective diameter of the first stage rocket engines, the peak wavelength w i l l  
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~ 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 i s  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, i t i s  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 i s  shown in  Figure 9. These results, for a range of octave band 
center frequencies, are plotted versus the normalized separation angle k a  ($ - 9') 
or 2n q/A (where a i s  the vehicle radius and q i s  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 

i s  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 q f$/c (where c i s  the speed of sound and f i s  
the appropride center frequency). The data collapse i s  shown in Figure 10. For 
the purposes of stimating 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, give by the general 

Figure 10. The functional form for the correlation coefficient, i s  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 i s  a relatively crude approximation to 
the collapsed data shown in Figure 10, it i s  considered to be reasonable for the 
purposes of predicting structural response. 

expression s in 2 n q / 2  n % (where q i s  equal to 10 q f ? 4/c) i s  also shown in 
0 0 
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The longitudinal correlation coefficient can be approximated reasonably well by 
the function cos 12 n [/A sin B 1 where P i s  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, i t i s  necessary to know 
the relationship between the angle of incidence B, and the predominant frequencies 
in the exhaust flow. Since al l  of the shrouds analyzed during the present study are 
mounted on launch vehicles powered by an Atlas f i rs t  stage booster, investigation 
of the relationship between the angle B 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 Figurs 11, Based upon these 
calculated results, the angle of incidence can be assumed to be given by the 
following; 

,% 38 degrees n<f_<25 Hz 

@ (26.2 loglo f + 1.452) degrees 25 HzSfS2500 H t  

B x 90degees 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; 

- Longitudinal 

where 

- c = P/L, 

= axial length of structure 

L = circumferential length of structure 
Y 
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3.2.2 Aerodynamic Environments 

3.2.2.1 Introduction - This discussion i s  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 (q,) 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 fi8d. For example, regions of the vehicle exposed to separated flow and 
the impingement of oscillating shock waves w i l l  experience fluctuating pressures at 
least an order of magnitude greater than regions exposed to attached flow. Thus, i f  
separated flow and oscillating shock waves are present, say at Mach numbers other 
than the range of maximum q,, then peak fluctuating pressures wi l l  also be en- 
countered at conditions other than at maximum q,. Thus, it i s  easily seen that 
vehicle configuration i s  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 cf the foregoing discussion, one general statement can be made in regard 
to aerodynaaic fluctuating pressures. Regions exposed to the same unsteady 
phenomenon w:l I experience fluctuating pressure levels which are proportional to 
free-stream dynatnic pressure. Thus, it can be readily seen that a fundamental 
parameter in the sptcification of the surface excitation i s  free-stream dynamic 
pressure and i t s  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. 

Unsteady aerodynamic flow and the attendant fluctuating pressures experienced by 
aerospace vehicles naturally depend on the flight environments and the geometry of 
the vehicle. There are an infinite number of possible configurations and any dis- 
cussion of their fluctuating pressure environment must be general. Practically al l  
experimental data for unsteady aerodynamic flow have been acquired for bodies of 
revolution which are typical of missile configurations. As a result of these studies, 
i t i s  well known that certain basic unsteady flow conditions wi l l  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 i s  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. 

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, i s  presented in  Appendix 6. 
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The remainder of this section i s  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 coneangle of 15 degrees, were 
considered during the present study, as follows: 

9 Nimbus shroud 

o OAQshroud 

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 =  1.25 to M= 2.0. This i s  illustrated in Figure 12 which 
shows dynamic pressure time histories for the Thor/Agena B, Delta, Atlas/Agena B 
and AtldCentaur vehicles. Altitude and Mach number versus time for the A t l d  
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-degroe cone-cy1 inder shrouds are discussed and 
equations for predicting the statistical 
This summary is based upon the detaila8rdiscussion presented in Appendix B and the 
extensive cone-cylinder wind funnel skdy reported by Robertson in Reference 41. 
Typical 15 degree cone-cylinder body resulis from this study are shown in Figure 13. 
This figure describes the axial distributions of fluctuating pressures for vurious free 

sfteam Mach numbers, MOD ; the results are presented in terns of versus 

operties of each environment are summarized. 

the distance downstream in vehicle diameters, D, where D i s  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 enrirckmenk by trpe and by zone for Mach numbers M = 0.7, 
M = 0.8, and 1 ,O S M I 2  .O. Firstly it should be noted that the flow i s  attached 
over the conical section of the shroud for al l  of the above Mach numbers. 

At Moch 0.7 the flow over the cylindrical section is characterized by a separated 
flow region in Zone I 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 attachad flow. Although Zones 2 and 3 have basically the 
same type of flow phenomenon, i.e., attached, the overall levels differ, and 
it i s  therefore convenient to consider them seprateiy. 

At Mach 0.8 the flow over the cylindrical section i s  characterized by a regular 
attached flow region in Zone 1, followed by both sepamted flow and sheck-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 i s  attached over the 
whole of the cylindrical section. The length of each roiie, in terms of the shroud 
diameter D, is utso indicated in Figure 14. 

3.2,2.3 Overall Levels - The overall 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 
average fluctuating pressure levels (over the finite length) have been utilized 
rather than maximum local levels. 

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

Mach 0.7 

Zone 1 
(Separated Flow) 

p / q L  = 0.03 

- 
Zone 2 Pk/ 2 = 0.022 

(Modified Attachcci Flow) qoo 

Zone 3 
(Modified Attached Flow) {R = 0.013 

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

where 

Mach 0.8 

dFqoo = 0.006/(1 + 0.14 Moo) 2 

M = 0.7 
Q) 

Zone 1 Same as Equation (21) with M = 0.8 
(Regular Attached Flow) 00 

Zone 2 
(Separated Flow Influence) dx = 0.0259 

d q  = 0.054 
Zone 2 

(Shock-Wave Oscillation Influence) 
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Zone 3 
(Modified Attached Flow) d-- p /qm = 0.008 

For the conical portion of the shroud, where the flow i s  attached, the overall level 
i s  given by Equation 21 with Ma = 0,8. 

1.05 M r2.0 

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 (2l)with the 
appropriate free-stream Mach number substitution. 

3.2.2.4 Power S ectra - For the cylindrical section of the shrouds, a generalized 
equation + or t e power spectrum has been derived from the results discussed in  
Appendix 8. This generalized equation, which combines Equations (2), (lo), (34) 
and (35) of Appendix B, allows the normalized power spectrum to be computed in 
any individual zone, as follows: 

- .  

where 

(9 = 
Ut = Local velocity (in./sec) 

Pressure spectral density (psi)2/Hr 

= Freestream dynamic pressure (Ib/in?) q, 

6k = Local boundary layer thickness (in,) 
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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 attadled flow beneath a shock wave. 

and the subscript T denotes total conditions, i.eo, 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 Leen 
normalized by local velocity, local boundary layer thickness and free stream 
dynamic pressure. 

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

B = C = D =  0 

A = 1.0 

3.6.10-* 

(1 + 0.14 M,) 
CP",)A - - ; = 0.346 

where 

M, = free-stream Mach number 

urn = u, 
Urn = free-stream velocity corresponding to each Mach number 

For the 15-degree cone-cylinder shrouds the appropriate substitutions in Equation (23) 
for the computation of the power spectrum in each zone are outlined below for the 
various Mach numbers. 

Mach 0.7 

Zone 1 A = D =  0 

B = C = 1.0 

1 

p 
r ?  

. j 
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where 

up = 1077 ft/sec 

61 = 3 6b 

Sb = boundary layer thickness for regular attached flaws 

x = distance from shroud nose cone to center of fluctuating pressure zone 
of in? . ,.-+ 

= Rsynolds tiumber = Urn x i v  

v = khmotic viscosity 

Urn = free-stteam velocity 

Zone 2 





Zone 3 

where 

In this Mach number range the flow i s  attached wer the entire cylinder; thus the 
power spectm can be computed utilizing the substitutions outlined earlier in th is  
section for the conical sections. 

3 -2-2.5 Narraw-bcmd Space Correlation Coefficients - In Summarizing the func- 
tional forms for the narrow-band space correlation coefficients (or the cross-pcrwer 
spectra) it i s  convenient to consider epch type of ecvironment separately ratker than 
define explicitly the correlation in each zone. Thus, the correlation coefficients 
can be grouped under the following headings: attached boundary !oyers (both regular 
and thickened cases), sepamted flows, and shock-wave oscillation. To apply these 
bmulae to the particular Mach numbers and zoness it is necessary 00 substitute the 
appropriate numerical values for the fiee-stream conditions, and the local conditions. 
i.e., local velocities, local bounday layer thicknesses and free stream velocities. 

Attached Turbulent Eoundq byen 
- 

C 6 " )  = ex0 [ -  6x  ITI]* cob y, ! - Longitudinal 

where 

YX = "k/u, 
= WLy/UC Yr 

6 = OY + b b / 6 p  
X x x 

35 



_-- 

E 

6 =  c Yy + d Ly/sp Y 

= 0.6984 Um(-!ky - Bies Equation (Reference 42) (34) 
b) 5" 

uC 

6* = tjm/8 for M < 1.0 

6* = for M > I .O (35) 
10.4+0.5M2 rl +2.104 ao, 

& = axial length of structure 

L = circumferentiai length of stnrcture 
Y 

- 
'I = dLy 

c,q = axial and circumferential separation distances 

= local boundary layer thickness 

a,b,c,d = constants, equal fo 0.1, 0.27, 0.72, and 2.0, respectively 

R = Reynolds number e 

Separated Flaws 

- - 
c (c;o) = exp [- 6)( ITl]cos yx - Longitudinal 

I :  

!-' 
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where 
f s, 

X X UP 
6 = 0.75 L for - < 6.10- 

> 6.10-* = 1.5 Lx for - 9 
UP 

W L  
X - - -  

C 
YX U 

c 0.1 U = 0.3UQ fer - 'Q 
C "1 

4 1.0 (39' 
= Ut [0.3 + logrn ( y r 5 ] f o r  0.1 4 - f SQ 

= 0.8 Un for - > 1.0 
UP 

<6.?03 6 = 0.75 L for - 'Q 

Y Y "4 
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Shock-Wave ckci llation -- 
The correlation coefficient in  the longitudinal direction may be written as (see 
Equation (25) of Appendix 8): 

where 

3.18 o L 

U 
X b =  

X 
0 

O L  - X - -  
yX "0 

U = local velocity upstream of the shock wave 
0 

Published data :s '.-#.,de on the transverse spatial characteristics of shock- 
induced fluctu . . swres. However, i t  is anticipated that these disturbances 
wi l l  be reasot. I 
direction than in  the longitudinal direction because of the continuity of the shock 
wave i n  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 .O in each span. 

correlated over much larger distances in  the transverse 

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

C (ij ; o) = UNITY over each of four quadrants (43) 

3.2.2.6 Other Shroud Geometries - The discussion so far has been limited 
to 15 degree cone-cylinder shrouds. Typical fli*ctuating pressure levels for 
other cone-cylinders, boattails, steps and wedges, have been presented in  
Appendix B. It i s  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 60 30' converging body section, (2) an ellipsoidal nose cone on a cylindrkal 
body with a 30 degree step, and (3) a 14O 28' cone-cylinder staged vehicle, are 
shown in  Figures 15, 16 and 17, respectively. These results are presented in 

terms of F / q m  (or P /qm) versus the dista,.ce downstream in vehicle 

diameters, D, for a range of free-s*eam Mach wmbers, where D i s  the maximum 
body diameter. 

IWlS 

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 Much numbers of about M = 0.8, i s  associated 
with the separation at the beginning of the cylindrical sectiz. The second region 
of peak fluctuating pressure level i s  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 a t  free-stream Mach numbers above M =0.8. 

In comparinq 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 (P ) for these three shroud geometries are typically on the order of 

0.06. Thus for a dynamic pressure of say 860 1t/ft2, this corresponds to an overaII 
level of about 162 dB. 

QD 

/q rms Q) 

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 
plone 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 k r ]/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: 

sin k r 
C8;o)  = 

k r  

sin k q  c (ii;o) = 

- k T  

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

Reflections of the acoustic waves from the  stwctural 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.--: 
are true surface pressures. 

be borne in mind that the fluctuating pressures used in the analysis 



Ducted Progressive Wave Field 

The ducted progressive wave field consists of N independent plane wave fields that 
propagate at parallel incidence dong the length, L, of a cylindrical shell or rectangular 
plate. This field i s  formed within a rigid shroud that completely covers the structural 
surface and that i s  internally baffled so as to create a set of N straight, parallel ducts 
which act as acoustic wave guides. The intermediate wall.; between adjacent ducts are 
separated from the structural surface by a set of flexil”ci seals that minimize acoustic 
leakage between adjacent duck and minimize struct, ai constraints introduced by the 
shroud . The ducts have unifcmn widths of 2 n R/N c round the circumfa ence of the 
sheli, and Ly/N across the width of a rectangular plate. Each duct i s  driven at one 
end by a broadband random 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 i s  said to be axiclly correlated if at 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 i s  uniform along the ducts, the axial space correla- 
tion caefficient for the acoustic field is; . 

where 

The circumferential correlation i s  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 i s  adopted 
to treat systems having a large number of modes whose natural frequencies are closely 
spaced and whose bandwidths may overlap. It i s  assumed that the mean square response 
amplitude of each mode can be obtained independently, and t h d  the summation of these 
mean square responses is insensitive to dumping 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 summaiion of the cross-correlations beween 
pain 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 
acoustic field (Reference 47). The theory was extended to predict the response of panels 
to turbulent boundary layer pressure fluctuations by Wilby (Reference 48j 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 i s  given in References 14 and 45-50; for 
the purposes of the present study, only the final equation i s  presented. 

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

where 

S [ 0; f J = space-average power spectral density of acceleration; g2/Hz 

S [ P; f ]  = pressure power spectral density; (.psi?/Hz 

1.19 = weight per unit area of surface of shell or plate;(lb/in?) 

B = 2, m= 1,2,3,. . .; n=O 1 Cy:cy;icaI 
mn 

= 4 n4/(l + n2)2, m=1,2,3 ,...; n=1,2,3 ,... 
= 4, m=1,2,3,.. .; n=1,2,3, ... Plate . 

H k) = single degree of freedom dynamic magnification factor for 
acceleration response of the (m, n)-mode 

Q = dynamic magnification factor for the (m-n) mode 

*2 (f) = joint acceptance for the (m, n) structural mode 
Jmn 
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It i s  usually assumed that the structural mode shapes can be written in separable form 
(i.e., + (K, j i )  = +,(H) o + (7) ),'SO that the joint acceptance for the (m,n,) 

mn n 
mode may be re-defined as: 

where 

2 jm (f) = :ant a eptance for mth mode 

fn (f) = joint acceptance for nth mode 

Equation (46) may be used for estimating the response of a pla.3 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 

o Mode shapes of the plate or shell are orthogonal with respect 
to the mass, stiffness and damping distributions of the structure; 
and this condition i s  valid i f  the structure i s  uniform. 

The above equation treats each mode of the structure as a single degree of freedom system 
whose response i s  independent of the responses of al I other modes. The total mean-square 
response of the structure i s  then equal to the sum of the ensemble of mean-square responses 
of a l l  of the structural modes. The influence of cross-correlations between the responses of 
any pair of modes i s  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-correlutions on response has been demonstrated for o 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 stnrctums 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 
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response of only the forced portion of the structure should be carnputed to give an upper 
bound to the localized response levels. Actual response levels near the source wi l l  be 
lower that ‘*ose computed in the second calculation, whi le response levels far from the 
source should be higher than those predicted by the first calculation. 

Joint AcceDtances 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 i s  based on the 
principle that the time average power flow between two simple oscillators, linearly coupled 
and excited by a wide-band excitation, i s  proportional to the difference in their time- 
average total energy, the paver 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 wi l l  be presented here. 

I 

. ‘ I  
1 

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

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

+ 
(49) 

‘I2AS,1 “2AS qlAF,l “2AF + ‘13 na - 1  ,+. = 
S 

2 
q2AS.1 “2AS ‘I2AF. 1 “2AF P3 . -  + -  - -  

2q2AF, 1 “I2AS 2r12AF, 1 + ‘I2AF 

In  the abwe equations; 

= acce I erati on spectra I density 
a2 

P’ 

P3 

S 

S = pressure spectral density of the external acoustic field 

S = pressure spectral density of the internal acoustic field 
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f j  
[j 

= speed of sound in air 
0 

C 

= mass density of air 
PO 

A = surface area of cylinder 

= surface mass density of cylinder 
p* 

3 = gravity acceleration 

= modal density of the resonant acoustically fast (AF) modal group “2AF 
= mda l  density of the resonant acoustically slow (AS) modal group “2AS 
= modal density of the psonant interior space modes 

3 
n 

= coupling loss factor between the acoustic field and the resonant AF 
mode group 

‘IZAF, 1 

= coupling loss factor between the acoustic field and the resonant AF 
mode group 

?As, 1. 
= dissipating loss factor of the resonant AF moaal group ‘I2AF 
= dissipating loss factor 6f rhe resonant AS modal group 

‘IUS 
= dissipating loss factor of the interior space modal group ’5 

A more detd id discussion of this method, together with the appropriate eqtrations for the 
modal densities and coupling loss factcs i s  presented in Appendix c. 

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 was based upon the availabilitj 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 i s  typical of orthotrapic 
designs employing Fiberglas skin and aluminum ring-frame sPiffeners. 

o OAO Shroud - ‘?his shroud i s  typical of isotropic designs employing 
honeycomb Fiberglas skin. 

o Mariner D Shroud - This shroud i s  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 os 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 "equivalent" 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, approximaiely mid-way between 
the upper two ring frames. 

The properties of the cylindrical shells which were analyzed are summarized in  Table 11. 
For onalyses 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 I1 
PROPERTIES OF SHROUDS SELECTED FOR THEORETICAL ANALYSIS 

SHROUD TYPE 

Lower Section 130 65 204 .012 

Upper Section I 72 I 47 1 147.5 I .0131 I Mrnbus 

h e r  Section 153 120 376.5 .0084 

1 Uppersection I 1.48 1 84 1 264 I .OW 
OAO I 

j Lower Section 88 60 188 .006 

Mariner 1 b r  Section 58 46 144.5 .006 

Axial Circumf. In-Plane 
Bending 1 Bending I Extensional I 
Stiffness Stiffness Stiffness 

K8 
D Dx 

Ib in. 1 Ib ii. I twin. I 

E 

c 

t 
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4.0 THEORETICAL RESULTS AND COMPARISON WITH MEASURED DATA 

r 

r 
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4.1 Introduction 

As discussed in  Section 3.403, 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-Atlaq/Agena D, and the Mariner 
D-AtladAgena B. of these three configumtions, the Nimbus-AtladAgem B was analy- 
zed in  detail. As a result of these analyses, the following characteristics were determined: 

The lift-off acoustic environment 

The acoustic environments due to unsteady aerodynamic fluctuating 
pressures at Mach 0.7, Mach 0.8, Mach 1 .O, Much 1 .4 and Mach 2.0. 

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

The spuce-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. 

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

The space-avemge acceleration responses of the shroud to reverberant 
acoustic fields, ducted progressive wave acoustic fields and localized 
reverbemnt fields. 

In the remainder of Section 4-08 these theoretical results are presented together with 
relevant laboratory and flight data where appropriate. 

4.2 Flight hvironments 

4.2.1 Acoustic Environment at Lift-off - The acoustic environment 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 bund spectm in  Figure 19 were computed using the Fmnken and 
Weiner method (Reference 34) and the method developed by Wyle Labotatories 
(Reference 33) . 
In computing the lift-off acoustic environment of the Atlas Booster, the following engine 
parameters were used: 

Number of engines = 3  

i 
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Thrust - - 

Nozzle exit diameter - 

2 outer engines at 165,000 Ibs and 1 center engine at 57,000 Ibs 

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 

0.003 - Acoustic efficiency - 

Exha us t velocity - - 8200 ft/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 fevels were corrected by adding an average of 3 dB for frequencies i n  the range: 

C 

Hz 0 f, h - 27rR 

where c = speed of sound in  air 
0 

R = Radius of payload shroud 

This 3 dB correction represents an average increase in sound presr.:re level around the 
circumference of the shroud due to the impingement of random phase acoustic waves 
(Reference 51). In computing the free field sound pressure levsls, a directivity index 
of 0 dB was assumed for radiation directions of 90 to 135 degres 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 Atlrrs'Centaur AC-16 vehicle 
and OA0-A2 spacecraft (Reference 52). Since these measurements are essential fy free- 
field sound pressure levels, an average 3 dB correction was applied 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 ocyave band occurred at 
different times during this five second period (Reference 52), interpretation of this 
measured data i s  difficult; the overall sound pressure level computed from this averaging 
process i s  1473 c'3, whereas the time history of the overall sound pressure level (shown in 
Reference 52) . ve; 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 i s  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 fint-stage boosters i s  shown 
in  Figure 20. This data, reported in References 52 and 53, was obtained during launchings 
of Thrust-assisted ThodAgena, Improved Delta, and Atladcentaur vehicles. The basic 
Thor booster consists of a single engine developing approximately 172,000 Ibs of thrust. 
The Improved Delta and Thrust-assisted ThodAgena vehicles described in  Reference 53 had 
additional thrust provided by three strap-on solid-propellant motors, each developing a 
thrust of 54,000 Ibs. The Atlas first stage booster was rated at  approximately 386,500 Ibs 
thrust. Figure 20 shaws that despite the differences in  thrust and rocket nozzle geometry, 
the resulting free-field octave-band spectra in the vicinity of the shroud ure basically 
similar. 

Typical one-third octave band sound pressure levels measured at the surfoce 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 I1 vehicles. These results are reason- 
ably consistent over the frequency range of 100 Hz - 2000 Hr, 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 I1 and Titan IIIA have basically 
identical first sfage 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 I1 
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 i s  shown in Figure 22. The 
Titan IIIC vehicle i s  basically a Titan IIIA with an additional pair of strap-on solid-propel- 
lant boosters, each developing approximately 1,203,600 Ibs of thrust. At lift-off the 
thrust i s  provided by the two solid motors. The data shown in Figure 22 for the Titan IIIC 
i s  more consistent than the Titan I1 data though the levels are somewhat lower, This i s  
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 a), and the Saturn V data 
represents the mean from vehicles AS501, AS502 and AS503 (Reference 54). Except for 
the AS203 datu at low frequencies, the sound pressure levels measured on the Saturn V and 
Saturn 1 B 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/Centuur dynamic 
pressure time history (Reference 40) was utilized. Dynamic pressure, altitude and Mach 
number Venus 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 i s  
completely attached whereas the flow over the cylindrical portion i s  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: 

e Zone 1 - Separated flow 

8 

e, Zone 3 - Modified attaches flow. 

Zone 2 - Modified attached flow (i.e., a thickened boundary layer) 

Although the space-correlation properties in Zones 2 and 3 ore 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: 

Q Zone 1 - Attached flow 

o 

e Zone 3 - Modified attached flow. 

Zone 2 - Separated flow and shock wave oscillation superimposed 

At  Mach 2.0 (the maximum dynamic pressure condition), the flow i s  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 .7 ,  M . 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 h n J  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 a l l  three zones of the 
cylindrical section at  Much 0.7. This figure illustrates the importance of the transonic 
portion of flight. 

Apparently there are i ~ o  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 i s  shown in  Figure 29. 
The Titan IIIC data which were obtained from three separate vehicles at Mach 1 .O 
show typical scatter of from 5 dB to 8 dB at low and high 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, represenb :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 competed for the following 
environments: 

e Lift-off acoustic environment 

o In-flight aerodynamic environments (Mach numbers 0.7, 0.8, 1 .O, 1.4 
and 2.0) 

laboratory acoustic environments (reverberant acoustic field, 8, 4 and 
1 progressive wave axial ducts, and localized reverberant acoustic fields). 

o 

The structural responses of the shrouds were computed using the modal analysis as 
described in  Section 3.4. The response data i s  presented in  terms of normalized 
acceleration spectra, i.e., the acceleration PSD divided by the pressure PSD, the 
units being g2/(psi)2 . For conversion to Acceleration Spectrum Level in'dB, referenced 
to 1 g and 2.10°5 Newtons/m2, the following relation may be utilized: 
(Re lgand2.10'5 N/'m2)= 110 log 

For those cases where more than one fluctuating pressure envirc 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. 

[AL-SPLI - dB 
(g2/(psi)* - 170.75 1 -dB . 

IO 

d 
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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 i s  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 static.is 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 arc: 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 the -ection 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 i s  
shown in Figure 31 . Again the response was computed for a section between ring frames 
in  addition to the overcll 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 normalized 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 i s  reasonably good throughout the frequency range; 
however, no data above 500 Hz are available. A comparison between the measured 
S l A  r3sponses at lift-off, during transonic flight, and during supersonic flight i s  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 i s  shown in Figure 34. Since the environment 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 i s  obtained by adding the mean square responses for each fluctuating pressure 
environment; 
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 tE overall response i q  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, 

this i s  shown in  Figure 35. Note that the total mean square responses 
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The acceleration responses of localized regians in the cylindrical portion of the 
Nimbus shroud are shown in Figure 36 for the Mach 0 7 flight environment. The 
section beheen ring frames stations 115.0 and 159.0 M.S 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 siutions 
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 
i s  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 i s  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 i s  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 oszillation does not contribute significantly 
to the total response at high frequencies. The total mean sqwre response of the cylind- 
rical portion of the shroud, obtained by adding'the individual mean square responses, 
i s  shown in Figure 39. 

The acceleration responses of the section between ring frame stations 115,o 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. 
Figure 38. 

/..gain, these responses represent an upper bound to the responses shown in 

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 i s  attached over the 
whole shroud. For the purposes of comparing the mean-sqwre response levels of the 
shroud at different Mach numbers, the mean square responses for the Mach 2.0 environ- 
ment are sh&n 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 i n  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 accelerution responses to a reverbsrant 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 3. The absence of a peak ut the acoustic critical frequency for the dashed 
curve i s  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 8  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 i s  approximately proportional to the ratio of the excita- 
tion area divided by the total surface grea 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 i n  determining the response to a unit 
pressure spectrum. The acceleration spectra for the one duct cases include responses of 
the n = 0 modes only (ioe., breathing modes) since for a l l  other values of n (the 
number of full circumferential waves) the lateral joint acceptance i s  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] 
The acceleration levels are shown in Figure 48 for the lift-off environment, Mach 2.0 
flight environment, reverberant acoustic field and the 1 duet and 8 duct progressive 
wave configurations. ecause of the significant differences in  the sound pressure levels 
for the various shroud - mes at Mach 0.7 and Mach 0.8, this acceleration data was not 
normalized and i s  therefore not shown in Figure 48. 

in dB re 1 g and 2 x Newtons/m2. 
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Differentia I Pressure 

The effects of a differential pressure across the shroud were discussed in  Section 2.2.4, 
where i t  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 
aerodynamic environment at  Mach 2.0 were computed for differential pressures of 
0.5 psi, 1 ,O 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 .O 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 i s  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 i f  it is aswned that the 
decay i s  exponential along the length of the duct. For this condition the longitudinal 
spatial correlation function can be expressed as (Reference 14): 

yx 
where 

- 
3 

3 
C 

L 
X 

A 

OL /c 
X 

3/L X 

separation distance 

speed of sound . 

axial length of the structure 

damping tern or axial decay parameter 

0.693 for 6 dB dewy between top and bottom of duct 

1.286 fer 12 dB dewy between top and bottom of duct 

[ 5 ] dB* The sound pressure level decay i s  given by: 20 log,, 
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The effects of decaying sound pressure level along the length of u duct are shown in 
Figure 49 for the S L A  structure subjected to a 16-duct progressive wave environment. 
This dok (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 romalized 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 i s  the increase in  high 
frequency response of the SLA in the region above the acoustic critical frequency (which 
for +4e SLA i s  approximately 300 Hz). The response in the reglor, af the ring frequericy 
(apprcximately 175 Hz for the SLA) i; reduced by a factor of beheen 2 and 3 due to the 
sound pressure I eve I decay. 

Acoustic Radiation Damping ' mgressive Wave Ducts - 
The general properties of acoustic radiation damping were discussed in  S,ection 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, f can be evaluated using the results of Reference 27 shown in r' 
Figure 6. The effective damping of the structure-duct configuration i s  then given by: 

r 
Q = Q  + Q  

e 0 

d 

- .  
i 

1 = x  where 
r r 

and Q, = total damping of the structure witholr, h e  progressive wave ducts. 

Since the power spectral density of the acceleration response of the shroud i s  proportional 
to Q2 (see Equation (46) ), the low order odd-numbered axial modes of tis shroud can 

be modified by multiplying the response PSD by the factor, (' +I . It is generally 

assumed that for even numbered axial modes the effectibe radiation damping i s  negligible 
due to cancellation effects. 

4.4 Shroud Noise Reduction 

4.4.1 Introduction - The rtoise 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 cylindricul sections of the shroud were 
analyzed separately, i t  was necessary to account for this in  the computation of the space- 
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average internal acoustic field. This correction procedure i s  discussed later in  Section 
4.5. In the remainder of this section, tht t'. -aretical 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 i s  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 acousic 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 mnge. 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 h c h  2.0 flight environments respectively. In computing the noise reductions, 
appropriate values of p c were utilized, based upon the flight Mach number and altitude 
profiies 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 Figure52. 

The effects of altitude are observed to be twofold; firstly the acoustic critical frequency 
i s  shifted because of the change in the speed of sound, and secondly the noise reduction 
is increased In proportion to the reduction irr p c . 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: 

where the subscripts 0 and 1 refer to the conditions at  sea level and at altitude, 
respectively. The calculated increments in transmission loss for 18,000 ft and 45,000 
ff 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 th is  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 laborutv. qoise reduction data for the Nimbus shraud 
i s  shown in  Figure 9,. This figure shows t ! ~  measured noise reduction at lift-off during 
launch of the OGO-C spacecraft (Reference 60) wf @ : spxecroft (Reference 53). 



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 Longley ResearcC: 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 i s  caused by a number of 
factors; the different characteristics of the external acoustic fields, configuration changes 
within the shroud, and thenumber 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 i n  Figure 56, These 
envelopes show more clearly the spread in the results. Also shown in Figure 56 are fwo 
theoretical curves describing the noise reduction of the Nimbus shroud for a diffuse 
external acoustic field. The solid curve represents the noise reduction at 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 S L A  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 76 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 envinnment 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 i s  introduced by the fact that the internal microphone was i n  
many cases located in  close proximity to the inner wall of the shroud. Recent experi- 
mental measurements of noise reduction through she1 Is (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 i s  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 volunie system i s  completely non-resonant. Under these conditions it 
i s  possible to calculate the transmission loss, where the motion of the shroud and the 
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contained air i s  one of "breathing" in  a radial direction (Reference 59). 
acoustic modal frequencies for the interior of a cylindrical shroud are given by the 
expressions (Reference 26): 

The lowest 

f =  ' *85 (radial and circumferential 
2 n R  modes) 

(54) 
(axial modes) 

C f = -  
2L  

where: R and L are the radius and length of the shroud, respectively, and c i s  the speed of sound. 

The low frequency noise reduction theory san be applied up to a frequency f , given 

by whichever i s  lower of the above two frequencies. 

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

a 
At frequencies below fa, the air 

If i t  i s  assumed that the external driving sound pressure i s  due to a diffuse sound field, 
the action of this pres:vre wi l l  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 conditiofis, the stiffness K of the cylindrical shroud is given 
by: S 

per unit length Eh K = -  
S R* 

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

The cylindrical skin i s  effectively in series with the internal air, which behaves as a 
pure stiffness K of vulue 

a 

2p c2 

R K =  
a 

where p is  the density of air. 

Utilizing impedance concepis, together with the above relations, it has been shown 
(Reference59) that the trunsmission l a  i s  given by: 
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The noise reduction of an  enclosure can be  olc'qined from the following general equation: 

- -  
NR = lolog 10 [I + $$] (58) 

where 
- 
ar = (1 a. S! )/ I S. , the average absorption coefficient 

I .  I 
i - 

S = I S. , the total absorbing surface area 
I 

i = the absorption coefficient associated with area S cy; 
1 

t J J  I 

- 
T = the avemoe transmission coefficient of the structure through the i 

transmitting area S = (I 7. S. )/I Sj  

st = IS. , the total transmitting surface area 
J 

T. = the transmission coafficient associated with area S. 
J J 

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): 

(59) 

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

Y Pcon 
= acoustic compliance of the contained volume = 

con C 

V = volume contained within the shroud con 

C for a cylindrical shroud 

= initial pressure within the shroud (psi absolute) Pcon 

V = Poisson's ratio 

A = longitudinal cross-section area of the shroud wall 

= 2 h  in? per unit length of shroud, 

The low frequency n o h  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 59 dB noise 
reduction from Equation (60). These two results are s h a m  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 SIA structure, using Equation (59), resufted 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 iwo aluminum 
face sheets, The first acoustic mode occucs at approximately 20 Hr. Thus the computed 
low frequency noise reduction should begin to decrease as phis frequency is apprmched. 
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 acoustic environment and the Mach 
0.7, bbch 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 .eo, 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 a re  
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: 

"; O'Reverberant - - (61) Rocket Noise 

c'; ''Rocket Noise 

therefore [' ; ']Reverberant 

" ' 'Rocket Noise 
The quantity 10 log,, 

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

For the transonic Moch numbers, where more t h a n  one fluctuating pressure environ- 
ment exists at the surface of the shroud, the equivalent reverberant spectrum is 
given directly from the relation: 

- 'u' "Transonic 

Reverberant 

represents the s u m  of the mean-square responses of the Transonic where S [g; 03 
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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(2) 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. 

(3) 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 + 1 O l o g  A - 0.5 dB 
1 1 IO 1 

pwL = SPL + 10 log A - 0.5 dB 
IO 2 . 2 2 

-0.5 dB PWLTOtal = SPL Average + l o log ,o  %otaI 

where 

PWL = Acoustic Power Level - dB 

SPL = Soind Pressure Level - dB 

A = Surface area enclosing the volume of air 
being considered - ft2 

Subscripts 1 , 2 ,  and Total refer to the cylindrical portion of the shmud, 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 Figures59, 60, 61 and 62 
for the lift-off, k c h  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 internal acoustic levels occur at lift-off. At  Mach 0.7, the 
internal levels are lower thanat lift-off, by about 10 dB over the frequency range. 
The Much 0.8 internal levels are very similar to those occurring at  Mach 0.7, while at 
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. 

b 
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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- 
cy1 inder intersection was employed for these measurements; consequently the internal 
sound prcissure level data should be interpreted with care. Because the interior wall 
i s  a loccp!.ion of pressure maxima for a l l  radial acoustic modes of the shroud, i t i s  
expected that sound pressure levels measured at this locution would be substantially 
higher than those measured further from the wall . This effect was discussed earlier in 
Section 4.4.2 and i s  illustrated in  Figure58. Therefore the results shown in Figure 63 
should be viewed as being indicative of the trends, rather than the magnitudes, of the 
internul sound pressure levels. Direct comparison between the theoretica I results and 
these measured results i s  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 i n  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 end 
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 0 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 .O inch wall 
thickenss, respectively. The shroud materials were Fiberg las 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) 
wus 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 i s  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 detemined 
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 predict9d result that above 2,000 Hz, the transmission via the mechanical path i s  
greater than the transmission via the acoustic path. For frequencies in  the range 630 Hz 
to 2,000 Hz howeder, there i s  no substantial ditference between the relative levels of 
energy transmission. Below 630 Hz these results do confirm the importance of the acoustic 
path, though no data have been reported for frequencies below 400 Hr. 

Similar experiments, utilizing a full-scale OGO-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  par^ 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 arid 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 10,1200 Hz except i n  the frequency 
range 125 Hz to 400 Hz where the variation ranged from 3 dB - 10 dB, the sound pressure 
leve k 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 OGq/Nimbus experiments 
was that at low frequencies the energy transmission via the mechanical path exceeded 
that transmitted via the acoustic path. This result i s  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 too01 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 i n  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=l 8 n=2) shroud mode at 
125 HZ contributes substantially (via the mechaniccri path) to Is Ith the spacecraft truss 
and the spacecraft responses . Mechanically transmitW ew+ri!wtions from the (m=2, 
n=2) shroud mode may also be deduced from these resci?, 'iia response peaks in the 
range 800 Hz to 1,250 Hz may possibly be associated wlth rasonances of the truss. 

A further significant feature of the results shown in Figure 64 i s  the apparent result that 
a t  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 instal led . 
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Thus the results of the ful I-scah OGO-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 i s  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 acous;:c environments produced by static firings of S-IC and S-I1 stage 
rockets . 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 i s  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 i s  unaffected 
by the substitution of Helium for Air within the shroud, despite the fact that an additional 
10 dB of noise redyction was obtained over the entire test 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 i s  more significant than energy iransmission 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 OGO-Nimbus payload truss was 
attached to the interface ring at the lower 9dge of the shroud. The attachment method 
adopted in  the MARL design may well contribute 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 

K" 

4.7.1 Introduction - Based upon the structural response results for the Nimbus 
shroud, 3 number of equivalent acoustic environments have been defined for response 
simulation during the various phases of flight. These environments include reverbemnt 
acoustic fi eids, sing le-duc t progressive wave con fig urn tions, e igh t-duc t 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 i n  exactly the same way. For example, the equivalent eight- 
duct progressive wave spectrum for response simulation of Much 2.0 i s  given by: 

represents the dB correction I Thus the quantity 10 log I s[p;w]8 Ducts 

to be added to the h c h  2.0 iound pressure level spLctrum to give the equivalent 
eight-duct acoustic spectrum. 

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 reverbemnt spec- 
trum in  Section 4.5.1. (See Equation (62),) 

4.7.2 Theoretical Results - The equivalent acoustic environments for simulation 
of the s t r u c t u m ~ o f i m b u s  shroud during the varinus phases of flight are 
shown in Figures 68-71 . Each figure i s  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 cljrnphs. 

Lift-off 

Figure &(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 @(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=l, n=2) resonant mode of the 
shroud, at 125 Hz, i s  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 
prqressive-wave duct excitation . The acceleration spectrum for 
the one-duct case, shown in the la:i+er figure, has contributions 
from the n=O modes only, the joint acceptances (or acoustic- 
structural coupling factors) LJng zero for a l l  other modes where 
n#O. 

The similarity between the lift-off environment and ,he eight-duct 
progressive wave enwironment (in terms of exciting the structure to 
a given response level) i s  also illustrated in Figure 68(a), except a t  low 
frequencies where the eight-duct configuration i s  substantially more 
efficient . 
The equivalent reverberant acousttr, field displays a sharp dip i n  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 respocse to the lift-off environ- 
ment i s  approximatel 4.5 x lo2 g'/(psi)*, compared to about 
6.0 x 104 g2/(psi) for the reverberant acoustic field. This result 
i s  again due to the different joint acceptance characteristics of the 
lift-off and reverberant environments. 

Y 

At low frequeccies, below about 80 Hr, i t  i s  observed ir! Figure @(a) 
that the eight-duct progressive wave configuration is the mosf 
efficient of the equivalent acoustic environments. Over the frequency 
range of 80 Hr to about 800 Hz however, the reverberant acoustic 
field i s  the most efficient acoustic environment. At high frequencies, 
a l l  three equivalent acoustic environments are very similar except 
for the peak in the reverberant spectrum at 4,000 Hr. 

The peak in the equivalent reverberant spectrum at 4,000 Hz i s  due 
primarily to the fact that the reverberant acoustic field apparentfy 
does not excite the structure efficiently in  the region of the acoustic 
critical frequency (which for the lower section of the Nimbus shroud 
i s  approximaiely 5,220 HI). The reason for this lies in  :he 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 i s  observed 
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that the difference between the responses in  the region of the acoi:sric 
critical frequency i s  quite significant. This difference i s  caused by the 
relative magnitudes of the joint acceptances for the two structural models 
in  this frequency region as follows: 

Defining k o i  nci denca " as wave1 eng th matching between 
the structural and acoustic waves, or X = X 

e a  
, it follows 

that the condition of axial coincidence i s  given by the 

= X where L i s  thestructural length equality - 
21 

m 
X 

a 8  X 

and in i s  the number of axial half-waves (or the clxial mode 
number); thus, the axial mode number corresponding to the 
coincidence condition i s  given by m = 2 L f/c , where f 

x o  
i s  the acoustic critical frequ-"cy and c i s  the speed of 

0 

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 i s  about 
m = 30. The axial joint acceptance j2 (0 )  , is  approximately m 
equal to 1/4m at coincidence (Reference 50), where m i s  
ths axial mode number corresponding to the coincident condition. 
Thus, for the section between ring frames, the joint acceptance 
at coincidence i s  about three times as great as the jcint-acceptunce 
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  
relatively unaffected by the characteristics of the structural 
models chosen. Thus the result shown in Figure &(a) for the 
equivalent reverberant acoustic field in the region of coincidence 
i s  directly attributable to the structural model. If in  practice, 
the cylindrical 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 i s  virtually 
the same for both sections, and the dimensions of the two structural 
models cnalyzed are not vastly different, the results shown in  Figures 
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68(a) and 68(b) are very similar. Thus the above discussion concerning 
the cylindrical section i s  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 cas3 of the one-duct 
progresive 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 i n  the conical section would not exactly duplicate 
those experienced at  lift-off, particularly in the 125 Hz and 500 Hz 
third-octave bands. 

k c h  0.7 

The equivalent acoustic environments for simulation of the response to the aerodynamic 
fluctuating pressures at k c h  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: 

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

Q At low frequencies, below about 80 Hz (125 Hz for the conical section) 
the eight-duct progressive wave configuration i s  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 i s  the most efficient acoustic environment. At higher 
frequencies al l  three equivalent acoustic environments display the same 
levels, except for the absence of a sharp dip in the reverberant spectrum 
at 5,000 HI. As discussed previously this characteristic i s  caused by the 
joint acceptance properties of the cylindrical structural model. 

o 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 spec?rum 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. Furthermore the mechanical 
path from the shroud to the spacecraft involves primarily the cylindrical 
section. Thus i t  is anticipated that the application of an equivalent 
acoustic field over the cylindrical section only (i.e., the conical section 
would not be subjected to acoustic excitation) would result in a proper 
simulation of the spacecraft vibiution response, since the energy transmission 
via the acoustic and mechanical paths would be almost identical to that 
experienced in flight. 

Mach 0.8 

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 
figures for the purposes of comparison. The most significant effects observed in these 
figures can be summarized as follows: 

63 The low frequency dificiencies in the one-duct progressive wave 
configuration a re  again observed in these results for the cylindrical 
section. This configuration is again more efficient for the conical 
section than for the cylindrical section, as was the case for the 
Mach 0.7 flight event. 

o 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 
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 far the Mach 0.7 case. 
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o At low frequencies, the eight-duct progressive wave configuration i s  
the most efficient of the equivalent acoustic environments, while over 
the mid-frequency range the reverberant acoustic field i s  the most 
efficient acoustic environment. At higher frequencies al I three 
equivalent acoustic environments display the same levels except for 
the reverberant acoustic field i n  the 5,000 Hz one-third octave band, 
for the reasons discusssd earlier. 

Q 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 i s  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 (see 
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, 

Mach 2.0 

The equivalent acoustic environments for simulation of the response to the aerodynamic 
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: 
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o 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 i n  the cylindrical 
section of the shroud. 

i 
o 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 i s  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 Hr one-third octave band. These differences however, are due 
primarily to the shift in  the resonant frequencies between the cylindrical 

. ,  

f 

i 

72 



d 

and conical sections; this point can be verified by comparing the cylin- 
der and coFe responses for uerodynamic 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, i t 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. 

Smcial Cases 

A t  Mach 0.7 the turbulent flow over the cylindrical section of the shroud i s  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 
the results were presented in  Figure 36. These structural segments extend from station 
115 to station 159, and from station 198.5 to station 221 05, respectively. The former 
segment i s  subjected to separated flow over the forward region and modified attached 
flow over the aft region at Mach 0.7; the latter segment i s  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. 

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

; 

The result shown in Figure 73, for the cylindrical segment between stations 198.5 and 
221 05, indicates that the localized reverberant acoustic field i s  substantially less 
efficient for frequencies below about 500 HZ, but more efficient for frequencies above 
about 1,600 HI. 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 . 
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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 responses, equivalent acoustic environments were defined 
and compared in detail. In the present section, a comprehensive review of acoustic 
testing technology i s  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, i s  
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 i s  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 i s  examined in  detail. Finally, a typical test specification format, together 
with testing tolerances, i s  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 i n  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 feast some of the important correlation properties of the flight environ- 
ment. For example, it i s  exceedingly difficult to excite structural bending waves around 
the circumference of a cylinder i f  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 
plune 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 i s  diffuse when excited by a wide band acoustic source, in that the 
field i s  continuous in both narrow band frequency spectrum and angular distribution 
of energy. A practical reverberation room does not fulfil l this definition at low 
frequencies, but sometimes approaches tho ideal diffuse condition at high frequen- 
cies. Nevertheless, the reverberation room furnishes a test tool of high uti l i ty 
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 i s  equal 
probability that sound wi l l  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, wi l l  give the same reading at a l l  points 
in the field. Also, a narrow-band filter wi l l  show litt le or no vuriation in output 
as it i s  tuned across the spectrum of the diffuse sound field. Another definition of 
diffusivity states that if an omni-directional broadband microphone i s  moved around 
the room in some random manner, a l l  space having the same sound pressure level 
within 1 dB can be considered to be within the diffuse field. This wi l l  not, of 
course, include space close to the walls, the sound sources, or highly absorptive 
or reflective surfaceso 

In mathematical terms, it has been stated (Reference 59) that as a general rule, 
i f 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 
i s  given by the expression (Reference 26): 

. 

dN 
df - - -  

where 

v =  
s =  
L =  

c =  

f =  

412Vf2 n S f  L 
c"+-+- 2c2 8c  

Volume of the room 

Surface area of the room 

4(L + L  + L )  
x Y =  

Speed of sound 

Frequency 

Dimensions of the room 

This equation is usually approximated to give the number of individual modes, 
N (f) 8 accurring within a frequency range, Af  , as follows: 

4nVf2 
e Af 3 N (f) = 

C 

The relationship between the bandwidth of an acoustic mode, 6 f 8 and the resonant 
frequency of the mode, f, is; 
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where Q i s  the amplification factor of the acoustic mode and a i s  the acoustic 
absorption for the mode considered, given by the product of the absorption 
coefficient a 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, i t  i s  required that: 

;,e., 

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

r 1 %  

where e, m and 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, wi l l  show a tendency for the modes to 
congregate, leaving large gaps in frequency space. To obtain 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 reverbetation 
rooms and the various definitions of diffusivity. Ultimately however, i t  i s  necessary 
to consider the requirements of the test specimen in determining i f  the sound field 
i s  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 i n  fact 
be an impossible requirement. In the l im i t  therefore, i t i s  not necessary that 
the sound field be ideally diFdse, if i t  can be arranged that a l l  points in  the 
frequency domain of the specimen be matched to points in  the frequency domain 
of the test chamber so that a l l  specimen resonances are driven by chamber 
resonances, The subject of diffusivity and the influence of the test specimen 
on the characteristics of reverberation rooms i s  discussed further in Section 5.3.2. 

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

P(x) P(x') R (x, x') - 
- m- 

sin 2nfAx/c  
2n f h / c  

- - 

where P(x) = instantaneous pressure at point x 

f = frequency 

A x  = separation between points x and x' 

C = speed of sound 

- =  signifies the long time average 

Qnly by adding localized sources within a reverberant facility would i t  be possible to 
modify this inherent spatial correlation. 

- - 

5.2.1.2 Testing Concepts for Varying the Time and Spatial Distribution of Acoustic 
Am litudes - While a primary purpose for using a reverberation chamber i s  to + expose t e whole of a given specimen to a uniform sound field, it i s  not always 
desirable that all areas of the specimen receive the same sound pressure level, 
This i s  particularly so for typical shrouds where the levels over the conical and 
cylindrical sections have been shown to differ substantially during certain flight 
events. Accordingly, laboratory techniques have been studied for wrying the sound 
pressure level i n  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. 
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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 i s  discussed. 

Simple Reverberation Room 

In this configuration, the specimen i s  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 i s  readily available for instru- 
mentation installation and requires no special purpose facilities for the test. The 
main disadvantage of this configuration i s  t k t  i t  i s  unable to produce any sound 
level gradients over the surface of the shroud to simulate the effect of any protu- 
berances. In addition, i t would generally be necessary either to simulate the 
maximum loading that wi l l  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, 
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Reverberant Field with Absorption 

This concept i s  similar to the simple reverberation room method, except that an 
absorbent skirt of varying thickness i s  placed around the sections of the vehicle 
which are required to be exposed to a lower level, For a typical shrouvspace- 
craft system, the absorbent skirt would be positioned over the conical section of 
the vehicle. The absorbent material i s  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 system. To this end, a model program 
to develop the required horns usually proves necessary and desirable. 

Reverberant Field with Short Ducts and Absorbenk 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 i s  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 protuberances or regions of separated flow on the spacecraft 
shrouds. Absorbent material can be placed over other sections to provide a 
gradient in acoustic level i f  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 externally 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 i n  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 
chambet.., having a common v-all, and subjected to independent reverberant acaustic 
fields with local excitation 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 systsm. 

Reverberation Room with Full Lenath Ducts 

In this configuration, which i s  verse similar to the short duct configuration discussed 
above, several progressive wwe 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 individua I protuberance regions and produce the necessary gradient across 
the structure. 

Reverberation Room with Acoustic Attenuators 

In this configuration, a reverberant acoustic field i s  applied to the specimen and 
"attenuators" are utilized to locally reduce the overall applied acoustic field aver 
certain portions of the test article. The "attenuators" simply consist uf muslin 
sheets (or other material possessing a high flow resistance) attached to a framework 
which i s  placed against the test article so that a cavity exists between the muslin 
sheeting and the test article surface. This technique would normally be attempted 
during reverberant testing of large shroudJspacecraft 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, 
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The primary function of the attenuators i s  to provide an even attenuation at a l l  
frequencies of interest at the required positions on the test specimen. Howsver, 
in some special cases i t  may be desirable to employ attenuators so that acoustic 
levels wil l  be continuously variable with position on the specimen. The corres- 
ponding reduction in +he acoustic level applied to the test article i s  usually refer- 
red to as the "insertion IQSS.~' 

The application of attenuators i s  complicated, since it i s  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 wil l  only bchave as such over 
a limited frequency range. Experimental results (Reference 68) have shown tf y t  

the insertion Im  associated with attenuators constructed from severd layers of 
mud in 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 T 2 dB over the 
frequency range of 200 Hz to 5000 H t  by using a suitable flow resisknca foi the 
attenuator. For such a design, the maximum insertion loss over this frequency range 
i s  typically 10 dB. 

5.2.2 The Prosrressive Wave Acoustic Field 

3 

i 

5.2.2.1 Basic Chatucteristics of the Progressive Wave Field - The progressive 
wave i s  mme precisely a plane acoustic wave, differing mly in that i t  may contain 
cross-modes which are introduced by the geometry of the tube along which the 
wave i s  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 frequencies inwer 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 relatim: 

f mn = $  (t)'+ (?)= (71 1 

where L and L 
m and t? are int&ers, and c i s  the speed of sound. 

are the cross-sectional dimensions of the progressive wave duct, 

Theoretically, a plane 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 i t  is  possible ta approach this theoretical operation only under ideal 
conditions, when standing waves have been adequateiy suppressed. A progressive 
wave facility offers high efficiency and utility for testing a vehicle which requires 
continuous variation in leva! over a portion or a l l  of its surface. 
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In a planr progressive wave acoustic field, the spatial correlation for a single 
frequency i s  given by: 

R (x, x’) = cos ( 2 n f  Ax/;) (72 1 

.-, 
where C = trace velocity of the sound wave over the path length Ax 

= c/cos e 

8 = angle between the direction of the path length A x  and 
the incoming sound wave. 

For most plane wave test facilities, 8 i s  zero or very nearly so, so that i s  very 
nearly equal to c . Only by using several plane wave sources such as an array of 
plane Nave 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 faci I ities . 
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 fbcility 
(excluding the standing wa /e tube). With a proper te mination and good quality 
sound source, frequency response characteristics of su-h a facility cun be quite 
uniform. To minimize the potential influence of cross-modes in  such a facility 
and to increase the sound levels, the cross-sectioml area of the progressive wave 
duct i s  made as small as possible. The basic limit on this area, i s  the increasing 
effect of radiation damping on the response of the low order structural modes as 
the mtio of duct cross-seciional area to structural area i s  decreased. The first 
cross-mode OCCUK at a frequency given by the speed of sound divided by twice 
the largest cross-dimension (i.e., f = 4 2 L  ). &ove this frequency the sound 
field within the duct i s  distorted d d t o  the &plications arising from the cross- 
modes. Typically, the resulting sound pressure i s  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 
th is  configuration to rhroud/spacecraft systems, a series of full-length ducts i s  
placed around the entire circumference of the shroud. An example of this type 
of testing configuration i s  the Spacecmft 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 Apollo Command Module, Service Module and the Spacecraft Lunar Adapter). 
The ducts were constructed of wood and steel, and visco-elastic damping corn.- 
pourid 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 
uti1 izing 16 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 bunch Phase Simulator - Progressive Wave Facility (References 
60 and 69), and the special progressive wave facility constructed for testing a 
l/lOth 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 shroudJspacecraft 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 OGO spacecraft (References 20, 60 and 61 ), while the l imi ted e:cperiments 
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, t h i s  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 envirmment provided that 
the test article is positioned correctly relative to the rocket exhaust flow. 

Free-field testing outdoors or in an anechoic roum would normally involve exciting the test 
article with horn or loubpeaker-generated 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, i s  the high acoustic power necessary to 
provide a given sound pressure level a t  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/spxecraft 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 spacecraf,/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 canfigurations 
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 i s  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 i n  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  locai:red 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 conditions 
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 8 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 to be determined, However, i t 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 
wil l  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 tb:. 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 wi l l  be recog- 
nized that such a technique does net allow the full response of the structure to the individual 
areas of high loading to be simulated. 

The Full Progressive Wave Duct Configwmtion - 
For a full duct configuration, such as that described earlier, several identical parallel 
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 proF gates down the duct. The most signi- 
ficant source of this loss i s  the absorption by the vehicle or shroud; insufficient sealing 
between the duct wails and the test specimen, and radiation through the walls of the 
duct also wil l  cause the energy to be decreased. This means that the duct must be 
effectively sealed to the vehicle with al l  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 Q Aynamically similar model specimen i s  created, or from judgment 
based on previous test i> 
accomplished by tising s e .  seds once the ducts have been carefully contoured to the exact 
shape of the vehicle. Additionaliy, 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 i s  controlled by mass loading and damping of the walls themselves. 

7ms.  The problem of sealing the ducts to the vehicle can be 

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 wi l l  be reduced. An increase of the distance to 
24 inches wi l l  reduce the level to 162 dB. In actual practice, the specimen walls wi l l  
absorb approximately 0.5 decibels per foot from the ducts so that further increases in area 
for reduced levels wi l l  probably be unnecessary. Again, this i s  best evaluated by a model 
study. 

Summary of the Possible Testing Configurations 

Table I11 presents a summary of the possible testing configurations which have been reviewed 
in the discussion so far. This toble l ists representative sound pressure levels attainable, as 
well as an indication of the correlation characteristics which wi l l  be produced. A note i s  
included concerning the amplitude as a function of space and i t  is followed by certain 
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 i s  excluded from Table 111 because 
this limitation i s  imposed mainly by the acoustic sources rather than by the facility. 
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TABLE 111 

SUMMARY OF POSSIBLE ACOUSTIC TESTING CONFIGURATIONS 

Configumtion h i m u m  OA 
PL (Typical) 

n Coefficient 
RemorkS I Amplitude 

Function 
Space Correl 

Longitudinal Circwnferentiol 

Hypotheticol Transonic 
Fli&t Conditions 

o Sapomred flow, shock wovar and 
turbulent wok- complicate the 
environment OYBT the shroud. 
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Pure Revarberation 
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Sklrt 

In Roan 

156 

156 

154 

sin la 
kx 
- * 

ke 
Essentially o Mothentoticolly simple sound 

field 

sin la 
kx 
- 

eela sin h 
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SPL rapidly decreases in skirt o 

constant 

-la 
k0 

e-la sin u 
ke 

In Skirt 

Sha t  RogeDive Wove 
Ducts, Revarbermt Field 
Plus Absohent Skirt 

In Duck 
In Skirt 
In Roan 

o S h a t  &&a w e  cylindrical 
section of shroud w i d e  high 
SPL aaociated with transonic 

0 Absabent skirt prevents overtest 
of conic01 section exposed to the 
raverbemnt field. 

Conholldale fli&t. 

Caaront 

Caatont in e Allows two levels in reverbemnt 
eoch room field to simulate cylindrical and 

conical sections of the shroud; 
expensive. 

Slightly . e Adds ddirionol flexibility to the 
discontinuour revarbemnt field, ollowing enhance- 

ment of SPL's around pmhrbemntes 
and s e w  flow regian. 

o Sirnil- to Id duct c ~ n f i g ~ a t i ~ n  
except that duds do not span entire 

Gnhollobie shroud circumference. bpeciolly 
s u i d l e  for simulating high SPL's 

constant cwsed by protubaoncar. 

1. in each &et 167 
154 
156 

cm loc 
Same m skirt above 
Sonecsroanabove 

Double Reverbemtion 
Rorm 

lfi7 
155 

161 

ke  

sin k0 
k0 
- With local sources 

Full Length FmpdVe 
wove D u m  and 
Reverbemtion Room 

In Ducts 

in Room 

If In each duct 

sin k0 
I& 
- 
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uakx  

sin kx 
la 
- 

167 cm la I' in eosh dvct o Suitoble fa shrouds where the 
SPL decays aitially along itr 
length. 

Controlldrle 

bmtont o Suitoble for testing bulk of 
specimen at high level, and 

Almost reducing the >PL locolly oyer 
Cantont certain owtiom of specimen. 

Full Length Roqepive 
Wove C o n f i w i o n  

Reverberant FIeld with 

sin la 
la 

sin kx 
kx 

- 
- 

dn k0 
k0 

sin 40 

- 
T 
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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 "N l e - o f - L e i  ng 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 llideal" 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 a n  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 a r e  
normalized to the bare room levels. Figure 75 shows some of the results from the sine 
sweep tests, An extended frequency scale was employed in collecting this data so that 
various i n d i v i d d  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 i t  is bare; however, if the lowest test frequency is maintained at 2.5 octaves 
above the first resonmce of the bare room, relatively little degradation of room charac- 
terisitcs is seen to tcrke place for specimen sizes between 10% and 50% e For this chamber, 
the 2.5 octave criterion is met  at 1,000 Hz and i t  may be seen that in the 1/3 octave 
centered on 1 ,000 Hr there are approximately nine resonant peaks i n  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. 

i 
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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'xerved 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 a l l  computations involving the response of a given specimen in a field of random 
noise assume that the sound field i s  diffuse. Whilr. ?his i s  a convenient assumption, and 
diffusivity is easy to define, in practice it i s  very Cif icult  ?a obtain. In addition, there 
i s  no direct method available to measure diffusivity of a sound field, Correlation tech- 
niques offer the best of a l l  the methods for determining, indirectii, that a given field i s  
diffuse, but this i s  frequently cumbersome and of l i tt le value when concerned with 
designing a new facility or a new test in  an existing facility. It i s  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 i f  the size of the room i s  increased 
without l imi t  until spatial variations do not exceed 2 3 decibels in the specified band, 
then it may be assumed that the specimen wi l l  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 lower 
frequencies. Thus, if a room can be designed such that no point in the mom wi l l  pass 
through a 10% frequ-ncy 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 wi l l  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 mcte 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 i s  a somewhat arbitrary condition, but is often a sufficieht one for most purposes. 

A properly sh sd reverberation room wi l l  generally reach the above criterion with a 95% 
confidence l im i t  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 
as small as possible so that this criterion cannot always be met. 

n utilizing a room 

An alternative condition i s  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 mod in  any desired test specimen bandwidth, Af, can be 

relationship i s  sh wn in Figure 76 which descri es the approximate variation in the room 
parameter fo V P 3  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 i s  the resonant frequency of the lowest structural mode and Q i s  
tke amplification factor of the structural mode. The relationship between the room para- 
meter and the average number of modes within a structural bandwidth A f  i s  shown in Figure 
76 for several amplification factors, and hence modal bandwidths. It has been sujgested 
(Reference 71), that a reasonable criterion would be that there i s  at least one room mode 
lying within the bandwidth of the lowest structural mode. From Figure 76, i t can be seen 
that,the former criterion of 3 modes ina 10% bandwidth sets the room parameter ut about 
f V b  = 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 1oo/o bandwidth (or seven modes in the lowest 1/3 octave) i s  
siightly conservative for a structural Q of 25 but i s  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 
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, i t  i s  required that the reverberation room volume be approxi- 
mately 11,000 ft3, 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 Hr). 

i s  the center frequency of the band. This 
where fL 

related to a room parameter, f V P , 
0 

0 

has been replotted against the room volume, V, in Figure 77 
0 '  

A more conservative criterion frequently applied to a chamber i s  to move a microphone 
from place to place in the room and define the lowest one-third octave showing no more 
than 
reverberation room is limited to use at  frequencies no lower than one decade above the 
f i rst  resonance. At  the other extreme, the criterion developed for reverberation room use 
in MiI-Std-81OB, Method 515, simply specifies the required spectrum in octave bands 
with l itt le further requirements placed upon the chamber other than a lOoI0 test specimen 
volume requirement. Using this standard, it i s  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 k 3 dB per one-third octave band criterion previously outlined. 

3 dB variation, as the lowest possible test frequency. By this criterion' a good 
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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 abow 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 i t  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 infernal 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 trunsmission 
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 i t  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. 
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Although the local forces on the shroud due to the distributed pressure fields may be 
small, the integrated effect of such a field i s  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 luvels 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 Qear 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 controlled 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 Ht) 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 realistically reproduce these 
I ower 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 clctual flight environ- 
ment by an equivalent acoustic environment which duplicates the structural response of the 
shroud. The flight environments which genemlly require simulation include the I ift-off 
acoustic environment, attached boundary layer turbulence, separated flow and shock-wave 
oscillation. Since the spatial correlations for these erivironments differ from one another, 
the structural responses are consequently different. 

Thus, in order to define the equivalent sound fields for shroud response simulation, it i s  
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 i s  thus determined theoretically 
i n  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 upcn 
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 S I A  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 i s  related to the structural vibration 
of the vehicle skin, so that i t  i s  generally assumed that if the structural response levels 
are simulated, then h e  internal acoustic levels are simulated. This assumes, of course, 
that the vibration ene,r; is distributed among the various structural modes in  a similar 
manner. 

5.4.2 Spacecraft Testing without the Shroud - In testing shroud/spacecraft systems; 
i t  i s  often d e s s u b j e c t  the spacecraft to acoustic test 
levels which are substantially lower than would be required external to the shroud. Also, 
i f  it can be established that during flight, the acoustic field within the shroud is diffuse, 
then remowl of the shroud for testing purposes has obvious advantages from the point of 
view of facil iiy requirements. 

However, the mechanical transmission path from the shroud to the spacecraft i s  
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 
shroudJspacecraft 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 loyv order shroud modes and the spacecraft 
trusses (Reference 61 ). One of the primary considerations therefore, when attemptfng to 
test without the shroud, would be ti 3 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 WGS 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 fixfwre. 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 i s  the normalized acceleration response 
of the spacecraft to energy transmitted via the mechanical path, obtained during expevi- 
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 i s  immediately observed from Figure 78 that the acceleration 
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responses of the spacecmft obtained by acoustic excitation of the whole shroud and by 
acoustic excitation of the multi-modal fixture agree to within 2 1 dB. This result i s  not 
too surprising since effectively i t merely states that the space-average response of the 
whole shroud (which was approximately 6 ft long) i s  similar in magnitude to the space 
average response of the lower 2 ft section of thg shroud. However, iri the results 
presented in  Figure 78 no data have been rsported for frequencies below 400 Hz; 
tkus, the coupling of the Imi-order shroud modes, particularly the (m=l , n=2) 
mode at approximately 250 Hqis 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 th is  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 
excltation applied to the shell wall i s  observed to be much iess rfficient (typically by 
5-10 dB) in terms of inducing spacecraft response up to approximately 5,000 Hz; above 
this frequency rhis form of mechanical excitation tends to be more efflcient than acoustic 
excitation of the fixture, but less efficient than mechanicai 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: 

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

0 Acoustic excitation of th i s  lower shraud segment results in an 
adequate simulation of the spacecraft response due to energy 
trrlnsmiss;on via the mechanical path. 

0 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. 

i 

4 

i 

1 
i 

1 

i 

0 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 i s  of considerable 
importance . 
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Clearly ths feasibility of shroud removal for acoustic testing must he carefully evaluated 
for each individwl L iaapter design. The few theoretical and experimental studies which 
have been beer ?J' so far have declt only with truss-g>.ge adapters, where the 
shmJ attachme, . .J is in close proximib b the base of the truss. In other designs, 
such as the Surveyoy Atlas-Centaur system, the spacecraft adapter consists of a truncated 
conical section rhich i s  mounted to the upper surfode of a hemispherical dome. The 
shmtrd attachment plane %r this design i s  located at the base of the hemispherical dome 
(see Figures 2 and 3), ccnsidembly mme 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 
spcecmft/Nimbus shroud design. 

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

(1) The structural elements which connect the spacecraft to the shroud or to the 
interface r: tg are generally designed to witktand inertia or flight acceleration 
loads. Furthermore, they are designed to achieve maxiwm strengih with 
minimum weight and are therefore usually small i n  cross-section and of relatively 
high surface density, Such structure i s  inherently less responsive to direct 
accustic excitation than light-weight non-load carrying skin panel structures. 

(2) At frequcncies whit:. are substantially greater than the fundamental bending modes 
of the load-carryir., . *:emaft support structure, it i s  expected that this structure 
wil l  tend to act as a de-couplhg element between the spacecraft itself and the 
spacecruft mounting poinis 
could direct acoustic excitation of the spacecraft system be expected to provide 
Q valid simulat.p,i of the flight vibration environment. 

Oaly a: frequencier. above this de-coupling frequency 

(3) Belw this de-coupling frequency, large portions of the spacecraft wit. de expected 
to respond more TO struchmlly transmitted vibration from an acoustically-driven 
shroud, than from acwstic excitation of the spacecraft itself. 

(4) Above this de-coupling frev-ency, many of the sbrcecraft components wil l  tend 
to respond effectively to direct acoustic excitation. This wi l l  Le particularly true 
for the spacecruft components located forthest f,*om the shroud attachment poinh. 
In other words, the presence of a shroud shoi-Id not necessarily be required to 
simulate the acsustically-induced resporie to the flight environments, This 
general statement must be qualified, however, by two factors as follows: 

(a) The presence of the shroud sr. 'Ires as a spectrum filtering and attenuating 
element for ar./ external acoustic field. Al t i r rgh ihe gross attenuation 
characteristics of the acoustic environment inside u shroud can be 
readily sinlulated, (once the noite reduction tht*oug'- the shroud is known), 
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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 internal acoustic environment, the spacecraft could 
possibly be overtested. However, this would be slightly conservative, 
and need not be a severe limitation. 

(b) During the boost phase of flight, the most intense vibro-acoustic response 
of spacecraft systems frequentiy accufs at altitudes of 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, i h e  relative 
significance of direct acoustic excitation of the spaceciaft will b e  reduced 
in comparison to the structurally-transmitted excitation which will '-5 

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. 

0 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. 

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

0 For the remainder of the spacecraft structure, when use of the shroud 
is undesirable, direct acoustic excitation of the spacecraft components 
should be accompanied simultaneously, or cequertfal ly if necessary, 
by mechanical vibration of the spacecmft buse in order to cover Lath 
forms of excitation which may be significant. For light-weight 
componenk well removed from the spacecraft base, the mechanical 
excitation can probably be eliminated, since these components are 
usually more resoonsive to direct acoustic excitation . 
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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 
i s  outlined in the following paragmphs. This test specification format covers reverberant 
and progressive wave environments and dr d s  specifically with facility requirements, test 
spectra and tolerances, instmentation and test monitoring requirements . 
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Acoustic Test Specification Format 

- Scope: This specification wi II 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 faci I i ties . 

Apparatus: The apparatus to be covered in this specifica5on iwludes 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 - 

Volume 

The mom shall be shaped to produce a minimum of redundant 
modes with a preference for uniform distribution, in the 
h q u e n c y  domain, of modes. For rectangular rooms, nc 
dimensioa shall be rationally related to any other dimension. 
For non-rectangular rooms, there shall be no parallel surfaces 
and symmetrical construction 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. 

TSe chamber shall be of sufficient volume such that (a) i t  
will exhibit a minimum ofseven resonances 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 mee t  reyirement (a) 2-1/2 octaves abovb its 
first resonance frequency . 
Additionally, for test specimens having a fundamental resonance 
in which the structural Q substantiaIly exceeds 25, the lowest 
acceptable test frequency should be verified hy applying the 
condition that at least one room mode exists within the corres- 
ponding structural bandwidth. 
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Specimen Placement 

Boundant Conditions 
~~~~~ ~ 

Specimen Closure 

Reverbemtion Time 

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. Al l  
surfaces of the specimen shall be placed at least one-half 
wavelength from chamber surfaces at the lowest frequency 
of interest. This wi l l  generally mean that the specimen 
wi l l  be at least five feet or more from floors, ceilings, 
and walls of the Pest  chamber during the test. It i s  recom- 
mended that exact symmetry in the center of a chamber also 
be avoided where possible. 

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. 

Where the test specimen is'a section of a cylindrical vehicle, 
it wi l l  generally be found that at least one end of the specimen 
is  open and wi l l  admit sound to the inside of the vehicle. In a l l  

.*. of this type, a closure shall be designed to seal the open 
i 5) so that the sound reduction through th is  closure i s  at 

. * A  10 decibels grea'ter 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 i f  it were attached. 

Reverberation time s h a l l  be held to a minimum consistent with 
sound pressure level requirements and sound power level avail- 
able. This wi l l  tend to increase the probability that specific 
specimen structural resonances wi l l  not l ie at chamber minima. 

5.5.2 Test Requirements (Progressive Wave Facility) - The test specimen shall be 
exposed to a progressive wave. Two types of progressive wave testing are possible, depend- 
ing upon the nature of the specimen. An external test i s  to be considered'when the specimen 
is a large flat or curved panel and the r e s p x t h e  panel andJor items mounted on i t  i s  
the major test objective. For this type of test, an existing facility having an adequately 
sized test opening may be considered. An internal test i s  to be conducted where a cylindri- 
cal or near cylindrical specimen such as a spacecraft shroud is to be expsed to a sound 
field from al! 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. 

A l l  progressive wave test facilities shall meet the fo! lowing minimum requirements: 
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Size - 

? 

The cross-sectional area of the acoustic duct($) or channel($) 
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 sufficiently 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 
paral!el duct wall surfaces. The cross-modes have pressure 
maxima at the walls and at points which are an ;ntegral 
number of half-waves from the walls. Pressure minima wi l l  
occur at points located an odd number of quarter waves away 
from the wall. If the first zross-mode frequency fa l l s  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 Soh of the surface area of the panel 
beii ig 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 i s  covered by this channel. 
In any test where the specimen curvature causes an area obstruc - 
tion of more than lP! of the sound channel area, a fairing shall 
be used upstream to direct sound around the specimen. No 
spocimen shall cause an area obstruction of more than 90% of 
the channel area. 

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 ir area i t  i s  permissible to use fairings 
consisting of conic sections having tlare rates no greater than 
18O. Where a larger percentage of the cross-sectional area i s  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 Conditions 

Termination 

Progressive wave facilities are generally driven by acoustic 
generators through coupling horns. These horns have definite 
cut-off characteristics which exclude al l  frequencies below a 
cut-off frequency from the test section. In acoustic horn 
design (Reference 73), the cut-off frequency i s  defined as that 
frequency, below which no energy i s  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 facrlity for 
an external test wi l l  be fastened to the facility in some manner. 
It s h a l l t h e  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 i s  critically dependent 
upon the edge mounting conditions, whether the panel may be 
considered simply supported, pinned, clamped, or a combir, .:-n 
of these. It wi l l  generollly be desired that the panel be securely 
restrained along a l l  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 suitable engineering study. Actual 
edge conditions used w i l l  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 suituble fixture should be designed so as 
to provide a reasonable simulation without unduly influencing 
the low order vibmtory modes of the shroud. 

A progressive wave faci I ity must include a termination following 
the test section to absorb at least 95% of al! energy entering it. 
This wi l l  prevent reflection of energy back to the test section 
where it wi l l  combine with the incident energy and cause large 
gradients in  sound pressure lsvel over the specimen length. When 
such a facility is powered by an airstream modulator, the termina- 
tion must be designed to allow free passage of air so that static 
cressure exceeding 2 in. of water i s  not imposed upon the test 
section . 
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Special Requirements for 
Internal Progressive Wave 
Facilities 

For those internal progressive wave testing configurations 
utilizing s w r  multiple progressive wave ducts and 
horns surrounding a cylindrical specimen, t' e basic require- 
ments outlined in this section regarding fairings, horn 
coupling and termination are s t i  II 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 I It over the specimen 
are achieved without excessive radi.ition 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 chctracter- 
ist ics of the specimen. 

5,5,3 Detailed Test Requirements 

Test Spectrum: The test spectrum shall comply with the tabulation US shown in  the accom- 
panying table, The overall test level shall be 
newtodmeter*) 2 2 decibels. 

decibels (re: 2 x .- 

TABLE OF ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS 

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

Level i n  Decibels 

10 
12 
16 
20 
25 
31.5 
40 
50 
63 
80 

100 
125 
160 
200 
250 
31 5 
400 

1 00 

Tolerance 
in Decibels 

.jt 10 
f 10 
* 9  
4 9  
* 8  
* %  
* 5  
n 4  
9 4  
4 4  
* 3  
* 3  
* 2  
* 2  
* 2  
4 2  
* 2  
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TABLE OF ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS (Continued) 

1/3 Octave Band 
Center Frequency 

500 
600 
800 

1,000 
1,250 
1,600 
2,000 
2,500 
3,150 
4,000 
5,000 
6,300 
8,009 
10,Ooo 
12,500 
16,000 
20,000 

Level in  Decibels 
(re: Overall Level) 

Tolerance 
in Decibels 

* 3  
* 3  
n 3  
* 4  
* 4  
* 5  
* 5  
* 5  
4 5  
* 5  
* 5  
4 5  
* 5  
* 8  
* 8  
* 8  
* 8  

Mark upper and lower frequency with * 

Test Duration: The test shall have a total duration of 
structural failure is noted. During the test period thefacilityhall be shut down 
every minutes for a visual examination of the specimen to detect structural 
failure. In addition, the test shall be interrupted every 
examination of the specimen for minor damage. This w i l l t h e  following 
special fesk 

minutes or until major 

minutes for thorough 

1. 
2. 
3. (Et Cetera) 

Acoustic Instrumentation: In order to verify compliance with the requirements of the 
test spectrum, acoustic instrumentation wi l l  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 S1.12-1967, as revised, for a type M microphone. They shall be 
calibrated i n  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 2 -5 decibel . Determination of 
this characteristic shal I 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, A l l  acoustic instrumentation exposed to the sound field 
shall be resiliently mounted to minimize response to vibration. 

Placement of Instrumentation: The purpose of acoustic pressure monitors i s  to determine 
the pressure acting upon the specimen itself. A measurement of the sound field near or 
on a non-rigid surface wi l l  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 smal l  compared with the acoustic wave- 
lengths of concern. When such i s  the case, reflection and re-radiation are of little 
consequence and the transduce- may be placed at convenient locutions within one 
wavelength of the specimen c z  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 i s  large compared with the acoustic wavelengths of 
concern, flush-mounted microphones are to be preferred . The lower bound frequency, 
above which pressure reinforcement due to re-radiation may be assumed to occur i s  

where c -2nR 0 
given approximately by; fo = 

vehicle radius. When flush-mounting 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. 

C 

i s  the speed of sound and Re i s  the 
e 

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 i s  inconvenient to use three separate 
transducers i t  i s  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 
wi l l  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 2 3 dB from the average 
level are considered excessive for tests i n  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 wi l l  not of course apply to those tests where 
localized regions of higher sound pressure level have been specified. 

Control Microphone: Al l  acoustic level settings w i l l  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 mi.  phone may be used for control provided that i t  measures a sound pressure 
level wit!iin 2 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 following procedure: 

Prior to inserting the test specimen, trial runs shall be made at levels of 
approximately -20, -10, -6 and 3 d5 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 electrica I 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 to 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 
b e  reported and wi l l  include the following minimum information: 

(1) Reverberation Room Characteristics 

a, 

b. 

C. 

e. 

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

Reverberation time of the chamber with and without the specimen, 

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, 

Verification of transmission 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. 

Horn and termination cutoff characteristics. 

Verification of panel or vehicle mounting characteristics to demonstrate 
"hard mount'' or "soft mount" whatever the case may be. 

b. 

C. 

d. Description of fairings used. 

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

(3) Characteristics of boh Facility Types 

a. 

b. 

C. 

d. 

e. 

f. 

Description of specimen mounting techniques. 

Description of transducer mounting techniques. 

Evidence of the actual required degree of spatial uniformity, or required 
spatial variation, obtained in the field over the specimen. This wi l l  include 
1/3 octave analyses made at representative positions near the specimen. 

Temperature r 

Photographs of pertinent items not clear!] shown above. 

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

humidity of ambient air at+wnd specimen. 

(4) Instrumentation List showing pertinent calibration information. 

(5) 

(6) 

(7) Al l  test duta requested. 

Block diagrams of instrumentation, signal conditioning and readout equipment. 

Description of data reduction techniques with sample calculations where appropriate. 

I 
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Additional Recommendations: It i s  recommended that the following additional steps be 
taken when appropriate 

(1) For panel testing i n  a plane wave facility, the lower. resonance frequencies and 
damping ratio of at least the fiint 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 i s  
recommended in  addition to other appropriate means of monitoring specimen 
response to acwsPic testing, 
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6.0 DISC USSI ON 

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. 

o 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 I ift-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 i s  attached for all Mach numbers up to maximum 
dynamic pressure (approximately h 2 . 0  for the range of spacecraft-vehicle combina- 
tions investigated); however, the flow over the cylindrical section of the shroud i s  
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 i s  confined to low frequencies, typically in the 
one-third octave bands centered at 16 Hz, 31.5 Hz and 63 Hz. 

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

o The most significant internal acoustic levels for the shroud-vehicle combinations 
investigated occur at lift-off. At  tmnsonic 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 i s  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 i s  in fact a point of pressure maxima for al l  radial acoustic 
modes within the shroud. 

In calculc ling 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. 

Q 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 i s  a critical factor in  establishing 
realistic noise reduction curves. 

0 The normaltzed structural responses of the shroud to the lift-off acoustic environment 
and the ductsd progressive wave environments were found to be very similar. The 
one-duct progressive wave environment dues 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 frequirncies, typically above 2,000 Hz, while 
the low frequency response i s  determined almost 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 overal I 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 Much numb el^, except at high frequencies 
in the region of the acoustic critical frequency, 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 i t s  inability to excite the low order 
shroud modes involving non-zero circumferential mode numbers. A t  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 Hr  al l  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 causesan increase in  the shroud 
noise reductim 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 incrernenh up to 2.0 psi. 

Q It has been demonstrated that for certain shrou#spacecmft or shrou#payload 
systems, vibration transmission via the mechanical path from the shroud to the 
spacecraft (or payload) i s  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. Becaicse 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 i s  installed. 

o 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 i s  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 wallso 
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Q Model-scale experiments utilizing a reverberation chamber of ideal dimensions 
together with test specimens occupying different percentages of the room volume 
have been described. These experiments have shown that as the test specimen 
volume i s  increased, the sound rays radiating from the source tmvel along longer 
paths around the room, thus lowering the individual room resonances. If the 
lowest test frequency i s  maintained at 2.5 octaves above the first room resonance, 
l i tt le degradation of room characteristics can be expected for specimen volumes 
occupying up to 25% of the room volume. In general, the room performance 
wi l l  not be seriously altered by inslulling 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. 

Q The basic laboratory simulation problem is  caused by the fact that i n  most cases 
tbe vibration environment i s  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 shaken, 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 
Ht. Local mechanical excitation of the shroud utilizing shakers often introduces 
extremely high local forces and, in addition, the vibratory levels induced at 
high fiequencies 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. 

o 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 attuched 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 appean 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, 
realistic testing of shroud/spacecraft systems with the shroud removed, mechanical 
excitation i n  the region of the spacecraft adapter i s  an essential requirement. 

If can be concluded that for 
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0 For consistent acoustic tests performed in  different reverberant facilities, it i s  
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 i s  significantly greater than 25, 
the lowest acceptable test frequencv qiven by this prior condition should be 
verified by applying the condition thot at least one room mode exists within the 
correspnding bandwidth of the structural resonance. An acoustic test specifica- 
tion format has been prepared to assist in improving the repeatabiliiy 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 acoustlc 
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- 
weraged 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 hol rd)  
and then subtracting the computed noise reduction (which i s  based upon the assumption 
that the acoustic field i s  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, i t i s  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 St!Jdies, extrapolating where necessary. 

In dealing with the shroudJspacecraft response problem theoreticaIly, the most significant 
weakness i s  in the determination of shroud noise reduction; agreement between theoretical 
predictions of noise reduction and measured data i s  generally poor, This i s  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 i s  
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 Q 

given shroud, the characteristics of +he 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 
acoustic 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 should de 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. 

d 
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Investigation of the role played by the mechanical pnth in transmitting energy from the 
shrwd to the spacecraft has to date been limited to G few 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. HOwBVer, because of the differences in the specific objectives of each of these 
studies, the available experimental results are fragmenhry 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 effects 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 
responso, adapter and spacecraft response, and the interior acoustic field. 
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(a) Cylindrical Section of the t\!imbus Shroud 

Figure 70. Equi\dent Acoustic Environments to Simulnte the Structural Response of 
the Nimbus Shroud at Mach 0.8 
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(b) Conical Section of the Nimbus Shroud 

Figure 70. Concluded 
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_..._..._... External Sound Pressure Level Over the Cylindrical Section at Mach 2.0 
(data from Figure 28) 
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(a) Cylindrical Section of the Nimbus Shroud 

Figure 71 . Equivalent Acoustic Environments to Simulate the Structural Response of 
the Nimbus Shred ai kbth 2.0 
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-.-.-.- Local Reverberant Acoustic Field (between Stations 115.0 and 159.0) 

Figure 72. Equivalent Local Reverberant Acoustic Field to Simulate the Structural 
Response of the Nimbus Shroud Section Between Ring Frane Stations 
115.0 and 159.0 at Mach 0.7 
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APPENDIX A 

ROCKET NOISE ENVIRONMENTS FOR 
SHR OUD/S PAC EC RAFT SYSTEMS 

1 .O INTRODUCTION 

For large con:emp,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 i s  
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: 

0 Near-Field - This region is immediately outside of the rocket 
exhaust flow itself. The scmd 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 t  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. 

0 Far-Field - This region occupies all the space beyond the mid-fielc 
w e t  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 atmaphzric and grcrrnd attenuation 
effects must be considered. 

. 

The payload and shrtud system on a launch vehicle a n  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 in- 
portant pammeten to be considered in determining 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 applicution. 
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 thl? 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- 
empirica! 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 conditibns. 
Four different methods for rocket noise predictions will  be discussed in this Section. 
The first is a method introduced by Cole, eta1 ., (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 Ibs to 
130,000 Ibs. The second method was developed by the Wyle Laboratorie:: --;search 
staff through a series of rocket noise studies. In this approach, the rocket exhaust 
flaw is divided into segments of apprent 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 : shicles. 
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, et a1 ., (References 3 and 4). 
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 I11 C, 
or project4 past-Saturn launch vehicles has been shown to be very accurate. 

This method takes into ac- 

I 

Y 
T 
T 

f 
7 
.t 

-p: 
d . ,  

.> 
. ) .  . 

i 

21 4 



ihe detailed procedure for each method, as well as its ra.3ge of application, will be 
discus;" Le !ow. For launch vehicles with simple gemietry, the  noise environment 
can us * ? predicted by using one of these fc~cw: methods. For sfrap-on launch 
vehic;. ;.lever, two different 
booster an" the strap-on rockets sepratelv.  

ihods may be required to handle the m 4 n  rocket 

It should be emphasized that ecrch of these methods predicts the free-field sound p rewre  
levels in the absence of the strvctvre. To &bin 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 c /2nR, where c is the speed of sound in air, and R is the radius of the 

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

0 0 

The Method of Cole. et al. 

T5is method of prediction was developed from a series of rocket noise m e s x m e n t s  
undertaken by Cole, et al., (Reference I )  at ;he Air Force Wrishi Air Development 
Center. Both rockets with liquid propellant, and rockets with solid propellant were 
included, and most of these had standard conical norAes. The thrust of these rockets 
ranged from le00 Ibs to 130,003 lbz. idear field and far field levels from eleven 
static fired and three vertically launched rockets were measured under free-field 
conditions. No ex!iowt blast deflectors were utilized for the static firings. Full 
d e b i 4  of this res r h  p w m m  are  reported in Reference 1 . 
Essen;ially, this method predicts f5e averall sL und power of a given rocket by using a n  
emFirica1 iormula. The spectrum and the directivity index of the noise field are given 
in non-dime. c'onal graphs. The prtdiciion procedure is given as follows: 

Nota ti on 

SPL = 

PNL = 

OA = 

9 B  = 
-- 

wM - 

Sound Ressure Level 

Sound Power Level 

&era I i 

Oc+ave Band 

Tota! Mechanica! Power af Rocket in Watts 

Thrust, Ibs 
Gravitational Acceleration = 32.2 f:i'sec* 

Weight Flow, Ibqsec 

21 5 
e 

%' 
E. 



f 
d = Exit Diameter of Rocket Exhaust, ft 

f = Geometric Meon Frequency of Octave Band 

V = G a s  Velocity at Nozzle Exit, ft/sec E 
I Procedure 

1. Determine the overall sound power level usiiig Zgure 1 

OAPWL = 78 + 13.5 109,~ WM dB, re: lo-' watts 

where 

t2 g WM = 0.476 tv = 0.676 - watts 
W 

1 
2. Determine octave band power spectnm of the source as follows: 

T s 
ai 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, 

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

... t ,J -- 

T' d) Convert these power spectrum levels at the geometric mean 
frequencies to octave band power levels by adding the 
appropriate 10 log,, A f  correction factors on Figure 2 to each  
power spectrum level. 

3. Determine A 0  and OB space average SPL's at 100 ft from the 
formula: 

Space Average SPL = PWL - 43 dB p 
{ ..:: .. . 

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 3c1 or 3b. 

,. . ... 
. i . ., . . .  
i ,. 
;2. 

.: .. . . '. -::. 
. 1  .. . ..: . 
::::. 
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5 .  Algebraically add the appropriate generalized directivity indice 
of Figure 4a or 4b to the computed space average free field SPL 
(R, f )  to determine SPL (R, f, e). 

Although this method was originally intended for noise predictions in the far-field, i t  
is safe to extend the  applicatic 7 into the mid-field for small launch vehicles. In this 
case, the correction factor is Step 4 can be obtained simply by using the inverse 
square spreading tule. The deflection of the rocket exhaust flow should be cansidered 
in Step 5. 

Cole's method of prediction has been found to be accurate for rockets with total 
mechanicaI power of less than io9 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 lB, Thor, and Jupiter vehicles. Hwever,  no refinements 
to -he generalized power spectrum shown in Figure 2 were attempted. Peverley and 
Smi% (Reference 6 )  have reduced a portion of this Titan data together with Saturn data 
from References 7, 8 and 9 and compared these results with Cole's generalized power 
spectrum. The results obtained by Peverley and Smith a re  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 loboratories - 
I t  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 
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 l e s t  as long as the rocket vehicle itself, i t  is important to know the apparent 
noise source locotlm for an accurate estimate of the near-field and mid-field environmenis. 
For predictions ci the rocket noise environment on the laupch vehicle, a method which 
took into account the effect of source location was first introduced by Dyer (Reference 14). 
A lafer study by Potter and Crockei (Reference 15) has added a significant number of 
refinements tc Dyer's method, and has resulted in two accurate source allocation methods 
for predicting rocket noise environments. These mehods are  more appropriate for pre- 
dicting the noise environments produced b j  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 field. Two curves are  shown in Figure 5, 
one derived from Cole's spectral function shown in Figure 2, and the other derived from 
experimental data reported by Morgan and Young (Reference 1 1  ), Tedrick (Reference 16) 
and k y e s ,  et al. (Reference 17). I t  can be seen that for Strouhal numbers greater than 
about 0.02, the octave bond spectrum derived frum Cole's curve fits this data reasonably 
well. it  is recommended that for Stroohal numbers less than 0.02, the bpper curve should 
bc. used. It was found during ttudies of neur-field characteristics tEcr t the source location 

21 7 



is a function of Mach number. A detailed discussion of the jet flow structure can be 
found in Reference 18 by Eldred, et af. 

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 datu including the 
surface position of inkrest, P, nozzle exit  conditions, (mess flcwt, velocity etc,, 
sufficient to calculate tofu1 mechanicaI.power), deflector position, if ary, and 
flow turning angle (Figure 6), number of nozzles n, nQzzle diameter D , jet 
exit Mach number M. (ratio of exhwst velocity to speed of sound in thee flow, 

typically equc1 to 3.5). 
J 

Step 2 - Calculate the StrouhclI numben (f D /V). for the octave band center 

frequencies of interest, Far r,iuftiple nozzles, use the equivalent diameter 
e r  

Step 3 - Calculate the overall acoustic power generated by the exhaust - 

OAPWL = 130 + 10 log q W  dB re watts 
10 

where 
the exhaust flow in watts. 

is the acoustic e'ficiency (-0.003) and W is the mechanical power of 

Step 4 - Read the relative octave band power levels, AOBPWL. from Figure 5 
for each non-dimensional frequency (f D /V). , I 

e t  

Step 5 - Look up the downstream source location X/D 

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 D ) and identify distance R. (between source and P), and e., 
the angle between P and the positive flaw direction e 180 if the flow is undetlected 
or if the apparent source position is upstream of he deflector - see Figure 6). 

for each frequency in 
e - 

e I I 

Step 6 - Compute octave band free-field sound pressure levels at the point P 
according to: 
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OBSPL. = OAPWL + AOBPWL. - 20 log,,, R~ + DI (e). - 10.5 
I I I 

where P and T are the ambient pressure and ahsolute tempemture (subscript 0 for sea 
level conditions). DI (0 ). 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/spacecmft 
systems are located in the acoustic mid-field. It is therefore recommended that a diret- 
tivity index of 0 dB is assumed for radiatim directions between 93 degrees, and 135 degrees 
to the exhaust flow. For radiation 4irectiom between 135 degrees and 180 degrees i t  is 
recommended that tne 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 d!rectivity indices to be satisfactory. 

I 

The second source ale J J*ion prediction method is based upon the fact that at any location 
in the exhaust 'I '* 

frequency as w 1 - In the previous source allocation method, This source allocation 
technique is 
amount of c+ . .otion m arrive at the free-field sound pressure levels, However, this 
method is especially suitable when shielding occucs 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 (Refetence 15). The pracedure 
is as follows: 

.L r t r u m  of noise is generated rather than noise ut  a discrete 

1c.y more complex than the previous method and involves a significant 

Step 1 - Same as previws source allocation method. 

Step 2 - Calculate the length of the laminar flow core, x from the relation: t '  

x = 3045 D ( 1  + O . S  M )2 t e e 

For multiple nozzles, use the equivalent diameter 

Step 3 - Calculate the overall acoustic power generated by the exhaust: - 
OAPWL = 130 + 10 logl0 q W  dS re watts 
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t 

where W = 0,676 n tVe ,watts 

q = acoustic efficiency (z 0.003) 

n = number of nozzles 

t = thrust per nozzle, ibs 

v = exit velocity, ft/sec e 

Step 4 - Divide the rocket exhaust flow into a number of segments of length, 6 . 
I t  is recommended that the laminar flow core be divided into at least 3 segments. 

X 

Step 5 - Determine the n o m i i r e d  acoustic power per unit core length from 
Figure9 for tach segment: 

I .e. [PWL- OAPWL] -dB 

where PWL = Acoustic Power per unit core length 

- Compute the acoustic power for each segment of the rocket exhaust 

,fWL). = [ PWL - OAPWL] + OAFWL + 10 log S /xt dB re ?O0l3 watts 
t 10 x 

where i denotes the i-th segment, and 

5 = length of segment (ft). 
X 

- Step 7 - Using the normalized power spechum shown in Figure 10, compute the 
acovstic pawet in a given bandwidth for each segmer,t as follows: 
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where = Sotind Power per Hz per unit axial length at distance 
x from ihe nozzle exit plane (wattr/Hz/ft) wfx 

W = Sound Power per unit axial iength at distance x 
from the nozzle exit plane (watdf t )  X 

X = Distanca from the nozzle exit plane to the center 
of the i-th segment (ft) 

k = Center frequency of the appropriate band ( i  .e. 8 

Afk = 0,707 fk for the octave band centered at f ) k 

a = Ambient speed of sound (fvsec) 
0 

a = Exit speed of sound (fvsec) 
e 

Step 8 - For the point of interest on the vehicle, P , compute the free-field sound 
pressure level in  each frequency band contributed by each segment as follows: 

where R. =: Gistance from center of i-th segment to the point of 
I interest P. 

Step 9 - Sum the contribution (in a given frequency band) from a l l  segments in 
-exhaust flow from the relation: 

(spL)ik 
Antilog -- , dB re 2.10'5 N/m2 lil (sPL)k - =  10 log! 

I 

The Franken and Wiener Method 

This prediction 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 deJector 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 i s  relatively simple. However, i t  i s  difficult to apply this 
method to pedict the noise environment of special vehicle conf!gurations 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. 

The prediction procedure is straightfotward as fol laws (Reference 2): 

1) Determine the total system thrust F i n  pounds and the effective 
nozzle diameter Deff in inches from the relation 

2) Obtain the octave band sound pressure level estimates from Figures 
11 -1 3 for typical thrust conditions. Replot the abscissas of these 
curves i n  terms of frequency, using the appropriate value of the 
effective nozzle diameter Deff. 

Determine the typical thrust from Figure 14 3) 

4) Calculate the quantity 
total thrust 

lo loglo typical thrust 

cnd add this quantity to the levels obtained i n  Step 2. 

5) For deflector configurations in which the spacing between the rocket 
exhaust nozzle and the impingement point on the deflector exceeds 
about fhree times Defy make the appropriate level correction in  each 
band as indicated in Figures 11-13. 

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 
obtuimd by this procedure. It shculd be emphasized that these sound 
pressure levels are those existing near the surface of the vehicle and are 
not true surfac pressures. 

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-fie!d, mid-field, and far-field . The more advanced post-Saturn rocket confi- 
gurations further complicate the problem. Therefore, separate methods of pediction 
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B have been developed for the near-field, mid-field, and fir-field by Wilhold, eta1 ., 
(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 

‘e 

6 

cO 

D 

D 

T 

9 
N 

f 

f 

e 

C 

xo (fi 

X 

octave band sound pressure level in dB, re: 2 x 10” 
newton/m2 

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, f D/Ve 

effective nozzle exit velocity (ft/sec) 

weight flow rate (Ibdsec) per nozzle 

ambient atmospheric density (Ib-sec 2 4  /ft ) 

ambient sound velocity in the atmosphere (ft/sec) 

diameter of the nozzle exit (ft) 

effective diameter of the nozzle exit = J N D 

thrust per engine (Ibs) 

gravi to tional constant (ft/sec2) 

number of engines 

frequency (Hz) 

center frequency of the octave band of interest (Hz) 

apparent source distance (from Figure 16j, (ft) 

is the distance between the engine nozzle plane and 
the vehicle position of interest (ft) 

R(f) = X: (9 + X2 distance from the source of u 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: 

where the dime.. . miess spectral function (DSF) is given in Figure 15, and the 
distance func*ic> R (f) can be determined from Figure 16. 

f ie  curves given with this prediction technique are usable only for deflected 
supersonic f!aws, 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 Zield produced by the main booster stage. 

3.0 SPECIAL EFFECTS 

Deflector Geometrv 

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 frcm 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: \IS much 
as 25 dB in 9 to 10 seconds (Reference 4). The physical explanation is relatively simple. 
After ignition, the rocket engine rapidly reaches ful l  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 flaw 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. If. 
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, eta1 . (Reference 201, it was found that 
-Isflectors 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 Jnd 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 arid 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 surrounding the vehicle itself. This effect is, thus, of little sigriificance for 
payload/shroud systems. 

Effects of Coolant Water 

Theoretically, the rocket exhaust noise can be reduced by I5 d6 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 acoustlc 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 rnicraphone 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 lib off and one or two seconds after liftoff would resemble 
closely the acoustic environment experienced by the shroud itself. Thus, thesi tower 
Sicrophone measurements should be used sn ly  with caution and the conditions under 
nich measurements were taken must be carefully evaluated. 
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4,O SURFACE PRESSURE CORRELATIONS 

I 

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 fiinction or its Fourier 
transform. It is known that, for a three-dimensional diffuse tield without the structure 
present, the pressure correlation function is of the form sin kr/kr, where r is the spatial 
separation, and k is 2n divided by the wave length. For .J plane wave, the correlation 
function is simply cos k (x - XI), where x is in the direction of ware propagation. How- 
ever, the pressure correlation function will  be changed in the presence of the vehicle due 
to dii'fraction effects. 

Dyer discussed in  Reference 14 some pressure correlaticm results determined from measure- 
ments along a missi le surface. The longitudinal and angular correlations are shown in 
Figures 8 and 9 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 snail 
non-dimensional separation distances. The angular correlation function shown i n  Figure 
9 is plotted versus ka ( q  - 9' ) .  Since the structural radius is a, then a (+ - q')  is the 
circumferertial separation on the missi le surface. nus it can Le seen that fcr a given 
separation, angular correlation is equal to or greater than the longitudinal correlation. 
Dyer interpreted this result as follows; considzr the largest separati-r; possible i n  the 
circumferential direction, to be an, i,e., observation points on opposite sides of the 
missi le. 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 an are still correlated. At high frequencies, the sound source is 
centered relati. -ly close to the nozzle, TEus the noise propagating olong opposite sides 
of the missile - .  dinates from different portions of the noise source, and because the high 
frequency noise follows essentially straigbline paths, the signals are uncorrelated. 

The surfc-e pressure correlation for a cylinder in a three-dimetIsiona1 diffuse sound field 
has been computed theoretically by Wenrel in Reference 22. It was found that the !ongi- 
tudinal correlation function shown in Figure 18 follows clxely the function sin h / k r  
as expected from a diffuse field in the absence of a cylinder. However, the circum- 
ferential correlation, also shown i n  Figure 18 falls csnsiderably 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 csnsidering 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 tie 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 ranqe is not significant. On 
the other hand, if the acoustic environment of the shroud were simulated by u diffuse 
field, then, by comparing the results of Dyer and Wenrel, 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 verifisd by experiment 

1 
t 
F 

. .  
51 

223 



or structural analysis. For rockets having strap-on configurations, such as the Titan 
IIIC, the rocket nozzles a re  widely separated. Each exhaust flow prodilces its sound 
field independently. According to the method of computing the effective diameter, 
i t  is found iamediately 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 i s  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 IaunchiGg 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 
s t ream. The wave front spreads out spherically and when i t  arrives at the vehicle, it  
is practically a plane wave with a definite angle of incidence. According to the 
classical theories of diffraction a rwnd 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 u p m  the work reported in Reference 23 is dis- 
cussed in greater dctuil in Section 3.2.1 in the main body of the report. 
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b) Undelfected Exhaust (e * 180) 

Figure 6. Noise Source Location Geometry 
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Figure 18. Narrow-Bcri;: !.a .yitudinal and Lateral Space Correlation Coefficient 
on Surface of a Cylinder Immersed in a Reverberant Acoustic Field 
(Reference 22 
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PREXEDXNG PAGE I BLANK N@T FIT.M19? 
APPENDIX B h 

PREDICTION OF IN-FLIGHT FLUCTUATING PRESSURE ENVIRONMENTS 

1.0 INTRODUCTION 

When a vehicle moves through a i r  there are  two basic means by which i t  can produce 

noise: (1) by its propulsion mechanism (mobr-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 k r  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 a re  three' important phases of 

the flight which should be investigated in order to assess tSe structural loading due to 

fluctuating pressures. These a re  listed in h e  chronological order in which they occur. 

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

exhaust noise. 

0 Launch flight fo 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 fmnsonic Mach numbers ( O M  I M I 1  06) 

0 Re-entry phase during which only aerodynamic fluctuating preesures are  

present . 
This Appendix is devoted to the specification of surface fluctuating pressur& resulting 

from u;rsteady aerodynamic phenomena during the launch phase of flight. Aerodynamic 

fluctuating pressures (pseudo-sound) a re  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 proportionat to free-stream dynamic 

pressure q 
00 a D Q D  00 

stream static pressure, and M 

flow phenomenon. However, peak fluctuating pressures do not necessarily occur at 

maximum q 

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 a n  

(= y P M2 /2 , where y is the ratio of specific heats, P is the free- 

is the free-stream Moch number) for a given unsteady 
Q) 

for certain regions of a vehicle due to the non-homogeneous nature of 
QD 
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order of magnitode greater than regions exposed to attached flow, Thus, if separated 

flow and oscillating shock waves are present, say at Much numbers other than the range 

of maximum q , then peak fluctuating pressures will also be encountered at conditions 

other than at maximum q . Thus, i t  is easily seen that vehicle configuration is very 

important in the specification of fluctuating pressure levels since the source phenomena 

OD 

a0 

are highly configuration dependent in addition to varying with 

of attack. 

In light a? the foregoing discussion, one general statement -n 

Mach number and angle 

be made in regard tc 

aerodynamic fluctuating pressures. Regions exposed to the same unsteady phenomenon 

will experience fluctuating pressure levels which are  propwtional to free-stream 

dynamic pressure. Thus, i t  can be readily seen that a fundamental parameter in the 

specification of the surface excitation is free-stream dynamic pressure and its variation 

with Mach number. For a given configuration, Mach number and angle of attack define 

the phe-.omem, 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 flight environments and the geometry of 

the vehicle. There are  an infinite numbt: of possible configurations and any dis- 

cussion of their fluctuating pressure environment must be general . Practically a1 I 
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, 

i t  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; hawever, 

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 a re  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 {brae-dimensional projections and general charac- 

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

BASIC FLUCTUATING PRESS'JRE PHENOMENA 

Examples of several bodies of revolution clre shown in Figure 1 . For the p u r m e  of 

the wesent discussion, three basic configurarions wil I be considered as specified 

below: 

0 Cone-cylinder shroud 

0 Cone-cy1 inder-flare shroud 

0 Cone-cy1 inder-bouttai I shroud 

Virtually all axisymmeiric vehicles fall into one of these categories although numerws 

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

Several fluctuating pressure environments having different statistical properties maj 

exist over a vehicle a t  any given inshnt in the flight trajectory. It is convenient to 

consider three separate h a c h  number ranges - subsonic, transonic, and supersonic - 
for each of the three basic shroud configurations. Further, the flow fieli:i will depend 

on the angle of attack of the vehicle which causes m,isymmetriccl loading !'xm 

statically and dynamically); hofleve;, for the purpose of this discussion, non. 

cal loading will not be discussed. 

mf r i -  

Schematics of subsonic, ttun:onic and supersonic flow fields for the basic configurations 

a re  shown in Figure 1 . At subsonic speeds, all three configurations experience regionc 

of attached flow and separated flow, The cono-cylinder p r t i o n  of each configuration 

induces separatsd flow immediately aft of the cone cylinder juncture for cones having 

half-angles greater than approximately 15 degrees. Re-Sttachment OCC~TS within 

approximately one diameter af t  of the shoulder (depending on cone angle) for the cone- 

cylinder at,d boattail configumtions, whereas for the flare body, separation may con- 

tinue over the flare. 30th the flare and boattail induce separation for typical config- 

urations. At high transonic speeds, the flow negotiates the shoulder of a cone-cylinder 
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body without separating, reaches supersonic speed hmediately aft of the sfioulder and 

produces a near-normal, termlnal, shock wave a shor t  distarse a 9  of the shoulder. 

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

on the s t r eq th  of the shock wave, At transonic speeds, the boattail and flare region 

producs separated flow which may be accompanied by weak shock waves in the vicinity 

of the separation and reattachment points. At supersonic speeds, the cone-cy1 inder 

configurations produce regions of attuched flow. For the flare configurntion, 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 baat- 

kif (expansion region) and i s  bounded at the reattachment point by a shock wave. 

It is evident that even simple vehicle shapes, such as cone-cylinders, produce complex 

and Lighly qonbmogeneous 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 t h i s  range, fluctuating pressures reach maxi- 

mum values due to their proportionality to dynamic pressure. In order io assess the 

fluctuating pressure environment of a vehicle of any a h i t m y  geot. etry, i t  is conven- 

ient to discuss the statistical properties of the fl uctocrting pressures for each of the basic 

types of unsteady flow condition. From Figure 1 i t  will be noted that the following 

flow conditions mav occur for various regions of a vehicle. 

0 Attachedflow 

o Separated flow 

0 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 disturbances 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 pressi~e discontinuity associated with the 

shock wave. The statistical chamcteristics of each fluctuating pressure environment 
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that are  important in the analysis of structural response may be classified under three 

parameters: 

0 Theoverall level 

e The power spectrum 

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

Each unsteady flow condition with general statistical characteristics will be discussed 

separately in the following subsections. 

Attached Turbulent Boundary layers 

The  surface fluctuating pressures beneath attached turbulent boundary layers have been 

the subject of both theoretical und experimental study for a number of years. The 

turbulent boundary layer extends over a considemble portion of the surface of vehicles 

in flight and, thus, it is considered to be one of the principle sources of aero-acoustic 

excitation to the vehicfe 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 pmvided additional information on the statistical characteristics of the 

pertubations. Lowson, Reference 1 , presents a good summary of the results of studies 

on  this subject, with the exception of some recent measurements by NASA-Ames. In 

LOwson's report, the basic mechanism underlying the production of the surface pressure 

fluctuations beneath turbulent boundary layers is discussed, together with a presentation 

of empirical and semi-empirical prediction techniques. This section of the present dis- 

cussion i s  a brief overview of Lowson's prediction formulae with the exception of the 

power spectra, which has been modified to be more consistent wrth the power spectra 

at low Sttouhal numbers. The following discussion presents a review of the experimen- 

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



Overa I I Leve I 

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, q. Free-stream dynamic pressure, qw , !oca1 

dynamic pressure, q , and wall shear stress, r , have been med Lo normalize 

fl so that meaningful data collapse can be realized throughw 

range. The most generally accepted normalizing parameter is q 

used in the current expressions. 

W 

'Aach number 
L 

~ n d  hus, will be 
W 

The effects of free-stream Mach number, M 

fluctuating pressures in attached flows a re  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 d a b  of Figure 2, h e  normalized R M S  

on the normalized RMS intensities of the 
a3' 

value of the fluctuating pressure varies from F / q w "  0.006 at subsonic Mach 

numbers to 0,002 at supersonic Mach numbers. bwson, Reference 1, proposed the 

following semi-empirical prediction formula which appears to agree with the genera! 

trend in the dah: 

I - /  

d P'/ = 0.006/(1 + 0.14M 2, 
qao CQ 

I t  is important to note that this formula has some theoretical basis and is not strictly 

a n  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 Much number range and m y  lead to 

significant error. However, in the Mach number range up to, say M 

is in good agreement with experhental  results. 

= 3.0, i t  
Q) 
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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 

i’ower 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 i t  enables similar, homogeneous, flows to be represented by 

a single spectrum regardless of the scale of the flaw 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 normalizing velocity parameter, although a typical eddy convection 

velocity (itself a function of frequency) has been used occasiona!ly. The local con- 

vection velocity appears to corrkpond more closely with the physical situation for 

fluctuating pressures due to turbulent eddies. Selection of Y typical length is more 

difficult, Boundary layer thickness (6 ), displacement thickness (b*)# wall shear 

stress (7 ) and momentum thickness (e)  have all been used by various investigators. 

The most generally used typical lengths a re  3 and 6*. 

Lowson, Reference 1 , proposed a n  empirical formula for the power spectrum for 

atiached 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-hes, the Lowson prediction 

appears t9 underestimate the spectral levels at low Stmuhal numbers and also gives 

too large a roll-off at high Strouhal numbers, Therefore, a new formula is presented 

b 

0 
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which appears to be more representative of experimenkl findings throughout the Mach 

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

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

NO) is given by the relation: 

Q) 

Oo9 1 2-o 

e [ l+(U/O0) 
6" 

U 
OD 

U 
where o = 0.5 - 

5" 

a3 

0 

(0.006) 

(1 + 0.14M2 Q) >' 

6 *  = Sb/8 for M(1.0 

(1.3 + 0.43M2 ) Sb 
6 *  = Q) for M >  1.0 

10.4 + 0.5M2 [ 1 + 2.10'* R ] '' 
Q) e 

R 1 1 + ( 2 
6.9 .io7 

x = Downstream distance from the leading edge 

R = Reynolds number = U X/V 
e OD 

v = Kinematic viscosity 
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A comparison of the predicted power spectrum with experimental spectra is presented 

in Figure 3. 

Cross-Power Spectra 

The final requirement in determining the characteristics of the fluctuating pressure 

field of the turbulent boundary layer is to define the 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 strvc- 

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  expnentially damped 

cosine function, and the lateral co-spectral density can be approximated by a n  

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

where A ( c ,  q, w )  is the modulus of the cross-power spectral density, and 
(0) is the power spectral density of the homogeneous field, 

Here, i t  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 ( C in the 

longitudinal direction and q in the lateral direction) so that it is independent of the 

actual positions (say x and x + t longitudinally and y and y + 
w and U 

ing that A ( t ,  q, w) is separable into its longitudinal and lateral components, and 

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

laterally). Further, 

are  the circular frequency and convection velocity, respectively. Assum- 
C 
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where C (C, o) and C (q, o) are  the correlation coefficients in the longitudinal 

and lateral directions, respectively. The assumed separable fonn 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, i t  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 

~ / 2 .  Thus, integration of formula containing the cross-spectml density function 

should be multiplied by a factor of n/2 to allow for its probable underestimate of 

the correlation area at any frequency. 

Measurements of the correlation coefficients have been made by Bull and others 

(see Reference 1) and the results 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 

rl" 
U and - . From these data, the following empirical expressions were C" - 

C C 
U 

derived for the correlation coefficients: 

c (3, o) = exp -0.10 s 1 o/u ) *COS ($) ( 1  C 

C (q, a) = exp 
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These correlation curves have been inserted in Figures 4a and 4b for comparisoii. 

Typical values of the convection velocity (itself a function of frequency) for subsonic 

flow are U = 0.6 U for the small scale eddies near the wall and U = 0.9 il 
C Q) C a> 

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

o f  
The accuracy of Equations ( 5  ) and (6 ) break down at smaII values of - * u t  
however, in Reference 3 , Bull presents measured asymptotic values of the 

and - ' . Based on these data, correlation coefficients for small values of - 
U 

the Equations ( 5  ) and ( 6 )  may be corrected to include the lower frequencies, and 

the resulting expressions are: 

C 

of  

C 
U 

C 
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These expressions appear to be valid at both subsonic and supersonic speeds. 
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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 i s  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 l i t t le i s  known of the 

similarities and differences of their statistical properties. Example separated flow 

environments are l i s ted  below: 

0 Blunt body-induced separation (as occur at cone-cylinder and flare-cylinder 

expatxion corners at subsonic Mach numbers) 

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

compression comers) 

Shock-induced separation (as occur on cy1 inders, airfoils, etc , , beneath 

terminal shock waves at transonic speeds and due to shock wave impingement 

at supersonic speeds) 

0 Boattail -induced and rearward facing-step-induced separation (such as occur 

i n  the base region o f  launch vehicles). 

All of the foregoing environments differ to some degree in their aerodynamic structure. 

However, some basic comments can be made in regard to their fluctuating pressure 

characteristics. First, a l l  of these environments may be regarded as two-dimensional 

type separated flows having'mean separation and reattachment lines which are normal 

to the free-stream. Second, a general characteristic i s  that if the flow separates 

from an expansion corner, the separation line i s  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 i s  accompanied by an oblique shock wave, 
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Third, the reattachment point of the sepunited 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 ent 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 fI uctuating pres,fes 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 &degree cone-cylinder configuration. The 

axial distribution of fl/ qa> shows a relatively nonhomogeneous environment with 

a peak level which moves aft  with increasing Mach number. The peak in P / q a  

results from the reattachment of the separated flow from the shoulder. Thus, the 

extent of the separated region increases with increasing Mach number. Peak levels 

of rms fluctuating pressure reach 11 percent of free-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=O) 
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 stuble. 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. 



Typical fluctuating pressure data for flare-induced separation are  presented in 

Figure 6 (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 fl/qm), and on the downstream by the reattachment perturbations 

(aft peak in F / q  ), Surface fluctuating pressures for the Separated flow region 
a0 

range from 1.5 to 2.7 percent of the free stream dynamic pressure, Levels associaied 

with the upstream shock wave genetwlly 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 q 

levels for blur- b a y  separation. Further discussion of shock-wave oscillation data 

is presented in a later section. 

and agree reasonably welt with the reattachment m 

The variation of fluctuating pressure level, normalized by free-stream dynamic pressure, 

with local Mach number (M 1 for various separated flow environments downstream 
of expansion corners is presented in Figure 7 .  The regions af t  of cone-cylinder 

junctures and rearward-facing steps, and in the near wake of boattail configurations 

a re  represented by t'xt data presented in Figure 7 .  These environments will be 

referred to as sxpansion 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 repiesent 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 experimenta I measurements is: 

I 

Exparsion Induced Separated Flow: 

0.045 l F / q  = -  
a l + M z  

A. 
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This equation is similar in  fmn to that previously proposed for &ached furbulent 

boundary layers. 

Fluctuating pressure measurements for the region of plateau ?%tic pressure upstream oi 

compression cornets are presented in Figure 8. The regions immediately upstream of 

forward-facing steps, wedges, and flares are  represented by the datc presented in 

Figure 8. Also, the previous fluctuating pressure data for expansion induced separated 

flow, shown in Figure 7, are  presented in this figure for comparison. In general, the 

compression corner datu show an increase in fluctucting pressure level with increasing 

free-stream Mach number in the rcnge, 1 .O 5 M 5 2.0 - reachi% 3 constant level 

a t  Mach numbers above 2.0. Free-stream Mach number i s  used here because adequate 

data is not available for determinirig the local 1'vB~h. number in the BJicinity of the 

compression induced separated flow regisn. Derivation of an emprrical prediction 

formula for the fluctuating pressure level within compression induced separated ilow 

has not been attempted at this time. 

00 

Power Spectra 

The most comprehensive available data for power spectra of the fluctua+ing pressure 

within separated flows was obtained for the homogeneous region of cmp-ession 

comers a t  supersonic Mach numbers (References 14, 19, 20 and 21). These data, 

presented in Figure 9 ,  were obtained for lorw~rd facing steps, wedges arld conical 

frustums. All data, represented by the cross-hatched band, showed a distinct 

similarity in specttwf characteristics when compared using normalized spectral level 

a td frequency expressed as functions of local velocity, fi-ee-stream dynamic pressure, 

and local boundary layer thickness. A number of velocity, length and pressure ,wra- 

meters were used to collapse the data; however, local velocity (U ), local boundary 

layer thickness (6 ) 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 err:pirical fotmufa: 

I 
I 
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where 

2.1 5 

q:, fo 1 + (f/fo } vi 
1 '  

f = 0.17 s 
e 0 

, Figure 7 , for expansion induced 0.045 
1 + M i  separated flows. 

- 
p 2 / c  = - 

- 
P'/q; = the results as  determined in Figure 8 for compressior 

induced separated flows . 
and the subscripts 1 and a0 refer to local and frze-stream conditions respectively. 

I t  is anticipated that Equation 10 can be used with good accuracy to predict the pow= 

spectm for fluctuating pressures within the homogeneous region of expansion induced 

separated flows although it was derived 1 .sed on data taken in compression corners. 

Cross-Power Spectra 

Typical cross-pwer spectra for the homogeneous reTon of tv;2-dimensional separated 

flows are presented in Figure 10. Agairr, noting that the co-spectral rtmsity i s  the 

same as the narrow-land spatial mirelation, i t  is seen that the separated flow exhibits 

s;-;rtiaI 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 w c/U as is the case for attached flow. Thus as a first approximation, the nor- 

rnalized longitudinal co-spectra may be represented by: 
C 

w c  cos - -a w s/ uc 
U C ( P , f )  = e 

C 
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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 M 

M 

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 epresent the envelow 

of the cross-spectra for various spatial distances, 

cross-spectra can be represented by the exponential envelope only a t  high frequencies, 

the lower limits of which increase with increasing distance between measurement 

points. 

= 2.5 to a value of 0.33 at 

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

0 

OD 

. For a given value of c,  the 

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, 

Reference 20, by introducing an  attenuation coefficient which is related to the nor- 

malized modulus of the cross-power spectral density by 

The normalized modulii for available or selected transducer spacings, C , were curve- 

fitted by a n  exponential function using the method of least squares to obtain a non- 

dimensional attenwtion-coefficient function cy ( <, f 6 _p/ U I ). h in References 19-21. 

The parameter h is the height of the protuberances used to generate the separated flow 

field. Empirical approximations of the attenuation coefficient, based o n  the experi- 

mental results of Coe and Rechtieil, are: 

< 6 x  f 4  
L\ 
- cy ( C, 3 ) = 0.75/ in, 
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f6 
a (r,-$-) = 0.75 

f 6  
I 

6 x  5 - S 6 x  lo - *  
"l 

where (a>. = 6 x 

f 6  

U P 
a! (C, T) = 1 . 5 / i n .  , - e > 6 x  

Lcrteral Direction 

f 6  
cy (1, $)= 0.75/in. , < 6 ~ l O - ~  

where ($). = 6 x  

It will be noted that the longitudinal and lateral attenuation coefficients are the Same 

at Strouhal numbers, f 6 U < 6 x lo-*  and that the lateral attenuation coefficient 
1 1  / 

becomes larger t k n  the longitudinal value at f 6 U 1 6 x . It was pointed e 1  / 
out  in Reference 19 that this spatial characteristic indicates that the predominant 

turbulence is nonconvective at the lower frequencies and that contours of equal 
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correlation would be circular; whereas, at f 6 

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 pattern 

surrounding the origin rather than a circular or elliptic pattern. Under the assumption 

of separability of the longitudinal and lateml cross-power spectra, the following 

gquations (which employ the attenuation coefficient) may be used as pred'iction 

formula for the normalized longitudinal and lateral co-spectra. 

U > 6 x lo-* the divergence L e  / 

Longitudinal Co-Spectra 

lnteral Co-Spectra 

where a =  a! ( c ,  $) as defined in Equations 13, 14 and 15. 
P 

cy = a ( q, -!&) as defined in Equations 16 and 17. 
'1 

267 



H 
I 
1 
1 

2.3 Shock-Wave Oscillation 

Generally, shock wave oscillation produces the most intense fluctuating pressure levels 

that are usually encountered by a vehicle, As for the case of separated flow, t h e  

are many types of shock-wave oscillation and litt le i s  known in regard to the similarities 

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

vehicles are: 

1 0 Terminal shock waves for regions of transonic flow 

0 Displaced ob1 ique shock waves as induce.! by the separated flow 

i n  compression corners at local supersonic speeds 1 
I 

8 Reattachment shock waves in  the vicinity of the reattachment 

point for separated flows generated by both compression and 

expansion corners. 7 

Impingement shock waves as caused by local bodies such as 

1 
B 

0 

strap-on rockets. F 
t 

AI1 shock waves may be expected to produce similar fluctuating pressure environments 1 

1 since the movement of the shock wave restilts from the interaction with the separated 

flow at the foot of the shock wave (see Reference 19) and the fluctwting pressure is 1 
the result of the modulation of the pressure gradient through the shock wave. A I 

7 
. I  special case of shock wave oscillation is  referred to as an alternating flow condition, 

whereby, the flow at an expansion corner intermittently fluctuates between a 

separated and attached condition. This environment i s  illustrated schematically in 

Figure 11 for a 25 degree cone angle together with h e  more common terminal shock- 

wave Oscillation case. Example data for various shock wave oscillation environments 

are presented i n  the following sections. 
f 

I 
i 

.. _. 

260 



z 

1 

Overall Level 

The axial distribution of rms fluctuating pressure resulting from terminal shock wave 

oscillation i s  shown in Figure 11 (from Reference 18). A special case of terminal shock 

wave osci I lation results when the terminal shock wave moves forward to the expansion 

shoulder of  a cone-cylinder. Fat :his 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 smal I pressure rise that i s  too smal I to maintain fully 

separated conditions. 

Extremely lirge fluctuating pressures result from this condition; however, it should be 

noted that this phenomenon occurs over a small Mac). number range and generally is of 

very low frequency. Thus for large Much 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 bdbous shaped payloads on rather slender launch 

vehicles . 
As Mach number i s  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 aiso 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 chatwcteristics 

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 aqd Richtien 

(Reference 20) gives a clearly defined spectrum for shock vmve oscillation at  M a0 ~2.0; 

however, data at other Mach numbers have not been published. Data obtained for 

three-dimensional protuberance f:>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 figure 12. The power spectrum shows a relatively steep 
roll-off starting at a Stmui,qI frequency (f 8 /uo ) of 1 x lo-*, where the subscript 

0 
0 denotes local velocity and boundary IC- e: thickness upstream of the shock wave. The 

roll-off is 8 dB per octave for the range 1 x lo-* I f So /u S 2 x IO-' and above 

this range the roll-off changes suddenfy to 4 dB per octave. These unique specfml 

characteristics of shock-wave induced fluctuating pressures are explained by the 

physical behavior of the shock-wave oscillation and the resulting pressure t ime 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 fiequency disturbance associated 

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

0 

is aft of the measurement point) and the moderate amplitude and frequency disPdrbances 

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 fom is 6 dB per octave which is 2 dB lower than the experi- 

mentally observed value. Above f 6o / Uo = 2 x lo-', the power spectral density c 
t 
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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: 

where the subscripts and superscripts denote the following: 

Subscripts: SLV - shock wave 

S - separated flow 

A - attached flow 

Superscripts: I - absence of viscosity (inviscid) 

H - homogeneous flow 

The constants, k and k 

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

flow and attached flow respectively. It should be noted that the two secondary environ- 

ments (separated flow and attached flow) are not simultaneously superimposed on the 

shock wave signal but rather are  time shared. This, together with the fact that these 

environments may be correlated with the gross motion of the shock wave results in 

values of k and k 

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 

are  weighting functions which account for that portion of 
1 2 

less than 1.0. Finally, for peak overall levels of shock wave 
1 2 
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Based on the experimental data of Reference 19, the power spectra [O(0 1:; for 

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

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

where: 

[F /q2 1 - overall level of shock oscillation peak 
L / a0 J sw corresponding to the mean location of the 

shock wave. 

- overall level of homogeneous separated flow as  

defined from Figures 7 and 8. . 

The subscript 0 denotes local velocity and boundary layer thickness upstream of the 

shock wave. 
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determined empirically from 
experimental data of Reference ( = 1 10-3 

Substitution of Equation5 10and 22 into Equation 21 gives the final expression for the 

power spectra for shock wave osv.’:iation. 

H [:;I sw 

- -  - 

( y)s ( I  +( f ,fo 1 2*15(*3) 

where (fo80/Uo)s is now defined for conditions upstream of the shock wave. 

A comparison of the predicted power spectm for shock-wave oscillation with experi- 

men ta l  measurements is presented in Figure 13. Also shown in the upper right hand 

corner of this figure is the variation in F / q m  with distance upstream from the 

45 degree wedge. It should be noted that this prediction formuIa holds true only 

at a point corresponding to the m e a n  location of the shock wave. either side 

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 at Q given 

flight condition a re  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 datu indicate that the fluctuating pressures generated by the shock wave are 

related only a t  frequencies below f S /Uo = 0.08 for the region immediately 

downstream of the mean location of the shock wave (Figure T4). For the region 

immediately upstream of the shock-wave, a small degree of coherence is also evichnt 

in this frequency range as well as at f S 

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 6o /U0 5 0.08, This is confirmed by the coherence of the data over the sams 

frequency mnge ( f So Po I 0.08 ) . For f S /U > 0.08, pow-er spectra 

immediately upstream and downstream of the shock wave show spectral characteristics 

identical to attached turbulent boundary layer and separated flow, respectively. Thus, 

for f S /U > 0.8 , the spatial correlation of fluctuating pressure immediately up- 

stream of the peak should be characteristic of attached flow; whereas, immediatelv 

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 

0 

U 1 0.2. A comparison of the power 
0 0  / 

0 0 

0 0 
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characteristic will be given later in the section on non-homogeneous attached ;md 

separated flows. 

The  spatial d c a y  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: 

A comparison of this empirical prediction with experimental 6 . 
Figure 14. I t  should be noted that, as separation distance is incteased, the above 

formula fails to account for the low coherence at low frequencies, However, 

because the large non-homogeneous effects associated with the flow in close proximity 

of the shock wave, the application of classical statistical methods to define the spatial 

characteristics for large separation distances i v y  be questionable , Thus, for regions 

under the peak, Equation 24 i s  felt to be an  accurate represe.;tation of the sputial 

characteristics of the fluctuating pressui-.s in the longitudinal direction. 

s presented in 

The longitudinal co-spectra may be written: 

Published data is not available on the ttwnsvene spatial characteristics of shock-induced 

fluctuating pressures. However, it  i s  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. 
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2.4 Non-Homogeneous Attached and Separated Flows 

bn-homogeneous attacked and sepcrsted flows are defined as environments which 

are  basically attacheo cIr separated; however, the statistica! p.operties of their uttendant 

fluctuati-.g pressures vary with spatial location. Examples to be ansidered herein are 

atbched and separated flows im:eifiately upstream and downstream of mcillating shock 

waves, respectively. The non-homogeneity may result from intermittency of the shock 

wave oscillation or fmm 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 Ievel and power spectra with position relative to the shock wuve are evident 

in Figure 13. These data are shown in comparison with homogeneous attached and 

separated flow dab to illustrate trte presence of low frequency enersy due to the 

shock wave. Again, bclsic characteristics of the  overall levels, power spectra, and 

cross-power spectra will be discussed for ,ha purpse of defining empirical prediction 

techniques for the non-homogeneous atfcched and separated flows. 

Overat! Level 

The c 

proximity to ar xcil'atlnig s h c k  wave are bounded on the  low siJe by the levels of 

fluctuating pressures corresponding to homogeneous environments and are bounded on 

the high side by the peak fluctuating pressures correspondiq to shock wave oscillation. 

In essence, this means that the differences between the nomogeneous and nan-homogeneow 

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-bmogenews ilcws may b? defined as: 

.3i fluctuating pressure levels for attached and separated flaw in close 

276 

(26) 



where the subscripts and superscripts are defined as follows: 

Subscripk A - attached flow 

S - separated flow 

SW - shock wuve 

Superscripts H - homogeneous conditior 

NH - non-homogeneous condition 

. Under the assumption of stutistiical independence between the various sources, i .e. 8 

attoched flow, separated flow and shcck wave oscillation, the fluctuating pressure 

levels may be expressed as: 

($ 2 

+ c  [(:):I 1 [(F 
2 

where c are  weighting functions less than 1.0, whizh represent the con- 

tribution of the shock wake to the overall f luctwtiw presirre level. The values of 

c and c 

difficult to predict. However, the a h v e  method of representution is useful in the 

ptedictioii of power spectra for ncn-homogeneous flows as will be shown icl the next 

section. 

and c 
1 2 

vary with spatiGI location relative to the :!-IO& w w e  and therefore, a r e  
1 2 

. .  
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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 jetween the various contributing sources, the power spectra for non- 

homogeneous environments may be written as the summation af 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: 

From Equations 30 and 31 , c and c a re  given as 
1 2 

H - NH - 

c =  ( $ ) A  - ( f )  A 

(2) sw 

1, H 
- 1 

278 



1 

!-I - NH - 

c =  2 ( . ) s  -(f ) A 

(< )'" 
sw 

(33) 

To determine the F e r  spectra for non-homogeneous attached flow as caused by 

shock wave oscillction in the vicinity of the atiuched flaw region, Equations 2, 22, 
and 32 are substituted into Equation 30, which gives a form normalized by local 

conditions upstream of the shock Nave: 

(y), I 1 + (  f/fo ) ' *55  1 187 
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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: 

Comparison of these predictions with experimental measurements are sham in Figure 13. 
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Figure 1. Subsonic, Transonic, and Supersonic Flow Fields for &sic Vehicle Configurations 
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Figure 3 .  Pmer Spectra for Turbulent Boundary Layer Fluctuating Pressures 
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Figure 4a. Narrow Band Longitudinal Space Correlation Coefficient 
for Boundary Layer Fluctuating Pressures 

Ref. 14 

rllJ/U, 
-- - - Gtrdner, (lheoreticol) 

0 
4 

0 
EJ 
+ 

Moertzzllo, Center Frequency 1200 Hz. , 
Moestrello, Center Frequency 2400 Ht . , 
Moortrello, Center Frequer.cy 361#) Hz . , 
Wilimard and Wddr idge ,  Center Frequency, 500 Ht . , {Refermcu 16) 
bll, Centw Frequencies ot 1260, 2O00, 3200, and 500 Ht.,(Reference 3 )  

Figure 4. Narrow b n d  Lateral Space Correlation Coefficient for 
Boundary Layer Fluctuating PTessuv:s 
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APPENDIX C 

PREDICTION OF STRUCTURAL RESPONSE AND NOISE REDUCTION 

1 .O INTRODUCTION 

A brief summary of the fir;ctl equations for predicting the structural response and noise 
reduction of shroud structures was presented in Sec.tion 3.4 in the main body of this 
report. In this Appendix the equations for the joint acceptances for the various flvctu- 
ating pressure environments are presented. In clddition, a more comprehensive description 
of the Statistical Energy Analysis is presented, together with the quations for the modal 
densities and coupling loss factors. fie 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 densify over the structural surface. This is followed by a detailed presentation of the 
axial and circumferential joint acceptances, j2 ( 0 )  artd j2 (wl , 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 excitcrtion, i .e., cases involving the 
joint acceptance of the ?otal 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 redxtion utilizing the Statistical Energy Method. 

m n 

2.0 JOINT ACCEPTANCE FOR UNIFORMLY DISTRIBUTED EXCITATION 

2.1 General Joint Acceptance Equations - The general equations for the axial 

and circumferential joint acceptances, j2 ( w )  and j2  (0) , for the (m n) mode of a 

cylindrical shell are given by: 
m n 

;u) cor2mq g 
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. .  . . 
. .  

y 

0 

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 cln arbitrary correlation coefficient, 
b r  a transformation of the variables of integration, Consider first the expression for 
j ( w )  given by (1). The product [ s i n m s  0 s inmfi  ] can be written as  m 

- 1  - 
sin - sin mn~' = f [cos m n ~  - cos m., 

In (1) , the region of integration is 0 

Figure 1 If r and c represent the new wiriables of integration, the transformed regior 
over which the integration is performed is shown In Figure 1 The element of area diz CTX" 
is transformed according to the equation 

x < 1 , 0 x t  < 1 ; and +tiis region is shown in - 

1/2 1/2 

1/2 -i/2 
d z  d r  = 

- 
By integrating first with respect to 4 ,  the limits of intm 

4 = 15 I and 4 = 2 - 15 I The limits of integration for the vuriabie 

c = -1 and 5 = 1 . Thus (1) can be written ir the form 

ition for the first integral are - - - - - 
are - - 

Performing the fi.ir integration gives 

f=  -1 
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- - 
However, C ( 5 ;  w) i s  an even fmction of so that Equation (3) reduces to 

A similar transformation applied to (2) gives the general ixpression for the joint-acceptance 
of  the ring modes 

The cbve expression for the case o f  the breathing modes (n=O) reduces to 

6) = 2 (I-:) C h  o) d i  
0 ? = O  /1 

2.2 Boundary k y e r  Turbulence - The sphce correlation functions for boundary 
layer turbulence are given by the expressions: 

where 
LA Lx 

b = .lo- + .27- 
" C  'b X 

L W  
= A  

" C  
YX 

6 = .72 -$-+I.%+ 
L o  L 

C b Y 



T h e  joint acceptance of the axial modes of the cylinder for boundary layer turbulence 
can be obtained by substituting (7) into (4), perfsming the necessary integration and 
simplifying the resulting algebraic expressions, giving 

where 
2 

A = [I +(&I +(-%.f] m u  - 4 ( k r  m u  

2 .2 2 

P = [?-(q+(.LJ]-.(")(4) m u  m u  m u  m u  

q = (5) m u  (2) mu. [ ?  - (")I m u  + (Lj] m u  

This expression agrees with that obtained by Wilby in Reference 6. 

Using (8) and (5), the comparable expression for the circumferential bending mode is 

2.3 Reverberant Acoustic Field - I t  is assumed that the space correlation functions 
fer the reverberant acoustic field can be represented by the expressions: 
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The joint acceptance expression for the axial modes of the cylinder to a reverberant 
acoustic field i s  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 ec,rlation can thus be expressed 
as follows: 

1 1 - (-1)m cos (2 ULJN 
+ -  

(m d2 1 - (2 

where 

d x  (cosine integral) 6' Cin (z) = 

dx (sine integral) 
sin x S i  (2) = 

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, 

1 1 -  cos(2aL /x) 
at n #  O + -  Y 

1 - (L /nA)2 
Y 

2 (nu)' 

As shown in Reference 7, the sine and cosine ictegrals can be evaluated numerically 
by using power series expansions for small values of z (0  < z < 1 ), rational function 
approximations for intermediat? values of z ( 1 < z < 50), and asymtotic expansions 
for large values of z (50 < t )  . The indicated ranges of the values of z were used 
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in the pr5sent analysis; and for these rcngcrs, it was necessary to use at most five 
terms in  the power series and asymptotic expansions to maintain a maximum error of 

in the numerical values of the sine and cosine integrals. The approximating 
expressions used in  the numerical evaluations are summarized below: 

nPO 

f S i ( t )  = y - f ( . z ) c c s z  - g(r)sinz 

G ( z )  = f(z)ii I lz - g(z) C O S 2  = -  j y !  dt 

Gn(z1 = y + Lnz - Ci(z) 

Q) 

z 

Y = Eulec's conrtont = Sm156649. 

-zt 8 4 2 1 a t  + o P + a  z + a z  
. d :  3 - 8 6  4 2 + O O  

b8z 8 +b6z 6 + b4z 4 + b z 2 + bo z 2 

i < z < a l  

8 6 2 

8 6 4 2 +d6z  + d  z + d  z 

+ '0- 1 8 + '  6 +c4z4+c2z  

+ do 
. d t  2 - 

z2 d8z 4 2 
l < z < a l  

.- I g(z )  = -1, 1 -T 3!  + 7 5 !  -. . . 
2 z 2 z 

l < < z  

l < < Z  

Numerical values for the constants a., b., c., and d. appearing in  the expressions 

f (z) and g (2)  are tabulated in Table I .  
1 1 1  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 ( c ;  w) for the acoustic field is 

C( I; w) = cos (WVC) 

or in nondimensional fom 

C ( C ; w )  = cosyx c 

- 2n L /‘A X - - - -  
yX C X 

X = acoustic wave length 

C = speed of sound 

To obtain the joint acceptance of the axial modes of the cylinder for a non-decaying 
pwressive wave excitation, substitute (17) into (4). Performing the necessary 
integration leads to 

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 wil l  align themselves so that each mode exhibits an antinode at the point 
of application 0; the force. It i s  reasonable that the acoustic field of a single correlated 
span or duct wi l l  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, 
i t  i s  clear that the lateral joint acceptance for one duct i s  

where A i s  the dimensional width of a duct. If there are N uncorrelated ducts the 
total joint acceptance i s  N-times that given by Equation (19) so that 

Performing the integration of Equation (20), 

n = O  1 
N 

- -  - 

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 i n  
Table 11. 

2.5 Rocket Noise - The space correlation functions for the rocket noise 
environment can be represented by the following expressions: 

c ( 5 ;  w )  = cosyx c 
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where 

C = Speed of sound 

P = Angle between the noma1 to the incident plane wave 
and the horizontal 

34 A* = 0.1 Af 

x = & 

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 (Is), respectively with the appropriate substitutions for y and A * .  

X 

2.6 Se rated Flow - The space correlation functions for the sepamted flow 
environment + can e represented by the following expressions: 

where 6 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 bx, yx and 6 
Section 3.2 . 2.5. 

and S 
x 8  yx Y 

from 
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 (f; w )  = exp [ -sx.1 11 cos yx c 

C (q; w )  = 1 .O (over each of 4 quadrants) 

3*18wLx 

U 
where 6 =  

X 

0 

w L  
X 

0 

- -  
yX U 

U = local velocity upstream of the shock wave 
0 

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 6 

shock-wave oscillation, N i s  equal to 4 in  Equation (21). 

and Uo . Note also that for the 
X I  yx, 

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 c x < x . The center of the loading 

i s  located at x , and the length of the loading is A 
1 -  - 2 

so that 
0 X 

E 
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It is assumed that, within the range x 5 x <  x , the load is homogeneous and is 

chaipcterized by a space correlation function C ( c ;  w )  which depends only upon 
the -.. ?paratioti distance 

general equation for the joint acceptance, J 

1 2 

between any two points in the range x 

m 

x 5 x . The 
1 2 

-2  ( w )  , of the m-th mode is: 

R = x/Lx (31 1 

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: 

The integral in Equation (32) can be further simplified to 



. .  

or 

C (z;o) sin mnz dz 
cos 2 m *Eo cos m n 

+ 
m n  

0 
where 

(33) 

As 

For example, in the case of a point force applied at x , C ( z ;  w) = 1 .O, 
first term in Equation (33) is equal to (1/2), the second is equal to -cos 2 m l r X  , and 

the third term is equal to (1/2) cos 2m 7r Z ; and hence 

- 0 ,  the right-hand side of Equatior (33) approaches a finite, non-zero quantity. 
X 

= 0, the 
0 

0 

0 

which is the correct result. 

Boundary Layer Turbulence Parallad to Flow Axis 

The space correlation function, C (z ; w), selected here for representing localized 
boundary layer turbulence is: 

-6, l z I  
C ( 2 ; ~ )  = e - co) yxz 

1 
I 6, - Q Yx i. b 4/61, 

YX = o Ax/Uc 

- 

Uc = convection velociv 

$, = boundary layer thickness 

a, b = constants dependent upon measured characteristics of boundary layer flow field. 

31 0 

(36) 

(37) 



When the boundary layer Is distributed over the entire length of the beam, then 

A = L a d  Equation (37) reduces to those presented in Section 2.2 above. 
X X 

Upon substituting Equation (36) into Equation (33) and performing the integration 
gives: 

I -6X Yx 2 m= 
+ e sin (yx 2 mu) 

S2 + ( y  ? 
x x  

- I -6 
6X 

e X sin (y,  +, mu) 
6: +Cyx t muy 

Equation (38) s:ontains twice as many terms as a re  shown; one set is associated with the 
(+) sign and one set i s  associated with the ( - )  sign. The total equation for j2 (o)/&* 

is obtained by algebraically adding these two sets of terms. 

When the boundary layer extends over the entire length of the beam, then 2 = 1 .O, 

m X 

X 

= m = integer, and Equation (38) can be  reduced to: 
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.- 

where the (+) sign once again implies a summation of (< 1 terms m d  ( - )  terms. It is a 
straightforwzrd exercise Lo s)iow 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 alorq the x-axia, which for the shell is parallel to the center 
line. 

When = 1 .O, coincidence between the elastic waves of the m-th mode of the beam 
X 

and the turbulence wavelewths occurs when y = m n  . From Equation (37), the 

corresponding coincidence frequency is: 
X 

oc "c 

2s Lx 
fc = - = - = coincidence frequency for m-th m d e .  

Setting y 

acceptance, J, (uc) , -..+ coincidence: 

= m r  i n  Equation (39) gives the following expression for the joint 
X 

02 

Aerodynamicully slow modes, for which response levels are generally not large, ure 
those modes for which y < m n  ; while aerodynamically fast modes are defined by the 

condition y > m T .  
X 

X 
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Proaressive 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 If the 

wave acts over the entire length of the beam, then Ax = 1 .O and m = m , and 

in  this case, Equation (39) reduces to the following well-known equation developed 
by Powell i n  Reference 8. 

I It i s  possib e to rewrite Equation (42) in  the following alternate form: 

= dwiotion of excitarion frequency, f, fmn coincidence frequency fc 

- - - - I  = -  - 1  YX f 

m u  fC 

- coincidence frequency for m-rh mode f = - -  co 
c 2 Lx 

The fluctuating part of j2 ( 0 )  i s  controlled by [ sin  (m w ~ / 2 )  / (mn e/2) ] 
his fclcior i s  shown graphically i n  Figure 3. 

and m 

Reverberant Acoustic Field 

The space correlation function for a localized reverberant acoustic field on the beam 
is chosen as 

sin y z 
X 

C ( 2 , U )  = - - 
7, 

Substituting Equation (46) into Equation (33) and performing the integration gives: 
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c o s 2 m 1 r ~ ~  cos m u  
+ [Cin (7, + ma) - Cin 1 yx  - m a13 2 m u  y 

X 

where 

1‘ T - d x  sin x 

0 

S i  (z) = 

. dx 1 - t a x  Jz Cin(z) = 

0 

(47) 

Various methods for approximating the functions S i (2) and Cin (2) are discussed in  
Section 2.3. Equation (47) i s  applicable for both axes of a fiat rectangular plate and 
for the axial direction along a cylindrical shell. 

4.0 CIRCUMFERENTIAL JOINT ACCEPTANCES FOR CASES 
INVOLVING LOCALIZED EXCITATION 

Consider a circular ring which has a distributed random pressure loading over the range 
-Ay/2 5 y 5 Ay/2 . Mode shapes of the ring modes that may respond to such an 
excitation are: 

on, (y) = sin (2 any/l,,) 

qn2 6d = c a  (2any/L 1 
Y 

y = circumferential coordinates 

L = circumferential length of r irg 
Y 

n = number of elastic fdl-waves around circumference. 

Following the procedure in Reference ( l ) ,  the joint acceptance j i  (w) for the n-th 

mode of the ring can be written i n  the form: 
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'1 = y - y' = repaation distance around ring 

c (q ;u) = space correlation coefficient for hanogenears 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: 

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 cylirdrical shell, the space correlation 
coefficient around the circumference of the ring is assumed to have the form: 

Substituting Equation (51) into Equation (SO) and integrating gives: 

ji (w) (2nn)' - S2 

a2 Y 16; + (2nd212 
- =  

4nn 6 - b  6 
Y e Y sin 21. + Y 

16; + (2nu)'] 3 + (2rn)2 
Y 
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Reverberant Acoustic Field 

For a reverberant acoustic field the space correlation coefficient aroung the ring is 
approxinated as follows: 

sin y z 
Y c (2;w) = 

'Y 

where 

yy = o A /c 
Y O  

Substituting Equation (53) into Equation (50) and integrating gives: 

5.0 STATISTICAL ENERGY ANALY-SIS OF THE 
REVERBERANT RESPONSE OF CYLINDERS 

(53) 

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. 
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where 

<Pn> = time ovemge power flow from oscillator 1 to oscillator 2 

< E l  > = time avemge total energy of oscillator 1 

< E2> = time ovemge total energy of oscillator 2 

*n = coupling foctor between the two oscillators. An expre&on for this factw can be found by 

using the odmittance 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 El can be written in the following form: 

where 

+m = ovemge mode-t&mode coupling foctor between the two subsystems 

EA 

EB 

NA 

NB 

= ovemge toto1 energy of subsystem A 

= average toto1 energy of subsystem B 

= number of modes in subsystem A 

= number of modes in subsystem B . 

The above expression i s  valid when the subsystems satisfy one of the following conditions 
(which in most cases are approximately satisfied): (See Reference 9.) 

- 

a. The coupling facton between modes are 11 equal. 

b. Modes within the same subsystems have the same time-av--cte 
total energy. 

The time-average total energy of a mode i s  independent of its 
coupling to any particular mode in  the other subsystem. 

c. 

When a mulfimodal system i s  excited i n  a band of frequencies, i ts 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, Equution (55) can be applied among the resonant groups. The energy transmission 
jehveen non-resonant modes and between resonant and non-resonant modes cannot be 
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predicted by the statistical energy analysis and, us~wlly, it is calculated by using 
classical vibrational analysis. Equation (55) c a n  be written in the following fashion: 

where 

0 = center frequency of the excitation band 

s e AB AB B 

= average modal density of system A over a band of frequency A; it i s  defined QS: 

N /o = coupling lost factor 

nA 

NA (f + A/2) - NA (f - A/2) - 
"A - A 

NA(f) = average number of modes with resonance frequencies below f 

nB = overage modal density of system B. 

Now, a p e r  balance equation can be written for each vibrating system. These equations 
will s k t e  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 
fom: 

where 
o q En = power dissipated 

q = dissipating loss factor 

Pn,n-l and Pn,n+l are the p e r  transmitted through nonresonant modes. NR NR 

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 facton, 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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Equation (57) gives the sound pressure level spectral density S (9 (which is a function of 

frequency, f )  in  terms of the average energy, E ,  within a band of frequency A, the 
density of the medium, p , the speed of sound , c , the volume, V,  and the band of 

frequency, A. Equation (58) gives the acceleration spectral density of a structurcl system 
S (f)  , in terms of the average energy, E ,  the mass, M, the band center frequency, o, 

and the band of frequency, A. 

P 

0 0 

a 

In the case of a cylinder excited by a reverberant acoustic field, the following expression 
can be derived to predict the response: 

where 

Sbz = acceleration spectral density 

Sp, = sound pressure spectral density 

- 1 (=noise reduction) 
- -  'pi - q2AS,1 "2AS +q lAF,l "2AF +'13 "3 

2 
'12AS,1"2AS + q2AF,1 "2AF 

2q2AS,1 'q2AS 2q2AF,1 'q2AF 

co 

4 m u  density of air 

A 

ps 

g = gmvityarceleration 

n2AF= modo1 density of the resonant acoustically fast (AF) modal group 

= speed of sound in air 

= surface area of cylinder 

= surface mas density of cylinder 
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d 

n2AS= modal density of the resonant acoustically slaw (AS) modal group 

n3 = modal density of the resonance interior space modes 

‘I2AF,1 = coupling loss factor between the acoustic field and the resonant AF mode group 

= coupling loss factor between the acoustic field and the resonant AF mode group 

= dissipating loss factor of the resonant AF modal group 

= dissipating loss factor of the reronant AS modal group 

= dissipating loss fact& of the interior space modal group 

2AS, I 

‘I 2AF 

‘I2As 

‘I3 

Values of the above factors and modal densities are  given by the following expressions: 

a)  Modal Densities 

An expression for the tohl modal density of a simply supported thin cylindrical 
shell is given by Bolotin’s formula (Reference 3) 

where 

v = 
r 

fr = cL/2na  

cL = speed of sound in the material 

a = mdius of cylinder 

= ratio of frequency f to the ring frequency fr  

h = thickness of shell wall 

The number of AF modes below the frequency v (for v 
(Reference 3): 

v ~ ) ,  is given by 

320 



. , .  . 

v = fc/fr 
C 

f = critical frequency frequency at which the free-bending wave speed in the panel is 
C 

equal to the speed of sound. Therefore, the critical frequency is found from 

or 
2 

where 

cb = bendingwavespeed 

D flexural rigidity 

p = surface moss density 

co =: speed of sound in oir. 

The modal density of the AF moda l  group can be obtained from Equation (62) as: 

Now, i t  can be seen from Equations (62) and (63) that n2AF for 1 < v <  v 

zero as shown in Figure 11 of Reference 3. 

is 
C 

For frequencies above the critical frequency, all modes are acoustically fast and 
then 

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) Coupling Loss Factors 

The coupling factor between the acoustic field and the acoustically fast modes 
is given by (Reference 3): 

Po co = -  
‘I2AF,1 2 n f  ps 

E 

The coupling factor for the AS group (for f > fr and when the cylinder dimensions 

a re  greater than an  acoustic wavelength) is (Reference 3): 

where 

XO = acoustic wavelength 

= mdiating perimeter = 4ra pr 

f < 0.5 fc 

g 1 (f/fJ = (Reference 10) 
f > 0 . 5 f c  

B 
g2(f/fc) = { (1 -f/fc) In [(I + m)/(~ - fill + 2 }/‘(I -f/fcf’2 (Reference 10) 

When the cylinder dimensions are  smaller than a n  acoustic wavelength and for 
f f , the following coupling factor is used: r 

c) Dissipating Loss Factor 

D The structural loss factors a r e  given by: 
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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 a! as 
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TABLE I 

4 
0.2500 
0.1012 
0.0750 
o.oo00 
0.0091 

0.0114 
0.S2 
o.oo00 
0.0025 

0.0041 

SUMMARY OF COEFFICIENTS Fchi RATIONAL FRACTION 
APPROXIMATIONS FOR S I N E  AND COSINE INTEGRALS 

8 16 

0.1250 0.0625 
0.1125 0.0598 
0.0775 0.0563 

0.- 0.0510 
0.0279 0.0451 
0.0114 0.0488 

0.0024 0.019 
0 . 0 0  0.025s 

0.0015 0.0194 
o.ow1 0.0140 

8 
6 
4 
2 
0 - 

1.m 
0.w 

o.Oo0 
o.Oo0 

0.00 
0 . 0 0  

o.Oo0 
0.OOo 
o.Oo0 

0.0 

1.000000 
38.027264 
265.18m 
335 -677320 
38.1024% 

0 . m  
o.oo00 
0.0225 

o.oo00 
O.m! 

o.oo00 
o.ow1 
o.oo00 
0.0025 
o.oo00 

1 .omollo 
40 -021433 

322.62491 1 
570.236280 
157.105423 

1 .owam 
42.242855 
32 .ZA65 

352 -018498 
21 .a21899 

48.1-7 

1114.978885 
449 -6-26 

TABLE f r  

LATERAL Ji3INT ACCEPTANCE VALUES, j2 (o), FOR 

\.‘ARIOUS SYMMETRIC DUCT CORRELA. .ON PATTERNS 
n 

(from Reference 1) 

- 
0 
2 
3 
4 

5 
6 
7 
8 
9 
10 
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Figure 1 Transformation of he  Region of Integtution for Joint Acceptances 
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Figure 2. Pinned-Pinned Beam with Localized Excitation 
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= m c0/2L, = wave length coincidence frequency for m-9h mode. 
#C 

Figure 3. Joint Acceptance, j2 ( 0 )  , for Progressive Acoustic: Wave of m 
Frequency f on Pinned-Pinned Beam of Length L !from Reference 2) 
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