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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space .
vehicles. Accordingly, criteria are being developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as
they are completed. A list of all published monographs in this series can be found at
the end of this document.

These monographs are to be regarded as guides to the formulation of design
requirements and specifications by NASA centers and project offices.

This monograph was prepared under the cognizance of the Langley Research Center.
The Task Manager was G. W. Jones, Jr. The author was K. M. Eldred of Wyle
Laboratories. A number of other individuals assisted in planning the monograph,
developing the material, and reviewing the drafts. In particular, the significant
contributions made by C.M. Ailman, C.P. Berry, and D. L. Keeton of McDonnell
Douglas Corporation; D. A. Bies of Bolt Beranek & Newman Incorporated; D. A. Bond
of Advance Graphic Systems, Incorporated; P. M. Edge, Jr., of NASA Langley
Research Center; H. Himelblau and C.L. Stevens of North American Rockwell
Corporation; R. C. Potter of Wyle Laboratories; R. H. Lyon of Massachusetts Institute
of Technology; D. L. Smith of the Air Force Flight Dynamics Laboratory; P. H. White
of Measurement Analysis Corporation; and K. J. Young of The Boeing Company are
hereby acknowledged.

NASA plans to update this monograph when need is established. Comments and
recommended changes in the technical content are invited and should be forwarded to
the attention of the Design Criteria Office, Langley Research Center, Hampton,
Virginia 23365.

June 1971
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GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to provide a uniform basis for design of flightworthy
structure. It summarizes for use in space vehicle development the significant experience’
and knowledge accumulated in research, development, and operational programs to
date. It can be used to improve consistency in design, efficiency of the design effort,
and confidence in the structure. All monographs in this series employ the same basic
format - three major sections preceded by a brief INTRODUCTION, Section 1, and
complemented by a list of REFERENCES.

The STATE OF THE ART, Section 2, reviews and assesses current design practices and
identifies important aspects of the present state of technology. Selected references are
cited to supply supporting information. This section serves as a survey of the subject
that provides background material and prepares a proper technological base for the
CRITERIA and RECOMMENDED PRACTICES.

The CRITERIA, Section 3, state what rules, guides, or limitations must be imposed
to ensure flightworthiness. The criteria can serve as a checklist for guiding a design
or assessing its adequacy.

The RECOMMENDED PRACTICES, Section 4, state fiow to satisfy the criteria.
Whenever possible, the best procedure is described; when this cannot be done,
appropriate references are suggested. These practices, in conjunction with the criteria,
provide guidance to the formulation of requirements for vehicle design and evaluation.
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ACOUSTIC LOADS GENERATED
BY THE PROPULSION SYSTEM

1. INTRODUCTION

A space vehicle is subjected to a severe fluctuating external-pressure loading when its
rocket-propulsion system is operated in the atmosphere. Such acoustic loading* is
described in terms of its overall sound-pressure level* and its frequency spectrum and
spatial correlation* as functions of position over the vehicle’s surface. The acoustic
loading results from the broad frequency-spectrum acoustic field generated by the
mixing of the rocket-engine exhaust stream with the ambient atmosphere. Acoustic
loads are a principal source of structural vibration and internal noise during launch or
static-firing operations but do not generally present a critical design condition for the
main load-carrying structure. However, acoustic loads may be critical to the proper
functioning of vehicle components and their supporting structures, which are otherwise
lightly loaded. The prediction of acoustic loading is essential to provide a necessary
input for the determination of vibration loads throughout the vehicle, and for the
development of the vibration-test specifications and the associated dynamic design
requirements which are necessary to ensure overall vehicle reliability.

Potential problems which may result from acoustic loading include:

e  Malfunction of electronic and mechanical components in the vehicle (from
structural vibration and internal acoustic loading)

e  Fatigue failure of internal components and supporting hardware, such as
cable-bundle supports, instrument-mounting brackets, and distributed piping
systems (from structural vibration)

° Fatigue of lightweight exterior structures, such as aerodynamic fins and
antenna panels (from direct external acoustic loading)

e  Fatigue of lightweight spacecraft structures (from internal acoustic noise and
structural vibration)

o  Adverse environmental conditions for vehicle occupant

*See Appendix for definitions



This monograph is concerned primarily with predicting loads generated on the vehicle
by rocket-propulsion systems and secondarily with minimizing the sound field, where
necessary. It excludes prediction of internal acoustic loads and loads resulting from
nonacoustic sources of structural vibratory responses, such as impingement by the
exhaust streams of control rockets and aerodynamically induced loads.

The maximum acoustic loading from the rocket occurs on the vehicle during test-stand
firings or liftoff. During launch, loading decreases as the vehicle accelerates. When the
vehicle’s velocity exceeds the speed of sound, the propulsion-induced acoustic loading
over most of the vehicle is reduced to zero because the sound generated aft of the
vehicle by the rocket’s exhaust is propagated forward at a velocity less than that of the
vehicle. In the supersonic regime, however, there may be a relatively low-level acoustic
loading from the rocket in the vehicle’s base region resulting from propagation of noise
through the vehicle’s wake.

The principal parameters affecting acoustic loading are:

e Rocket-nozzle exit-flow parameters
e Vehicle, stand, and flow geometry

e Vehicle velocity

The primary source of the acoustic field is the fluctuating turbulence in the mixing
region of the rocket-exhaust flow. Since this mixing region surrounds the exhaust flow
over its entire length, the noise source extends over a great distance. Noise generated
by the rocket is a function of the properties of the turbulent flow, which, in turn, are
related to the mean flow parameters and geometry. Noise is radiated in all directions
from the flow; however, the magnitude of the acoustic field is highly directional; the
angle of maximum radiation for existing chemical rockets is about 50 degrees from the
direction of the flow. For a given rocket flow, the acoustic loading on the vehicle is
therefore greater when the flow is directed at right angles to the vehicle’s axis (as on a
test stand or at liftoff) than when it is directed aft along the axis (as in flight). Acoustic
loading on the vehicle generally decreases as distance from the rocket flow increases,
and is affected by nearby reflecting objects.

Additional noise sources in the rocket flow may be of importance for certain
engine-vehicle-deflector configurations. These sources include interaction of flow
turbulence with the deflector surfaces and with shock waves associated with the
deflector, and oscillating flame fronts which result from reignition of exhaust gases
downstream of the nozzle.



Accurate analytical prediction of the acoustic loading at a specified point on the
vehicle at a given time of operation is virtually impossible because of many
complicating factors. Therefore, the approach to prediction presented in this
monograph is based on analysis of experimental data.

The response of the space-vehicle structure to acoustic loading is treated in the
monograph on structural vibration prediction (ref. 1). Also, the related topic of
aerodynamic-pressure-field fluctuations (similar to acoustic loading because they can
cause similar problems in space-vehicle design) is partially covered in the monograph on
buffeting during atmospheric ascent (ref. 2).

2. STATE OF THE ART

Prediction of the acoustic loads on space vehicles that are generated by the propulsion
system requires the use of analytical methods (based on experimental data)
supplemented by tests. In general, current prediction methods are useful only for
analysis of chemical rockets where nozzle design, exhaust-flow characteristics, and
deflector configuration are typical of engines and deflectors presently in use. Where
new engine or deflector designs are proposed which significantly depart from existing
configurations, model and full-scale experimental programs are necessary to obtain the
acoustic loading on the structure, as needed for proper design of the structure.

2.1 Rocket-Exhaust Noise Generation

The characteristics of rocket noise may be summarized in the following manner. The
acoustic (sound) power generated by a supersonic rocket exhaust is directly
proportional to the cube of the exhaust velocity. The spectrum of the noise generated
is broadband in nature; no discrete frequency sound is normally observed, and the
spectrum peak frequency is inversely proportional to the size of the engine. Noise is
radiated in all directions, but the maximum radiation is at an acute angle to the
exhaust-flow direction. The noise is generated over an extended source region
throughout the entire length of the exhaust-mixing flow, as illustrated in figure 1. The
principal source of the noise is in the subsonic flow, downstream of the supersonic core
of the jet; the predominant angle of maximum noise radiation is approximately 50 to
70 degrees from the axis of the flow, depending on the exhaust-flow parameters.

Knowledge of the characteristics of rocket-exhaust noise has been obtained principally
from experiments. However, theory extended from original low-speed work (refs. 3
and 4) to supersonic flow (ref. 5) has played an important role in the development of
the understanding of the complex process of the noise generated by high-speed
jet-exhaust gases mixing with the atmosphere. References 6 and 7, which are summary
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Figure 1. — Sketch of the rocket flow and contour of equal overall
sound-pressure level for flight and launch cases.



papers, and reference 8, present reviews of the theoretical aspects of jet-noise
generation.

The most productive approach to the understanding and prediction of rocket-exhaust
noise has been achieved by applying similarity principles and parameters to
experimental data. Similarity concepts for jets are discussed extensively in reference 9
and extended to rockets in references 10 to 13. The basic premise is that the noise field
for rockets is similar when the exhaust flow is similar.

The most elementary similarity application is that of comparing the noise field from
two geometrically similar jets or rockets having identical nozzle-flow parameters and
differing only in size. In this case (fig. 2), the overall sound-pressure level is identical at
locations that are geometrically similar throughout the noise field. However, the
spectrum is shifted in frequency so that the parameter frequency times nozzle
diameter, fd, remains constant. This relationship, supplemented by theory for
low-speed jets (refs. 3 to 8) and experimental data (refs. 9 to 11 and 14), has led to
general use of the nondimensional Strouhal number, fd/U, where U is velocity, as the
principal similarity parameter for jet- and rocket-noise spectra.
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Figure 2. — Similarity of noise produced by four nozzles of different diameters, all operating
at the same plenum condition.



The use of other similarity parameters is best demonstrated by examining various
features of the rocket-noise field for undeflected single-nozzle chemical rockets, where
most data are available, supplemented by data for special cases of clustered nozzles,
deflectors, and nonchemical rockets.

2.1.1 Overall Sound Power and Acoustic Efficiency

The overall sound-power level for undeflected rocket exhausts is summarized in
figure 3, which presents data from references 15 to 23. The data include both solid-
and liquid-fueled chemical rockets in the thrust range of 1.56 to 31 100 kN (350 to
7 000 000 Ib), together with a few examples of clustered nozzles and nuclear-powered
hydrogen supersonic jets. The acoustic efficiency, defined as the ratio of the sound
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Figure 3. — Overall sound-power level for solid- and liquid-fueled undeflected rockets,
including a thrust range of 1,56 to 31 100 kN (350 to 7 000 000 Ib).



power to the rocket exhaust’s mechanical power, for the majority of these data range
between 0.2 and 1.0 percent; however, an earlier empirical-prediction method that had
widespread use showed the sound power proportional to the exhaust’s mechanical
power raised to a power of 1.35 (ref. 15). Although this relationship appeared correct
for the data available at that time for rockets ranging in thrust from 4.45 to 580 kN
(1000 to 130 000 Ib), it does not appear to apply to higher thrust rockets. Also, more
recent data on low-thrust rockets show acoustic efficiencies in the same range as the
high-thrust rockets. One of the principal reasons may be that the acoustic
instrumentation for the more recent data had a frequency response more compatible
with the spectrum. It is concluded that the acoustic efficiency is a constant for
undeflected rocket exhausts with similar nozzle-flow parameters, with 0.5 percent as
the most probable value and 1.0 percent as a conservative upper bound.

The acoustic efficiency of deflected rocket exhausts is less than that of undeflected
rockets (fig. 4, by data from ref. 17). The differences are greatest when the exhaust
impinges on a flat plate which is normal to the flow and are least for rockets that are
deflected by smoothly curved buckets. This decrease in efficiency is considered to be
caused by the modification of the exhaust flow by the deflector-nozzle configuration.
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2.1.2 Sound-Power Spectrum

A sound-power spectrum for chemical rockets is given in figure 5, with data from
references 15 to 18, 20, and 24. The data are primarily from undeflected rocket
exhausts but include data from aerodynamically smooth bucket deflectors, which were
seen in figure 4 to have efficiencies similar to those of the undeflected exhausts. The
normalizing parameter, Ue/de in the quantity W(f)Ue/WOAde, adjusts the measured
relative sound power per Hz W(f)/WQp to relative power per unit Strouhal number so
that the data are comparable and the area under the curve is unity. The scatter in the
data shows the accuracy limitations to be expected when the faired curve is used to
predict the sound-power spectrum of a new but similar chemical rocket.

The power spectrum of chemical rockets (fig. S) covers a wide frequency range, with
the maximum at a Strouhal number of approximately 0.02. However, when data for
supersonic hydrogen-exhaust flows (refs. 21 and 23) are compared with those of
chemical rockets as shown in figure 6, their power spectra are observed to reach a
maximum at significantly lower values of Strouhal number than 0.02. The curve of
figure 5 is limited to chemical rockets with an exit exhaust velocity in the range of
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Figure 6. — Normalized relative power spectrum as a function of Strouhal number for
standard solid- and liquid-fueled chemical rockets with single nozzles,
including a thrust range of 1.56 to 31 100 kN (350 to 7 000 000 Ib).



1800 to 2600 m/sec (5900 to 8600 ft/sec) as compared with the 3700- to 5800-m/sec
(12 200 to 19 000 ft/sec) values for the hydrogen-exhaust flows of figure 6.
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Figure 6. — Normalized relative sound-power spectrum as a function of Strouhal number for two
examples of undeflected hydrogen rockets compared with standard chemical rockets.

Comparisons of power spectra for examples of clustered nozzles and a single nozzle are
given in figure 7 for each of the two exhaust regimes of figures 5 and 6. Both examples
show a good data fit when the Strouhal number of the cluster is based on a diameter of
a single nozzle having an exit area equal to the total exit area of the cluster. In both
cases, the nozzles are judged to be so close that the noise results primarily from the
combined flow. If the nozzles should be spaced farther apart, the noise spectra could
be affected by both the individual flows and the combined flow (refs. 10 and 21).
Experimental evidence (ref. 24) also suggests that when the exhaust flow is deflected,
the simplest approach to dealing with multiple nozzles is to use the equivalent diameter
of a single nozzle having an exit area equal to the combined areas of the multiple
nozzles, since the deflector will cause the flows to mix rapidly, thus producing a
combined single flow. This effect is well demonstrated by the data (ref. 24) for
full-scale deflected flows from the eight-engine Saturn booster (fig. 5).

Figure 8 shows a few examples from reference 17 of the normalized power spectra
from rockets that were exhausted into other types of deflectors, which result in much
greater changes in the flow than those associated with a simple bucket deflector. These
deflectors cause a reduction of overall sound power (fig. 4) and produce marked
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changes in the power spectrum. Consequently, the general relationships for power
(fig. 3) and spectra (fig. 5) may be invalid whenever the deflector geometry differs
significantly from an aerodynamically clean open-bucket design.

2.1.3 Directional Characteristics

The directional characteristics for the overall sound-pressure levels of various jets and
rockets are illustrated in figure 9. The angle of maximum radiation relative to the
exhaust axis increases as the speed of sound in the flow increases. This effect is
believed to result from refraction of sound as it is transmitted through the shear layer
into the exhaust-gas flow (refs. 9, 25, and 26). Note that the results for the higher
speed hydrogen rockets are dissimilar to those for the typical chemical rockets.

The directional characteristics of the sound are also functions of frequency, as
illustrated for chemical rockets in figure 10, using data from references 13, 15, 17, and
27. In general, the directional characteristics for the frequencies at higher values of
Strouhal number reach maxima at the angle predicted from simple refraction theory
(refs. 9 and 10), whereas the maxima for lower frequency sound are at more acute
angles to the axis. This effect is believed to result because low frequencies are not

Nuclear {hydrogen) rocket
(refs. 11 and 23)

Standard
chemical
rocket

160 deg d _ 20 deg
7
180 deg e > Boundary of flow 0 deg

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0
Direction of flow —————-

Rms pressure re maximum rms pressure

Figure 9. — Far-field directional characteristics of the overall sound-pressure
level for four types of jet flow.

11



15
10
5| SR
fd
m
© Strouhal number (_e
5 ©OF Ue
©
£ 0.4
z
5 0.125
g S| 0.04
5 N 0.0125
0.004
(refs. 13, 15, 17, and 27) \
15 -
.20 ] Il I i L 1 1 I
0 20 40 60 80 100 120 140 160 180

Angle from nozzle relative to direction of exhaust flow (8}, deg
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refracted as much as the higher frequencies because their wavelengths are much longer
in comparison to the width of the shear layer; and, from Mach number and convection
effects on the low frequencies (refs. 5 to 9).

2.1.4 Noise Generation Along the Exhaust Flow

The previous discussions have summarized the extent and limitations of similarity
relationships for the total sound field from a rocket exhaust. For the prediction of
acoustic loading at positions close to the rocket flow, it is necessary to examine the
distribution of noise along the exhaust stream. The length of the supersonic core of a
rocket exhaust appears to be directly related to the fully expanded exit Mach number,
M., as shown by the data in figure 1. The rocket data in this figure are from
reference 28. Estimates of the relative overall-sound-power per unit-core-length have
been calculated from noise measurements along the flow (refs. 10 and 29), and are
given in figure 12. The maxima are at distances ranging between one and two core
lengths. It should be noted that results of this type can be calculated for only sonic and
supersonic jets (refs. 9 and 10), where the near-field hydrodynamic-convection effects
associated with subsonic flows (ref. 30) are of little consequence.
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Figure 12. — Source-power distribution for standard chemical rockets.

Normalized power spectra for chemical rockets are summarized in terms of an axial
Strouhal number in figure 13, in accordance with the technique of references 9 and 10.
The scatter at low frequencies is partially due to the limited available data. In addition,
scatter may result from a possible lack of similarity in the velocity distribution in the
transition-mixing region along a supersonic core.
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To predict near-field sound-pressure levels from figures 12 and 13, a local directivity of
sound radiation is required to give the distribution of sound radiated in each
direction; however, direct experimental data do not exist for rockets in the form
derived in reference 9 for sonic jets. Theory is not particularly helpful because the
mechanism of directivity has not been fully confirmed for high-speed jet flows; both
convection of the sources and refraction of the sound by the jet are considered
responsible, but the significance of each has not been defined (refs. 25 and 26).
Therefore, it is customary to apply the far-field directivity results such as those in
figure 10 in predicting near-field acoustic levels from the power spectra derived along
the flow.

An earlier approach to distributing the sources of the total acoustic-power spectrum
along the flow is illustrated in figure 14 (data from references 13, 21, and 31). Here,
for undeflected flows, the apparent location of the source of noise in each frequency
band has been determined by fitting data measured along a simulated vehicle to an
inverse-square loss curve and extrapolated to zero distance. For deflected flow, the
distances were estimated from correlation measurements along a simulated vehicle.
Since it is not possible to account for shielding, as can be accomplished with the
distributions of figures 12 and 13, this approach may be used for predicting the noise
of similar configurations only when no obstructions interfere with a line of sight
between the vehicle and the flow.

14



100

50
"o
T
x 20
c
2
710
[+
=
X 5
8
5
e
b= 2
E - - = Single nozzle, undeflected (ref. 21) \
© .
g 1= Single nozzle, undeflected {ref. 13) \
<

—= = = Muitiple nozzles, undefiected (ref. 21) \
Deflected, open scoop (ref. 31)

05 F | . Deflected, closed bucket {ref. 31)
0.2 1 1 J 1 1 I | S| 1
10° 2 5 10° 2 5 100 2 5 10° 2

fde
Strouhal number | —
Ue

Figure 14. — Axial location of apparent sources as a function of Strouhal
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2.15 Combustion Effects

When there is combustion in the exhaust flow, it can cause additional noise. This effect
has been associated with solid-fueled rockets (ref. 15) and with nuclear-rocket engines
where the gaseous-hydrogen exhaust burns during ground test (ref. 23). Most chemical
liquid-fueled engines burn slightly fuel rich, with some resulting combustion in the
exhaust plume. Reference 32 indicates that the combustion of fuel-rich exhaust causes
an increase of 2 to 14 dB in low-frequency noise; however, these measurements are
close to the exhaust stream, and the increases may not be found at greater distances
(ref. 15). The general effects of combustion are further complicated by the nature of
the flame front thus formed. Reference 15 indicates that an increase of 2 to 4 dB
found at locations near the nozzle at the lower frequencies was a result of the
oscillation of the flame front, which disappeared when the flame front was stabilized.

2.1.6 Summary of Significant Noise-Generation Parameters

From the similarity relationships previously discussed and from reference 12, the
following parameters are significant in scaling rocket noise:
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e  Exhaust-flow properties
(a) Jet-exit velocity
(b) Jet-exit Mach number
(c) Jet-exit density
(d) Jet-exit static pressure
e  Configuration variables
(a) Nozzle-exit diameter, shape, and area ratio
(b) Multiple-nozzle geometry
(c) Deflector geometry, including distance between nozzle and deflector
(d) Exhaust-shroud geometry
(e) Reflecting-surface geometry
®  Ambient-atmospheric parameters
(a) Pressure
(b) Temperature
(¢) Gas Composition

2.2 Vehicle Loading

The minimum description of the loading on the vehicle, needed to estimate the
structural response, is given in terms of the detailed distribution on the structure of the
sound-pressure spectrum. A more detailed description also requires the spatial
correlation pattern of the sound-pressure field to enable more exact vibration
prediction. Such analyses are required for examining certain types of failures, such as
the sonic fatigue of lightweight external panels.

Scattering from local structures, such as the launch or test stands, as well as from the

vehicle structure itself, affects the radiated sound field from the exhaust flow. A
deflector will normally cause an unsymmetrical loading in the vehicle, with a higher
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level of loading measured on surfaces facing the deflected exhaust flow. The theory of
scattering is complicated (ref. 33), but it may be used with certain assumptions to
predict acoustic-load levels on the vehicle surface (ref. 34). However, in a complex
configuration with many reflective surfaces nearby, the levels can be changed
considerably and increased locally.

The maximum acoustic loading from the rocket exhaust occurs during ground firings
when the vehicle is held static in a test stand or is starting to lift off from a launch
stand. For standard ground-firing configurations, the flow is deflected by impinging
perpendicularly on the ground plane or deflected to the side by a curved deflector
(scoop or bucket). Although the deflector may reduce the total acoustic power, it
often brings the exhaust flow closer to the vehicle, increasing the noise level over the
vehicle. This effect is illustrated in figure 1 for a flow deflected at 90 degrees to the
vehicle axis. Here the contours of equal sound-pressure level are shown to rotate with
the flow (fig. 1b), placing the vehicle in a region of noise levels higher than those of the
undeflected flow (fig. 1a).

A quantitative illustration of the increase of noise on the vehicle because of flow
deflection is shown in figure 15 (taken from ref. 17). The figure shows the increase in
sound-pressure level as a function of frequency at two positions on the vehicle. This
increase in level is relative to the sound-pressure level measured at the same positions as
when the flow was undeflected. From these examples it can be seen that the increase
resulting from flow deflection is significant and is a function of position on the vehicle,
distance from the nozzle to the deflector, type of deflector, and frequency.

During launch, increased loading from flow deflection has a significant effect until the
distance between the nozzle and deflector is at least several core lengths (70 to 100
nozzle-exit diameters). When this distance is reached, most of the noise is generated in
the undeflected exhaust flow. Further, the increase in distance between the vehicle and
the deflector decreases the loading as a result of the inverse square loss. At greater
distances the flow may be considered undeflected with respect to its noise generation.

Acoustic loading also decreases as the vehicle gains velocity (refs. 11 and 35). As shown
in figure 16, when the vehicle reaches sonic velocity, the acoustic loading from the
rocket exhaust decreases to an insignificant value since the vehicle’s speed exceeds the
propagation velocity of the exhaust noise. However, in the supersonic regime, a
relatively low-level acoustic loading in the vehicle’s base region may result from
propagation of noise through the vehicle’s wake.

The frequency-dependent spatial correlation is a measure of the distance over which

the sound pressure may be considered in phase. It is important because spatial
matching of pressure phase and response-displacement phase dictates the amount of
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Figure 15. — Examples of the increase in noise level as a result of deflecting the exhaust flow.

energy transferred from the pressure fluctuations to the structural-response mode.
Experimental measurements of correlation patterns along the vehicle are limited to a
single known case, and the results are summarized in reference 31. Theoretical
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for undefiected rocket exhaust.

calculations of correlation using a source-distribution technique are reported in
reference 34; the computation involves extensive mathematical manipulations to
include the scattering from the vehicle. The correlation curves calculated in
references 30 and 31 for the geometry of figure 17 are normalized in terms of
frequency and principal angle of radiation for that particular frequency, and the results
are given for circumferential correlation (fig. 18) and longitudinal correlation (fig. 19).

2.3 Prediction Methods for Near-Field Noise

Near-field noise levels can either be predicted analytically, using normalized results
obtained from experimental acoustical measurements, or be measured directly by an
acoustical test using either full or subscale models.

2.3.1 Empirical Analysis

The following prediction methods are typical of those which have been used. They are
presented in order of increasing complexity.

. Extrapolation of measured data from similar configurations to predict
sound-pressure spectra at various pos