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FORWORD

This Technical Report was prepared for the Range Development
Department, Pacific Missile Range, Point Mugu, California, under Contract
No. N123(61756)23304A(PMR). This publication is the fourth and final
report submitted in fulfillment of the Launch Hazards Study, Task
No. 108-019,

The PMR monitoring office for this progrem was the Systems
Design Branch, Range Analysis and Zlanning Divisfon of the Range
Development Department.

The vork was performed bty a special group at Aeronutronic
represencing the departments of Systews Analysis and Chemistry.
Those contributing on the prog.am were Dr. Saxe Dobrin, R. J. Getez,
N. L. Haight, L. J. Oberste, 2. A. Rumine, with J. J. Oslake serving
as project leader.

Valuable assistance was rendered by military and civilian
personnel at the several locations visited. The Fi0ject Engineer for
PMR, L. Slavin, vas mos: cooperative through the program.
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SECTION 1

SUMMARY AND RECOMMENDATIONS

1.1 SUMMARY

A comprehensive technique for determining the magnitude of
potential launch hazards is developed as an intermediate step in the
procers of selacting optimum lsunch sites for very high-thrust booeter
engines, from the standpcint of safety. Three characteristic launch
site hasards are considered: acoustics, explosions, and toxicity.

The siting criterfa developed are generally applicable to most potential
launch sites.

The trend in development of high-thrust booster systems in
the 1.0 to 10 million pound thrus: category is briefly eramined.
Engine sizes, tankige and configurations, and propellant combinations
are discussed in turn to estab'ish realistic boundaries for the
subsequent assessmsnt vi hazards.

Procedures and data for estimating the acoustic, explosive,
and toxicity hazards are next given. Where appropriate, the launch
hazards data are expressed as a function of site environment for given
booster sizes and/or configuratious.

In order to illustrate the site selecticn procedure a
hypotheticai three stage launch vehicle (9 million pounds thiust),
and a prospective launch area with realistic environmental conditiuns
are postulated. The resulting hazard estimates are employed to specify
a8 particular launch complex location and configuration, and to estab)ivh
launching constralnts imposed by the assumed environment.

Several ficld aurveys are found necessary *o provide critical
dara about potential launch sites for the assessment of hazards. Two
of these, an acoustical measurement program and gas release tcsts, are
described in the appendices.

-1-




1.2 RECOMMENDATIONS

Having exhausted available wsovcces of launch hazards information,
and having transforwed pertinent dat. into usable siting criteris, it is
now appropriate to outline how these results might be applied at the
Pacific Missile Range. The Naval Misci.. FaciliLy at Point Argucllo,
NMFPA and/or the Channel 1slands represent, as a first approximation,
feasible areas from which the larger missile booster systems of the
not-too-aistant future can be launched. 1In the absence of specific
program requirements it is expedient to assess the hazards associated
with thcse sites by virtue of prevailing environmental couditionms.
Climatological, geographical, geclogical, snd oceanographical facturs
strongly influence the hazard magnitude and consequences.

Necdless to say, as the booster engine sizes and propellant
~uantities increase, and as nigher energy fuels are employed, so too
will the hazards increase; more than ever will the emphasis be on
safety. Safe launch operations are best assured by giving due regard
to potential hazards early in the site selection aud site development
phases of facility activation. The need ior devoting erfort immcdiately
in :-ceparation for the ultimate maximum utilization of NMFPA and
vic.nity is apparvent.

Tvo significant steps, requiring no prerequisites, can be
taken immediately. Further action would be contingent upon the
results obtained therefrom. These immediate steps are:

a. Conduct a comprehensive acoustical field survey at NMFPA
to detect the presence of any unusual modes of sound propagation,
both for airborne and ground tiansmissions. Sound transmissions
iu «ir can, under the influence of terrain and weather conditions,
deviate markedly from the theoretical free space situation, thus
renuiring unrcasonable aspavation distances between source and
pcrsonnc! to be protected. Acoustically induced ground vibrations
can cauve critical displacements to sensitive rangc instrumentation.
A complete description of the 1equired acoustic measurement program
is given in Appendix A,

b. Conduct gas relcase and atmospheric diffusion tests at NMFPA
to determine represcntative values of the critical meteorological
constants which influence gas dispersfion. These tusts are described
fully in Appendix B. The objective is to correlate gar diffusion
parameters with prevailing terrain and provide a basis for stipulating
maximum safe quantities of toxic propellants which can be handied.

Both of the above [ield surveys reorescnt worthwh!le contributions
to the advancement of safety at *he Pacific Misaile Range.

=2
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SFCTION 2

INTRODUCTION

The activities conducted in launch areas are inherently
hazardous beciuse of the operation of high-energy systems designed
to obtain maximum performance from missiles and space vehicles.
Three types of harards that exist during static firing or launching
of chemical rockets are acoustics, explosions, and toxicity. These
hazards way exist not only for the launch complex in operation, but
also extend to adjacent launch complexes or other facilities.

For svbsequent generations of chemical propulsion systems
(those providing upwards of one milliou pounds thrust, and upper
stage engines utilizing higher energy fuels) the potcatial launch
hazards will assume¢ even greater proportions. The ability to launch
these vehicles will depend strongly upon site location, separation
of launch pad frowm adjacent facilities, and other precautions taken
to minimize hazards to personnel and equipwment. The first step in
meeting this challenge {s to assess the potential hazards and establish
safe criteria for location and development of pertinent range facilities.

2.1 PURPOSE AND SCOPE

The primary objective of this study is to establish site
selection criteris which will minimize the hazard; associated with
launchings o. high-thrust booster vehicles and of upper stage rockets
utilizing high energy propellants.

The present report {s intended to fulfill only this primary
objective. Three preliminary reports were submitted earlier to
(1) define techniques for predicting the magnitude of the hazards,
(2) determir: maximumm tolerable hazards, and (3) prescribe aafety
practices.




Siitlng criteria developed herein are a»nplicable both to the selection
of land areas suitable for a launc: -omnlex ae weil as for the first-
order siting of facilities within a luunch complex. This and the
previous reports are oricntcd more _oward the necds of personunel
responsible for range planning and development, rather than for

range operation.

The preliminary reports completed previously are:

(1) "Acoustical Hazards of Rocket Boosters"
Volume I - Phy-fcal Acoustics
Volume 11 - Fffects on Man

(2) '"Explosive Hazards of Rocket Launchings'

(3) "Toxic Hazards of Roucket Propellantc”

2.2 METHOD OF APPROACH

It had becn specified that the hazards analyses particularly
stress the influence of general environmental cundiiions upon the
magnitude and effects of launch hazards. Therefore, relationships
were determired vherever possible that would indicate the environmental
dependence i launch hacz»rds. The major environmental factors
considered were climatological and topographical.

The results of this report may be applied to either nf two
situations:

£. Where a particular launch vehicle configuration is known and
it is desired to make a preliminary chice of prospective launch sites.

b. Where a particular lsunch site 18 available and it is desired
to determine the limitations on launch operations necessary to ensure
safety to both on- and off-site personnel

In efther case. the environmental characterisitics of a site,
or of prospective sites, must be known or determined ty field surveys
before the launch hazards may be reliabliy estimated. Only then can
the prrper steps be taken to enhance the nltimate safety of launch
operations.

It is emphasized that the task has been limited to a search
ot the avaiiahble literature, a survey of probable data sources, and
an analysis of the resultant information; no evperimental work was
authorized
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2.3 PMR SITING CONSIDERA': 1ONS

The Pacific Missile Range ha- no rigid boundaries and can
therefore accommodate a hoct of missiles, satellites, and space
probes. Potential launch sites for booster vehicles exist throughout
the range from the mainland at Point Arguello to, and including,
hundreds of downrange {slands (zee map in Fig. 2-1). Although the
Naval Missile Facility at Point Arguello (see map in Fig. 2-2)
currently is weli equipped both by natural and by man-made facilities
to handlz most of the present-day ~equirements, there i¢ some indication
that higher-thrust boosters will demand a unique launch environment
not readily found on the mainland. If for no other reasons, satety
considerations will impose ~ver-increasing physical separations between
launch pad and suppor:ing facilities. Ultimately the remoteness of
small, semi-deserted islands, employed in conjunction with mobile
launching pads, may offer compelling advantages.

It {s difficult to state the limits in booster size, or the
sct uf operating conditions which would vitiate the obvious advantages
of a mainland launch esite. This is a couplex problem involving much
more than an evsiurtion of launch hazavds.

The imminency of large boosters is indicated in Table 2-I,
the data for which {s based upon an analysis of piesent and extrapolated
schedules tor Department of Defense and Wational Aeronsutics and Space
Administration programs. The need for initiating supporting studies
concerulug launch hazards and siting requirements is manifest.

TABLE 2-1

SUMMARY OF PREDICTED LAUNCHINGS

BOOSTER THRUST RATING AR

(mi1lion pounds) 63| 64} 65{66! 67] 68] 69|70
0.5 to 1.5 of 1] 24| 6f 8! 1nin
1.5 to 9.0 ol o] ofjol 1} 2| 4|5
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PIC. 2-2 THE NAVAL MISSILE FACILITIES AT POINT ARCUELLO




Siting requiremeuts for o specif!: range program are based
upon more than the hazards aspectr: pa:ticuliar trajectories sust be
feasible, and proper instrumentation nust be wmade available. Other
coasiderations involved in che selection of launch sites include the
following tactors:

Site location

Size

¢. Topography and hydrography

d. Climate (temperature, rainfall, winds)
e. Biota (flora and fauna of a region)

f. Ovnership

g. Population

h. Land use

i Existing facilities

b} Access (by air or by sea)

k. Water supply

1 Geologic threats (volcanic, land shifcs)

A discussion of these considerations, aside from their direct
effect on the launch hazards, is not within the scope of this report.
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SECTION 3

RIGH-THRUST VEHICLES

Criteria for the selection of launch sites are dependent
upon many of the same parancters that describe vehicle performance.
A know ledge of vehicle veight and propellant combination is necessary
to estadblish launch facility requirements. These daia concerning
high-thrust vehicles are determined from system sizing studies.

The chrust (F) developed by a rocket engine depends upon
the propellant mass flow rate (¥ pounds per second) and the specific
impulse (I.p pounds of thrust per pound of propellant flow per

second). It 1is expressed by
F = 1” pounds (3-1)

Booster performance is also dependent upon the specific
impulse, vhich {s a function of the clhiosen fuel and oxidizer, and
the ratio of propellant weight to the total weight. Velocity at
Sooster burnout (vbo) is

LJ
. - b4 - —2 - - -

Voo s, log, ( "g) D-GC (3-2)

whete G aud D are the gravitational and drag losses, respectively,
w

and EE i3 the ratio of booster propellant weigh:z to the weight of
[ ]

the missile assembly,

From a performance standpoint the specific impulse and
the propellant loading fractions a~2 important parameters. In
zenecal, the specific impulses arc higher for the less dense propellants
(11quids) while the propellant loading fractions are higher for the

more dense propellants (sulids). Trade-offs between these two
parameters provide criteria for the selectiin of a propellant system.

9.




Other factors which influence lhe buvoster system conflguration
are relifabilir; requircments, bocster reconvereshility considerations,
tast facility needs, production problems, and thc ovcrall coust of
accomplishing a given mission.

3.1 VEHICLE CONFIGURATIONS

High-thrust vehicles may employ a single engine (the F-1
engine wiil provide 1.5 million pounds of thrust) or a cluster of
smaller engines (Saturn will utilize cight H-1 engines for a total
of 1.5 million pounds of thrust). Individual engines within a
cluster or multistage complex may 21s0 qualify as a high-thrust
system (the Nova-type vehicles will employ a cluster of six F-)
engines for 9 million pounds of thrust)

Two versions of the Saturn vehicle are nresently envisionced: [
the C-! (3-stagc) and the C-2 (4-stage) configurations. Pertinent !
characterisrics are given in Table 3-I. ‘

The Saturn booster section is 22 feet {i1. Jiumeier and 80 ‘
feect in length. It contains eight 70-inch diameter tauxs centered
around one tank 105 inches in diameter. The eight engines, shrouds, |
and assoclated plumbing essentially complete the missile structure.
Total main-stage propellant capacity is 750,000 pounds. [

The Rocketdyne F-1 engine is being developed under NASA
contract for a Nova-type vehicle. Typical missions {or the Nova- [
type vehicle powered with high-energy upper stages are illustrated
in Fig. 3-1. \

There are two ways in which a cluster of six identical
engines can be arranged to obtain minimum cluster diameter. A
configuration of six engines ai..anged uniformly along the circumfercnce
of a circle will yield a cluster diametcr equal to three times the
diameter of a single engine. Likewise, a configuration of five
engines spaced regularly around a middle engine will result in the
same cluster diameter. A Lriangular arrangement of the six engines
is also posaible, but with slight increase in cluster diameter.
Each configuration offers alternate possibilitics for fixed and
gimbaled engines.
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TABLE 3-1

SATURN CHARACTERISTICS

Paraseter Stage C-1 Configuration C-2 Configuration
1 8 R-1 8 R-1
Engine ‘lypcl 11 4 LR-115 4 J-2
&nd Quagtity m 2 LR-115 G L-118
v - LR-115
1 1.50 1.50
11 0.08 0.80
Nominal ‘n\ruzt 111 0.04 0.08
(Pounds x 109) v . 0.04
1 IDZ/I?-I wzll!-l
Propellant 11 10,/1H L0, /LR
2°2 2°72
Configuration
(Oxidizer/Fuel) 1 w,/mz mzlwz
v - II)Z/LH2
1 $30,000 460,000
Oxidizer Weight 11 94,000 172,000
(Bodnde) 1 22,700 62,500
v . 22,700
1 220,000 190,000
Fuel Weight 11 26,000 48,000
(Fourids) 11 6,300 17,500
v - 6,300
Propcllant Weight All 899,000 lbs. 979,000 1be.
Approx. Height Overallj 185 fc. 230 fe.

NOTES : 1. H-! and J-2 arc Rocketdyne deaignations; LR-115 is a Pratt & Whirney

designation.
2. L0, and LH; are liquid cxygen and hydrogen, respectively. RP-1 is

hydrocarbon (kerosene) fuel.
3. Including payload.

-11-
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According to induscry officials, solid rocket motors can
be developed to produce thru:.s ia the neighborhood of 20 milijon
pounds. A possible configuration would consist of seven clustered
engines each approximately 100 feet long and 10 feet in diameter.
Aerojet is engaged in the preliminary design of solid boosters of
up to 7 million pounds gross weight, with thrusts of 2 to 3 times
gross weight. Developments are nov in progress for a segmented
solid rocket of over one million pounds thrust.

3.2 PROPELLANT COMBINATIONS

Insofar as the higher thrust engines are concerned,
major emphasis has been and is now being given to liquid propellants.
Solid rockets are generally considered more reliable and have a
higher propellant loading fraction than liquid rockets, but lower
specific impulse. Very large solid boosters poce some difficult
sanufacturing problems. The explosive hasard of large solid
propellant boosters is judged to be high.

A summary of aingle-chamber liquid propeliant engines
currently available or under development is given in Table 3-11I.
Although present development work for very large booster engines
is based on the use of liquid oxygen and petroleuwr fuel (®P-])
the eventual choice may become nitrogen tetroxide aund hyirazine-
UDMH, depending upon the experiences with storable Titen II.
Similarly, success with the 200,000 pound thrust J-2 engine could
inspire future development of larger engines employing the all-
cryogenic combination of liquid oxygen and liquid hydrogen. “ome
pertinent characteristics of popular liquid propellant combinations
are given in Table 3-111.

Current Lypes of snlid propellants with metal additives
can deliver a specitic impulse of about 250° seconds (chamber
pressure of 1,000 psi at sea level). New compositions with
specific {mpulses up to 300 seconds are under devclopment. Typical
of these materials are nitropolyurethane with lithium aluminum
hydride and samonium perclhlcratejand fluoramine polymers with
beryllium hydride.
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TABLE 3-11

LIQUID PROPELLANT ENCINES (SINGLE - CHAMBER)

(thoqu:::.(t.f 1bs) Propellant Combinatiuns
10 to 25 wz/l‘ll2 » L}‘z /l.l'l2 .LFZ /NZH“
25 to 500 wz/ucz ' wzlu-l. NZO“/NZR,= -UDMH
500 to 1,000 Unknown, {f any

1,000 to 2,000 wz/lﬂ’-l
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llybrid rocket engines, in which a storable liquid oxidizer
i3 cprayed into a combusion chazver lined with a solid fuel, are
receiving more attention. A Thiokol unit uses fuming nitric acid
or nitrogen tetroxide and a metal-losded plastic fuel. Becco
Chemical has reported a theoretical specific impulse of 294 seconds
for aluminum-enriched polyethylene in combination with 99 percent

hydrogen pernxide.

The nuclear rocket engine is 2 3erious contender for large
booster systems. High specific impulses are expected to be achieved
with the utilization of liquid hydrogen and a nuclear reactor heat
source. Disadvantages are the low density of liquid hydrogen, the
inherent weight of the reactor system, and the hazards associated
with radiation from thc reactor operation and from fission by-
products. Nuclear propulsion haszards sre currently under investigation
by the U. S. Naval Radiological Defense Laboratory with the sponsorship
of the Pacific Missile Range.
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SECTION 4

LAUNCH HAZARDS

The hazards associated with the launch of a large-bcoster
rocket can b2 broken down into three categories: acoustical, explosion,
and toxicity.

Acoustical hazard results from the turbulent mixing of the
high velocity exit gases with the surrounding stmosphere The acoustical
power radiated does not usually exceed one or two per cent of the total
mechanical stream power of the exhaust gases. Damazing ground vibrations
and high sound pressure levels are possible at large distances from the
vehicle depending on the ground and sub-strata at the particular site,
adjoining terrain, weather conditions at the time of launch, and size
and performance of the rocket propulsion system. Acoustical hazards
exist independent of malfunctions: they arc always present during launch.

Explosion hazards, as described here, result from the rapid
uncontrolled combination of chemical propellants which creates a
shock wave or an overpressure. Therefore, this hazard covers Loth
explosions and deflagrations. Explosion hazards are dependent upon
a malfunction and since absnlute reliability is unrealistic, an
explosion or deflagration will very like'y be encountered. The magnitude
of the hazard is usually expressed by denoting the TNT equivalence of
the particular propellants used in the rocket engine and describing the
mixing and ignition processes.

Toxicity hazards result trom the vaporization of propellants
and subsequent diffusion by the atmosp“ere. A degree of toxic heszard
{s present at all times because spillage and leaks occur during normal
handling and storage of rocket propellants. Rocket exhaust products zre
another menace, bSut the major concern is with malfunctions causing the
release of large quantities of propellant. The present guidepost for
toxicity hazards is ‘he eight hour maximum allowabie concentravion (MAC)

for each propellant.

-17-




This section bricfly s mmarizes the preliminary Aeronutronic
reports described in Section 2 (Ref i, 2, 2, 4) and presents working
graphs and data from which to es.imate the mignitude of launch hazards.
Detailed data shoul particular rocket propellants sre presented in
Appendix C.

4.1 ACOUSTICAL HAZARDS

Rocket nofse causes physical and physiological problems at
the launch site and in adjoining areas. Representing physical
problems are structural or compcnent failure resulting from excessive
vibrations induced acoustically. Physiological problems involve
damage to personnel, resiriction of communication, and reduced ability
of an individual to accomplish required tasks. Rocket noise will also
affect comnunity reaction against the use of a launch site when sound
levels are excessive. The means for estimating the overall acoustical
hazards are discussed in this erction.

4.1.1 Rocket Engine Noise

Rocket engine noise sources include: turbulent miving of
the exhaust gzascs with the surrounding medium; interaction of turbulence
eddies and thermel fluctuations with any shock waves in the exhaust;
pressure fluctuations in the engine chsmber, particularly during
combustion instability; and vibrations of the chamber walls. Such
a2 noise field (s characterized by randum piessure tluctuations,
continuous and extremely brcad band frequency spe:ctrum, nonuniformity
of radiation with direction, and extreme: hiygi energy lev:" - radizted.

The burned propellant emerging from the nozzle gives rise
to large turbulent shearing siresses and violent mixing at the nozzle
exit. Farther downstream the velocity of the exit gases decreases,
mixing proceeds less violently, 2nd larger turbuleiuce eddies are
evidenced. This mode of mixing represents &« high frequency -oise
source at or rear the nozzl: exit with frequency decreasing as downstream
distance increases. Noise from subsonic jets is generated principally
between five to ten exit diameters downstream while for supersonic jets,
which spread less rapidly, noise may be gencrated u» to fif:cen or
twenty diameters downstream.

-18-
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4.1.1.1 Acoustical Power Levels

The mechanical power within a rocket engine exhaust stream
may be expreascd in terme of the rhruast ard ane ({ic imoulse of the

system.

Vg = 21.8 n.p (4-1)
where: w. = gtream pover (watts)

¥ -~ thrust (pounds)
I.p « gpecific impulsc (sec)

Radiated acoustical power is related to the mechanical
stream pover by the acoustical efficiency:

v, - 21.ayn” (4-2)

wvhere "A = radiated acoustical power (watts)

’) = acoustical efficiency

The acoustical efficiency ia dependent upnn the difference
in velocities betwveen the exhaust gases and the surrounding medium.
For present day (LOX/RP-1) rocket engines the acoustical efficiency
is approximately one per cent; however, it may approach ten per cent
for high performsnce nuclear éngines. Accurate determination of
acoustical efficiency requires measurement of far field sound pressure
levela from vhich the space average sound pressure level and acoustical
pover level may be determined.

An empirical relatfonship between mechanical power in a
rocket exhaust stream to overall acoustical puver levels has been
determined by Von Clerke®. This relationship, which best fits the
available data for jet stream power in excess of 13% wates with
acoustical efficiencies of appruximately one per cent, is

PWL = 78 + 13.5 log (21.8 !” r) (4-3)

vhere PWL = Overall sound power level /db) referenced to lo-n watts,

The spectral characteristics of jet strear noise depends
upon the jet stream velocity (V) and diameter (d). Spectral composition
of rocket noise energy may be generalized by plotting power spectrum
level as & function of dimensionless frequency as illustrated in
rig. 4-1.
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To obtain the power levels {i. one-third octave bands the
following steps are necessary.

A. Compute £fd/V where f i{s the geometric mean frequency
of each one-third octave band.

B. From Fig. 4-1 determine the power spectrum level in db.

c. Determine the db value of the reference level (shown as
zero db), which is

OVERALL PWL - 10 log V/d

D. Add the zero reference level to the powur spectrum levels
determined in step (B).

B. Correct these power spectrum levels (PSL in db re 10-13
wvatts) to one-taird octave band (OB) PWL from the expression

Oc MWL = PSL + 10 log, Af

vhere Af is bandwidth in cps.

4.1.1.2 Sound Pressure levels and Directivity

The spproximate relation, (accurate to 0.5 db) between the
mean sound pressure level at a given radius and the MWL {s

SPL = PWL - 20 log r_ - 8 db (4-4)

where

SPL_ = space average of the overall sound pressure level
ac distance r_ from the source, in dh re 0.0002 microbar

PWL = overall power level of source in db re 10°13 vace

B g ™ distsnce from source, feet

The directivity pattern of & notise soucce is generally defined
for the far radiation field, wvhere particle velocity and sound pressur.
in a sound vave are in phase. A good engineering estimate {s tH assume
that the far field begins at a radius equal to about 5 effective source
diameters. A correction in decibels (directivity index) must bs applicd
to the average sound pressure level calculated for Eq. (4-4) for
various angles @ from the axis of the exhaust stream.

=21




Figure 4-2 shows the correcriun in decibels that must be
applied to the average sound pricsura level in order to allow for the
directional characteristics of the jet source. The directivity pattern
of a rocket is not the same for al! frcquencies and the pattern changes
during liftoif of a missile. Thus, the data given must be ragarded
as average values.

The dashed curve of Fig. 4-2 zives the sound pressure level,
(referred to the average SPL at a distance L from the source) at

various points, defined by the argle 8, on a line parallel to the jet
axis and displaced a distance 2 from it. Such an analysis is called

a sideline analysis and has {mmediate application to the problem of
how the noise at a fixed receivcr varies during the launching of a
missile. FPor instauce, it is clear from Fig. 4-2 that the maximum
noise at a fixed recciver will occur when the height of the source
above the receiver is LA cot 70°.

By taking into account the geometrical spreading and
atmospheric attenuation of the ocutward propagating sound, the space
average SPL for each octzve band at any distance may be determined.
This information can be combined with the directivity indices (DI)
of Fig. 4-1 to arrive at the SPI eatimatces of a glven distance as

a function 0% aaxgle @ snd the various octave bands of frequency.
The DI information is far-f{:id infcrmation and canmnot
be extended closer than a limiting distance to the source. For
purposes of prediction it {s convenient to compute the spacc average
SPL's at 200 feet. In this case,
Space Average SPL = PWL - 57 db (source in air)
Space Average SPL = PWL - 54 do (source on ground)

4.1.1.3 Engine Clusiers and Riast Deflectors

One of the important rocket engire pacameters Lhat must be
considered in describing its sccustical power output and frequency
spectrun is the effective nczzle diameter. For a single engine,
this diameter 1is usually taken to be equal to that of the engine
nozzle itself. However, vhen several engines or clusters of engines
are used, this diameter brcozcs less well defined. Turthermore,
the directivity pattern, cverall power. and spectra of grouped noise
scurces arc known to be Jifferent than that of a single source because
of gas mixing processes invclved in clustering.
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The power specira of aoise 7ioduced by different cluster
configurations tends to shift t~ iover frequencies as the number of
engines increases. Figure 4-4 showe that in model scale tests the
power in the higher frequency octave bands increases by only 3 db,
vhile pover in the lower frequency bands increases by 20 db as the
number of engines in the cluster increases from one to eight.

Experiments indicate that che acoustic power is directly
proportional to the mechinical powe: developed by the cluster, and
doubling the engines in the cluster increases the acoustical power
levels by 2 or 3 decibels. Clustering of rocket engines also affects
directivity in the far field (see Fig. 4-35).

It is generally assumed that a valid acvuscic scale model
of a jet noise source duplicates the known or measurable parameters
of the jet exhaust. The basic scaling principles and equations,
stated below, are illustrated in Fig. 4-6.

a. The wean square pressuvre at & given frequency in the field
of a sound source 1s proportional to the source strength times a
nesr fleld and directivity wveighting function, and inversely
proportional to the square of the path length.

b. The frequency of the source is characterised by the ratio
of a typical source velocity to a typical sourcc dimension.

c. The source intensity can be defined uniquely by the kinetic
energy terms, velocity and density.

d. Por similar gases typical dimensions and velocities within
the jet, normalized by exit diameter and exit velocity, respectively,
vill be funtions of dimensionless position.

When these concepts are combined, an expression for the mean
square pressure 18 found in terms of a set of disensionless ratios
times s messure of unit source intensity. The product of frequency
times jet diemeter is also a function ¢f similar dimensionless ratios.
Thus, & set of ratios of source dimensions to observation distance
is sufficient to equate the sound fields around two jcts which differ
only in their size.

The major rocket engine noise source (che region of turbulent
mixiag of the exhaust gases vith the atmosphere) 1is a function of
deflector configuration. Many deflector designs can cause increases of
more than 10 db in the average near-field sound pressure levels in regions
vhere the missile structure would be located. Deflectors can also
significantly influence the total output ard spatial distribution of
acoustic power produced by rocket engine operations. Small scale tests
for six typical blast deflectors were performed at Wright Air Development
Division and the results are summarized in Fig. 4-7.
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NOISE SOURCE CHARACTERISTICS
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4.1.2 Propagstion of Rocket Ncise

The launch of a large missile involves the following
operational sequences which are inflwential in the propagation of
_rocket engine noise to a receiver in the vicinity of the launch site.

(1) Ignition and lift-off
(2) Low acceleration of the missile at small elevation angles

(3) Medium and/or high missile acceleration at large elevation
angles

For each of thes~ operational conditions, the amount of
rocket noise transmitted to a receiver on the ground will be affected
by attenuativu due to spharical divergence in the air and/or damping
of the macrosonic waves. In addition, the attenuation due o
mateorological factors, e.g., temperature gradient, wind velocity,
wind velocity gradient, wind direction and humidity must be considered
along with the physical effects of ground transmissiou, barriers,
missile alevation angles, and blast deflectors.

4.1.2.1 Ground/Gryund Pr 1Y
Ground to ground propagation occurs during ignition of a
rocket booster engine and during the initial !{ft-off conditions. The
equation for the sound pressure at a point in the far field due to
srherical divergence 1is

P - % ks (4-5)

where K is dependent upon the source amplitude ,@Cis dependent upon
air conditions, and R is the distance t> the source.

Arrenuation due to spherical divergence alone causes a

reduction of 6 db for each successive doutling of distance from the
source. A plot of db loss versus distance {s shown in Fig. 4-8.
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Atmospheric ettenuation vepresents all reductions in sound
pressure level over a given path of piupagation in excess of the
reduction due to square law attenuat: on. rus large rocket booster
noise propagation only the molecular absorption (ciassical absorption
will he negligible) need be considered. It is dependent upon absolute
humidity and air tempersture as given by the following approximate
equation

A, < O.1(T + 45) (£/m)2 (4-6)

where

A“ = molecular absorption in db/1000 f¢r.

T = air temperature in °p

f = geometric mean frequency of an octave
band in kilocycles

h = absolute humidity in grams cm”

Sound attenuation as a result of molecular absorption,
turbulence, terrain cffects, and propagacion through fog, rain
and/or snow may be lumped together into a single value of excess
attenuation (greater than inverse square) Acl. Figure 4-9 shows

A family of curves giving for propagation over level terrain
Aey

with uniform ground cover at the air temperatures and humidities
indicated.

Over open level ground whore appreciable vertical temperature
and wind gradients usually exist it is possible tuv have a "shadow zone"
inco wnich no direct sound can penelratc. These shadow zones ace never
sharp because sound energy is diffracted into the shawdow zone and
scattered into it by turbulence. A shadow zone is most commonly

encountered upwind from a source. Sound refraction caused by temperature

gradienis tends to be symmetrical about the source of sound.
The distance X to the onset of the shadow zone can be

estimated from the mcan temperature and wind gradients evaluated at
one-half the average source and recaivcr heights, using the following

egquation:
e 2 V2 [Tz, arn
Bcos 9 - ) feet

(4-7)
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where

s is the ambient velocity of sound, in fec¢t per second

S is the height of the sound source above the ground in feet
R is the height of the receiver above the ground in feet

] is the wind-to-sound angle

/3  is the mean wind gradient in avic”]

c
0 DT -1
o = - , in sec
2‘l'° p. 3
To is the absolut:c ambicit temperature, in degrees Rankine

z is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>