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I. INTRODUCTION

The noise environment of & flight vehicle may be a poten-
tial challenge to the success of the flight. Nolse environ-
ment informatlon thus 1s an lmportant part of the information
required for flight vehlicle design and testing. Present day
flight vehicles of interest include subsonic and supersonic
alreraft and both single and multiple flight extra-atmospheric
vehicles. Such vehicles undergo complex and varied aerothermo-
dynamle flight conditions, with correspondingly complex and
varied nolse environments. Thls paper discusses some of these
external nolse environments that might be of Imporfance.

In addition to the falrly well understood environments
assocliated with propulsive systems and boundary layer pres-
sure fluctuations, there may occur important environments ag-
soclated with other aerothermodynamic phenomena., Unfortu-
nately, it is not possible at this time to present an ade-
quately grounded review of the entire problem area, largely
because there are many unknown factors still to be investi-
gated. However, we do present some qualitative and order-
of-magnitude information about many of the possible environ-
ments In an attempt at an assessment of their significance.

The outlook of the present paper is largely speculatlve,
It 1s hoped that the speculations will serve to orient some
of the research now concerned with flight vehlcle environ-
ments, and to highlight areas that appear teo be of iImportance
and areas that require additional work. No attempt has been
made to provide a comprehensive review of the pertinent 1it-
erature where established results are discussedj the cited
references 1n such cases are intended to be typical rather
than exhaustive,

*Supported by Wright Air Development Center under Contract
AF 33(616)-6217 .
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Calculations of the responses of flight vehicle strmic-
tures to nolse environments are lmportant, for it 1s only by
considering these responses that we can adequately assess the
slgnificance of the various environments discussed. Because
of the large varlability in types and details of structures
of potential interest, however, structural response calcula-
tions are not given in this paper, Thus, we concentrate on
the noise environments per se, Where possible, both pressure
magnitudes and space-time correlations of the noise environ-
ments are dilscussed, for these are the quantities that are
required to determine the structural responses.

II., ESTIMATES OF NOISE ENVIRONMENTS

Propulsion System Nolse

Noise assoclated with the propulsion system is of major
importance in a flight vehicle. @&as reaction motors (rockets
and jets) are the principal propulsion systems now considered
for advanced flight vehiclesj therefore, we shall restrict
our discussion to these systems,

Although & conslderable amount of noise is generated by
the mechanlcal elements or by the combustion process in a
reactlon motor, the noise of the turbulent exhaust stream 1s
almost always predominant. References (1-4) review descrip-
tions of turbojet and rocket exhaust noise, Slnce these two
types of propulsion systems generate simlilar nolse fields,
and because of the growing importance of rockets in contem-
porary problems, we shall concentrate on rocket noise in
what follows.

The usual rocket powered flight vehicle has a geometry
such as shown in Flgure l. The nolse scources assoclated with
the rocket are located behind the vehlecle. The noilse is radi-
ated most strongly at about 400 from the direction of the
exhaust flow and has a broad "haystack-shaped" frequency spec-
trum without any notlceable pure tones. The frequency at
which the spectrum minimizes depends on the ratio of the ex-
haust veloclity to the nozzle diameter., The total power radil-
ated by a larze rocket 1s of the order of 1% of the mechani-
cal power 1n the exhaust stream,
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Flgure 2 shows typlical octave band sound pressure levels
on the surface of a stationary large missile powered by a
rocket engine, The sollid llne represents ‘the levels at the
nose cone, and the broken line represents the levels at the
end of the missile near the exhaust nozzle., The differences
in these two spectra arise from the fact that the noise
sources are distributed along the exhaust. stream, with the
higher frequency sources closer to the nozzle and the lower
frequency sources further downstream (ﬁ). The overall sound
power level of the rocket of Figure 2 1s 203 db,* correspond-
ing to 20 megawatte of acoustic power,

In addition to the rms amplitude data typifled by Figure
2, we must consider the statlistics of the pressure fluctua-
tions., Levels that significantly exceed the rms values are
important in determinlng malfunctions of equipment and struc-
tural fatlgue. Present information indicates that turbscjet
nolse does not quite follow a Gaussian amplitude distribution
(6), but there is a need to gain more data, especlally concern-
ing the very high amplitudes that occur relatively infrequent-
lye In the case of rocket noise, preliminary indications are
that the Gaussian dlstributlon applies in spite of the higher
mean levels and the expected non-linearity of the alr, but
additlonal data are required in this case also,

Many space vehlecles have a high degree of axlial symmetry.
For such vehicles, the phase properties of the rocket noise
fleld are convenlently given In terms of the longltudinal
correlation along the vehicle axls and the angular correla-
tion in a plane perpendicular to the vehlcle axis. Because
the noise sources are behind the vehicle, the longitudinal
correlation 1s governed approximately by the usual sound
propagatlion relations. Fizgure 3 shows a longitudinal corre-
lation measured over the surface of a statlonary large mis-
sile (4). Also shown are the correlations expected from
nolse emanating from a single polnt located behind the mis-
slle. The measured correlations are in rough accord with
the theoretically calculated values. The deviatlons between
measured and predicted values are most likely associated with
the fact that the size of the sound source (at a glven fre-
quency) 1s not infinitesimal compared with the measurement
distance. Clearly, additional data both on and far from a
missile, and in narrower frequency bands, would be helpful
in clarifying the problem further.

*Reference 10~13 watt,
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An angular correlation measured (4) on a statlonary large
missile is glven in Flgure 4. The general behavior of this
correlation is expldined as follows: At low frequencies the
nolse sources are sufficlently far from the measurement loca-
tions that the nolse appears to be coming from one source,
and the pressures in a plane are well correlated, At high
frequencies the nolse sources are sufflciently close to the
measurement locatlions that the nolse reaching different angu-
lar positions comes from different uncorrelated parts of the
nolse source.

Up to this point our dilscussion has been concerned with
the nolse field of stationary vehicles. Presently avallable
data from moving vehleles indicate that the nolse fleld on
the vehicle surface decreases wlith increasing forward veloc-
ity. This behavior could be explalned by the assumption that
the vehicle motlon increases the apparent distance between
the wvehlcle surface and the nolse sources in the jet stream.
The change 1n source pressure level ASPL due to motion of
rocket vehlcles at Mach number M is approximately (I):

ASPL ¥ 20 log (1-M), db Equation (1)

More data on vehicles in flight are needed to check this rela-
tion. Of course, for M 2 1 rocket noise does not reach the
vehlcle.

The nolse field of & rocket ls greatly altered when the
rocket is within a confiining structure, such &3 a hole in the
ground. Such a structure may force the exhaust flow to pass
along the vehlcle surface, reducing the distance between the
nolse sources and the surface and increasing the nolse levels
at the surface, Also, aerodynamic pressure fluctuations 1n
the exhaust flow may be felt more strongly at the vehicle sur-
face. Preliminary data show that wilthin confining structures
the nolse is on the order of 10 to 20 db greater than that
under free field conditions., These increases are strongly
dependent on measurement position and on geometrical detalls.
More information on this problem 1s needed, particularly on
the space~-time correlations ln the combined acoustic-aero-
dynamlec field surrounding the vehicle,
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Boundary Layer Pressure Fluctuations

A turbulent boundary layer exlsts over a considerable por-
tion of the surfaces of a vehicle 1n flight. Pressure fluctua-
tions are associated with the turbulent fileld and wlll cause
the adjacent surfaces to vibrate,

The problem of boundary layer pressure fluctuatlions has
been preatly clarifled in recent years, although many uncer-
tainties st1ll remain. References (8,5, and 10) give theo-
retical and experimental data on pressure fluctuations in
turbulent boundary layers. The results can be summarized as
follows: The overall root-mean-square pressure 1s about 0.7%
of the free stream dynamlc pressure. The nolse within the
boundary layer has a pressure spectrum which, in octave bands,
maximizes at a frequency governed by the ratlio of the free
stream speed to the boundary layer thickness, For low fre-
quencies (below the frequency of the maximum), the octave band
spectrum increases at about 3 db/octave; for high frequencies,
the spectrum falls off very sharply.

The space-~time correlation of the pressure fleld in the
boundary layer can be described broadly in terms of a convect-
ing and decaying field, rather than in terms of a propagating
fleld as 1s the case for sound. The pressure field convects
at a speed of about 80% of the free-stream speed. In addl-
tlon, it decays, falling to 104 of its initial value in a
distance of about 7 boundary layer thicknesses (9,10).

All the foregoling information has been obtained with sub-
sonle boundary layers. Slnce many vehlcles will be super-
sonic during a large part of the time in flight, it is appro-
priate to inquire about possible changes that might exlst
under supersonic conditions. References Q}ng, and ;}) give
some calculations and measurements relevant to this question,.
The 1indicatlions are that the results for the subsonic regime
will extend into the supersonle regime provided that the free
stream conditlions are interpreted to be those just outside
the boundary layer.

Recent measurements of veloclty fluctuations in equllib-
rium supersonic boundary layers (;& also lend support to the
belief that the supersonic case is not too grossly different
from the subsonic case., From Reference (14) we may estimate
the pressure fluctuations Ap In the supersoniec case to be
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Equation (2)

in whiech 1t is assumed that the velocity fluctuations Av travel
at the local mean_velocity. The quantity v, 1ls the free-stream
velocity, andpmvw%/Z i8 the l{ree-stream dynamic pressure. FPig~-
ure 5 shows measurements of Av/v, obtalned from Reference (1%),
from which we nmay conclude that the fluctuating pressure ls of
the order of 0.3% of the dynamle pressure, This value 1is in
rough accord with the subsonic value, although somewhat less.
Based on the aforementioned considerations, typical octave

band precsure levels assoclated with houndary layer turbulence
are shown 1in Figure ©. These levels might be expected on the
surface of a large misslle 1n powered flight travellng at
supersonic speeds, at a condition corresponding to the maximunm
dynamic pressure just outside the boundary layer., It 1s to be
noted that the levels are quite high and occur at relatively
high frequencles.

Some addlitional uncertalnties that have not been adequate-
ly explored to date deserve mention. At supersonic and hyper-
sonilc speeds, 2erodynamlc heating wlll cause heat transfer
through the boundary layer. Also, the surfaces may be rough
or pltted due to ablation (;ﬁ). These factors may very well
Influence the characteristles of the pressure field and need
to be Investigated,

Wake Nolse

The turbulent flow in the wake of & vehlcle may glve rise
to noise radiatlon, Since no dlirect data are available on this
noise source, we must appeal to qualitatlve arguments for its
estimation. We restrict attention here to vehlecle Mach numbers
less than unity; for M 2 1, sound radiated by the wake cannot
reach the vehlcle,

Qualitatively, the wake of a subsonically moving vehicle
1s composed of & region of high shear, flow separation, and
concomltant turbulence. Thls is much the same situation that
exlsts in the Jet stream of a gas reactlon motor, and we may
speculate that the nolse radlation characteristlces of the two
are simller., Figure 7 deplcts in qualitative terms the situa-
tion in a jet stream and in & wake, In the case of jet radia-
tion, the veloclty profile is directed away from the Jjet engine
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and the most intense radiation is in the general downstream
dlrection. In case of wake turbulence, the velocity profile
is directed toward the moving vehlcle and by analogy we might
expect the most intense radistion to be in the general up-
stream direction.

The implicatlions of the qualitative plcture described
above are essentially borne out by measurements on turbojet
alreraft in flight (2,16). Figure 8 shows one of these
measurements, from which we can see that the power radlated
in the general upstream direction increases with increasing
Mach number, However, we must emphasize that additional data
are required to more fully establish the mechanlsm of noise
radlatlon 1n turbulent wakes.

We proceed to estimate the order-of-magnitude of wake
nolse based on the proposed mechanism, The total mechanlcal
power assoclated wlth the wake may be estimated to be the
product of the wake drag and the forward speed of the vehl-
cle. Consequently, we may write the acoustic power, P,
ragdiated from the wake as a fractlon of the mechanlcal power:

P, = 7Dv = ncg %pAv3 Equation {3)

where D 1is the wake drag
n 1s the drag ccefficient assoclated with the wake
p 1s the undisturbed alr density
A 18 the projected area in the flight direction

v 18 the vehicle speed.

The quantity n 1s the order of 10-4 M5, based on the analogy
with subsonlc jet noilse radilation (1). The drag coefficient
cp 18 of the order of unity or less, depending upon the shape
o? the vehicle trailing surface. We note that Equation (3)
implies an eighth power dependence of power on veloclity, in
good agreement wlth the measurements shown in Figure 8.
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We may compare the wake radlation with the radiation of
noise by rocket englines and turbojet engines. The correspond-
ingz acoustic powers for these cases are given by

2

P, =1, %Prﬁr(vr-v)s s M ™ 107 Equation (4)

i .
Py = ng %ptﬁtt(vt-v)3 s M~ 10 (Mt-M)S Equation (5)

where the subscripts r and t refer to rockets and turbojets,
respectively., The terms P, A, v,, and vg refer to the exhaust
stream, and the Mach numbers are bascd on the speed of sound
in the undisturbed medium.

With the use of order~of-magnitude values for the @ and
A terms of Equations (3) and (5), and with the use of typlcal
values of the Mach numbers (M < 1, Mp~ 7, and Mg~ 2), we find
that the acoustic power of a wake is much less than that of a
rocket engine, and comparable to that of a turbojet engine,

From the estimated power, we may determine the sound pres-
sure on the vehlcle due to wake nolse, To do this we must take
account of the radiation directivity, the spectrum, and the
effect of forward motlon. As discussed previously, wake nolise
nas a directional characterdistic that ic reversed 'rom that of
jet nolse. Also, the spectrum 1s expected to shift in accord-
ance with the different speed-to-dimension ratics. Finally,
the forward speed effect as given in Equation (1) 1s expected
to apply. With these factors in mind, we would concludes In
the case of a misslle 1n powered flight, wake nolse is less
Important than rocket noise, On the other hand, in free sub-
sonic flight of & re-entry vehicle, wake nolse may be lmportant.
In the case of an alrcraft at high subsonic speeds, wake noise
may he qulte important relative to turbojet noise.

No measurements are avallable on the correlation of wake
nolse over vehlecle surfaces, However, we may reasonably expect
the correlations to be qualltatively similar to those of Jet
noise,

Sound radiation from the wake of cylinders placed trans-

verse to flow has been calculated and measured recently (17,
;§), and displays the general hehavior assumed here for noise

386



of vehlcle wakes. With transverse c¢ylinders, however, there
are additional strong components of radiation assocliated with
fluctuating 1ift and draft forces. These components are re-
lated to the nearly periodic sheddingz of large scale vortices
from the cylinder, rather than to the turbulent portion of the
wake, With the very much hlgher Reynolds numbers and grossly
different peometries associated with Clipght vehiecles, vortex
shedding does not appear to be of importance 1in flizht vehlele
nolse environments, However, this general question needs to
be clarified further,

Base Pressure IMluctuations

Nolse radiated by the wake of a flight vehicle was dis-
cussed In the forejoing section. Here we conusider the pres-
sure fluctuations assoclated with wake turbulence that may
be felt directly by the base of the vehicle wlthout inter-
medigate sound radiatlon. These pressure fluctuations may be
expected to contribute to the nolse environment of the vehicle
for both subsonlc and supersonic flight speeds, inasmuch as
sound propagation 1s not a factor. There are no direct data
avallable relevant to thls noise environment, and we are
forced to speculate about its magnitude,

The situation in the wake of a subsonic vehlcle was dis-
cusgsed qualitatively In the lest section., The supersonlc case
18 more complex because of the existence of shock waves. In
Figure 9 we glve a qualitative plecture of the flow expected at
the base of a supersonle flight vehlcle (19). As in the sub-
sonlc case, there 18 a reglon of relatlvely dead alr in a
small volume lmmedlately behind the nhase. The boundary layer
over the vehicle surface thickens past the base and forms a
turbulent wake a short distance downstream. The gualitative
form of the shear proflle at the hase 1s expected to be gimi-
lar to that at the boundary of a supersonlc jet issulng Into
still air (19).

Because of the simllarity hetween the flow at the base
and the flow igsuing from a jet, we might speculate that the
crder-of-magnitude of the base pressure fluctuations can ve
estimated from jet pressure fluctuations. Of Interest here
are pressure fluctuatlons measured very close to a jet where
the aerodynamlc rather than the acoustic field predominates,
The pressure fluctuatlons, Ap, close To the turbulent jet
(1.e., in the near field) may be written as (20}
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r 33
Ap = -g pve(—l—,q) Equation (&)

where p 18 the density and v is the velocity in the jet., The

quantity r. 1s a characteristic dimension of the Jet, and r is
the distanfe from tge Jet. The proportionality constant K is

of’ the order of 107¢, We may rewrite Equation (0) in a some-

what more convenient form for estimating, by analogy, the base
pressure fluctuations: )

r.\3
Ap = h’_e'r prQ(TO) Equation (7)

Here py 1s the statlc base pressure and y the ratio of specirie
hegats. For subsonic flight pp is approximately equal to the
free-stream statlc pressure, p,. For supersonlc flight py is
about 40% of p, over a wide range of Reynolds numbers and Mach
numbers of interest (19,21).

With the use of the foregolng, we may estlmate the magni-
tude of the base pressure fluctuatlons. We see most directly
from Equation (6) that the base pressure fluctuations are
expected to maximlze at a condition equivalent to the maxlimam
free-stream dynamic pressure of the vehlcle, & condition that
generally occurs in supersonic flight., A typical set of con-
ditions for maximum free-sgream dynamic pressure of a large
missile 1s p, = 150 lbs/ft¢ (60,000 ft) and M = 3, For a
conservative estlimate, let us take r to be the same order as
Tge Then the base pressurae fluctuatians in this case wlll be
of the order of or less than 4 lbs/ft4, corresponding to a
pressure level of 140 db. We see that the base pressure
fluctuations may be of considerable magnitude and may be
comparable to the magnltude of some of the other environments
dlscussed previocusly.

The wake diameter in the turbulent region 1s about 50%
of the base dlameter, over a wlde range of flow conditlons
(%E). Thus, the characteristic dimenslons and velocltles of
wakes are not much different from those of usual jet systems.
Pressing the analogy with jet pressure fluctuations further,
we may therefore expect the spectrum of the base pressure
fluctuations to maximlize in the audlio frequency range.
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Not much can be said about the space-time correlatlion of
the pressure fluctuations, cxcept that ifs scale may be a siz-
able fraction of the base area. Consequently, this pressure
field may couple quite well to the vehlele structure.

It must be empnasized that the foregolng estimates must
be regarded as pure speculation. Because of the possible
importance of thls environment, it 1s evident that measure-
ments and additional studies of base pressure fluctuatlons
would be extremely helpful.

Dsclllating and Movling Shocks

In supersonic flight, abrupt changes in static pressure
may occur at some polnts on the vehlele surface. Motions of
these pressure discontinuities constitute a nolse environment,

A distribution of statlc pressures likely to be encoun-
tered on the surface of a typical rocket vehicle traveling at
supersonic speeds 1s sketched in Figure 10. Abrupt lncreases
in pressure occcur at locatlions where the surface is sharply
concave, and sudden pressure decreases occur where the sur-
face is sharply convex. The statlc pressure Increases out-
slde of the boundary layer occur over extremely short dis-
tances -- 1in fact, over distances of the order of the mean
freg path of the molecular motions of the fluid (22) (about
102 in.). The pressure decreases are considerably less
abrupt than the increases; they occur over distances of the
order of several Iinches., The sudden pressure increases are
called (compresslon) shocks; the pressure decreases are often
called expansion shocks, even though they are not abrupt
enougn to be considered shocks in the strictest sense of the
word.

The values of the pressures indlcated in Figure 10 are
of' the correct order of magnitude for Mach numbers in the
range of 5 to 10. (The pressure difference across a shock
1s not, 1n general, strongly affected by Mach number for
Mach numbers In this range. Thusg, pressure increases across
a shock may easlly be of the order of the atmospherlic pres-
sure at altitude,

The interaction between an attached shock and a boundary
layer usually thlckens this layer locally and makes the pres-
sure increase felt by the vehicle surface less abrupt. Be-
cause of the boundary layer, the surface pressure rise occurs
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over distances of the order of an inch or two, instead of over
the 10-> in, in absence of the boundary layer (22,23). The
magnltudes of the pressure differences, however, are virtually
unaffected by the boundary layer (23).

When attached snocks are ocserved in wlind tunnels by use
of any of the several well known optical devices, they are
often found to oscillate. Thus, pressure fluctuations of the
order of the atmospheriec pressure at altitude wlll be felt in
the vielnity of the shocks. For example, at ¢0,000 ft, the
atmospheric pressure 1s about 150 1b/ft<4, so that the level
of the pressure fluctuations wlll be about 175 db. Since it
is clear that such motlons of pressure discontinuities are
likely to induce important vibratlions in the skin structures
of high speed flight vehlecles, 1t is unfortunate that very
little is known about the characteristics of these shock
osclllations, such as thelr lineal extent and spectral com-
position. It is evident that this environment warrants fur-
ther study.

Shock oscillatlions of a somewhat different sort have
been observed in the presence of flow separation splkes which
are often mounted at the front of supersonic vehlcles in order
to reduce drag. The drag reductlon in thils case is obtained
by essentially replacing the drag associated with a blunt bow
shock by the lesser drag associated wlith a conlecal shock at-
tached to the spilke, although in general both shocks are ob-
served. The bow shock has a tendency to detach and spread
the splke shockj; under some conditions {depending mostly on
Mach number and relative spike length), thilis spreading con-
tinues to the peolint where the bow shock 1ls weakened so much
that the spread spilke shock can no longer be maintained. The
splke shock then collapses, and the cycle is repeated, result-
ing in periodic flow fluctuations (24,25).

The effects of spike length and Mach number on the fre-
quency of this type of shoek pulsation (24) may be visual-
ized from Figure 11, At Mach 2, a one-diameter long spike
1s found to produce shock osclllatlons at a frequency of
about 3,000 cps, if the amblent alr temperature is 70 t 309F,
The surface pressure fluctuations assoclated with these shock
pulsations may be qulte significant. For example, at Mach
4.3, and with a spike-to-dlameter ratio of 4/3, a maximum
octave-band pressure level of 163 db was measured (25) at the
front of a blunt body like that shown in Figure 11, near the
base of the spike. This maximum occurred in the ©00-1200 cps
range; a nearly uniform decrease of 5 db/octave was observed
on both sides of the maximum.

396



The spike shock pulsations are strongly influenced by the
shape of the nose cone. It appears that less blunt configura-
tions have less tendency to set up such oscillationsy in fact,
hemispherical noses are known to give rise to no shock pulsa-
tions at all. More information is needed about the shock-
induced fluctuations of pressure on the lateral surfaces of
the vehlcles, especially for curved nose configurations, so
that the responses of the structures can be evaluated more
realistically. Also, the effects of Reynclds number and geo-
metric scaling need further investigation before the presently
avallable results, obtalned from small wind-tunnel models, can
be applied with confidence to full scale craft.

Shocks sweepling across vehlcle surfaces may also cause
these to vibrate. Such relatlve motions of shock and vehicle
may occur due to exploslions, or when one vehlcle passes through
8 shock wave generated by another. The 1lntensities of explo-
slons and of the attendant shocks cover such a wide range that
no meaningful order of magnitude can be assigned to the shock
strengths. However, the pressure increase experienced by one
vehicle passing through the bow shock wave created by another
vehicle is given by (2)

80 0,53 5 M- 1)1/

D (y/L)B/u Equation (8)

where
P, is statlic pressure in undlisturbed atmosphere
Ap 1s cobserved pressure lincrease

¥ 18 distance between two vehicles

measured normal to flight path
of vehicle
= D/L is fineness ratio

\
is maximum diameter producing

is length shock

= =t O o

is Mach number.
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The foregolng relation applies strictly only for_ relatively
large distances between the two vehicles, 1i.e., L> 100, but
may be used to glve reasoconably rellable estimate& tor ¥/L as low
as 5 in some cases, It shows that for high Mach numbers the
pressure rise varies nearly as ML/4 and thus is not strongly
dependent on Mach number, and that the pressure rise varies
inversely as only the 3/ﬁ power of distance. As an example
of the pressure Jumps one may encounter, a vehicle with fine-
ness ratio 0.15, length 100 ft, traveling at Mach 3 at 60,000
ft causes a Ap of about 3 1b/ftZ2 to be observed on another
vehlcle 1000 ft away. The pressure Jump is a translent which
sweeps over the recelving vehicle at a speed determined by
thelr relative motions.

Flight Through a Turbulent Atmosphere

1. Subsonic flight speeds

When a flight vehicle moves through a turbulent atmosphere
at subsonlc speeds, the random pressure fluctuations in the
turbulence are felt directly by the surfaces of the vehicle.
Because the mean scale D of the turbulence is much larger than -
overall vehicle dimensions, 1t 1s often assumed in aerodynamic
gust loading problems that the vehicle moves as a rigid body
in response to the turbulence. However, there is a wlide range
of turbulent "eddy" sizes having values larger and smaller than
the mean scale D, Eddies whose sizes are comparable to or
smaller than the vehlcle length L give rise to a random pres-
sure fleld that wlll excite vibrations of individusal panels on
the vehicle surface, rather than excite motlon of the entire
vehlicle.

In order to characterize this random pressure fleld, we
require a value of the rms pressure fluctuation Ap and the
temporal scale T. The static pressure p at the surface of a
body 1s related to the amblent pressure p, and to the free
stream density p and velocity v by

2

1
P=D,+ c5 PV Equation (9)

where the coefficlent ¢ is a functlon of vehicle geometry, flow
conditions, and measurement position (see for example, Ref. (27).
Then the pressure fluctuation will be approximately

Ap ~ cpv(av) Equation (10)
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Av 1s an "effective" component of the turbulent veloclty associ-
ated with eddlies comparable to or smaller than L. Based on the
data in Ref. (26), the maximum value of A&v is an order of magni-
tude less than the rms turbulent velocity, or about 1/2 ft/sec
in the lower atmosphere. The maximum magnitude of ¢ is the or-
der of unlity, and it may take on positive, negative, and zero
values.

Equation (10} may now be used to obtain pn estimate of the
upper limit of Ap. For a density of 2 x 10~ slugs/cu ft, cor-
responding to an altitude of 60,000 ft, and a forward velocity
of 1000 ft/sec, Ap 3 0.1 lbs/sq ft or a maximum pressure level
of 108 db. This is clearly an upper limit, because the value
of Av will decrease with increasing altltude. Also, much lower
values of Ap will occur at observation poslitions where steady
flow results show a vanishling value for c¢. Thus, Ap may vary
by orders of magnitude over the vehicle.

The predominant pressure fluctuations experienced by &
vehicle moving through atmospheric turbulence result from ve-
hicle motion through the turbulent veloclty fluctuations.
Therefore, the temporal scale T of the pressure fleld associ-
ated with the smaller eddies will be

r- L
Using a value of L of 100 ft and a forward speed of 1000 ft/sec,
we obtain T equal to 0.1 sec. We may speculate that the corre-
sponding octave band spectrum wlll be similar in shape to the
spectrum of boundary layer nolse discussed earlier in the part
on boundary layer pressure fluctuatlons: increasing 3 db per
octave at very low frequencles, peaking around fpax = (2113“
¢ps, and decreasing very raplidly above this peak. ¥For the
example Just consldered, the frequency of the maximum is about
2 cps. Frequenclies 1n the audible range, therefore, are well
down on the spectrum "tail", and levels in this range will be
well below the overall value of 108 db obtalned previously.
More detailed Information on the spectrum shape above fygy I8
required to make quantitatlive estimates of the pressure levels
at audible frequencles.

Some of the pressure fluctuations in atmospheric tubrbulence
are independent of the vehlcle motion. 'These pressure fluctua-
tions are of the order of 1/2 p (Av)4, and are generally negli-
gible compared with those given by Equation (10?.
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2. Supersonie flight speeds

When a flight vehlcle moves supersonically, it is surrounded )
by a set of pressure discontinulties or shocks. (This situation v
has been discussed in the sectlon on oscillating and moving

shocks above and 1s 1llustrated in Flg. 10). When atmospheric
turbulence is convected through one of these shocks, it produces
sound pressures downstream of the shock, and these pressures may
exclite the vehlcle structure.

The analysis of Ribner (28) can be used to estimate the over-
all level of shock-turbulence sound. For the case of a super-
sonle vehicle, we may assume that the amblent pressure py down-
stream of the shock 1is constant, independent of the convection
speed of the turbulence. Ribner's results for the sound pres-
sure p downstream of the shock then take on the form

pD_ _ 4y
g " b(M ) Equation (11}

where M, 1s the Mach number upstream of the shock and b{(M,) is

a proportionality factor., The value of b(M,) varies very slowly
with Mach number, and is approximately 0.6. In an intense tur-
bulent field, such as exisis at a jet interface, the ratio av/v
may be of the order of 107+. For turbulence in the_atmosphere,
we estimate that this ratio may be the order of 10-3, Using
this latter figure, we obtain 108 db for the sound pressure lev-
el downstream of a shock at 60,000 ft (pg = 150 1b/sq ft).

The pressure estimated with the use of Equation (11) is
acoustic 1in that 1t propagates in the flow as well as convects
with the flow. (In contrast, the pressure fluctuations esti-
mated by Equation (10) for the subsonic case are not acoustlc.)
In the supersonlc case there are also non-acoustic pressure
fluctuations. These pressure fluctuations are an order-of-
?%g?itude (20 db) greater than those estimated by Equation (11)

The space-time correlation of the shock-turbulence sound
may be estimated from the sound propagatlion speed and the con-
vection speed. The spectrum 1s not known, but nolse measure-
ments in wind tunnels suggest that the spectrum wlll maximize
in the audlo frequency range, in contrast to the situation ex-
pected 1n the subsonic case.
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3. Retro-rocket turbulence

One proposed method of decelerating a space vehicle conslsts
of firing a rocket in the direction of the forward flight path.
As the vehlcle decelerates, it may move fthrough a portion of the
rocket exhaust stream. The turbulent veloccity fluctuations in
the exhaust stream can move over and excite the vehlcle surfaces,
and thereby act as noise sources.

This method of "retro-firing" deceleration would probably be
used in a very low density atmosphere. Therefore, a deseription
of the rocket exhaust turbulence requires some understanding of
jet behavior in such atmospheres., Unfortunately, little infor-
mation of this kind is available. We may speculate that the ex-
haust stream will expand right at the rocket exit nozzle, so that
the pressure inside the stream 1s equal to the (very lows pres-
sure of the surroundling atmosphere. Also, the interface between
the expanded jet and the atmosphere may become hot, because of
the hlgh relative veloclty between the two medla. However, we
must have a more quantitative plcture of the exhaust flow in
order to estimate the importance of retro-firing operation as a
noise source, Thus, there is a need for experiments to deter-
mine the steady and the fluctuating quantities of a rocket ex-
haust in a low density atmosphere.

Pressure due to Micro-meteorite Impacts

Although the existence of cosmic debris or meteorltic dust
outside the earth's atmosphere has been indlrectly deduced many
years ago, it has been only since the advent of high-altitude
rockets and satellites that this dust has been sampled and made
the subject of more direct study. With orbital and space flights
a reallty, the possible nolse induced by the continued encounter
of vehicles with micro-meteorites naturally becomes one of the
many matters of concern.

Relative abundances, masses, radii, and veloclitlies, of micro-
meteorites at the edge of the earth's atmosphere are given in
Table I, based on one of the most widely accepted estimates (29).
This estimate 1is based on extrapolation of visual, photographic
(30), and radic meteor data, but some of the measurements ob-
talned from satellites and sounding rockets seem to agree with
it (39,31,32). More data concerning the abundance of the smaller
particles may soon become available as a result of studles cur-
rently in progress. It 1s of interest to note that nmeteorites 1in
general have sponge-like structures, wlth densities of the order
of 0,05 gm/em3.
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In Table I, no account is made of possible shielding by the
earthy a factor of one half should be applied to the number of
impacts for vehleles ngar the earth's surface. Other correc-
tiong for distance from the earth cannot be made 1n absencs cof
precise data on partlcle ancd vehicle orblts, but it is likely
that the number of meteorites striking a vehicle will decreasse
with increasing distance from the earth, even 1f shielding by
the carth is taken intc acccunt (29). In view of the limlts of
present knowledge, Table I can be appligd with reasonable confi-
dence only for dlstances up to about 10T km from the earth.

From the values given 1n Table I, one may compute that the
average total momentum flux (i.e., pressure) due to pargicles
of all sizes amounts at most to about 2 x 10-2 dynes/cm? 1if
shielding by the earth is neglected. This value of pressure
corresponds to a pressure level of -100 db, which is negligible
compared to that due to other sources. The aforementicned pres-
sure, however, 1ls an average over a long time, and 1t 1s guite
possible that significantly higher pressures are reached for
short periods, particularly if there exlst orbltal positions
where concentrations of particles oceur. Also, the instantane-
ous response of the vehicle structure might be qulte high for a
single impact, although the long-time average would be expected
to be gquite low.

ITI. CONCLUSIONS

We have presented a review of some of the nolse environments
likely to be important for flight vehicles. Although this re-
view is by no means exhaustive 1n subject matter or complete in
detail of information, it does indicate that the nolse environ-
ments of a flight vehicle are lndeed complex and that much 1s
yet to be learned about these environments.

Of the nolse sources we have dlscussed, rocket and turbojet
englnes, oscillating shocks, boundary layer pressure fluctua-
tions, base pressure fluctuations, and wake nolse seem to be
more signlficant for most cases of practical interest. OCn the
other hand, atmospheric turbulence and mlcro-meteorltes appear
to be of less importance,

The need for further measurements to c¢larlfy and widen ocur

knowledge of environmental nolse 1ls obvlcous. Such measurements
may be carrled out most directly on vehicles 1n flight, but such
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experimentation 1s relatively difficult and costly. It is
anticipated that laboratory investigations, e.g., of base
preasure fluctuations on wind tunnel models, may be extremely

" useful.

Some phases of the experimental investigations are likely
to prove extremely difficult because the noise observed may be
due to more than one significant source. For example, the bound-
ary layer and the base pressure fluctuations are both functilons
of dynamlc pressure; measurement of noise on a flight vehicle
is apt to show a maximum when the dynamic pressure 1ls at its
maximum. However, the contribuciion of the two aforementioned
sources wlll be undistingulishable unless extreme ingenuity
and care are exerclsed in devising and executing the experi-
ment.

Some sources of structural excitatlion that we have not dis-
cussed in this paper may be qulte important. These include:
combustion instabllity and other internal engine oscillatlons
that may be transmitted directly to the structure, transients
assoclated with changes in propulsion, transients assoclated
with separation of vehlcle sections (e.g. stages), unsteady
thermal stresses in structures due to unsteady motions of the
vehicle. A careful assignment of the environmental problem of
a flight vehicle should include these and possible other sources,
as well as those discussed in the present paper.



Meteor
Visual
Mag.

O 00~ ov W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Mass
(gm)

0.250

9.95+10
3.96°10
1.58+10
6.28-10
2.50+10
9.95-10
3.96+10
1.58°10
6.28°10
2.50.10"
9.95.10
3.96-10
1.58-10
6.28-10
2.50-10
9,95-10"
3.96°10°
1.58-10
6.28+10
2.50+10"
9.95°10
3.96.10
1.58°10
6.28+10
2.50+10°
9.95°10"

11
12

METEOROID DATA

Radius
(microns)
10,600
7,800
5,740
4,220
3,110
2,250
1,680
1,240
910.
669.
492,
362,
266 ,
196,
144 ,
106,
78.0
57.4
39.8
25.1
15.8
10.0
6.30
3.98
2.51
1,58
1.00

* * k%

% % %k ¥ Xk

Velocit
(km/sec
28
28
28
27
26
25
24
23
22
21
20
19
18
17
16
15
15
15
15
15
15
15
15
15
15
15
15

*
Maximum radius permitted by solar light pressure.

Impacts on
3m diameter
sphere per day

2,22.1072
6.48.10 77
1.63-10'4
4,09 104
1.03+1073
2,58.1073
6.48-1073
1,63°1072
1;.09-10‘2
1,03-10 2
2.58.1071
6.48.1071
1.63

4.09
1.03.10
2.58°10
6.48°10
1.63°10°
4.09-102
1.03-103
2.58°10°
6.48-103
1.63'104
4,09.10"
1.03+10°
2,58°10°
6.48°10°

*Includes all meteorites of mass greater than that indicated in
"mass" column.
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Fig., 10 - Distribution of static pressure over a typlcal missile,
(p= local static pressure at surface, Poo = 8tatle
pressure in undisturbed medium).
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