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ABSTRACT

Tais report is a study of the effect of changing meteorological con-
ditions on the sonic botm produced during steady level flight. The
influence of variations in atmospheric temperature, pressure, and wind

5 on this noise are investigated. Simplified methods are established for
estimating the effect of these variations. Coumbinations of meteorological
conditions which can produce anomalous propagation such as complete cut.-
off, focusing, and extreme lateral spread are discussed. The effect oIl

r’ air turbulence near the ground is considered. A number of comparisons

with test data measured at Oklahoma City (1964) are presented, and recom-
mendations for additional experimental and theoretical work are outlined.
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SECTION I INTRODUCTION

It has been recognized for a number of years that the sonic boom gen-
erated during supersonic flight would be an important factor in the design
‘and operation of a commercial supersonic transport airplane. Accordingly,
research into the factors which effect the sonic boom have been actively
pursued by industry and government agencies. Methods for predicting the
influence of the airplane configuration have been established, and are
well substantiated with both flight test and wind tunnel data. This ap-
proach however, is valid only in a homogeneous atmosphere with constant
meterological properties between the airplane and the ground.

Until now, considerably less research has been devoted to developing
an understanding of how an ..rplane's shock waves propagate through non-
uniform atmospheric conditions. Some methods of analysis have been
based on aczoustic propagation through nonmniform temperaturs regions.
Although this 1s acceptable for predicting shock-wave locations and pat-
terns on the ground, this approach ylelds little useful information about
the shock wave strength under, and to the sid: of, the fiight track.
Various correction factors such as the square root of the ratio of the
ambient pressure at the ground to that at the 2irplane ,\/Pg/Pa, have been
used to account for the effect of the variation in atmospheric properties
between the airplane and the ground. These are based on approximate
analysis of acoustic waves.

A more detalled approach to the problem was taken in Ref. 6. In this
work the shock waves were assumed to propagate at velocitles dictated by
their strength, and the effect of pressure, temperature, and wind shear
along the path of propagation was taken into account. An additional
value of this approach is that it allows solutions of the shock wave
strength in regious of focusing where the acoustic theory predicts totally
unyeal values. This work is expanded in Appendix II. It was also pro-
grammed for a digital computer (Refs. & and 83). The latter computer
program 1s available from NASA.

The theory and method of Refs. 6 through 8 have been used in this
report to predict variations in overpressure vhich would occur with
variations in the atmospheric properties between the airplane and the
ground. The purpose of this effort was to determine if variation in
atmospheric properties could significantly influence the boom as it
propagates between the airplane and the ground. Simplified methods for
estimating the effect of such varlations are established, and are sum-
marized in Appendix VIII. Comparisons with experimental data are shown
and recommendations for future work are also outlined.

The study was divided into investigations of the effects of variations
of meteorological conditions in the atmosphere, and the effects of local
turbulence. It has been found that:
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e Variations in temperature, wind, and pressure can influence the
boom strength on the ground.

® Varlations in temperature and wind can influence the lateral distri-
bution of the boum to the side of the flight track.

¢ Variatiuns in temperature and winds can cause anomalcus propegation
such as complete cut-off (no boom heard on the ground), focusing
slocal intensification of boom strength), or extreme lateral spread
nc cut-off to the side of the flight track).

e The above effects are significant only at Mach numbers below 1.3.

e Local turbulence may change the shape of the pressure wave on its
way to the ground.

A number of horizontally stratified model atmospheres have been in-
vestigated., The results of the investigation have indicated that for
flight at Mach numbers above 1.3 the largest influence of changing
meteorological conditions on the sonic boam overpressure is generally no
more than about 15 percent fram that geaerated in the still (no wind)
standard atmosphere. For flight at Mach numbers between 1.0 and 1.3 the
meteorclogical conditions between the airplane and the ground may result
in more significant variations in the overpressure. The effect of tem-
perature variations from the standard temperature-height curve, and of
various winds is shown in Fig. 1. These results are typical of the type
found throughout the investigation.

103 j ] T T T T 7 LR AL LRI LR 1
i B! {EFFECT OF TEMPERATURE
— M2 COMPLETE A TEWPERATURE HIGHER THAN ZEcas
m I+ STANDARD ON GROUND =
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0.8 ) TS NE NSNS
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3 FF 8 ANNER TR it
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Fig. 1 Effect of Temperature and Winds on Sonic Boom Overpressure.
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The figure shows that for Mach numbers less than 1.3, temperatures
lower than standard at the ground gererally reduce the overciessure,
vhile Ligher temperatures generally increase the boom. For physically
real conditions, this variation may be as much as %15 percent at Mach
1,2, For Mach numbers less than 1.3, headwinds generally increase the
boom while tailwinds and sidewvinds decrease it. Winds may cause vari-
ation in the overpressure from that in a still atmosphere (no wind) of
as much as *20 percent at Mach 1.3.

Winds may also cause the overpressure, at the lateral cut-off, to be
higher than that under the flight track for these low Mach numbers.
However, the situation in thls case is not fully understood becaus~ this
phenomena accompanies cut-uff where the shock front is locally normal to
the ground. This precludes a reflection of the wave from the ground and
the normal doubling of the free air overpressure assumed in most calcula-~
tions (see Section III.D.1). Finally, winds umay cause lateral distri-
bution of the boom over much wider areas than normally predicted. This
phencmena may occur at all Mach numbers., However, it need cause little
concern for two reasons. First, the overpressure in the extended region
drops off quite rapidly with distance. Second, it cannot occur if the
airplane flies at altitudes above those where maximum winds exist. The
contemplated supersonic flight altitudes for the supersonic transport
ere generally above these maximum winds.

The influence of local turbulence seems to be that of a distorting
mechanism which deforms the incoming pressure signature on its way to
the ground. 1Initial efforts to describe the deformation process were
not successful, but the development of a more sophisticated approach is
continuing. This work i1s presented, and the proposed steps for the
campletion of the theory are outlined. Present indications are that
interactions of the shock waves with certain turbulent "eddies" result
in a scattering of small portions of the incident wave energy to other
parts of the wave, This process would lead to rounded signatures at

some points on the ground =24 spiked (or very sharp peeks) signatures
at others.

A limited amount of the measured data from the Oklahoma City flight
test series was analyzed statistically. To avoid normalizing the dats,
the analysis considered data measured using the F-104A airplane, flying
at Mach 1.5 at an altitude of 28,000 feet, at times when the cloud cover
was less than 3/10. The observations were grouped for times near 0700,
0900, 1100 and 1300 Central Standard Time. Results from this work in-
dicated that the important scattering parameters are the angle of the
path of propagation of the shock wave, and the time of day (as related
to the turbulent intensity). The data indicates that the upper and
lower bounds of the overpressure of the front shock of a deformed pres-
sure signature are respectively 2.0 and 0.3 times that for the undeformed

measured)signature. (The shapes of these signatures are indicated in
Fig. k2,
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SECTIONII EFFEC IS OF VARIATIONS IN ATMOSPHERIC PROPERTIES

Considered in {his section, are the effects o!' various horizontaily
stratified atmospheric models on the sonic bcom produced in steady ievel
flight. The results are presented in two 'categories; i.e.,"effects of
the standard atucsphere, and effects of variations from the standard ate
mosphere. Consideration of these effects leads to simplified prediction
o® tue influence of variations in atmospheric properties on the sonic
voom and, in moct cases, will make use of a computer program unaecessary
for routine ectimates ol the boom strength. Special cases such as cute
off, focusing, etc. are considered in Section III.

(A) STANDARD ATMOSPHERE - The U.S5. Standard Atmosphere, 1962 (Ref.
1), which forms the basis for calculations of the performaace character-
istics of any airplane configuration, has been used to establish the
besis of the meteorological effects on the sonic boom. This model is
representative of the mean atmospheric properties prevalent in the mid-
latitudes. Boom strengih, distribution, and extent on the ground has
beern established for -‘he standard model.

(1) Sonic Boe a Under the Flight Track - To predict the sonic boom
strength in a noracmogeneocus atmosphere the Whitham theory (Ref. 2) hus
been m>dified to account for propagation of the shock wave through a
region of varying density. The correction factor used, which yielded
relatively close ugreement with test data, wne a geometric mean pressure
given vy Vl)a Pg  (Refs. 3 through 5). This factor was used.to re-
place the homogeneous ambient pressure used in the Whitham equation for
the boom strength under the airplane. The Whitham equation may be
written as shown below:

2 1/8 1/4
AP, =KD Mh—a—/‘l) (3+1)T/z [fovo F(Y.O)dY] 1/2 Eq (1)
where
" = Oround reflectivity factor

Pn = Ambient pressure at airplane

h = Airplane distance above ground

M = Airplane Mach number

Y = Ratio of specific heats (1.4 for air)
JC% FIY. ridY = I(Y’ 9) - functior of airplane geometry and lateral

location of the observer (Ref. 2)

A2t
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To account for sonic boom propagation through the atmo-
sphere, a fattor may be applied to this equation vhich is a function of
the atmospheric propérties, namely ambient prussure, P , and temperature,
T , airplane Mach mmber, and height above the ground. For 6 =-—90°,
f.e. under the flight track, Eq. (1) becomes:

= M=)V 2y Capn ]2
AR e o1, na= K(PT.MH) K, P, L (Y+1)‘7’J[l(y°’ 90 )]

=K(PT.MH) AP, ...

Specializing this for the properties in the standard
atmosphere:

AF,... o reck— K(MH) AP, Eq (2)

Whlthnn= KA APWM-

The factor K,-i1s a function of airplane height above the
ground and Mach number in the Standard Atmosphere. The variation of this
factor was calculated by the method given in Refs. 6-8 and is shown in
Fig. 2 for the ground d at sea level. It is co th the usu-
al correction factor g/Pa. (This is equivalent tomv aPg vhen multi-
plied by the Pa fram Eq. (1).)

It can be seen that K,and \/Pg7Paa.re very close at the
lowe.* altitudes which acccunts for the agreement with the early flight
test uata.

Location of the ground above mean sea level will affect
the variation of K, with height above the ground. This is primarily
due to the change in ambient pressure at the ground from that at sea level.
Curves, similar to those in Fig. 2, have bLeen prepared for the standard o
atmosphere with the ground located at 2000, 4000, and 6000 feet above
mean sea level, These curves are presented in Appendix I and may be
used vwhen the boam is being calculated for arees which are above mean
sea level,

Each time the atmospheric properties vary fram those in
the standard atmosphere, the variation of K (P, T, M,H) with Mach
number and height above the ground changes. Generation of a number of
charts similar to Fig. 2 for every conceivable variation would be a




e ——p

~- A HETO BAHAS TN WA ATE W ASW MEARY T W AP

16.0

14.0
/
Tu=12
o< 12,0 i T I 4
N M=13 /
S b /
2 STANDARD ATMOSPHERE M=1.5-3]7
b 10,0 NO WIND RN 5
z GROUND AT SEA LEVEL M=30= 2
= VA 7
o X
u 8.0 / y
= 74
2 60 z
= d 7| ¥, "
o= y ) N P i}
& V. ] V g/Pa -
§ 40 3T
’4’
] &>
20 =<
El
1
H} L1
0 10 2 0 0 50 60 70 80 90 100

AIRPLANE HEIGHT ABOVE GROUND - 1000 FT
Fig. 2 Amospheric Correction Foctor for U. S. Standard Atmo sphere, 1962.

huge task of little value, in that numerous possible combinations exist.
The problem of accounting for small variations from the standard atmos-
phere is covered in Section II.B.

(2) Lateral Distribution of Boom Strength — The lateral distribution of
sonic boom strength, as given by Whitham (Ref. 2) varies inversely as
the 3/4 power of the distance from the airplane to the point of the ob-
server on the ground. In many cases the airplane configuration is such
that the lateral variation of boom strength i1s also dependent on the

variation of I(Y,, 6) with . The combination of these effects is given
below:

_ H 13/ I(Yo,o ) que
AP= Apunder fit. track [B] [I (Yo' —90°)




where
H = airplane altitude
D = distance from airplane to observer at lateral distance Y from
flight track = (H2+Y2)1/2

02 - tan’l (H/Y)

Rearranging this expressior so that the right side is independent of the
airplane gecmetry:

AP IY,, —8072 [ 12]-m Eq. (3
Apundornt. tmk[ “Y,,.a) - 1+(H) ! ( )

The variation of boom strength with lateral distance, as
computed by the method of Refs. 6-8, is shown in Fig. 3 compared to the
prediction obtained by using FEq. (35 :

This comparison shows that agreement with Eq. (3) 1s quite
close. The maximum differences are less then 10 percent and are con-
fined to the very low Mach number points (Mg 1.2).

The above results indicate that in the standard atmosphere
the variastion of boam strength with lateral distance may be very closely
approximeted by Eq. (3) with A Punser rie. trex being obtained by the
methods of Section II.A.l. The lateral distribution of sonic boom

strength predicted by this methnd should be suitable for most routine
calculations.

1.6 T 1Tt 17711
STANDARD ATMOSPHERE
14 NO WIND
N °M=§‘8 H=;g,888n
— A g ]
= 1 v 30 5.0
-3 O 25 56000
l. <« 1.0 (0] 1.8 55,000
o e S b pa
LT R ® 12 42000
T ~
206} =
B ameLane )
4| g5,
ow Uus r T 11 T
& o -
<L g | [1+(Y/H)2] 8 1
I Y
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Fig. 3 Variation of Boom Streng?’i with Lateral Distance for U. . Standard Atmosphere, 1962.
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(3) Lateral Extent of Boom Strength - Temperauvir: ardiations in the at-
mosphere will cause the rays, describing the path o the shock wave from
the airplane to the ground, to be distorted. Under suie circumstances
certain of these rays will not reach the ground but will %+ rofracted
back into the atmosphere. It i1s possible to determine mathes:tically
the lateral extent of the boum by determining the lateral locati: n of
the last ray to reach the ground. This has been done by specifying that
the direction cosine of the shock front at the ground vhere lateral cui-
off occurs is equal to unity. The location of the lateral cut-off in
the standard atmosphere for the ground at mean sea level is shown in
Fig. 4 for various airplane Mach numbers and altitudes.

. /————FLIGHT PATH s
i STANDARD ATMOSPHERE
o NO WIND
= q GPOUND AT MEAN SEA LEVEL [ 3=
- : St = =
E i 0 Y e
= n CUPﬁfT ’;::E:;r‘—_;.—dr———r—
(-] -
g —={ LATERAL EXTENT , /ﬂ — w12
= 34 ot -
2 ot
-— i
[V¥]
5 1]
0 s —— “-‘.2
2 10
[V¥]
b
3
| 0
0 10 2 E 0 50 60 70
ALTITUDE - 1000 FT

Fig. 4 Lateral Location of Sonic Boom Cut-Off in U. 5. Standard Atmosphere, 1962,

Details of the calculations and a general equation for the
determination of the lateral location of cut-off on the ground for a
general atmosphere are given in Section II.B.6.

The location of the lateral cut-off point defines the point

4 at which the shock front begins to degenerate. Beyond this point noise
may be heard as a low rumble. Data from the Oklahoma City flight tests,
for instance, indicate that the pressure-time trace recorded beyond the
lateral cut-off location is similar to a sine wave. There is no evidence
of the sharp pressure rise which is produced by a shock. Thus, beyond
the location of lateral cut-off the shock front has degeneiated into
something similar to an acoustic noise front. This is illustrated by
comparing the pressure-time records reproduced in Fig. 5.
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Fig. 5 Pressure~Time Traces Neor Lateral Cut-Off.

At the present time there are no data which indiecate the
rate at which the acoustic noise decays to zero, but the maximum pres-
sure difference above the local ambient pressure is quite small and the
pressure rise time is quite large. This should cause little annoyance.
For practical purposes, then, the lateral cut-off location would define
the houndary of shock wave noise which would be produced by a supersonic
airplane.

(4) Routine Calculation of Sonic Boom in the Standard Atmosphere — Once the
airplane geometry inputs, I'(Yo,0), (see Eq. (1)) have been esteblished
for each altitude and Mach number of interest, routine calculations of
sonic boom strength, lateral distribution, and lateral extent for steady
level flight in the U. S. Standard Atmosphere, 1962 may be obtained in
the following manner:

(a) Compute AP e f1¢. treex|from Eq. (2) and Fig. 2
for each Mach number and altitude.

(b) Compute lateral distribution of the boom strength from
Eq. (3) for each Mach number and altitude.

(c) Obtain the location of lateral cut-off fram the curves
in Fig. 4 for each Mach number and altitude, and terminate the lateral
distribution of boam strength at this point.

The above method is represented schematically in Fig. 6, and may be
used for M 2 1.2 with relatively good accuracy.

(B) VARIATIONS FROM STANDARD ATMOSPHERE — Variations in temperature,

pressure, and wind in the atmosphere will produce variations in the sonic
boom strength received at the ground. The effect of some typical changes
in atmospheric properties from those in the standard atmosphere model

are considered in this section. Methods of approximately accounting for

these influences are presented, and where approximations are not possible
the importance of the resulting effects are discussed. In most cases
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involving routine calculations it is possible to make estimates of the
boom strength, lateral distribution, and lateral extent without using
complex computer calculations,

L LT T TTT T T TTT T TSTANDARD ATMOSPHERE '
/1=AP UNDER FLT TRACK_____| NO WIND, ALT=H
A-— EQ(D) MACH NO.=M
! 1 p— R e
I |
7 LA
LATERAL DISTRIBUTION-
'“---.¢~ EQ(3) 1
‘.h.‘\"
e
Q. -
4 7
LATERAL CUT-OFF
FIG 4 ;
!
i
0 ]
0
LATERAL DISTANCE

Fig. 6 Routine Calculation of Sonic Boom in U. S. Stendard Atmosphere, 1962.

(1) Temperature - Atmosphere temperature variations between the
airplane and the ground will cause the ray path, which describes the
motion of the shock wave through the atmosphere, to be deformed. 1In
general, increasing temperatures along the path of propagation (negative
lapse rates) will cause the ray to bend up while decreasing temperatures
(positive lapse rates) will cause it to bend down. This distortion of
the ray path will influence the boor .strength received on the ground.

The effect of temperature variations, on the boom strength under the air-

plane, have been studied for a number of model atmospheres. These models

(Refs. 9-16) characterize the following meteorological conditions:

® Various tropopause heights and associated temperature gradients.

e Temperature inversions near the ground caused by nocturnal radiation,
snow cover, and coastal stratus.

e Multiple temperature inversions due to mixing and advection.

e Frontal temperature inversions.

® Combinations of the above.

They are summarized in.Fig. 7, which shows the standard
atmosphere, for reference.
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The effect of these variations on boom strength was studied
in each temperature model. It was found that the temperature effect was
primarily a function of airplane Mach number and the ratio of the abso-
lute temperature at the airplane to that at the ground. This is illus-
trated in the summary of the calculated data shown in Fig. 8. To better
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Fig. 8 Effect of Temperature Yariations on Sanic Boom Produced Under the Flight Track.
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display the variation in boom strength, the overpressure produced under :‘:-
the airplane in each atmospheric model has been divided by the overpres- N
sure generated in the standard atmosphere for the corresponding Mach Al
number and altitude. \

",
The data presented in Fig. 8 indicate that significant N
changes in the overpressvre, caused by temperature variations from the Y
standard atmosphere, are mainly confined to the Mach number range between g
that required.for complete cut-off (no boom heard on the grourd) and ;:f
about Mach 1.2. For Mach numbers greater tharn 1.2 the effect is rela-
tively small. The influence of temperature variations for Mach 1.2 is "
shown in Fig. 9. This figure presents the data shown in Fig. 8 for Mach Q
1.2, plotted against the airplane Mach number based on the speed of sound &
at the ground,Mg (M_g- Ma,/a, = M(T./T‘)l/2). ‘:
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When the airplane Mach number is less than or approximately 2
equal to 1.2 extreme care must be used in estimating the boom strength y
generated under the airplane. Because all the meteorological factors in- il
volved may significantly affect the boom strength, simple approximations »
are not possible in most cases. A more complete discussion of these N
effects in the low Mach number range is given in Section III. However, )
for routine analysis it may be possible to approximately estimate the .
effect of temperature variations on the boom strength by referring to )
Figs. 8 and 9. The change at Mach 1.2 would be estimated from Fig. 9 h
and the variations for the rest of the Mach number range would be esti- nd
mated from Fig. 8. As the variations in boom strength for Mach 1.5 do {
not usually exceed 12 percent, the effect of temperature in this range W
might be neglected for routine calculations. :Q
(2) Pressure -  Pressure variations between the airplane and X
the ground will influence the bhoom intencity received on the grourd.

Investigation of the equations describing the propagation of a shock wave !
through a nonhomogeneous horizontally stratified media (Refs. 6 and T7) \
indicate that the influence of small variations from an established pres- '
sure-height curve can be described by a relationship between the ambient \
pressures at the airplane and the ground. If the established pressure- b

height curve is taken as the one for the standard atmosphere the influence
of variations from it can be estimated from Eq. (4). (This equation is ¥
developed in Appendix III.) W
[ﬂ
“
P 172 1/4 . ")
3B =[ei-]" [& 2. (4) ¢
std. (Pgly. (Pa)y,, .
press./ under &
fit. track :i:
vhere d
.Q
2
Pg = Ambient pressure at ground in model h
(Pg),., = Ambient pressure at ground in standard atmosphere "
(]
)
Pa = Ambient pressure at airplane (tapeline) altitude 5
o
)
(Pa) , = Amblent pressure in standard atwosphere at airplane 3
' (tapeline) altitude N
The influence of pressure on sonic boom strength is indepen- f
dent of airplane Mach number. This is because the path of propagation X
(1.e. the ray path) is primarily a function of the temperature variation "
and airplane Mach number, and is generally independent of the pressure ’
variation in the atmosphere. !
This expression has been checked by making a number of com- ;

parisons with results obtained using the method of Refs. 6-8. The v
atmospheric temperature models shown in Fig. 7 were used for the compari- ;
son. First, the sonic boom was computed in each model assuming the U.S.
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Standard Atmosphere, 1962 (Ref. 1) pressure-height curve. Boom strength
was then recomputed assuming a pressure-height curve which was developed
by using the hypsometric equation for each temperature model (Ref. 17).
These two results were then ratioed to obtain the effect of pressure
variatiocns from the standard pressure-height curve on the sonic boom,

i.e., (AP/ Aps:" ) moer . The couparison between Eq. (4) and

the computed results is shown in Fig. 10, for each group of temperature
models.

These data show that agreement between Eq. (4) and the com-
puted results is quite close. This equation should be adequate to allow
estimation of the effect of normal pressure variations, from the standard
atmosphere, on the sonic boom produced under the flight path.

(3) Combined Temperature and Pressure - Variations of both
temperature and pressure, in the atmosphere, will affect the strength of
the sonic boom received on the ground. The influence of these variations
on the sonic boom is a function of airplane Mach number, altitude, and
atmosphere thermodynamic properties. In Section II.B.l it was observed
that the influence of temperature variations from the standard teupera-
ture-height profile was a function of airplane Mach number, altitude,

and the absolute temperature profile. This could be put in the function-
al form:

AP —
( AP, )w., = K(M,T,H)
temp.” Qit. track

Furthermore, it was observed, in Section II.B.2, that the
effect of pressure variations from the standard pressure-height profile

was primarily a function of that profile and airplane altitude. This
could be put in the functional form:

AP _
(1%, ), = P
press. Ot. track

The combined effects of pressure and temperature variations
from the standard atmosphere can be obtained by the product of the abovea
two functional quantities.

'ru
'F‘
‘l
3

U

- "

Specifically, if the first of these functional quentities is
noted as Kr(temperature correction factor) and the second is put in the
form given by Eq. (4), the product of these is:

AP _ pE 21 p o 1/4
( Apwi-)under KT [(Pg)m_] [( Pa)s,,,_]

fit, track
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Thus, for a nonstandard atrosphere the overpressure under
the flight track would be given by Eq. (5).

P 2t p 1/4
AP =K 4 a Eq. (
under fit. track T (pg).w‘ (pa)ud, K ApWhl!hl q \5)
vhere
l(T = Temperature correction factor
Pg = Ambient pressure at ground
0ﬁ3)4¢ = Ambient pressure at ground in standard atmosphere
Pa = Anmbient pressure at airplane tapeline altitude above
ground
(Pa),, = Ambient pressure at a.irplane ta.peline altitude above
ground in standard atmosphere
!(A = Atmospheric correction factor for standard atmosphere
(see Section IT.A.l, and Appendix I)
AP, i == Eq. (1) (See Section II.A.l)

For most routine calculations, the temperature correction
factor, KT, may be determined by the method outlined in Section II.B.l.
In some special cases, such as for Mach numbers less than 1.2, special
methods may be required in order to make estimates. However, these situ-
ations would fall into the special class of problems which are discussed
in Section III. Thus, use of the correction factors outlined in Eq. (5)
eiiminates the need to zenerate a number of K, curves (Fig. 2), to
allow estimation of the effect of normal atmospheric variations from
standard conditions.

(4) Winds - Variation in wind speed and direction (i.e.
wind shear) between the airplane and the ground will tend to distort the
ray path in much the same manner a- variations in temperature. In gen-
eral, headwinds cause the rays to bend up away from the ground, while
tailwinds cause them to bend down. Distortion of the ray paths will
cause some variation in sonic boom strength. This variation was investi-
gated by constructing a set of model wind profiles (Refs. 18-35) and
calculating the resulting overpressures on the ground. The wind models
were selected to be characteristic of:

e (Gradients in zonal and meridonal wind components
e High-speed jet streams near the tropopause
o Iow-level jet streams over the great plains

18




Each model was assumed to be omnidirectional, i.e. no lat-
eral shear. The wind models are summarized in Fig. 11 for each of the
above categories.

The effect of winds on the overpressures received at the
ground was studied by assuming that the wind velocities were aligned
parallel and perpendicular to the airplane flight path. In this manner,
the influence of headwinds, tailwinds and sidewinds were studied. The
orerpressures computed by the method of Refs. 6-8 under the flight track
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with wind were divided by the overpressures ih the same model atmosphere
with ro wind, to better indicate tbe influence of each profile. These
results are shown in Fig. 12 for the various assumed wind directions.
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This figure illustrates that the headwinds and tailwinds
exert the most powerful influence on the overpressure under the flight
patb for Mach numbers less than about 1.5. Sidewinds seem to have rela-
tively little inrluence on the sonic boom under the airplane regardless
of Mach number. The results for winds parallel to the flight track are
' similar to those obtained by varying the temperature profile (Section
II.B.1). For Mach numbers above 1.5, the effect of winds is relatively
small (of the order of +2 percent). In the Mach number range between
1.2 and 1.5 the wind components parallel to the flight path may have a
. significant effect. In some cases, especially at low Mach numbers, winds
may cause focusing of the sonic boom under or to the side of the flight
track. These situations represent a special set of cases which are con-
sidered in detail in Section III.B.

Care must be taken in estimating the influence of wind on
the boom under the flight track for Mach numbers less than about 1.3,
but for Mach 1.3 and moderate winds the effect may be estimated from a
cross plot of some of the data in Fig.  12. This is shown in Fig. 13
where the data at Mach 1.3 has been plotted against the sum of the speed
of sound ratio (ag/a,) and the relative wind component (U*/a,) parallel
to the flight path.
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The data from this figure may be used to estimate the in-
fluence of headwinds and tailwinds at Mach 1.3. Figure 12 data may be
used to estimate the effect over the remainder of the Mach number range,
for most routine calculations. In routine calculations, the effect of
sidewind components could probably be ignored since the most extreme
winds cause less than a 5 percent change in the overpressure under the
flight path at Mach 1.2, and less than 12 percent at higher Mach numbers.

(5) Lateral Distribution of Boom Strength — It was shown in Section II.A.2
that according to theory the lateral distribution of the sonic boom strength
varied inversely as the 3/h power of the distance from the airplane to any
point on the ground. The expression developed in that sectiom, Eq. (3),
was compared to data computed using the method of Refs. 6 turough 8 for each
of the nonstandard atmospheric models shown in Fig. 7. This comparison is
shown in Fig. 1l for severul Mach numbers. No wind shear is assumed.

The figure shows that the maximum deviation from the approx-
imate equation, Eq. (3), is about 8 percent for Mach 1.2. The majority
cf the computed points show very close agreement, especially at the Mach
numbers above 1.2, The results of this comparison would indicate that
Eq. (3) should yield a relatively good approximation for both standard
and nonstandard atmospheric models.

The presence of wind shears will also influence the lateral
distribution of the boom strength. In some cases the approximation
obtained by using Eq. (3) may not be sufficient and more complicated
methods must be used. The validity of the simple approximation was
checked in the standard atmosphere with the mean zonal and high-speed
Jet wind profiles (Fig. 11). The wind directions were taken individually
as tailwinds, headwinds, and sidewinds and the distribution of boom
strength under the airplane was computed for each case. The computed
results are compared to Eq. (3) in Fig. 15(a) for the mean zonal wind
profile and in Fig. 15(b) for the high-speed jet wind profile.

[

The figure shows that for the mean zonal wind profile (Fig.
15(a)), the agreement with Eq. (3) is quite good at all Mach numbers
above 1.2. 1In the case of high-speed jet profile (Fig. 15(b)) agreement
is not quite as good, especially at low Mach nusbers. From this compari-
son, it anpears that estimates computed using the approximate equation,
Eqe (3), are sufficient in cases of moderate winds (with maximum
wind speeds less than about 100 feet per second) at all Mach numbers,
and for high winds at Mach numbers greater than about 1.5. The
results at low Mach numbers for the high-speed jet profile illustrate
some of the special cases discussed in Section III.B. For instance, at
Mach 1.2 both the headwind and tailwind cause complete cut-off so that
no boom would be heard on the ground. However, as a sidewind the high-
speed jet would cause lateral focusing of{ the flight track (i.e. over-
pressures to the side of the flight track higher than those under it).

In the cases of high wind speeds in the vicinity of the airplane altitude,
extreme care must be exercised when estimating the boom strength and
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cases which are covered in more detail in Section III.B. Criteria are
established in that section so that these special situations may be
isolated and investigated separately if necessary. For ordinary meteor-
ological conditions the approximation established previously should be
sufficient in making routine estimates of the lateral distribution of
the boom strength on the ground.

I distribution on the ground. This situation represents a set of special

.

‘(6) Loteral Extent of Boom Strength - The lateral extent of the boom
strength to the side of the flight track in a still atmosphere is deter-
mined primarily by the temperature distribution between the airplane and
the ground, the flight altitude, and airplane Mach number. The location
of the lateral cut-off point does not necessarily define the location
beyond vwhich no noise will be heard as noted in Section II.A.3. It is
possible to theoretically determine the lateral extent of noise by in-
vestigating the equations describing the path of the shock front from
the airplane to the ground. These paths are commonly called ray paths
and their lateral extent is found by determining the location of the
last ray to reach the ground.

LA

Consider a general temperature profile such as that shown in
Fig. 16,where the temperature is assumed to vary linearly between signif-
icant levels.

The lateral location of the last ray to reach the ground for
this profile is given by (this equation is developed in Appendix IV):

- 1 amn.x 2 12 & afnu—-az 1./1 az _az 1/2
Ym_ t[l—(-ﬁ———a )] _[ 1 = n] _[a%x._n+1] (zn+1_ zh) Eq. (6)

apl n+1

In some cases the temperature between two levels is constant,
such as in the stratosphere of the standard atmosphere. Assuming this
occurs between levels z,, and z,, ., (i.e. a_= amH) the term in Eq. (6)
involving (zm H-Zm) becomes:

8m+1
Z —Z Eq.
(agu-a?,_n)x/z ( m+41 m) Z (7)

This 1s further illustrated in Appendix IV where Eq. (6)
is expanded for the standard atmosphere.

The assumptions involved in deviving Eq. (6) are that the
speed of sound varies linearly between levels, and that the shock front
travels at speeds nearly equal to the local speed of sound. The influ-
ence of these assumptions has been checked by comparing results computed
by the method of Refs. 6-8 with those camputed using the above equations.
A typical example of this camparison 1s shown in Fig. 17 for the model
temperature profile B-5 (Fig. T), at several Mach numbers and altitudes.
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The figure shows that the effect of the assumptions is not
very significant, as the results computed by both methods are quite close.

Variations in the temperature profile will cause variations
in the location-of the lateral cut-off. The extent of the lateral dis-
tribution of sonic boow strength was computed for each of the atmospheric
models shown in Fig. 7.

The variation in lateral extent is shown in Fig. 18 for the
two models which produced the widest deviations from the values in the
standard atmosphere. The extent in the stdandard atmosphere is shown for
reference.

The figure shows that, in the extreme cases, variations
from the standard atmosphere locations 5 to 10 miles may occur. In
general, temperatures lower than standard on the ground will increase
the lateral extent, Ymax, while ground temperatures higher than standard
will decrease Ymax.

Wind shears will also affect the location of lateral cut-off
offs The magnitude of the variation caused by moderate winds was
studied in the standard atmosphere with the mean zonal wind profile
(Fig. 1).). The value of Ymax was computed by the method of Refs. 6-8,
for a headwind, tailwind, and sidewind. For the purposes of comparison
these values were divided by the value of Ymax with no wind for the same
Mach number and altitude and are shown plotted in Fig. 19 against air-
plane Mach number.

The figure shows that for moderate winds the maximum varia-
tion occurs at Mach numbers near 1.2. For Mach numbers greater than
about 1.5 the variation is of the order of 5 percent. In general, tail-
winds and sidewinds (on the downwind side) increase the value of Ymax,
while headwinds and sidewinds (on the upwind side) decrease Ymaxe In
some cases 8trong winds may substantially increase the magnitude ot Ymax-.
The conditions required for this to occur are described more fully in
Section III.B.4. For purposes of routine calculation the influence of
moderate winds on the location of the lateral cut-off point might be
ignored or estimated from Fig. 19.

. (7) Routine Calculotions of Sonic Boom in General Atmosphere — The method for
calculating sonic boom distribution on the ground was outlined in Section
II.A.4, for the U.S. Standard Atmosphere, 1962, with no wind. A similar
procedure would be used in making routine estimates for a general at-
mosphere with wind. The following method should be used with extreme
care for Mach numbers between 1.0 and 1.3, especially in cases when
wind shears are to be considered. Criteria for meteorological conditions
vwhich may cause anomalies in the overpressure and distribution of the
sonic brom are developed in Section TII. These should be checked when
makiry calculations in the above Mach number range.
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Once the airplane geometry influence, I(Y, ,0), (see Eq. (1))
has been determined for each Mach number and altitude of interest the
calculation of sonic boom strength and distribution may proceed as follows:

(a) Calculate AP gy e track from Eq. (5) and Fig. 2
(or Appendix Figs. I-1, I-2, or I-3 for the ground located above O MSL)
for each altitude and Mach number

e The variation of the temperature correction factor, K , with Mach
" number may be estimated from Fig. 8, with the value &t Mach 1.2
1 estimated from Fig. 9.
e The variation of the correction for wind shears with Mach number may
be estimated from Fig. 12 with the value at Mach 1.3 taken from Fig. 13.

(b) Compute the lateral distribution of sonic boom strength
from Eq. (3) for each altitude and Mach number. (Caution must be exer-
b cised vhen estimating the lateral distribution for low Mach numbers and
] high winds, Fig. 15.)
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(c) Obtain the locatios of lateral cut-off from Eq. (6)
and Eq. (7) for each Mach number and altitude, and terminate the lateral
distribution at that point. (Effect of moderate winds on the latersl
cut-off location may be estimated from Fig. 19.)

The above procedure was generally illustrated in Fig. 6,
which may be referred to as a guide for rerforming routine calculetions

of the sonic boam intensity and distribution on the grourd in a nonstand-
ard atmosphere.

(C) SUMMARY OF RESULTS ~The effect of variations in temperature and pres-
sure on the sonic boom intensity and lateral distribution were established
in this section for the U. S. Standard Atmosphere, 1962. Variations in
these properties fram the standard conditions and the presencs of winds
were also investigated. Simplified methods for rredicting the influence
of these changes were developed. Further, these investigations indicated
that the effect of varying meteorological conditions for flight at Mach
numbers above 1.3 on the sonic boom intensity 1is generally no more than
15 percent from that generated in the still, standard atmosphere. Flight
at Mach numbers below 1.3 may result in more significant variations in
the overpressure,
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SECTION 1 A REVIEW OF CONDITIONS WHICH MAY CAUSE ANOMALOUS
PROPAGATION

VYarious meteorological conditicns may exist between the airplane and

the ground vhich will cause unusual influences ca the sonic boom intensity

and its lateral distribution at the ground. It is the purpose of this
section to discuss these conditions, their effect on the overpressure,
and vwhen possible, to present criteria for determining the conditions
necessary to produce the anamaly. The presence of the required condi-
tions may result in focusing (local intensification of the boam), com-
plete cut-off (no boom heard on the ground), extreme lateral spread
(boom heard at extremely large distances to the side of the flight tr..ck),
and distortion of the wave form due to interaction with turbulence.
Variations in temperature alone can cause focusing or cut-off, while
variations in both wind and temperature canu cause focusing, cut-off, or
extreme lateral spread. For purposes of simplicity it is convenient to
consider these in terms of temperature and wind produced anomalies. The
effects of low altitude turbulence, the shock wave history near cut-off,
and the effect of high altitude turbulence and shower clouds are also
discussed.

(A) TEMPERATURE PRODUCED ANOMALIES - The primary influence of tem-
perature variations in the atmosphere is to distort the ray path, which
describes the path of the shock front from the airplane to the ground.
Ir. some situations, the temperature variation can be such that the rays
are refracted so completely that the boom will not reach the ground.
This condition is known as "complete cut-off" of the sonic boom. On the
other hand the conditions mey be such that the boom will be focused (i.e.
locally intensified) at a point on the ground. Both of these phenomena
occur at very low Mach numbers where the speed of the airplane relative
to the ground 1s nearly equal to the local sound speed at the ground.

(1) Complete Cut-off - Investigation of the ray path equations (Egs.
II.1s) through (II.1f) in the Appendix) indicates that for conditions o*
no wind the sonic boom will be prevented from reaching the ground if the
velocity of the airplane relative to the ground 1s less than the maximum
speed of sound et any altitude between the airplane and the ground.
Stated in terms of the airplane Mach number, M < a.,/a, . The limi-

ting value of Mach number, M , 1s determined by putting this in the
form of an equality which 1s expressed in Eq. (8) below.

a

where Mior = -—““Laa Eq. (8)
Mm_m = Largest airplane Mach number at which complete cut-off
will occur.
A ax = Largest value of sound speed between the airplane and

the ground.

a = sound speed at the airplane.
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This relstionship alsc defines the meteorological conditions
required for no boom to reack the ground. It has been applied in Fig. 20
to several examples to i1llustrate the spplication to the standard ard
nonstandard atmospheres. The model atmospheres considered are illustrated
in Fig. 7. The figure shows that for altitudes above 36,000 feet, the
limiting Mach number lies generally between 1.1 and 1.2. No boom would
be heard on the ground for flights in a still atmosphere at Mach numbers
less than the M at the airplan~ esltitude.

cut-off

(2) Focusing on the Ground - Focusing or intensification of the sonic
boam civlressure will occur if a set of adjacent ray paths describing
the propag.ition of a portion of the shock front tend to come together.
This leads to cusping or folding over of the shock frcnt at a point where
the area between the adjacent rays (i.e. ray tube area) tends to go to
zero. This phenomena is discussed in more detail in Ref. 36. A general
expression for the variation of the aréa between the adjacent rays is
given in the Appendix (Eq. (II-6)). This expression has been investi-
gated to determine the meteorological conditions required for the ray
tube area to approach zero. It was found that if focusing takes place,
it can occur only at the location of a cut-off of the sonic boom (either
lateral or under the flight track). For a still atmosphere fccueing
can occur only under the airplane and takes place simmltaneously with the
camplete cut-off at that point. The Mach number at which focusing may
occur on the ground is given by Eq. (9) which i§ derived in Appendix V.

a

— g —
M, =3 ifendonlyif a =a (Eq. 9)

a = sgound speed at the ground
a = sound speed at airplane

a . = largest value of sound speed between the airplane and the
ground

If a temperature inversion exists near the ground such that
ag < a . . the boom cannot be focused at the ground because the cut-off,
if it exists, will occur at the top of the inversion. Thus, in an atmos-
phere such as B-5 (Fig. 7) the boom will not be focused at the ground,
regardless of Mach number. Referring to Fig. 20, t'.e M, 4 line shown
for the Standard Atmosphere, and model A-3 would also represent the

s line. The effect of approaching the Mach number at which focusing
may occur is shown in Fig. 21 where the variation in overpressure pro-
duced at a fixed altitude by varying the Mach number is shown for the
Standard Atmosphere and Model A-3. The data for these curves were com-
puted using the method of Refs. 6-8.
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e ]

The figure shows thwt the boom magnitude may substantielly
increase as the cut-off Mach number is approached, However, two factors
should be noted in considering these results. First, except for continued
flight at this Mach number the rCocusing occurs at only one point on the
ground under the flight track and thus would affect only a very small
area. Second, and perhaps more important, is the interpretation of these
results, At the present time, a factor is applied to all sonic boom
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estimates to account for the reflection of the oblique shock wave from h
the ground. This factor, K, , (Eq. (1)) is usually taken as approxi- 3
mately 2.0. However, at cut-off the shock front is normal to the ground W
and there is no reflected wave from the ground. The value of Kg 1is ¥
not clearly defined under these circumstances. This aspect of the pro- g
"
\
(
0

blem is considered in more detail in Section III.D.1l but, to sumnarize
here, the conclusion is that Ky must vary between epproximat.:ly 2.0 for

the oblique shock wave to approximately 1.0 for the normal wave at cut-

off. In this respect the overpressure experienced at the ground near an J
atmospheric focus may be only slightly larger than that predicted for
Mach numbers higher,than that required for focusing, where Kp= 2.0. As
will be shown in the following sections, the seme argument would hold for N
wind induced focusing as this too occurs only at a cut-off where the J
shock front is normal to the ground. ty

In meking routine calculations, Eqs. (8) and (9) should be Y
checked to determine the Mach number at which cut-off or focusing may
occur. If an inversion exists near the ground Eq. (9) mey be ignored.
When the Mach number of interest lies very close to Mach number required
for focusing, (the proximity may be estimated from Fig. 21) the approxi-
mate methods nutlined in Section II may not be sufficient to adequately
determine the boom strength on the ground. If an estimate is required
for these Mach n.mbers more sophisticated methods, such as those detailed
in Refs. 6-8, must be applied.

-~

-

(B) WIND PRODUCED ANOMALIES - Wind shears between the airplane and
the ground will distort the shock front as it travels through the atmos-
vhere. In some situations these shears may either prevent the boom from
reaching the ground or significantly increase the boom lateral extent.

In others they may intensify or focus the boom locally. The meteorologi
cal conditions necessary to produce these phenomena are presented in this
section. These results should be used in conjunction with routine esti-
mates to isolate those situations where unusual propagation may occur.

It may be noted that with the exception of large increases in location of
lateral cut-off, wind produced anomalies are generally confined to the
low Mach number flight regime. At higher Mach numbers (usually above
1.3) the wind shears required to produce the unusual effects are too
large to be realistic.

-

*x .M wn_ e

(1) Complete Cut~off ~ Investigation of the ray propagation equa- '
tions, (Appendix Equations (II-la) through (II-1f)) indicates that for an i
atmosphere with wind, no boom will reach the ground if the ray directly .
under the airplane is refracted. Experimental evidence of complete cut-
off has been noted in Ref. 4 for very low Mach numbers (near 1.2). In
the simplest case, this requires that the airplane speed relative to the ;
ground be less than the speed of sound at the ground. The maximum Mach t

number at which cut-off would occur is given by Eq. (10) below. ¢
(a+u) -U, )
Mcut~ot‘t‘ I 2‘8"’( Eq. (10) )
a 1
1
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where
M = Jlargest airplane Mach number at which complete cut-off
cut-off

will occur

a = gound speed at some level between the airplane and the
ground

U = tailwind speed component at the same level as selected
for a.(U is negative if it is a headwind component)

U. = tailwind component at airplane (U. is negative if it
is a headwind component)

a = sour. speed at airplane

(a+U) = largest value of sound speed and wind component speed

ma

2 which occurs between the airplane and the ground

The calculation of M o 18 considerasbly simplified if
the combired sound speed and wind speed for the atmospheric model being
considered is plotted against altitude from the ground. This step aids
in selection of the maximum value of (a+U) tiet lies between the air-
plane and the ground.

Several examples of M ..o bhave been calculated using the
atmospheric models from Fig. 7 and the wind models from Fig. 11l. These
results are shown in Fig. 22 for both headwind and tailwind. The' cut-off
Mach number with no wind is shown for reference.

The figure shows that, in general, headwind components in-
crease the cut-off Mach number above that for the no wind case, while
tailwind components decrease the cut-off Mach number. However, in the
case of very high speed winds, the tailwind components may increase
the :ut-off Mach number for altitudes above the maximum wind speed. This
is illustrated in the case of the high-speed jet. It should also be
noted that the altitude at which complete cut-off occurs is indicated by
M at-ot = 1.0. In the case of the high-speed jet tailwind in the Stand-
ard Atmosphere for flight at altitudes above 28,000 feet, the cut-off
would occur at about or above 28,000 feet.

(2) Focusing Under the Flight Track - Under some conditions, winds may
cause focusing of the sonic boom under the flight track. The mechanism
is similar to that described in Section III.A.2. It has been found, up-
on investigation of the ray tube area expression, {Appendix Eq.(II-6))
that focusing under the flight track and complete cut-off must occur
simultaneously. The boom at the ground may be intensified if the cut-off
occurs at the ground. The Mach number at which focusing may occur on the
ground under the flight track, in the presence of wind, is given by Eq.
(11) vwhich is developed in Appendix V.
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(a'i-U)8 -U,
M = if and only if (a + U)_=/(a <+ U) Eq. (11)
aa g max
where
N = Mach number at which focusing on the ground may occur
(a +U)8 = sum of sound speed and tailwind component at the ground
(U is negative if it is a headwind component)
U = tailwind component at the airplane (U is negative if it
a a
is a headwind component)
a = sound speed at the airplane

If the quantity (a+U) 1s not largest at the ground, cut-
off and possible focusing will occur at the level where this quantity
has its greatest value. This is similar to the effect of an inversion in
the stlll atmosphere. Referring to Fig. 22, the Mach cut~off lines for
the headwind and tailwind would also represent the Mgy, lines. An
interesting example of cut-off above the ground with no focusing possible
at the ground is illustrated quite vividly in the case of the Standard
Atmosphere and the high-speed jet tailwind profile. For airplanes flying
above 28,000 feet at Mach numbers near Mp,.,, the cut-off would occur
at 28,000 feet, thus precluding the possibility of focusing at the ground.

The effect of wind on the overpressure under the airplane
was investigated by the method of Refs. 6-8,in the Standard Atmosphere
for winds increasing linearly from zero at the ground to the maximum
value at the airplane. The wind magnitude at the airplane was increased
until cut~off and focusing at the ground were achieved. These results
are shown in Fig. 23 where the overpressure with wind has been divided
by that obtained without wind for the airplane at a fixed Mach number
and altitude.

The figure shows that the focusing effect occurs at wind
speeds very near those required to produce complete cut-off. The local
intensification may not be as high as it appears at first sight because
of the possible variation in ground reflection factor Ky with shock wave
angle. This consideration is discussed more fully in Section III.D.l.

Another interesting consideration is that wind induced fo-
cusing can occur only at the very low Mach numbers. This may be seen if
Eq. (11) is rearranged so that the wind required for cut-off and focusing
at the ground may be calculated as a function of the airplane Mach num-

ber. An especially simple example may be found in the Standard Atmos-

phere with a wind varying linearly from zero at the ground to a maximum
at the airplane and by assuming that the airplane is above 36,000 feet.
The wind required for cut-off dnd focusing has been determined for this
case and is shown plotted in Fig. 2k,
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The figure shows that the headwind speeds at the alrplane
required to produce cut-off and focusing are in excess of 200 feet per
second for Mach numbers above 1.3. Wind velocitles in the atmosphere
rarely exceed this value at altitudes above 40,000 feet, where airplanes
such as a large supersonic transport would fly at these Mach numbers. At
higher Mech numbers the wind velocity required for cut-off and focusing
would be larger than any which could physically exist in the atmosphere.

(3)  Focusing to the Side of the Flight Track - As in the case of focusing
under the flight treck, intensification of the boom to the side of the
flight track may occur simultaneously with the lateral cut-off. Investi-
gation of the ray tube area expression in the Appendix (Eq.(II-6)) leads to
an expression of the wind required to produce these phenomena. The ex-
pression for the required wind conditions i1s derived in Appendix VI of
this report. The result has been applied to several examples vhich are
presented in Fig, 25,
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The required wind speed components are measured relative
to those on the ground. For example, the sidewind speed, V*,'would be
the absolute value of the algebraic difference of the sidewind speed at
the ground and that at the airplane, i.e. |[Vg -V, |. Wind is a vector
quantity so that the direction must be accounted for by the sign of the
number. The following directions were defined in developing the above
curves:

Winds in the direction of the flight path are positive (i.e. tailwinds).

Winds in the opposite direction of the flight path are negative (i.e.
headwinds ).
Winds coming from the right side normal to the flight path are positive.

Winds coming from the left side normal to the fligh* path are negative.

The figure indicates the wind components required to cause
off-track focusing at several Mach numbers. It is evident that this
phenonenon is restricted to the very low Mach numbers because of the

) magnitudes of the wind speeds required at the higher Mach numbers.

To indicate the proximity to the required value of wind
vhich may cause an unusual effect, several cases have been computed in
the Standard Atmosphere. The sonic boom strength at the lateral cut-off
point was computed by the method of kefs. 6-8 for various wind speeds
and directions. These results were then divided by the boom strength
under the flight track for no wind in order to better illustrate the var-
iation. The effect of winds on the boom strength at the lateral cut-off
point is shown in Fig. 26.

The figure shows that in some circumstances and at very low
Mach numbers the overpressure to the side of the flight track may exceed
that under the flight track. The same phenomenon may also be seen in
Fig. 15 for the standard atmosphere with the high speed jJet sidewind pro-
file for Mach 1.2. Here again, the variation of K, the reflection fac-
tor, with shock angle must be considered as the focusing effect occurs
simultaneously with cut-off where the shock is nearly normal to the ground.
This is discussed in more detail in Section III.D.l.

A better indication of the range of wind speeds which are
required to piroduce significant off-track focusing may be obtained by
a cross-plot of the data in Fig. 26 for Mach 1.2 on the plot of Fig. 25.
The winds which will produce overpressures at the lateral cut-off po-
sition equal to these normally produced under' the flight'track without
wind were picked to form the boundary. Thus, the wind range which will
produce this effect is shown as the cross hatched area in Fig. 27.
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For Mach numbers greater than 1.3, the relative wind speeds
required to produce the off-track focusing become very large. This is
illustrated when comparing the computed data for Mach 1.2 and Mach 1.3
in Fig. 15 for the high speed jet sidewind. The data at Mach 1.3 shows
that the influence of the high speed winds is practically negligible.

For most practical cases of transonic flight (Mach numbers near 1.0) at
high altitudes (above 40,000 feet) the winds at the airplane would not

be of sufficient magnitude to produce the off-track focusing effect. Thus,
the primary consideration would be one of focusing under the flight track
at or near the cut-off Mach number. The probability of occurrence of

the focusing phenomenon either under or to the side of the flight track

; is considered in more detail in Section V.,
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In considering routine calculations of the sonic boom the
wind speed and sound speed variation between tte airplane and the ground
should be determined. The criterion developed in this and the preceding
section should be checked in the low Mach number range to see if the
possibllity of focusing exists for flight at the altitudes of interest.
If this possibility does exist more sophisticated methods, such as that
of Refs. 6-8, must be used to determine the boom strength at the ground.
Otherwise, the methods outlined in Section II should be sufficient to
determine the boom strength on the ground.

(4) Extreme Loteral Spread - In some c~ses winds may increase the

location of the lateral cut-off to very large distences from the flight
track. This phenomenon, vhich has been noted here as extreme lateral
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spread, muy occur at all Mach numbers. An investigation of Appendix Eqs.
(II-la$throu3h(II-1f) which describe the ray path propagation, has led to
an expression for the winds required to rroduce the extreme spread. The
relationship is given in Eq. (12) and is ueveloped in detaill in the Ap-
pendix VII.

§
:
.‘, 2_ [ z_ E
Eq. (12) E
or
A, > A l

U, = Tailwind speed at airplane (negative if headwind)

! V, = Sidewind speed at airplane (positive if coming from right
side of flight track

M = Airplane Mach number
: a, = Sound speed at airplane
: U = Tailwind speed at height, H , gbove ground
: V = Sidewind speed at height, H, above ground

[+
[ ]

Sound speed at height, H, above ground

The (+) sign on the term VM 2-1 V is used whken investigating
extreme lateral soread on the left side of the flight track and the (-) sign
is used when investigating the possibility on the right side.

T

The equation shows that for the winds to produce extreme
lateral spread the value of the quantity A at the airplane, i.e. A,, must
be greater than at any other point between the airplane and the ground.
The application of Eq. (12) to a specific case will illustrate its use.
The example chosen was the Standard Atmosphere with the high-speed Jet
profile. Airplane Mach number was chosen as 2.0, and various wind direc-
tions were selected. The right side of Eq. (12) was computed for each

g assumed direction and is shown plotted in Fig. 28.
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The figure sl .ss the sltitude renge and wind directions for
vhich extreme lateral spr .. ==y occur. It should be noted that, of the
vind directions sclected, .y the 0° (tailwind), 90° (sidewind), and
60°® vind directions could cause this phenomenon, and then only if the
airplane is delow 28,000 feet. The former direction (tailwind) would
cause the extreme spread on both the right and left sides of the flight
track while the latter two directiuns 60° and 90°) would cause the ex-
trems spread only on the left side. In this example, the extreme lateral
spread would not occur for an airplane flying above 28,000 feet. Thé
vinds used in the example in Fig. 28 are characteristic of mcst wind
profiles in the atmosphere. Thus, the problem of large increases of the
lateral cut=-off location would not exist for flight at altitudes above
the level of maximum wind,.

The effect of high winds on the location of lateral
cut-off was investigated for a somewhat academic case, tut the results
were characteristic of the phenomenon. The overprsssure on the ground
vas calculated by the method Refs. 6-8 for a wind profile which varied
linearly from zero at the ground to a maximum at the airplane in the
Standard Atmosphere. The magnitude of the wind at the airplane was in-
creased until it exceeded that requirei to produce the extreme lateral
spread. The results of this calculation are shown in Fig. 29.

The figure shows that although the wind increases the lo-
cation of the lateral cut-off the overpressures in that region are gquite
lov. For this reason routine calculations of the overpressure on the
ground might ignore this effect as the overpressure dbeyonl the normel cute
off location drops off quite rapidly with distance from the flight track.
In any cese, as wvas noted earlier, this phenomenon will probably be un-

common «
u ey T st e Tt r T Ty rvTrrorey 1
WD pARELTION STANDARD ATMOSPHERE
WITH SIDEWIND 1
15 N ans In N ]
: LESS THAN REQUIRED -
AN T
b [ NO WIND4 ;
10 4 . —
S : .-asoun:o?
q P
0.5 1 S R |
+4
1R WIND GREATER THAN REQUIRED = [ TIS
o i 1B AN AN REE HERE B
2 15 10 5 0 5 10 15 2 %

LATERAL DISTANCE - Mi

Fig. 29 Elfect of Wind en Lesstion of Leterel Cut-OF.

1 3
3

Y

“ L6 a
‘ 4 ~ - - -

TR L o T R e B R e T




WA IR U AR TR U NG T T TR TN TV R RN RN W WA WO W LIWOUNY LWL N U AW UWTTAUTT ARG A T R

-

(C) EFFEC*5 OF LOW ALTITUDE TURBULENCE - Thz previous discussion was
limited to tlLe study of the effect of a horizontally stratified atmos-
phere on the propagaticn of the sonic toom. In this section, it will be
shown that any study of the meteorological aspects of the sonic boom can
be separated into effects due to the horizontally stratified atmosphere
and effects due to low level turbulence. The turbulent process in the
atmosphere is the result of some form of instability. This may be either

] a result of mechanical instabilicy, such as produced by wind shear, or
flow over chbstacles, or thermal instability such as produced by solar
heating of the ground. These forms of instability produce random, turbu-
lent fluctuations in vrind and temperature which can only be studied and
described in statistical terms such as the correlation coefficient and
spectrum 8analysis. Consequently, when the effects of a turbulent at-
mosphere on the sonic »oom ere being studle , 1V 15 mmccssary te usc
stetistical parameters for the development of a theory of turbulent ef-
fects on the sonic boom which will be introduced in this section. The
theory describes either the turbulent temperature or the turbulent wind
effects on the sonic boom. The effects of combined temperature-wind
turbulence are currently being studied.

(1) Atmospheric Stiucture - The flow patterns of the atmosphere can be
visualized as being composed of oscillations varying in size from 3 to b
thousand miles in wave length to ones which are locally on the order.of a
few feet. In order to ascertain the effect of the wave length of at-
mospheric properties on the propagation of the sonic boom, a harmonic
analysis, or more rigorously a power spectrum analysis of data containing
these socillations, can be made.

The power spectrum of wind shown in Fig. 30 is a typical
plot of kinetic energy of the horizontal wind speed (which is obtained

o~ HORIZONTAL WiND SPEED SPECTRUM
§. L T BROOKHAVEN - 94,108 AND 125 M
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| Fig. 30 Horizontal Wind-Speed Spectrum at Braakhcven National Laboratory at clout
100m Height (Ref. 38).
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from the spectral analysis) versus the frequency of the waves in cycles

per hour, The temperaturc cpectrm curve is very similar in form to the

horizontal wind spectrum. The following results may be deduced from

Fig. 30:

o There is one maximum in the wave energy spectrum near 100 nours per
cycle. This represents waves due to large scale weather systems.

e A secondary maximum occurs near 12 hours per cycle which may be
identified with the diurnal cycle of m~teorological conditions.

e There is a broad minimum centered near a period of one hour per cycle,
This flat part of the curve (the so-called spectral gap) means tha®
there are very few eddles of a size from 1 to 20 miles in the atmos-
phere vhen, for example, the average wind speed is 10 mph.

¢ A third maximum is found near periods of one minute. This means
that, for the same average wind speed of 10 mph, there are many turbu-
lent osclllations with a wave length of about 900 feet imbedded in the
passing atmospheric flow field.

These data show that the study of the effects of the at-
mosphere on the propagation of the sonic boom can be separated into two
parts. One part of the study is the effect of the stratified atmosphere,
in which the horizontal gradients on wind and temperature may be neglec-
ted because they are small relative to the distances (20 - LO miles) ef-
fected by the sonic bocm. As was pointed out above, eddies of this size
are rare in the atmosphere. The second part of the study are the effec:s
of turbulent temperature and wind fluctuations over small periods of time
and space on the sonic boom. These fluctuations are superimposed upon
the relatively slowly varying wind and temperature patterns of the large
weather systems, which for purposes of studying the turbulence are
treated as being nearly stationary. The magnitude and frequency of the
short period variations depend upon such purameters as time to day, wind
speed, cloud cover and the lapse rate of temperature with altitude.

The structure of a horizontally stratified atmosphere 1is
obvious, but the description of a turbulent atmosphere requires the in-
troduction of statistical concepts which may be unfamiliar. When a flow
is characterized as being turbulent, it is implied that fields of irregu-
lar and random fluctuations of scalar quantities (e.g. temperature) and
vector quantities (e.g. wind) occur about some mean value. The fluctua-
ting part of the flow field can be regarded as the superposition of a
large number of different sized oscillations which can be glven analytical
form by a three dimensional Fourler analysis of the velocity field.

To find a quantity which is easily measured and yet is a
good statistical measure of the amount of energy contained within each
particular eddy size of wave length, Taylor (Ref. 67) observed that the
following Fourier transformation pair exists between the correlation
coefficient, Il,j for scalar fields (or correlation tensor for vector

fields) and the wave spectrum (tenmsor), @,
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and that the inverse transform of ¥, 1s

1T% , =

R, @=f0  e' " dk
By (14)

vhere k is the wave number vector vhich represents the turbulent eddies.

The definition of the correlation coefficient (temsor) is

-

Ry (D)= y (X)u, (R+F) Eq. (15)

vhere U, (X) 1s a velocity component in the X, -th coordinate direction and
uj; (X+T)1is a velocity component in the X;-th' coordinate direction at a
distance T from X and i,j=1,2,3. When i=j and T =0, the correlation
coefficicat R, represents the kinetic energy per unit mass:

1 —' -
?ul(i)ul(i)-—/d'”dk Bq. (16)

while ¢ ;; represents the energy density as a function of wave number.

The turbulent eddies decay slowly and are unchanged over
the distances they travel when carried by the mean atmospheric flow dur-
ing the time intervals used In correlating the measurements. This im-
plies that for homogeneous turbulence, the Eulerian or time lag correla-
tions may be used instead of the difficult Lagrangian or space correla-
tion. A similar analysis might be made of the cioss-spectrum between the
two variables, temperature and wind, which lead to a measure of the rate
at which the temperature is being advected or carried along by the turbu-
lence. This suggests a way in vhich the effects of combined temperature
and wind fields may be incorporated into the theory of turbulent scatter-
ing of shock waves.

Other parameters which are useful in describing turbulence
are the mean wind, U, and the RMS wind speed (1i2)!/2. From dimensional
analysis (Refs., 41 and 42) it can be argued that the spectrum of the ver-
tical eddies varies with height above the ground in such a mannei that if
the frequency of the eddies, @, is divided by the mean wind U and mul-
tiplied by the height, Z , a reduced frequency f is obtained which 1s
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essentially the ratio of height to wave length,f =2 | The reduced fre-

quency is used to normalize data to a common base." The "scale of tur-
bulence" vhich is roughly 1/10 the height of the obstacles to the flow.
and the variance of the longitudinal, vertical and latitudinal velocity
components are also meaningful parameters vhich may be used to describe
the turbulent variations of the properties.

(2) Variation in Turbulent Intensity ~ The description of how the turbu-
lence decays pr ssively from large eddies to heat, led Kolmogoroff
(Refs. 69 and T0O) to formulate a similarity hypothesis in 1941, This
hypothesis states that the influence of the large eddies on the smaller
eddies as the large eddies decay to smaller oues diminishes gredually
and consequently, smull eddies tend to have uniform properties for all
types of turbulence. Therefore, the properties of these small eddies are
solely determined by the average rate of dissipation of energy per unit
mass. This hypothesis leads to the form of the power spectrum in the
inertial subrange (e.g. Fig. 30).

To increase the tractability of equations such as those for
diffusicr and acoustic propagation and to mitigate the problem of mea-
surement of the atmospheric parameters, it is often assumed that the
turbulence is hamogeneous and isotropic. If the turbulence quantita-
tively, has the same structure in all parts of the flow, it is hamo-
geneous, It is isotropic if its statistical properties are indspendent
of direction. Hamogeneity and isotropy are usually good approximations’
near the ground (in the atmcaphere) vwhen turbulence is fully developed,
vhen the sky is clear and the winds are strong. Because of the mathe-
matical complexity inherent in describing norn-hamogeneous turbulence,
all investigators to date have assumed that the turbulence is isotropic
and hamogeneous when deriving the scattering equations.

Examination of turbulent spectra such as those assembled
in Iumley and Panofsky (Ref. 41, p. 161 2f) indicates that the following
significant factors about atmospheric turbulence near the ground should
be borne in mind when estudying the propagation of the sonic boom in low
level turbulence.,

e The variance of vertical wind velocity nesr the grcund which increases
with the square of the wind, is a function of the surface roughness,
and is relatively independent of the lapes rate of temperature with
altitude.

e The variance of the lateral ccmponent (1.e., the cross wind) is very
sensitive to lapse rate, but not to surface roughness or wind speed.

e The variance of the longitudinal component of the wind (i.e., along
the wind) depends upon the lapse rate of temperature, surface rough-
ness and mean wind speed.

® Generally, the variance of the horizontal wind components is two to
three times that of the vertical wind (i.e., the turbulence is non-
hamogeneous and non-isotropic).

e It is indicated that the eddies tend to be elongated along the mean
wind direction when the winds are strong (according to Lumley and
Panofsky (Refs. 41 and u42).
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e Examination of the turbulent spectra presented in Ref, 4l shows the
maximum value of the energy density in the spectrum of vertical velo-
city tends to occur near a wave length which is four times the height
above the ground, while the analogous temperature spectrum maximum
occurs near a wave length ten times the height above the ground. Thus,
the maximum turbulent energy density tends to occur at longer wave
lengths with increasing altitude.

Since the measurements, to date, of the sonic boom have
taken place either over deserts or cities, it is important to note
that there is little data on thc homogeneity or isotropy of turbulence
from that kind of region. However, the assumptions of hamogeneous and
isotrcpic turbulence should yield an adequate preliminary solution
vhich will indicate the important parameters that influence the distor-
tion of the sonic boom signature.

(3) Scattering of Acoustic Energy by Turbulence - The principal investiga-
tors in this field have been Perkeris (Ref. 45), Blockhintzev (Refs. 46
and 47) Lighthill (Ref. 4B) and Kraichnan (Ref. 43). They have been
concerned primarily with scattering of small amplitude sound waves. The
problem of determining how acoustic energy is redirected (i.e. scattered)
by the interaction between acoustic waves and a field of turbulence is
difficult and because of the inherent complexity, the simplest case,
that of hamogeneous and isotropic turbulence (i.e., the intensity of the
turbulence has no preferred orientation and it is uniformly distributed)
has been the only case studied to date.

The initial attempt at analyzing the effects of turbulence
on the sonic boom by Palmer (Ref. 81) was to extend the analysis of the
variation of the smplitude due to turbulent scattering developed by
Tatarski (Ref. 51), since this was the problem of greatest immediate in-
terest.

The extension of this analysis had the advantage of having
been expei:imentally verified (Ref. 51, jh) in the lower levels of the
atmosphere for small amplitude, high frequency sound waves. Inherent
disadvantages where the necessity of assuming the constancy of the struc-
ture of atmospheric turbulence with altitude, of ignoring the non-linear
effects associated with large amplitude waves, and of neglecting the
effectis of variations in the turbulence power spectrum as a function of
frequency.

This analysis consisted of treating the "N" wave as being
canposed of a Fourler serles sum of frequenciles and considering one wave
fram the resulting chain represented by

N((ﬂ) = % - (;]L—

2

sin n o t
n=1] 2




vhere A_1is the amplitude of the N-wave

is the frequency of the fundamental harmonic
of the N-wave,

Tartarski (Ref. 51) has shown that the amplitude fluctua-
tions of a sound wave that is propagating through a turbulent medium are
lognormally distributed., The variance, 02, of the emplitude fluctua-
tions of a monochramatic acoustic wave is then given by

o fing) - 2sigh

where B is a geametrical constant, C, is an atmospheric structure
function, which depends on temperature, wind and the angle of inci-
dence of the wave upon the turbulent region, S is the path length and A
is the wave length. The N-wave can be represented as a Fourler series,
vhere the terms dencte harmonic sine waves of varylng amplitude and fre-
quency. The total variance of the pressure amplitude of the N-wave may
be found as the sum of the pressure variances of each harmonic providing
that each propagates independently of all others (i.e., uncorrelated)
through the turbulent regions of the atmosphere. If the harmonics do
net propagate fndependently the lognormal form of the statistical pres-
sure amplitude distribution is still preserved (Ref. 63) provided that
the wave length of the N-wave lies within the atmospheric inertial sub-
renge of the power energy spectrum as is shown in Fig. 30.

Since the parsmeters which enter into the functional form
of the variance are functions of the atmospheric turbulent structure,
the path length, the wave length of the N-wave, and the angle of propaga-
tion, 1t follows that study of the scattering of the sonic boom should
classify the data according to a scheme based upon these parameters. In
particular, the atmospheric turbulent structure will be related to time
of day and c¢loud cover.

This analysis (Ref. 8l) is based upon the scattering of a
sinusoidal train of small amplitude waves. As a result of the tests at
Oklahoma City, it became apparent that the problem of the interaction
of the sonic boom with turbulence is not one of continuous interaction
of a wave train with turbulence which is unaffected by boundary condi-
tions. It is rather, one involving the near field of a large amplitude
pulse scattered by a turbulent field of temperature and wind near the
earth's surface, The amplitude statistics that were developed for con-
tinuous waves do not predict the angular energy distribution of the scat-
tered energy from the direction of propagation and does not accurately
deplct the non-linear interactions which occur under these conditions.
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The next step was to examine the theory for scattering of
an acoustic pulse. Batchelor (Ref. 44) has shown that the following
derivation of the field resulting from scattering of an acoustic pulse
is equivalent to that developed in the differing forms of Pekeris (Ref.
45), Blockhintzev (Ref. 46 and 47), Lighthill (Ref. 48) and Kraichnan
(Ref. 49). The procedure followed in formulating the theory was to de-
rive the vave equation framn the Navier-Stokes equation and the equation
of continulty. A forcing function is then applied to this equation, and
the solution of the resulting partial differential equation is then
accamplished by using the method of perturbations and the Fourier trans-
form. This technique gives the resultant angular distribution of scat-
tered energy in terms of a differential cross-section which is defined
as the ratio between the power scattered per unit solid angle in a given
direction to the incident power intensity per unit area. The use of
the Fourier transform in solving the partial differential equation, gives
a solution for the angular distribution of energy which can be expressed
in terms of a power spectrum of a turbulent quantity such as is described
in the section on turbulence, Section III.C.2. An important concept
used in the derivation is the scattering vector, k vhich is defined
as the vector difference between the vector wave number, » representing
the incident wave, and a unit vector, 7, multiplied by gge absolute val-
ue of, IKl, vhich represents the scattered wave, K (i.e. K IKI D.

For instance, if a plane wave front such es an acoustic
pulse is incident upon the scattering volume, the energy will be re-
directed along the vector‘[ At a sufficiently large distance from the
scattering volume, there will be an interaction between the incident wave
and the scattered wave. The propagation of the disturbance which results
from this interaction is represented by the scattering vector k.

SCATTERED SPHERICAL WAVE

—r

K

INCIDENT
PLANE WAVE

SCATTERING VOLUME

Fig. 31 Definition of Scattering Vector k.
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The derivation of the equations governing turbuleat scat-
tering is as follovs:

The Navier-Stokes Equation:

au| a\h ___a 2 aui 3u| 3uk
Q( + U )_. p+3ﬂ—a -p{—+ 3 —08 63’

i
|
|

Eq. (17)
and the equation of continuity:
'22+a_(9ul)=o Eq. (18)

ot 'c)xl

are differentiated partially with respect to X; and t in order to elimi-
nate the time dependent velocity terms, where

3 is Dirac delta = 1 wvhen 1 = J and is zero otherwise

e is the mass density

t is time

u, is the velocity component in the x; -thcoordinate, i =1, 2, 3

p is the pressure

# is the coefficlient of viscosity.
Neglect of second order terms as a result of assuming that the pressure,
temperature and density, individually are the sum of a mean plus a small
perturbation (this procedure is valid for small amplitude acoustic waves)

and by assuming that the wave follows adiabatic processes, ylelds the
wave equation:

2 lvy
V“"‘f? 52 = ° Eq. (19)

wvhere
¥y is a parameter of the wave such es pressure or density

V>  is the Laplacean operator

a, is the speed of sound
t 1s time
Sk
- - - - - - - - =
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quantities can be grouped in the operational calculus form:
P, (V) D, (W) Eq. (20)

] where

P, (Y) is a function describing the departures from the mean of
variables describing the local properties of the medium
such as temperature

' D, is & linear differential or integral operator with respect
to space or time

This resuits in the modified wave equation,

2
VVe-L 28 = sp®mD W Eq. (21)

a: ot

When applying the method of perturbations, it is now as-
sumed that the wave function Y after a single scattering is composed of
the ¥, incident wave ¥ and a scattered wave. If it is then further
i assumed that the incident wave can be represented by

Inclusion of terms involving propegation perameters and second order g

Yy, = Ae'(ReF—ot) Eq. (22)

vhere
A is the amplitude

is the wave vector

=}

-

is the radius vector
" is the angular frequency.

the secimd approximetion to the wave function is that

v =V + Y Eq. (23)
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Substitution of Eq. (22) and Eq. (23) in Eq. (21) ylelds:

2 1 'Y, T e _
V¥ - o7 ?FL = Ae (MT-e) g (3 Eq. (2L)

vhere Q('r.)represents the results of performing the operations indicated by
Eq. 20,

1 The formal solution of Eq. (2L4) is

¥ F,1) =fe‘ (RoF= wt) + 1 [K|F -7
v

o

E;_)I A Eq. (25)

=

vhere T/is & small domain near T and Q (T!) is a function describing the
relevant properties of the medium in F’. This function represents an
acoustic pulse originating at the scattering center.

The quantity

ol (KeT—wt) + 4 [R||F-F|

=z Eq. (26)

can be expanded in an infinite series to that at large distances from
the scattering element where the initial wave has not been affected by
the redirection of energy, the second order terms in the series can be
neglected. The scattered wave function is then

wTerw KW

. - __Aen(i.?- wt) l-lz--:, - =
¥, G0~ = fve QN Eq. (27)

The quantity within the integral is the Fourier transform
of the function that describes the distribution of a relevant property
¢f the medium such as temperature fluctuations or wind within the vol-

dan

ume which is projected along the scattering vector K by the "dot" product.
= INRTA en(i(-‘?—mt) -
wl(r’t)—‘lulrl ¥ (k) Eq. (28)
<6
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Equation (28)incicates that, within the small scattering region Q(_x:’) , the
only part of the complex amplitudes of the Fourier representation of the
turbulence vhich rezcts with the incident wave so that phases combined

is the component along the scattering vector k (see Fig. 31). All other
amplitudes will comblne out of phase to cancel each other.

The directional distxribution of intensity or the scattered
energy can be formulated in terms of the general scattering cross-sec-
tion, o (2) «In physical terms, o(¢)1s defined as the ratio between the
‘ intensity of scattered energy per unit solid angle in the direction z per

unit scattering volume and the intensity of the incident wave per unit
area of the wave front. The Intenslty of any wave may be found by taking
the mean of the product of the wave function W and its complex conjugate

Y¥or WW*, Thus, the scattering cross-section is proportionsl to the
ratio of the intensities of the scattered wave to the incident wave, i.e.,

Further, it can be shcwn that the spectrum of a turbulent quantity Q(R)
is given by the mean of the Fourier representation of the turbulence F and

its complex conjugate F¥* or Tt o(k). Eq. (28) expresses the relation
between the scettered wave function W, and ¥ so that WW™*in terms of
3'3'*.nay be used to give the scattering cross-section,

o (2)=-3- (k) Fq. (29)

vhere Q(R)is the spectrum of the scattering quantity such as wind or
temperature.

The scattering cross-section for turbulent temperature
fluctuations can be found by finding the Fourier transform of the tur-
bulenv temperature field and arplying Eq.(29). This gives

or(f)=3K* cos” s (k) Eq. (30)

for the directional distribution of intensity of energy scattered by
turbulent tamperature field. The T subscript refers to temperature. A
simllar analysis for scattering by a turbulent wind field, u , gives

|
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K2 cos?y

B = 0
()= _tan2% E(ZK sin -2—) Eq. (31)

for the anguler distribution of intensity, where E is the turbulent
evergy spectrum function along the incident wave vector K.

When Eq. (31)1s integrated over a sphere surrounding the
scattering region to find the total amount of energy scattered from u
weak shock wave, the integral is infinite (1.e. since cot% approaches
infinity as § approaches zero, an infinite amount of energy is directed
forward). In order to resolve this discrepancy, Lighthill (Ref. 56)
treated the scattering of & shock wave by turbulence as being due to the
interaction of an acoustic pulse, represented by a Fourler sum, with a
set of turbulent quadrupoles with a velocity discontinuity (ea,)across
the shock. He then assumes that the scattered energy propagates with
the speed (ea,)and develops the ccattering equation

¢ 2 2
0(?)= €2 [3 (2] lcos 6 sin®g

6anr? L2 "0 (sInTg | Fq. (32)

'3

vhere nz_l.—l
M,

M,= shock Mach number.

This equation predicts a maximm of scattered energy in the
direction in which the original wave is propagating after a single scat-
tering, and that the intensity of the scattered erergy will obey the in-
verse square law, Thus the scattered energy will remain finite. The
intensity of the scattered energy depends upon the square of the wind
speed fluctuations.

1. has been implictly assumed in all studies of the scat-
tering of sound by turbulence that the interaction between the acoustic
energy and the Surbulence is weak. However, Meecham and Ford (Ref. 59)
have shown that the power spectra of the sound emitted by the turbulent
surface layer have two forms depending on whether the emission is to the
left or right of the peak in the inertial subrange as defined in Fig., 30.

In the inertial subrange  (w) 1s proporticnal to a func-
tion given by

. 21 _l,
Q(m)anVa:MZ (%l_) 2 ;in db Eq. (33)
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In the range of the larger eddies the relation is,

e@~ovalMm (3L)* tn av Bq. (34)

vhere ®(®) 18 the spectral density, ¢ is the density, V is the volume
being considered, a, is the speed of sound, M is the Mach number of the
turbulence defined as the RMS wind speed divided by the speed of sound,
® 1s the angular frequency of emission and £ is a characteristic
"length" of the turbulence. A schematic expressing this relation is =
shown in Fig. 32.

Since most of the turbulent acoustic power is emitted at

Urms

4

it seems reasomable to assume that the strongest interaction between the
shock wave and turbulence will occur with this particular size eddy.
This might imply excitation of the eddy to ldgh energy levels and sub-
gequent re-emission of a decaying pulse of energy or, resonant scatter-
ing., .Alternatively, this interaction might introduce a perturbation on
the shock wave front (Ref. 60, p. 114). This wave would then travel
alorng the shock front transversely to the direction of propagation of
he shock. This effect would be in analogy of polarization of the tur-

i e

bulent elements postulated by Lighthill (Ref. S6).
INERTIAL SUB=RANGE
g W= M;i
% =Up M8
o L !
g AN
| b~ N ‘
& Lo~ evaln (35)
S /| A
b g N
/ 8o\
4 o@~oVaiyi(g2) 3
HEREERENN
FREQUENCY (w)
Fig. 32 Schematic of Turbulent—Acoustic Rodiation.
"
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(4) Critique of Current Acoustic Scattaring Theory os Applied 1o Shock Waves -
It 1s assumed in current scattering theory, either explicitly or impli-
citly, that the linearized wave equetion holds, tliat the interaction be-
tween the turbulence and the acoustic energy is weak, and that the me.
thod of small perturbations 1s valid. Further, three dimensional geo-
metry (implying homogeneous turbulence) is assumed which (Ref. 57) may
not be applicable, particularly in view of the observed tendency of
turbulent elements (Ref. 41, p. 210) to elongate along the wind. In two
dimensions, Huyghens' principle does not hold, and a pulse of radiation
will persist as a reverberation. In addition. it is assumed that the
method of perturbations may be used (in some cases twice) and that the
oscillations of the scattering elements occur in a particular mode.

The degree of camplexity ia studying scattering depends
on the strength of the interaction of the incident wave with the scat-
tering elements. If the distance between turbulent elements is large,
it may be assumed that the scattered waves from turbulent elements do
not interact with each other. If on the other hand there is a high
density of scattering elements the waves interact, and any classification
into weak and multiple scattered waves loses its meaning. If the scat-
tering is weak there are two types of scattering, coherent and inco-
herent (Ref. 58). Coherent scattering occurs when the scattered waves
are in phase in some regions and strong reinforcement occurs. 1Inco-
herent scattering occurs when all the waves are generally out of phase
and destructive interference occurs. The degree of coherence derends
upon the distribution of scatterers and the orientation of the scattering
wave vector kK . If the scatterers can be treated as being orderly dis-
tributed in horizontal planes, and if the scattering vector k is nor-
mal to this horizontal plane, the maximum interaction occurs and strong
beams are:produced at intervals of (ml) vhere m is an integer and A
is the wave length.

It is fairly conclusive from the N-wave data obtained at
Oklahoma City that the maximum of scattered energy is radiated at angles
to the direction of propagation other than straight ahead as is pre-
dicted by the theory which results in Eq.(27)for high frequer~y fluctua-
tions and Eq.(28)for shock wave scattering. The reason for this conclu-
sion is derived from the statistical analysis of the Oklahoma City sonic
boom test data presented in Section IV.B.k., This data shows that Test
House !, at which point the shock wave was at angle of apprcximately
TO degrees to the ground, had consistently more spiked N-waves of higher
relative amplitude than Test House 1 where the shock wave was at an
angle of about 45 degrees. If it is assumed that the inteasity of the
scattered wave falls off as some inverse function of distance from the
scattering center (such as inverse square law for spherical waves), the
observations mentioned above implies that the scattering vector k , de-
fined in Fig. 31, is more perpendicular to the ground at Test House 4 than
at Test House 1. This observation does not agree with Eq.(28)wh1ch pre-
dicts a maximum scattering in the forward direction. Inspection of N-
wave traces shows that the "spikes" or peaks, quite often, nearly coin-
cide with the leading edge of the trace. This mey indicate that the ef-
fect of the turbulence introduces a perturbation on the shock front which
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1 travels transversely along the shock wave with a "group" velocity which
is fester than the Mach number of the shock vave. The oscillatory na-

ture of the traces further indicates that some degree of resonance 1s
Iresent. Some possible mean radiation patterns for a resonating scat-
arer are shown in Fig. 33.

p=1 ARE DIPOLES m=140 OSCILLATIONS ARE IN PHASE
p=2 ARE QUADRUPOLES m= %1 OSCILLATIONS ARE 90° OUT OF PHASE
m=£2 OSCILLATIONS ARE 180° OUT OF PHASE"

QUADRUPOLES

Ko

(p=2m=0) (p=2m=%1) (p=2,m=1%2)

NN .

R au o~ =

DIPOLES

% OOO

(p=],m=0) (p=1l,m=%1

T LR s NEar

Fig. 33 Multipole Rodiation Patterns.
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An enalytical comperison of the relative importance of the
scattering effects of a turbulent velocity field, the scuttering of a
turbulent temperature field, and the scattering when both fields are
present has not been made at this time. It is very likely that the re-
sults of the observed data which are not consistent with the theory are
a result of the interaction of the shock wave with « medium in which
both the temperature and wind fields are turbulent. The characteristics
of the turbulent atmosphere described in Beccion II.C.1l indicates that
further progress in quantitatively describing the effects of the earth's
turbulent boundary layer on the sonic boom will depend upon tneoretically
extending scattering theory to incorporate combined turbulent tempera-
ture wind fielde, a study of the effects ~f irhomogeneity and non-iso-
tropy in the turbulencé flow, and concomitant experimental measurements
to serve as a gulde to the thenretical development. One of the princi-
pal experimental problems is to determine the vxtent 6f the regions in-
volved in the single scattering process together witk the altitude-at
which it occurs. If this region is small and the altitudes low, the
homogeneous, isotropic assumption will be a good approximaticn.

Work to date (see Appendix IX) has shown that the log-
normal statistical distribution will probably describe the areal distri-
bution of overpressures., Also, the pertinent parameters are probably
the direction of propagation of the N-wave and, when taken separately,
the spectrum of wind or the spectrum of temperature fluctuutions. Some
progress has been made in merging the effects of the two fields, but it
is not sufficiently complete to be incorporated in this report.

(D) MISCELLANEOUS PHENOMENA -~ Various considerations have beeu men-
tioned in the previous material which could not easily be reviewed in
eny of those sections. The purpose of this section is to discuss these
considerations in detail so that they may be used in evaluating the sonic
boom produced on the ground under various ciicumstances.

()  Reflection Factor Near Cut—off - In Sections III.A and III.B meteo-
rological conditions were defined which could cause local intensification
or focusing of the'shock strength. It wes noted in the development of
these criteria that focusing, if it ocrurred, accompanied cut-off. At
cut-off, the shock front is locally normal to the ground. This fact
raises a question about the value of the reflection factor,K,, which
should be used in calculating the overpressure.

Consider first a weak oblique shock front in free air as
showvu in Fig. 34(a).
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Fig. 34 Shock Front Configurations.

The pressure Jump acrose this shock wave in free air is
given by P,-P, and the streamline describing the flow is turned through
the angle a . The reflection factor,Kg, is defined as the total pres-
sure jump divided by the pressure jump in free air. Thus, for the shock
configuration shown in Fig. 34(a):

P, — P,
K, = 5—5— =10
R = P, —P,

If a boundary, such as the ground, is inserted then the
flow must remain parallel to that boundary. Thie can be accomplished by
the presence of a second (reflected) shock wave behind the first (inei-
dent) wave as shown in Fig. 34(b). Now, however, the total pressure
Jump across this configuretion is P;-P;,. If the shock waves are weak
1t can be shown (Ref. T1) that P,-P, = P3;-P, 8o that in this case:

P, — P, (2P, —P) P,

K, = = = 20
R = P, — P, P, - P,
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; However, for the normal shock wave shown in Fig. 34(c), no

: reflected wave is required to turn the flow parallel to the ground so
that the total pressure jump across this wave 1s just Pg-Iﬂ i.e.,.the

L free air value. Thus, in the case of the normal shock wave:

E
|
%

R~ P, —P,

It is obvious that K, must vary between 2.0 for the weak
oblique shock front and 1.0 for the normal shock front. This is to say
that the reflection cractor is a function of the shock angle. Exactly
how Ky varies ic nct fully understood at this time; however, some quali-
tative insight may be obtained from Fig. 34(c). If the incident shock
angle is very near 90° and the shock wave is weak the reflected wave can-
not turn the flow parallel to the ground. This situation requires that
a "triple point" exist (Refs. T2 and 73), such as that shown, where the
shock near the ground is normal and above 1t at some point the waves
split into an incident and a reflected wave. This situation probably
represents the transition between the oblique and normal shock fronts.

u

Some general aspects ¢ this problem are considered further in Refs. T4
and 82.

From this discussion it would appear that Ky should be con-
sidered a variable near cut-off. Assuming that this is the situation

the variation of the overpressure near cut-off and focusing would take
on the form shown in Fig. 35.

The figure shows that an instrument mounted on the ground
would record some increase in the overpressure near cut-off but it would
not record as high an overpressure as predicted using Ky = const. = 2.0.

It would be desirable to determine theorctically the varia-
tion of KR with shock angle. Some of the preliminary work has been done
in Rels. T2 and T4 but this work would have to be expanded tc obtain
a proper sclution. It would also be of considerable interest to experi-
mentally confirm the theoretical analysis, both concerning the variation
of Kg and the variation of the free air overpressure predictions near

cut-off and focusing. Some possible methods of accomplishing this are
discussed in Section V.

(2) High Altitude Turbulence and Shower Clouds - The problem, that of
deformation of the N-wave by high altitude turbulence, Is essentially
that of finding the scattered field at a great distance. This scattering
problem is probably one in which single scs*tering occurs since most high
altitude turbulence layers are thin (on the u.der of one to not much more
than 3,000 feet thick). This will prcbably result in deformation of the
Nl-wave to some degree, but the extent of this deformation and the effect

of propagation of a deformed N-wave over great distances is unknown at
this time,
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Fig. 35 Sonic Boom Near Cut-Off.

b The problem of finding the effect of shower clouds on the

s gsonic boom is much greater. Data taken during the Oklahoma City tests,
such as May 29 at 0700 and 0900 CST and May 31 at 0700 CST, indicate
that profound modificati.ns of the N-wave can occur as a result of these
clouds. Cumulus type clouds (such as thunderstorms) are essentially
vertical in character and have a relatively limited horizontal extent.
The boundaries between upward and downward air motions and between re-
gions cf precipitation and no precipitation indicate that study of shock
s propagation through these clouds will rresent a three dimensional prob-
X lem in multipath propagation, edge diffraction effects as well as the
problems associated with turbulent modification of the N~-wave within the
cloud and in the lower levels. No significant effort has yet been di-

y rected towards finding a solution to this problem.

(E) SUMMARY OF RESULTS — The meteorologicel conditions required
to produce anomalous propagation such as fncusing, complete cut-off, ex-
treme lateral spread, and deformation of the pressure wave signature
were discussed in this section. Criteria were established to predict
the presence of these conditions. It was shown that realistic varia-
tions in both temperature and wind could produce focusing or complete
cut-off for flight at Mach numbers below 1,3, However, the focusing
would be accompanied by cut-off which would preclude the normal doubling
of overpressure at the ground due to reflection of the shock wave. Ex-
treme lateral spread and distortion of the pressure wave signature due
to interactions with turbulence could occur for flight at all Mach num-
bers. However, the former would not occur for flight at altitudes above
those vwhere the maximum wind speeds exist regardless of the Mach number.
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SECTION IV ANALYSIS OF OKLAHOMA CITY DATA

A limited amount of the flight test data measured during the sonic
boow tests at Oklahoma City has been analyzed. This analysis has given
some insight into the problems of evaluating the data when comparing it
to the theoretical results. The purpose of this section is to present
these comparisons between theory and test data. In general, excellent
agreement was observed in the cases considered.

(A) INFLUENCE OF TEST AIRPLANE GEOMETRY - Each of the test a
was considered in detail and the shock strength parsmeter eEI(Y‘,.O)]‘ ]
(see Eq. 1) was determined. The theory of Ref. 75 was used in develop-
ing the shock strength parameter for several angles of #. The results
for each airplane are briefly reviewed in this section.

(1) F-104A - Geametric descriptions for the F-10LA were ob-
tained from the Lockheed-California Company. These data were analyzed
using the theory of Ref. 75. It was found that for this particular air-
plane more than two shock waves would be produced at same lift coeffi-
clents. Special care was required ih determining the proper value of

(1(Y,,0)] ¥/? for the front shock wave. The results of the analysis
are shown in Fig. 36 for several angles of §. The figure shows that for
a range of lift coeffic’ents, C,, the shock strength parameter is inde-
pendent of the angle 6.
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Fig. 36 Shock Strength Porameter for F~104A Airplane.
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(2) B-58A - Geometric descriptions for the B-58A airplane were
obtained fram the Fort Worth Division of General Dynamics. These data
vere analyzed using the theory of Ref. 75 for several angles of # with
and without the MB pod. Results of this analysis are shown in Fig. 37.
5.0
UL
S 3-58 A A Lm].
E —t AIRPLANE WITH MB POD 117
; T / M - 2.0 // - a i -72.
:’l 4.0+ - 030’ o -
o [ 0= =% crouno T AR - |
L <<<T = ~54° -
; 1. = 6=-~54
o . ) ]
g M ] - __"__AL 4 a
g o™ M 4!" ---O; 0=-36_
. - [ &=
E - ‘;«:} et =P t
x 205
8 -.
= .
o ;
T 10 w:
>
(Wl
0 0.05 0.10 0.15 0.20 0.25 0.30 y
172
LIFT PARAMETER ~ ﬁzll 6, ‘
5.0 TT T T T T 71
S 1‘ 8-58A > 6= Ieol'
b T AIRPLANE WITHOUT MB POD +—+— J
it =20 ‘ !
é 4.0 - ¢_ o=0" » b~ ‘ b 6=-~0° . '
) ' EEWEE
= T -1 P 3
< . -
< 10 =k - = et
& : - e 6=~3%"—
= 3 P PN
[ = —L
% 20 E’ i = o = WS 1 ,
8 = LT unram T
1 WHERE T
& W = AIRPLANE WEIGHT T ‘
1-:—1 1.0 S = AIRPLANE WING AREA T :
3 Pa = AMBIENT PRESSURE AT AIRPLANE T |
z M = AIRPLANE MACH NUMBER T :
' ' 3 Iy 1 I L ] d L < 4 . i 4 1
0 AREEREREEREEE!
0 0.05 0.10 0.15 0.20 0.25 0.30

=1 Ve
LIFT PARAMETER ~ ——- O

Fig. 37 Shock Strength Parameter for B-58A Airplane.
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(3) F-101B - Geometric data for the F-101B were obtained from the
McDonnel Aircraft Corporation. These data were analyzed usirg the theory
of Ref, 75 for several angles of §. Results are shown in Fig. 36.

(8) COMPARISON OF THEORY AND TEST - A limited number of comparisons
have beep made between test results and theoretical predictions using

the data obtained during the Oklahoma City sonic boom test series. These
comparisons have heen generslly broken into a study of two areas of the
problem. The first concerns predictions assuming horizontally stratified
atmospheric models. This has led to detailed camparisons of normal pres-
sure wave traces with those predicted by the theory. The second concerns
an investigation of deformed pressure wave signatures. These have been
studied both statistically and in detail.

The test data used for these computations and comparisons czon-
sisted of pressure-time traces recorded by standard NASA instrumenta-
tion (Ref. B4), upper air winds, temperatures, and pressures measured
every two hours by GMD-1A equipment, and continuous low level winds and
temperatures obtained by Beckman-Whitley probes and wire sondes. The
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Fig. 38 Shock Strength Porometer for F~101B Airplane.
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GMD-1A data were recomputed and interpolated in time (Raf. T6) to pro-
vide appropriate data ror computing the sonic bcom strength and signae
ture at the ground (Ref. 8) for each test case considered. Pressure
signature measurements taken in the vicinity of the low level micro-
meteorological instrumentation were not available, 0 that ncne of these
data were reduced to provide a description of the turbulence. Sych
sonic boom measurements could be used In a siudy of the interaction be-
tween the sonic boom and low-level turbulence using the techniques of
spectral analysis.

(1) Normai N-Wave Signctures - The detailed pressure wuve eignature
was computed, for the F-104A, using the theory of Ref. 75. This signa-
ture was interesting in that an intermediete skock wave was evident be-
tween the front and rear waves. The pressures were corrected for the
variable atmosphteric properties between the airplane and the ground ty
the method of Refs. 6 thrcugh 8. A reflection factor of 2.0 at the
ground was assumed. The predicted pressure wave trace was then compered
to e number of undeformed measured signatures for the corresponding alti-
tude and Mach number of the test. Some results for the F-10LA are shown
in Fig. 39.

In general the figure shows excellent agreement with the
predicted signature. However, it 1s interesting to ncte that the slope
and the peak pressure of the measured front shock wave are not in agree-
ment with the theory. This would suggest some influence of the measur-
ing system inertia. That is, the measured wave suggests that the system
is unable to react instantaneously to the sharp prescure rise at the
front shock wave. The response time lag seems to result in an observea
peak overpressure which is from 7 percent to 15 percent lower than that
predicted. The fact that the remainder’'of the measured and predicted
pressure wave are quite close suggests that the assumptions used in the
theory (including K, = 2.0) are correct.

A number of undeformed pressure signatures produced by the
F-101B have been analyzed in the same manner as described above., Some
typical results are shown in Fig. 40.

These results are similar to the F-104A results in that
the agreement is quite close. However, the pressure rise at the shock
waves 18 not instantaneous as predicted by the theory. In these cases
the theoretical overpressure at the bow shock wave is from 5 percent to
10 percent higher than the measured value. This, again, seems to be due
to the observed rise rate at the front shock. 1n all other respects the
theory seems to have adequately predicted the pressure signature observed
on the ground,

A very limited number of undeformed B-58A pressure wave
signatures were available for analysis, These were analyzed in the
manner described above and the results are shown in Fig. 4l.
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The figure shows that the agreement of the observed pres-
sure trace with the theory is very close. Sufficient data were not
available, however, to estimate the differences between the theoretical
and measured front shock overpressure which results the slow rise of
recorded signature,

These comparisons indicate that. when considering only the
agreement between the predicted and observed overpressure of the frcnt
shock wave for undeformed signatures, a reflection factor of 2.0 may
yield results which are higher than the cbserved valuc. This may be
compounded by the fact that measured data repeatability for the f ont
shock overpressure may vary by as much as 112 percent. These considera-
tions have led to the conclusion that when comparing experiment and
theory the whole pressure signature should be analyzed. Comparisons of
front shock overpressure alone zsould easily lead to erroneous conclusions
concerning the validlity of the theory.

(2) Distorted N-Wave Signatures - Comparisons between predicted and
weasured F-104A, F-101B, and B-58A pressure signatures were developed
assuming horizontally stratified atmospheric models, K, = 2.0, and using
the theory of Ref. T5. Comparisons of measured spiked waves and mea-
sured rounded waves for the F-104A and F-101B are shown in Fig. 42 and
Fig. 43 respectively. A similar comparison of a spiked wave produced
by the B-58A 1s shown in Fig. L4, (No rounded waves were obtained in the
limited drts observed for this airplane during the Oklahoma City tests.)

Again, these figures seem tc illustrate some effect of in-
strument response in that the pressure rise of the froat shock' is not in-
stantaneous, as predicted by theory. This is probubly caused by the in-
ability of the measuring system to respond instantaneously to the pres-
sure rise across the front shock. It is Interesting to note that in the
case of the splked waves the pressure trace is generally similar to the
predicted normal signatures with the exception of the impulses attached
to each shock wave. The forward portion of the rounded wave is similar
to the predicted wave but the peak is severely flattened. It would
appear that, at one time, both signatures were of the type predicted by
theory. Somewhere in the atmosphere between the airplane and the in-
strument they seem to have been distorted by the addition or subtraction
of a pressure pulse at each shock wave. A feature of the distorted waves
is that the portion of the signature away from the shocks agrees reason-
ably well with the theoretical (and observed) undistorted signatures.

. R, M P T e TR e T

In general, the maximum overpressure of the measured spiked
front wave exceeds that predicted by theory while the overpressure of
the rounded front wave is less than that predicted by theory. Because
of this type of distortion of the measured pressure wave signatures,
extreme care should be exercised when comparing only froat shock wave
overpressure data with the predicted theoretical values. If this sort
of comparison is '» be made, each wave should be classified as to its
form, 1.e. spike. rounded, normal, or a combination of these. The most
significant comparisci: which could be made are of the type shown in
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Fig. 44 Comparison of Theory with Spiked B=58A Pressure Wave Signuture.

Figs. 39 through 4L, Effort of this sort would yield a much better un-
derstanding and proper interpretation ¢f the data.

The data in Fig. 45 shows how atmospheric turbulence may
affect the shape of the sonic boom N-wave signature over short distances
along the ground. The measurements were taken at 0730 hours, in a flat,
open #cea near Lake Hefner (northwest of Oklahoma City). The overpressure
signatures were produced by an F-104A aircraft, flyiog at Mach 1.7, at
an altitude of 28,000 ft. The weather conditicns at the ground during
the time of flight were: clea sky, visibility greuter than 15 miles,
barometric piessure 28.14 inches mercury, tempersture 65 degrees Fahren-
heit, relative humidity 13 percent, and surface wind from 210° at 42.6
ft/sec. The radio sonde data at 0700 hours indicate a stable temperature
lapse rate, but the strong wind and the 65°F ‘emperatuie at 0730 suggests
that 4 strong turbulent layer about 500 feet deep had Jdeveloped. The
sun was 12 degrees above the horizon, which implies that the ground
heating and consequently the vertical wind velocities were negligible.

As a resuit of these considerations, the low level tu.bulence cun be as-
sumed to be two-dimensionally isotropic and homogeneous in the horlzontal
Ppiane,
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(3) Lateral Distribution of Sonic Boom - Lateral distribution of the
front shock wave strength was investigzated for several flights duriig
the Oklahoma City tests. Theoretical predictions were obtained using
the method of Refs. 6 through 8. Data for each flight were obtained
from several sources. The airplane shock strength parameter was ob-
tained from Fig. 36 for the F-104A airplane. Meteorological data
throughout the day were obteined from rawinsonde measurements of the
Air Force Mobile Weather Squadron (Tinker AFB). A digital computer
program (Ref. 76) was designed to compute the appropriate data for the
time of each flight from the rawinsonde measurements. This program
was used to define the horizontally stratified wmodel atmospheres for
each flight. A nunber of comparisons of the type shown in Fig. 39
were used to define the ratio between the measur>: and theoretical bcw
shock wave overpressure. This was done to allow proper evaluation of
the measurements in the light of the instrument system response. From
these comparisons an instrumentation response factor of 0.9 was selec-
ted for evaluation of the F-104A front shock wa' > overrressures only.
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Theoretical prediction of the lateral distribution of the
front shock wave overpressures was calculated for several {1lights with
the above assumptions and appropriate calculated data. Th: measured
data was classified into several groups of signature types which in-
cluded spiked waves (noted by an S), rounded waves (R), normal waves (N),
and combinations of these such as normal waves with slight spikes (NS),
normal waves with slight rounding of the peaks (NR), and rounded waves
with spikes (RS). These data were compared to the theoretical predic-
tions for the undeformed signature, A typical set of these comparisons
is shown in Fig. 46 for the flights of April 19, 195k,

These data show that with the exception of the first flight
(0700) all the norrel wave traces agree to within ahout *10 percent of
the predicted value. This variation is within the axpcrienced bow wave
overpressure measurement error. It may also be noted that, in general,
the spiked front wave overpressures are higher than that predicted for
the normal wave, while the rounded front shock overpressures are less
than predicted. This illustrates that when the theory is correctly
evaluated agreement with measured data 1s quite close.

(4) Statistical Anal ysis of N-Wave Amplitudes —~ During the passage of the
sonic boom through the lower turbulent levels of the atmosphere its in-
ters ‘tion with this turbulence produces marked effects on its shape and
amplitudes. There 1s evidence that turbulent scattering 1s actively
effecting the sonic boom signature. This evidence may te deducted from
almost any measured N-wave by the following reasoning: If there is tur-
bulent scattering of the shock wave, the changes of the turbulent struc-
ture of the atmosphere between the instant of passage betwecan the bow
shock wave and the aft shock wave are very small and the front and aft
shock waves should be effected in the same way. The following experiment
can be used to test this deduction. First, make a tracing of the distorted
N-wave signature., Then, place this tracing below the original trace so
that the axls corresponding to time is parallel to the original N-wave
signature (as in Fig. 4T). Next, translate the trace (to th left in
this example) so that the point at which the aft shock wave begins and
the front shock wave begins coincide vertically. Next, perform an al-
gebraic-graphical subtraction in which values below the "zero" AP
line are treated as negative. This procedure, illustrated in Fig. LT,
should restore the original form of the N-wave. Such i1s indeed the
case for this signature and for a number of others that this experiment
has been tried upon. It appears, therefore, that turbulence is scat-
tering the energy of the sonic boom.

An adequate description of turbulence can only be made in
statistical terms. For this reason treatment of data from sonic boom
tests in which the atmosphere was turbulent will require some sort of
scatistical treatment.
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Fig. 47 Reconstruction of Wave Signature by Graphical Method.

Usually, the first attempt to treat data involves the use
: of the normal statistical distribution. The normel curve, which was
first developed by deMoivre in 1753 has been studied extensively by
many mathematiclans. Its properties such as the standarcd deviation,
which 1s a measure of the dispersion of the data, the skewness which 1s
a measure of the asymmetry of the data and the kurtosis, which 1s a

? measure of the peakness of the data, are well understood. It 1s impor-
tunt to either show that the data 15 normally distributed or find an
appropriate transformation cto convert the observations teo a noermal dis-
tribution. Otherwlse, the mathematical tools such as those menticned
above provide a poor description of the data and a loss in the under-
stanling of relative ‘mportance of the meaningful physical parameters.
This in turn leads to poor or invalid results when the statistics are
used for value Judgements.
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The normal distribution has a number of disadvantages
vhen 1t is applied to the statistical study of a set of measured sonic
bcam overpressures., First, it is an infinite distribution ard, if used
for estimating the upper and lower limits of overpressure, will predict
negative "peak positive overpressures" as well as infinite peak over-
pressures 1f the conflidence limits are set high enough. A negative
"peak positive overpressure" is obviously vhysically unreal, even a
zero peak positive overpressure would require either locally complete
reflection or refraction. The infinite peak overpressure is similarly
physically unrealistic.

Since the action of turbulence 1is to locally redirect
(1.e. scatter) the energy from the N-wave according to some angular
pattern, a consequence of this effect, when the centers of scattering
action are randomly listributed in space above a two dimensional samp-
ling array, is that data will be logarithmically distributed. This is
shown for the case of scattering by a turbulent temperature field in
Appendix IX. It therefore appears that the data should be handled by a
transformetion that has the following properties:
e It should have an upper and lower bound.
® It should be of a logarithmic form.

The four parameter lognormal distribution has these de-
sired characteristics. A complete treatment of the lognormal distri-
bution may be found in Refs, 63, 64, 65, and 66. The general proper-
tles of a lognormal disiribution may be considered in terms of the
number of parameters involved. £ parameter here means the number of
quantities that are necessary to describe the distribution. The min-
imum number of parameters is two; they are the mean, p and the variance,
62 (the square of the standard deviation). It is to be emphasized that
the variate cannot assume zero values, since the transformationlY-log!X
is not defined for X =0,

If there are physical reasons to believe that a lower or
upper bound exists, then the three parameter log-normal distribution in
which the transformation, Y = log (X% ¥ ), is the appropriate one. This
results in either a threshold or an upper bound of the distribution ¥ .
The three parameters are then the mean, the variance, and either the
upper and lower bound as appropriate. Further, if there are physical
reasc1s (such as with the sonic boom) to believe that there is some upper
bound and a lower bound that the values of the parameiver may assume, then
the appropriate substitution is Y = log (X - Y ) and we have the four

/X
perameter log-normal distribution in which the parameters are the mean,
the variance, the lower bound, ¢,and the upper bound, ¥.

The higher order log-normal distributions are difficult to
study aralytically, particularly when the upper and/or lower bounds are
not known. Fortunately, however, a special type of graph paper, i.e.
logarithmic probability paper (K & E 468043) can be used with great ease.
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The procedure for using it is as follows: First, the obser-
vations are arranged in order of increasing value. Second, the percent-
age of observatlons less than, or equal to, a given value is computed.
This value is then plotted on the abscissa against the value of the vart
ate on the logarithmic ordinate. The mean and the standard deviation now
can be easily determined and the upper and lower bounds estimated.

This method of statistical analysis is illustrated in Fig.
48 for a specific set of data. First, the data was ordered and the
corresponding percentagec were found., The data were plotted on log-
normal probability paper according to the procedures described above,
It is apparent from these data that a simple straight line of the two
parameter lognormal distribution will not adequately represent the data.
It appears that there may be either three discrete sets of data inter-
mixed or that there are some sampling fluctuations. However, since
there are physical reasons tc believe that upper and lower bounds exist,
any curve through the data must be asymptotic tc these values., If
statistical homogeneity 1s assumed, then a smooth "S" curve similar to
the inverse tangent curve (Ref. 64) symmetric about the 50 percentile
value should represent the datu. This is characteristic of the four
parameter type lognormal distribution. The curve illustrated in the
Figure represents a fit of this type curve with an upper bound approxi-
mately 1.8 psf and a lower bound near 0.3 psf. The median value is 0.7
psf while a one ¢ standard deviation about the median is (+0.5, -0.3) psf.

30 Y
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F-]04A e w— e
M=1.5 Aud
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1.3 [ TIME =1300 CST ,
3 [C WEATHER: CLEAR WX — LOGNORMAL DISTRIBUTION —
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= i 74
o 5
-l
d A
< ‘F" +17
\x LOGNORMAL DISTRIBUTION
2 4 PARAMETER
(MEAN, YARIANCE, UPPER,
AND LOWER BOUND)
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Fig. 48 S:ctistical Distribution of Cverpressure Dcta.
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The variability of data cbtained from a series of sonic
boom measurements is & function of a number of parameters. Among these d
are variations due to changes in the larze scale atmospheric flow, varia- ‘
tion due to changes in the type of aircraft used, changes in Mach numbers,
changes in altitude, and differences in intensity of the low level tur- 1
bulent flow. !

To elimirate as many variables as possible, data for the '
F-104A aircraft, at an altitude of 28,000 feet, flying at Mach 1.5, was
chosen for this initial study. Further, since it is apparent tkat clouds
will present a turbulent field of different characier than turbulence
near the ground, only those booms at times with less than 3/10 clouds
were considered. The wind records for Oklahoma City were examined, and
in no case was the surface wind less than 10 knots for these observations. '
This Jmplies that the atmosphere was always somewhat turbulent near the '
ground. The data was grouped at times of 0700, 0900, 1100, and 1300
Central Standard Time, in order to classify the data as n=arly as possible,
according to turbulent intensity. This is piotted in Figs. 49, 50, 51,
and 52,

Seve—al things are apparent from these figures.

o The variability is greatest in the afternoon as would be expected.

e The variability is a function of the horizontal distance of the ob-
servation from the flight path. Even at 0700, Test House 4 at 10
miles from the flight path exhibits large variability.

» Some of the data seems to almost indicate that there were three dis-
crete sample populations, one at high overpressures, one near normsl,
and at low overpressure. This is particularly evident at Test House L.

® There appears to be an upper bound near a value of two times the mean

of the observed overpressure and a lower bound near 0.3, the mean of
the observed overpressure. s

’ It is probable that the angle et which the sonic boom is
propagating is important. This is due to the fact that the turbulent
power is greatest in the horizontal plane (Ref. 41, p. 161ff).

(C) SUMMARY OF RESULTS - The theory used in this report was com-
pared with some of the test data obtajned during the Oklahoma City sonic 4
boom tests. It was found that when observed undefourmed pressure signa-
tures were compared to those predicted by the theory the agteement was
quite good. The pressure rise, trace length, and slope of the expansion 1
region between the shocks agreed closely with the predicted wave. How- k.
ever, the pressure rise at the shock waves of the measured :trace was not
instantaneous as predicted by the theory. This results in some disa-
greement between the theory and test when only the front shock over-
pressures are compared, Some of the deformed pressure waves were ana- J
lyzed statistically. It was found, from this analysis, that the impor-
tant scattering parameters are the angle of the path of propagation of 4
the shock wave, and the time of day as related to the turbulent inten-
sity near the ground.
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SECTION Y FREQUENCY OF OCCURRENCE OF UNUSUAL PROPAGATION
CONDITIONS

Any discussion of the frequency of occurrente of anomalies in the
sonic boom overpressure and distribiution must include an assumption about
the flight profile of the airplane. 1In the following discussion a typ-
ical supersonic transport is assumed which first exceeds Mach 1.0 at
altitudes near 40,000 feet above the ground. No supersonic flight is
planned for altitudes below this. A survey of wind speed as a function
of altitude for the mid-latitudes has indicated that 99.9 percent of the
time the maximum wind speeds occur a‘ altitudes very near or below 40,000
feet.

The cut-off and possible focusing phenomena were shown in Section III
to occur at low Mach numbers for physicaily possible wind speeds. For
temperature profiles with an inversicn neer the ground, cut-off and pos-
sible focusing will occur above the ground. Thus, this phenomena may
occur when no inversion exist near the ground (i.e., approximately 50
percent of the time). From this discussion, it would appear that cut-
off and possible focusing under or to the side of the flight track would
occur at least once on the ground during the low Mach number portion of
the flight when no temperature inversions exist near the ground (i.e.,
approximately 50 percent of the total available time). Whether or not
this phenomena constitutes a significant increase in the boom strength
on the ground is still not resolved because of the question of the vari-
ation of the reflection factor near cut-off.

Extreme lateral spread is possible only in the presence of very strong
winds with maximum speeds above 150 feet per second. However, as these
maximmm speeds exist below 40,000 feet 99.9 percent of the time, flight
above this altitude would not produce this phenomena. It would appear
that because of the high altitudes selected for supersonic portions of
the flight the sonic boom will not extend to extreme lateral distances
to the side of the flight track.

Considering the flight profiles contemplated for the supersonic trans-
port, it becomes apparent that only the boom produced during the first
and last few minutes of supersonic flight may be significantly influenced
by the meteorological conditions between the airplane and the ground.

The boom produced during the remainder of the flight would be relatively
unaffected by the meteorological conditions between the airplane and
the ground.
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SECTION YT EVALUATION OF THE ACCURACY OF THE THEORY %

The correction factor presently used to account for the influence of
the varieble propertiee of the atmosphere, /PaPg, seems to be somewhat o
less than predicued by the present theory. Comparisons with Oklahoma i::';
City sonic boom data indicate that the accuracy of the theory and method :*:gf
of Refs. 6-8 18 quite good in acccunting for the influence of the met !:u':‘
eorological conditions. However, this data 1s very limited in scope e
because the test airplane altitudes were relatively low where the differ- st
ences between the more sophisticated approach and 'aPg are small. i
A limited amount of high altitude flight test data is available and has :i}'
been analyzed. These data (Ref. 80) were compared in Fig. 53 with the o
theoretical predictions using the present theory. Here again, the theory :'
is in close agreement with the test data. However, more comparisons of ﬁ,
this sort would be very desirable. M
4 : o
o
l:rj
e THEORY R

o e
o 30 TEST (REF. 80) :“1
S 3
)
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.L '—+ T “]
S 20 W
ﬁ
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" g N W= 100,000 L8 o
= 1.0 W= §0,00L8 N
* W= 60,000LB q:.
\ W
Faat
L
0 ! , 2
30 40 50 60 10 80 90 100 .::}
ALTITUDE~1000 FT 2

r Fig. 53 Comparison of Test and Theory for High Altitude Flight.
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Xt was shown in Secticn II that rether large variations in the pro-
pericies of a stratified stmosphere ceuse small changes (25 percent) in
the sonic boam strength generated by airplanes flying at Mach numbers
above 1.3. These same variations produced larger changes (approximately
$+20 percent) for flight at Mach numbers below 1.3. In terms of the me-
teorological observations, these atmospheric variations encompass a
range in the mean absolute temperature (which is used to detvermine the
pressure altitude) over the altitudes of interest of 6.6 percent. Errors
of this magnitude in any single observation are very rare. Further,
vhen it is realized that any single observation is compared with nearby
observations during the analysis of the atmosphiuric flow fileld the
probability of such a large error going undetecied is almost zero. 4
similar comparison holds for the effect of errors in the measurement of
wind, Tius, it would be expected that small errors in the daily ob-
servations (say 1 percent) would cause small changes (*5 percent at the
maximum) in the theoretical predictions even for the low Mach number
range of flight. Based on the results in Section II, then, it would
appear that data from present day upper air sounding are sufficiently
accurate to be used in planning flights for the supersonic transport.
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SECTION YII CONCLUSIONS

The effects of varying meteorological conditions on the intensity
and spread of the sonic boom have bteen investigated. This has been
accomplished by constructing several stratified atmospheric models
and comparing sonic boom calculatious in these atmosphere with results
in th. U. S. Standard Atmosphere, 1962.

It has been found that the influence of wind and temperature
variation from standard conditions is primarily a function of Mach
number, wk'le the influence of pressure variation is independent of
Mach number. It was also determined that for flight at Mach numbers
above 1.2 the largest inflvence of varying the meteorological conditions -
fror. those in the Standard Atmosphere is a change in the sonic boom over-
pressure of about 15 percent. Flight at Mach numbers below 1.3 may re-
sult in more siznificapt variations.

The meteorological conditions required to produce focusing, com-
plete cutoff, extreme lateral spread, and deformation of the pressure-
wave signature have been investigated and methods for predicting the’
occurence of these conditions have been established. It has bzen found
that realistic variations in temperature and winds couid prodr.:e focus-
ing or complete cutoff for fiight at Mach numbers below 1.3. Focusing
would occur simultaneously with cutoff where the shock waves are normal
to the ground, and the normal doubling of the overpressure due to oblique
shock wave reflections would not occur in this region. Extreme lateral
spread and deformation of the pressure wave due to interactions with
turbulence may occur at all Mach numbers. The former would not occur,
however, for flight at altitudes above those where the maximum winds
exist, regardless of the Mach number.

The flight path contemplated for a typical commercial supersonic
transport includes extremely rapid transition through Mach numbers near
1.0 at altitudes near or above 40,000 feet above the ground. The time
spent in accelerating through Mach 1.3 during the initial phases of
supersonic flight and in decelerat:ng through Mach 1.3 during the latter
Phases of supersonic flight amounts to only a few minutes. In this
respect, then, it becomes apparent that for the supersonic transport
only the boom produced during the first and last few minutes of super-
sonic flight may be significantly influenced by the meteorological con-
ditions between the airplane and the ground. Furthermore, because the
supersonic flight altitudes ar> generally above those where the maxi-
mum wind speeds exist, the probability of the occurrence of extreme lat-
eral spread would be very small.

A number of comparisons have been made with flight test data ob-
tained during the Oklahoma City flight test series. Predicted and
measured pressure-wave signatures have been compared for each test air-
plane. It was generally found that the pressure rise, length, and slope
of the expansion region between the shocks of the measured wave agreed
closely with the predicted wave. The pressure rise of the observed
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shock varzs is not instantaneous as predicted ty the theory. This has
led to some disagreement between theory and test data when only front
shock overpressures are considered. The presence of turbulence near
the ground results in the deformatlon of the incoming pressure-wave
signature and some of these deformed signatures have been analyzed. A
statistical analysis of these data has indicuted that the importart
scattering parameters are the angle of the path of the shock wave and
the time of day as related to the turbulent intensity rcar the ground.

The effect of viscosity on the sonic boom has not been included in
these studies. Viscosity does not significantly influence very low
frequency waves which would constitute the fundamentel harmonics of the
sonic boom N-wave (see Refs. 85 and 86). Thus, this would be of minor
importance when investigating the propagation of sonic boom through the
atmosphere.
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SECTION YIIT RECOMMENDATIONS FOR CONTINUED THEORETICAL AND
EXPERIMENTAL WORK

A number of aspects of the sonic boom problem still remain unresolv-
ed. Although a substantial amount of effort has already been expended
in obtaining an understanding of the problem, further theoretical and

experimental work aimed at improvement and extension of the present
theory would be desirable. The purpose of this section is to discuvss
some of the unresolved areas and to outline pcssible theoretical and
experimental approaches which might be taken in seeking solutions.

H(A) THEORETICAL -The thecry developed to date seems to be suffi-
cient for estimating the shock wave overpressures and pressure signa-
tures received on the ground for an airplane in steady level flight
through a nonuniform nearly stratified atmosphere:. Comparisons with
available experirent such as those presented in Section IV have led to
this conclusion. However, the theoretical development should be extended
to include the effects of general aircraft maneuver and the turbulence
effect near the ground. Some preliminary work has been done in botha
these areas. The latter was outlined in Section III.C. Further work
should be directed toward seeking a solution of the pressure wave his-
tory near and beyond cut-off, and toward an understanding of the effect
of interactions of the pressure wave with regions of high altitude tur-
bulence such as exist in towering cumulus clouds. Guidelines for these
theoretical investiga.ions are outlined in the following material.

(1)  Extension to General Maneuvers - The prediction of sonic boom
overpressures on the ground for an airplane engaged in general maneuvers
in a nonuniform atmosphere is u quite cauplicated task. The ray tube
area concept, used in Refs., 6 through 8, lends itself to considerations
of this sort.. The expression for the ray tube area (for instauce that
presented in Appendix II) may be modified by the inclusion of terms
vhich describe the distortion of the ray paths due to the maneuver.

Some preliminary work has been done in Ref. T7 toward the development
of the required temms.

In addition to developing these terms, one of the major
problems involved in making sonic boom estimates for a maneuvering
airplane is the obtaining of a description oif' the shock front intersection
with the ground, and the location of the points at which this front may
cusp (or fold over on itself) to form a focused so called "super" boom.
The transformations between the ray intersections with the ground and
the shock front location are extremely complicated because of flight path
and velocity variation, and because of variation in the atmospheric prop-
erties. At the present time, it is felt that the shock front can be lo-
cated by trial and error (Ref. 6). Furthermore, the ray tube area con-
cept cannot. account for the situation when two rays generated by the
airplane at largely different times reach the ground at the same point
and time (shock front crossover). This situation could occur when the
airplene is engaged in a short radius circular turn (Fig. 7, Ref. 78).
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Both the cusp and the shock front crossover are regions which sbould re-
ceive special attention when investigating the shock strength distribu-
tion on the ground. The work which has been referenced above would
prove useful in any future theoretical development.

(2)  Shock History At and Beyond Cut-off - The region near the cut-off
of the boom is not fully understood. In aerodyn:mic terms it consists of
a region of mixed flow where in an area slightly before cut-off the flow
is supersonic and in an area beyond cut-off the flow is subsonic. In
physical terms this means that a shock wave cannot exist beyond cut-off.
However, some sort of pressure distribution will be propagated through
the air. The type of disturbance is properly illustrated in Fig. 5.

A number of approa~hes may be used ir seeking a solution to
the shock wave history in this region. One of these might be to extend
the Whitham theory of Ref. 2 to account for variable speed of sound in
the supersonic region. This would allow the description of the pres-
sure rerturbations generated by the airplane to be described up to the
cut-off. The subsonic description might be obtained by the classical
methods outlined by Prandtl (Ref. 79). The two solutions could then be
investigated in the region of the cut-off to describe the transition of
the pressure distribution from the supersonic shock wave to the sub-
soniec pressure wave. The variation of the reflection factor,l(R, should
also ve investigated in the same region.

(3)) Extencion of Analysis of Turbulent Effects - The theory of scattering
of acoustic and shock waves inherently postulates a weak interaction be-
tween the acoustic or shock waves and the turbulent field. This allows
the assumption, that the wave length of the acoustic energy is much less
than the wave lengths of the turbulence to be made and results in con-
siderable simplification in the theory. At the wave lengths associated
with the sonic bocms produced to date, this approximation is of extremely
dubious validity and will become even more so for larger aircraft.

Two possible alternative explanations may be offered to ex-
plain the spikes observed in the N-wave traces such as those from Ckla- -
homa City. First, they may be the result of coherent scattering in which
the phases of the waves combine at certain points so as to give rein-
forcement. Coherent scattering can occur when the interaction is weak.
Alternatively, the spikes may be due to strong, resonant interaction be-
tween the shock weves and turbulent eddies. This type of interaction
is extremely nonlinear and the terms usually neglected in the partial
differential equatiohs must be retained. In addition, if there is strong
interaction between the N-waves and the turbulence, the separation of
the cross-sections into one due to temperature and one due to wind is
incorrect. Consequently, effects of a random temperature field and a
random wind field must be considered simultaneously. The resclution of
the problem of the mode of interaction between the sonic boom and tur-
bulence can only be made by appeal to experiment, since the only "a priori
reason for preferring one scattering mode to the other, is the require-
ment that the eddies have an ordered, spatial distribution for coherent
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scattering. However, an exact physical description of turbulence is
lacking at the present time and this requirement for an ordered distribu-
tion cannot be either used or rejected.

Appeal to such experiments as the closely spaced microphone
arrays used during some of the Oklahama City sonic boom tests tentatively
indicate that coherent scattering does not occur. For instance, if the
records frcm Mobile 1, Flight 2 on 2 April 196k are considered, spikes
should occur at intervals at least every 196 feet (the wave length of
the fundamental harmonic of the "free air" N-wave), or very close to
every microphone for the 200 foot spacing of this array. This rises froam
the requirement considered in Section III.C for a resonant peak at in-
tervals of (MA) where m is an integer and A is the wave length of the
fundamental N-wave harmonic. This is not the case. Rather, a regular
progression from & peak value of overpressure to & minimum is observed
over a distance of 800 feet. Coherent scattering can thus be tentative-
ly ruled out in this case. The further observation can be made that the
cross-section (i.e. the area affected by the eddy) must be at least 570
feet in radius; possibly as much as 1140 feet. For these sizes it is
implied that there is some degree of resonance.

For this reason it is suggested that the analysis of the
interaction of the sonic boam be extended as follows:

o Extend the mathematical analysis to include the study of strong
scattering. Green's functions, the Fourier transform (or possibly
the 3-dimensional LaPlace transform) and of spherical harmonies can
be profitably applied to this study, since a more general type of
solution cen be generated by this technique. Currently, initial steps
have been made in this analysis, but are not sufficiently complete to
include in this report.

o Analysis of a representative sample of the Oklahoma City micrometeoro-
logical data to determine the spectral densities of temperature and wind.

o Consideration of the nonhomogenous turbulent-scattering problem in
vhich reverberations can occur.

Providing an analytical solution of this problem can be
achieved, reasonably exact statements about the spatial distribution and
the maximum values of the overpressure as well as the wave-~length of the
spikes, can be expected for the case of single scattering.

Multiple scattering is a very difficult problem and progress
will be slow in this case.

The problem of propagation through convective clouds should
be studied to some extent since anamalous propegation almost surely oc-
curs. The internal structure of convective clouds is sufficiently well
known that a preliminary study can be made, neglecting turbulence.

(8) .EXPERIMENTAL - Additional experimental confirmation of the

theories presented in this report would be desirable, especially near cut-
off. Controlled experimental data would also be helpful in understanding
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more about the effect of turbulence on the pressure signature. A test
progrem is briefly outlined ir the following materisl which might yield
useful data in both of these areas.

§)) Measurement of Shock Strength At and Beyond Cut—o¥, Steady Flight -
\ It wvas noted in Section III that local intensification of the boam may
y occur on.y simultaneously with cut-off. It was further observed that
the reflection factor, Kp, might also vary in the same region. A
series of field tests could possibly verify both of these postuletes.

The theory and method developed in Refs. 6 *.rough 8 in-

2 dicate that the free air overpressure (i.e. accounting for no reflection)
s may increase rapidly in a very small region near cut-off. This is il-
! lustrated in Fig. 54 for the free air overpressure under the flight track

of an airplane in steady flight in a headwind.

The figure shows that the theoretical intensification of the
free air overpressure takes place over a very short distance. If an air-
plane were flown over an instrumented tower at nearly the cut-of? Mach
number for the conditions of the flight the veriation of shock with dis-

X tance might be measured. These measurements could be compared with theo-

ot retical predictions for the same meteorological and flight conditions.
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Fig. 54 Shock Strength Mistory Near Cut~O# Under Flight Treck.
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Tiie tower height should be in excess of 1000 feet and should
contain a dense array of micropaones at regular intervals aloug its
height. It should also be equipped to continuously measure wind velo-
city and temperature at regular intervals along its height. The surround-
ing terrain should be relatively flat and the area near the ground should
be such that relatively quiescent conditions exist at some time during
the day or night. This would be to avoid possible interactioas with
turbulence near the ground which may make data interpretation difficult.
Facilities should be available to obtain good forecasts and measurements
of the wind and temperatures between the airplane ani the ground so
that each flight may be programmed to obtain cut-off under the flight
track near the ground. Facilities should also be available for tracking
the airplane flight path and coordinating it with the tower instrumenta-
tion. The flight path should be directly over the tower aud directed
generally into the wind. One possible location for these tests might
bz the BREN tower located at the AEC Nevada test site.

In addition to the free air microphones a set of microphones
might be mounted on reflecting boards at the same regular intervals to
obtain the variation of Kj near the cut-off. This could be accamplished
by camparing the two simultaneous sets of measurements.

The same type of facility may also be useful in ottaining
measurements of the turbulent scattering phencmena at various levels a-
hove the ground. Flights could be made over the tower during the time
of day when there is the greatest probability of turbulent activity in
the area near the ground. Details of this portion of the test program
are outlined in Section V.B.Z2.

(2) Measurements af Pressure Wave Distortion by Low Altitude Turbuleance ~
Present indications are that the single scattering interaction of the
sonic boom with turbulence is most important from an overpressure stand-
point, It is probably limited to the lower 1000 to 3000 feet of the
atmosphere. If the turbulence extends to greater depths, the probabil-
ity of multiple scattering increases., A further indication is that the
distribution of the spike amplitudes in single scattering is trigonom-
etrically distributed. It would be very desirable to determine the
effect of turbulence a* various levels above the ground. The preferred
setup for this purrose would be a tixed installation such as a high
tower with microphones both on the tower and on the ground around it,
no further than the "free" air wave length of the sonic boom apart and
arranged to obtain the overpressures over an area on the order of eight
wave lengths on & side. The tests should include tests at various angles
of incidence of the N-wave, and under varying wind speeds and varticzl
temperature lapse retes. It must be pointed out that a series of runs
will be necessary, since the eddies are randomly distributed.

The BREN tower at the AEC Nevuda Test Site is 1527 feet
high, is instrumented meteorologically and is remotely located from

inhabited areas. t would seem to be an excellent facility for experi-
ments of this kina.
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APPENDIX I VARIATION OF K, WITH HEIGHT OF GROUND ABOVE MEAN SEA
LEVEL (MSL)

The location of the ground above mean sea level will have an «ffect
on the atmospheric correction factor, K, (see Eq. (2)). The curves in
Figs. I-1, I-2, and I-3 were prepared to facilitate prediction of this
effect for areas of the country which lie significantly above O feet
mean sea level,

These curves were developed assuming U. S. Standard Atmosphere, 1962
conditions fram O feet mean sea level in each case. Thus, the tempera-
ture und pressure at the ground in each figure were taken as the standard
values at 2000, 4000, and 6000 feet above mean sea level respectively.
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< U.S. STANDARD ATMOSPHERE, 1962 : 11
<= 120, UNDER THE FLIGHT PATH (8 =-90°) M=l5=
- NO WIND , - /
S } w07
:_.’: 10.0 (]
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Fig. I-1 Atmosp..eric Correction Factor for the Ground ot 2000 feet above MSL.
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Fig. I-2 Atmospheric Correction Factor for the Ground at 4000 feet above MSL.
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APPENDIXII A REVIEW OF THE THEORY FOR SHOCK WAVE PROPAGATION
THROUGH A NONUNIFORM MEDIA -

Tue purpose of this section is to summarize the results of the work
of Refs. 6 through 8. Specific details concerning the development of
this theory may be obtained from Ref, 6. Basically, the results describe
second order perturbations in particle velocity, pressure, and density
behind a weak shock wave in terms of the first order undisturbed quan-
tities. The assumptions are: (1) that the third order perturbations
are small compared to the second order perturbations so that they may
be ignored, and (2) that the shock wave propagates with the velocity &
waich 18 a function of its strength, 1i.e.

_ P 1/2
7 =a1+ 45 Af]
Furthermore, it is assumed that the rays which describe the path of

propagation of the shock wave and the ray tubes, which are formed by
bundles of the rays, propagate independently.

Before summarizing the results, some nomenclature will be established.
The coordinate system shown in Fig., II-1 will be used in this and the
following sections, III through VII.

by z
PROJECTION OF RAY
IN X=Y PLANE/ .
1 P g
\ -~k
\\ U /’/
val | [ve) R _~
R \ ,’,
\ ==t
W\(| -~ 0
WL~ | FLIGHT TRACK -
TN V, = ARPLANE X } y
* 2~ AIRSPEED @
PROJECTION OF
RAY IN Y=Z PLANE
N\

Fig. -1 Coordinate System and Wind Axes.

The subscript "R" notes quantities ir the (&, M ) coorinate system
rotated through the angle ¢ to coincide with the initial ray direction.
Starred quantities note winds relative to those at the airplane so that
U* =U(z) -U(2z =0). The subseripts "a" and "g" refer to the value
of the quantity at the airplane and the ground respectively. No sub-
script indicates the value of the quantity at any point between the air-
plane and the ground.
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The following is a review of the equations used to compute the
shock wave strength in nonhomogeneous media. Distances are measured
from the airplane and the coordinate system is taken to move with the
airplane (and hence with the winds at the airplane altitude).

The equations of the rays in the E , n , z system are given by:

dt _ 2y T4+ U
Z nR I Eq. (II'].&)
dn Vi *
= n:a Eq. (II-1b)
dt _ 1
! z2" nna Eq. (II-1lc)
p
dS _ _ [{dEV, fany, ,1* .
a= - [E@H+@y+ 1] S Im-1d)
Ly = a
R m Eq- (II-le)
np=—(1—-2.2)" Eq. (II-1f)
!
)
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Transformations between the X, y, z and the § , n , z systems !
are given by:
x = Ecosé — nsineg Eq. (II-2a) l
!
y = tsine + 14 cosé Eq. (II-2b)
Up* = U%cose + V*sing Eg. (II-2¢)

Ve = —U*sine + V* cose Eq. (II-2d)
cos f == 3 1 7 Eq. (II-Ze)
[1+(M?—1) cos?p] 2
2__ 14312
sing=—M -1 _cosg Bq. (II-2f)

[14 (M2-1) cos?e]'

Transformations vetween a fixed ground system X, Y, Z and the
X, Y, Z system are:

X=xt+tUWOt Eq. (II-3a)

Y=y+ VOt Eq. (II-3Db)

Z = z Eq. (II-3c)
105
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vhere

U (0) = U(z =0), etc.

Some necessary auxiliary relations are as follows:

u*= u@ - U Eq. (II-ka)
VP= V(z)— V(O Eq. (II-bb)
Va
M —4 . It"l"c
a (0) = { ) |
- _ Y 4+1 __A,p_ 1/2
a (22 = a (2 [ 1 + 27 P (2) ] Eq. (II-4a)
Ug* = + VvV S0
w* (2= —B_dZ— "8 dz Eq. (II-be)
dz
where a(z) is the ambient sound speed in the atmosphere, and .
P(z) is the ambiert pressure in the atmosphere.
The shock wave may be located on the ground in the X, Y, Z,
system through the following transformations for steady level flight: g
X oo = X+HUWOIE, — V,(t—t,) Eq. (II-58) g
Y oo = YTV, Eq. (II-5b)
1
|
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where t =t for the @ = -90° ray to reach the ground.

The ray tube area is given by:

* 2 v . 2 1/2
A@2)= [(—“— cos 0) :‘ +[ R —sin o:l Eq, (II-6)
v, v

where

V, = Ma(0)

_ [*dz

A

The shock strength 1#5"7 5 1s given by:
93/ Mm

1/2
D(o)[I(Y.,.o)]
72 Eq. (II-7)

il 1 N
AP _ M=DY' (v+ip7
P(z) "~ a(z)B(z) | ., g_f . dz

Wt B

where

1/2

B(z) = [__A(:zzf(z) ]Q(z)

Q(z) = exp

[ER G R1R),
e (w*+ a)

. /2 1/
[nR2 (0) cos’s +sin'o] P(0)

a(0)

D)=

P0)= P(z =0), etc.
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Fumerical solutions may be obtained by an iteration procedure
where in the first iteration the assumption a(z) = a(z) may be used.

The second iteration may use a(z) computed using the first value of
ﬁ%£§' and so cn. It has been found that in regions away from cut-off

and focusing the iteration converges quite rapidly.

The above equations are developed in Ref. 6 (see also Refs. T
and 8). The equation for the ray tube area, given here, (Eq. (II-6),
is an improved, more accurate version of the 2quation in Ref. 6 and is
developed in the Appendix of Ref. T.
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APPENDIX Il DEVELOPMENT OF AMBIENT PRESSURE EFFECT ON BOOM
STRENGTH -

The equation for the sonic boom overpressure on the ground under
the flight track for no wind may be obtained by specializing Eq. (II-T).
The result is:

2:/4Ma/4 Y 1/4 1/8
AP _ M=D" G+ DI Ma l( —90)]

E

| i
g . s E
I

é

ag (AP 1/2

vhere
AP = Souic boom overpressure
Pg = Ambient pressure at ground
Pa= Ambient pressure at airplane
M= Airplane mach number
y = Ratio of specific heats
1(Yo,—90) = Airplane shock strength parameter
ag = Sound speed at ground
a,= Sound speed at airplane
A= Ray tube area
Z = Distance measured down from airplane

S= Distance measured along ray path

The ray path and ray tube area are primarily functions of the tem-
Perature variation in the atmosphere. The effect of variations in
ambient pressure can be obtained by allowing only the pressure-height
curve to vary, and by di-iding the above equation using the standard
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pressure-height curve by that using a nonstandard curve. Because the
tetperature-~height curve is assumed to remain constant, the result is:

ds 4. |~
/ _dz
AP _ PgA ( AR)" |,
APm. — (Py) -u(p 4 S z 1/2
e Yy / ( &

As variations from the standard pressure-height curve in the
real-atmosphere are generally small it may be assumed that the integrals
vill remain approximately equal. Thus the relationship becomes:

/2 1/4
Ap _ [P |¥[s Eq. (4
Apnul. . = [(pl)ltd.] [@T)-m. A ( )
under

i, track

This relationship was compared with computer program output in
Bection II.B.2 to check the validity of the assumptions. It was seen
that the assumptions ar> acceptable.




APPENDIX IY. DEVELOPMENT OF GENERAL EQUATION FOR LATERAL CUT-OFF
LOCATION -

Consider a general temperature profile such as that shown in Fig IV-1,
in vhich the temperature between any two significant levels is assumed
to vary linearly.

Sgpi

(0),2)) === -—————————-—

(%, )

ALTITUDE

TEMPERATURE

!

Fig. IN-1 General Temperature Profile.

:.‘;,tr‘,'u‘,'a;.is..'s Sttt \\;.:.‘ ,‘u, ? 4;,‘43.&,“',:. ‘:.I.'.. 3 &.‘ l‘.‘.‘ r! vas g }y‘?vn‘ﬁ ‘ﬂ .'0' -l'



1 For any portion of this profile a ray path is described by Egs.
(II-1a) and (II-1b). Assuming no wind the first of these becomes:

Further the lateral (y) displacemen’ of the ray for no wind
(qu (II-2b)) is:

y = § sing

Employing the definition of ng from Eq. (II-1f), assuming that
i=a, and putting V, in terms of Mach number, M=V, /a,,; the above
becomes ;

2 gp)
(Mcos 6) (m)

Integration of this equation can be facilitated if tk- variable
of integration, Z, is put in terms of a/a.pp Assuming that the sound
speed, a, also varies linearly between two points (valid as long as the
lapse rates are of the magnitude normally encountered) the relation
between a and Z may be written as:

a=a+ta,l (z -z )
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vhere
a, = Sound speed at level z,

a, = Sound speed lapse rate between levels z, and Z, .

] an+T an
Zn+1 Zn

Using.the above expression

= el a_
e = e d (alpl)
8o that
’ a_
anpl a'n-H (a |) a
= —= gin @ L . LY Jame
y= & 8 ‘a/ (Mcoso)’—(a—l)2 d(a-pl
ap

The lateral location of any ray is given by the summation of the
above integrals for each significant level between the airplane and the
ground. The integration and summation yields:

—

y=a,siné %—1 [(M°°° ')z_(he'-ﬁ)’] = [(Mcos o)"‘én.ﬁ)j]jz

n=} D

vhere "j" represents the values at the last significant level
(in most cases the ground). The last ray to reach the ground (or last
significant level) is the one for which the direction cosine, L, , is
equal to 1.0 at the level where a=amax. Using Eq. (II-le) the anglef

of the last ray is given by (assuming & = a, and no wind):
a

—max
a
——t - .———‘L‘———
LR 1.0 M cos ¢
or
a
Mcosg= ==
Q40
and

s

B = e > o
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Using these expressions and the definition for @,, the lateral
location of the last ray to reach the last significant level is given
by:-

1/2

1/2 g.j. e
ym=[1 _(;ﬂ_ %‘::)2] g&’%&l _[:Em—afﬂl (an - zn)
Eq.(6)

In some cases the temperature between two levels does not change,
as in the stratosphere of the standard atmosphere. Assuming that this
occurs between levels Zm 80d Zmyy (1.e. 8y wad ;) the term involving
(zm+1—Zm) would become indeterminate. The simplest method of obtaining
the form of this term is by taking the limit using L'Hospital's rule as
am—Am+1- Thus, this term becomes:

2 2 1/2 2 1/2
a a —~|a®  —a
Lim = Lim tms=fa] ~[2 m—‘]-—(z a—z_)
A, 8py ! A, gy, 8ms1—8m " i
] az _ az 1/2
= Lim ——[———l—“‘ “‘:_" m (zmﬁ— zm)
=™ ay 4 1
a
= ( 2 i+l 2 ) (zm+l - zm)
qmax ~ Bmyy Eq. (7)

To illustrate the spplication of this relationship, Egs. (6; and
(7) have been applied to the U.S. Standard Atmosphere, 1962 Ref. 1
where @max would occur at the Jround, i.e.,8p,x = ag. Thus, for an air-
plane flying between 36,000 fe2t and the grourd:

-<foi 2]l

Ymax

For an airplane flying between 36,000 and 65,000 feet:

1 a,\11"* 2 36,000 [32-32 ]1/2
= +i1—{ = _l.) ] z 4 LTE T 36,000]
Y. [1 (M a, ml/z( as,ooo) t By — 000 (36, 000)
And for un airplane flylng above 65,000 feet.
12 ([.2_ 2712 : 2
y =-i_—[1_(l ﬁl)z] [_al— aa] —[ai—ass.ooo] (2 )
— M a, Q65,000 &, S6E00
i/2
. [az—a§6 0 ]
+ gt —1/2 (29, 000) £ %92 (36 000)
[ax - aas.ooo] g — 234,000
11k
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APPENDIX Y DEVELOPMENTOF FOCUSING CRITERIA UNDER FLIGHT TRACK

The ray tube area expression, Eq.(II-6); is repeated below:

1/2

A=S [(%‘f = coso)nn]z+ [%"?— simi]:I Eq. (II-6)

The shock strength will increase if this quantity vanishes as
it appears in the denominator of the expression for the overpressure
Eq. (ITI-7). The ray tube area can tend toward gero only if the expres-
sion inside the brackets tends toward zero as 8 is the length of the
ray. Seitiug A= U, speciuliizing this for no°wibd, and investigating
the ray under the airplane ( § m= 0) this becomes:

The quantity hg Eq. (II-1f) 1s the direction cosine of the normal
to the shock front with the Z axis and is given in general by:

fr= = [1— (V. cosgo - Ut )2]1/2

assuming that the shock front propagates at nearly the local speed of
sound. When this quantity is zero the shock front is aormal to the
ground. Thus for no wind and # = 0°, A can tend toward zero if V, = a.
Putting this in terms of the Mach number and specializing it further
by assuming that the maximum speed of sound occurs on the ground (i.e.,
N, = 0 only at the ground)

a
MFocus = 'a_t' Eq. (9)

From this discussion it can be seen that focusing occurs simul-
taneously with cut-off (ng = 0).
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For the case with wind and @ = O it is evident that:

fo; focusing to occur. It can be seen that this is impossible unless
Vir 1s also equal to zero. Making this additional assumption the above
expression becomes:

This leaves two choices. Either U‘R* = V,, which is physically unlikely,
or ng = 0., Using the second choice and putting V, in terms of the Mach
nunber.

]
M= _:_: + g_.n_z (a+U!_‘Ul

Assuming that cut-off occurs at the ground this becomes

_(a+U)x —Ua
Focus a, Eq. (11)

It is apparent that the maximum valie of (a + U) must occur at
the ground for RNy = 0 at the ground. Her: *tcc, cu’ -off and focusing
occur simultaneocusly.
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APPENDIX YI DEVELOPMENT OF LATERAL FOCUSING CRITERIA

Considering the entire ray tube area expression Eq. (II-6) it is
apparent that it can go to zero if, and only if, both portions of the
term in the brackets go to zero simultaneously. This requires that:

Un N
(-\f — €08 o)nR_o

R _ gi =
V. 8in 6 0

at the same location. Here again two possibilities are open. These are
* * ]

tnatv'l- cos&:-OwhenXLl-sino-O, ornR-OHhen!R_-sin 0=0,

It can be shown that the first of these leads to
: 2 2
YU+ viizvy,

I which i1s physically unlikely. Investigating the second a simultaneous
solution must be sought for:
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*A solution for the value of V* required in terms of the Mach nuuber,
U¥, and sound speeds can be obtained :* the following transformations

are used:
Us =U*cos6 + V*sine Eq. (II-2c)
V. = —U"sin6 + V*coss Eq. (II-2d)
co80 = 1
[1+ (M?—1) cos’e]'"* Bq. (II-2e)

(M*—1)"2cos @
[1+ (M*=1) cos?q] ' Bq. (iI-2f)

sinf=

After substituting these in the above expressions, equating them,
and after some algebraic manipulation it can be shown that:

¢ (b )]+ ()] Ge) vonpesdieee))”

This relationship was used in developing the curves in Fig. 25. Here
again it is evident from the derivation that focusing and lateral cut-off !
(in this case) occur similtaneously.
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APRENDIX YII DEVELOPMENT OF EXTRENE LATERAL SPREAD CRITERIA

The sonic boom distribution can extend over large lateral distances
1f the ray which leaves the airplane in the X -y plane (Fig, II-U)
reaches the ground. The conditions required to produce this effect can
be obtained from an investigation of the expression for LPE, Eq. (II-1le).

For any ray to reach the ground £ <« O throughout the pith of propa-
gation, R
Thus ¢
a
Lo A
LR=[1—nR2] = oF <0
Mcoso-37,-

The two rays which leave the airplane in the X -y plane are the
® = 0° and ® = 180° rays. Using the relationships between ¢ and ®,
Eqs.(II-2e) and (II-2f) for ® = 0° and 180°:

=1
COSO—M

_ (Mg =1 )l/'2
sine ="

Thus, the ray in the X -y plane will reach the ground if

—_—ta <0
_ O
a,

Rearranging this, the wind required to produce this effect is given
by :

*
The quantity U, can be vritten as

Ut = U*coso + V*sing Eq. (II-2¢)
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which for the ¢ = 0° or 180° ray becomes:

ute UM nY2v*
2 M

_UM D2 V_ U, =M1V,
M M

Using this in the above inequality and rearranging slightly

2 1/2 2 1/2
U (MDY, U (MDY

a
« + v, v

or

A,>A Eq. (12)
Thie expression shows that for the ray in the X-y plane to reach the

ground the value of the expression for A at the airplane (A,) must be
greater than at any point between it and the ground.
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APPENDIX YIII REVIEW OF ROUTINE CALCULATION OF SONIC BOOM IN
STANDARD AND NON-STANDARD ATMOSPKERES.

In order to aid in obtaining rapid estimates of the soni~ boam pro-
duced in a real atmosphere the information of Sections II.A.4, ard II.B.T
is repeated here. These methods must be used with extreme care for making
estimates at Mach numbers less than about 1l.3. The criterion developed
in Section III should be checked for flight at these low Mach numbers to
determine if anamaslous propagation may occur. The conditions which can
cause complete cut-off are given in Sections III.A.l and III.B.l. The
1 conditions which can cause focusing at the ground are given in Sections :
4 IIT.A.2, III.B.2, and III.B.3, while the conditions which can cause ex-
treme 1atera1 spread are given in Section III.B.k,

A. CALCULATIONS IN STANDARD ATMOSPHERE - Once the airplane geometry
inputs, I(Y, ,0), (see Eq. (1)) have been established for each altitude
and Mach number of interest, routine calculations of sonic boom strength,
lateral distribution, and lateral extent for steady level flight in the
U.S. Standard Atmosphere, 1962 may be obtained in the following manner:

(a) Compute AP ger nt. track from Eq. (2) and Fig. 2 for each
Mach number and altitude.

(b) Compute lateral distribution of the boom strength Zrom Eq. (3)
) for each Mach number and altitude,
(c) oObtain the location of lateral cut-off from the curves in Fig.
! L for each Mach number and altitude, and terminate the lateral distribu-
tion of toom strength at this point.

¥

I" B. CALCULATIONS IN NON-STANDARD ATMOSPHERE The method for calcu-

; lating sonic boom distribution on the ground was outlined above, for the
U.S. Standard Atmosphere, 1962, with no wind. A similar procedure would
be used in making routine estimates for a general atmosphere with wind.
The following method should be used with extreme care for Mach numbers

v between 1.0 and 1.3, especially in cases when wind shears are to be
considered. Criteria for meteorological conditions which can cause
anomallies in the overpressure and distribution of the sonic boom are
developed in Section III. These should be checked when making calcu-
lations in the above Mach number range.

S

Once the airplane geometry influence, I(Y,,8), (see Eq. (1)) has
been determined for each Mach number and altitude of interest the cal-
culation of sonic boom strength and distribution may proceed as follows:

(a) Calculate AP er n. irack from Eq. (5) and Fig. 2 (or Appendix
Figs. I-1, I-2, or I-3) for ground located above O ft. MSL for each alti-
tude and Mach number

I R . R et ™ T I

WK
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e The variation of the temperature correcticn {actor, K;, may be esti-
mated from Fig. 8, with the value at Much 1.2 estimated from Fig. 9.

| e The variation of the correction for wind shears with Mach number may

be estimated from Fig. 12 with the value at Mach 1.3 taken from

Fig. 13.

(b) Compute the luteral distribution of sonic boum sirength firom
Eq. (3) for each altitude and Mach number. (Caution must be exercised
vhen estimating the lateral distribution for low Mach numbers and high
winds, Fig. 15).

{c) Obtain the location of lateral cut-off from Eq. (6) and Eq.
(7) for each Mach number and ultitude, and terminate the lateral distri-
bution at that point. (Effect of moderate winds on the lateral cut-off
location may be estimated from Fig. 19.)

The above procedure is illustrated schemutically in Fig. VIII-1.

MACH NO.=M
ALTITUDE=H

A PyNDER
FLIGHT TRACK

LATERAL DISTRIBUTION
EQ. (3)

AP

[}
I
I
LATERAL cm-orr\
]

LATERAL DISTANCE

Fig. YII-1 Routine Calculation of Sonic Boom.
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APPENDIX IX DATA TRANSFORMATION FOR TURBULENT SCATTERING

The statistical study of sonic boum overpressures requires an ap-
propriate transformation of the test data. The form of this transforma-
tion may be determined by finding the probability distribution of a ran-
domly located set of measurements in an arbitrary plane from the mathe-
matical description of the scattering of the shock wave by the turbulence.
The geametry of finding the data transformation is shown in Fig. IX-1l.

B POSITION OF SCATTERER
\ ABOVE GROUND

>

[+ 4
wl
[+ 4
I'-_‘ DIFFERENTIAL OF
3 PLANE AREA
. CONSIDERED IN
5 TEXT
3 '
o L
i A

.‘\-,\ /\
[ \e' AN -
GROUND  PLANE \2‘/ d
4 GENERAL DIFFERENTIAL

OF PLANE AREA

Fig. IX-1 Geometry for Determining Probability Distribution

In this figure a furbulent temperature or wind element at (A) has
scattered the energy symmetrically in the angle @ about the direction
of the shock propagation T\’. A number of intensity measurements of the
scattered field are made by microphones placed randomly in the (x,y)
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or ground plane and it 1is desired to treat the measured data statistically.
The actual form of the probability distribution of the measurements gan be
found fram the probabllity theorem,

P(x,y)= fff(x,y)dx dy Eq. (IX-1)
R

vhich states that the Joint probability P(x,y) of a given value of a
variate f(x,y) occurring in the region R in the (x,y) plane 1is egual to
the integral of f( X,y) over the region R. The cross-section ¢(_2)
discussed in Section III-C-3 gives the distribution of the scattering
intensity in terms of the solid angle. When this distribution is pro-
Jected on the (Xx,y) plane, it gives the desired function f(x,y), thus,
the probatility distribution becomes:

p(-{;): {o(T) . dA E. (IX-2)

vhere: I 1is the observed intensity of the scatisred wave
1, 1s the incident intemnsity of the original wave
574\ 1s the vector differentlal area in the (x,y) plane
o(-I)is the scattering cr. 3s-section discussed in Section III-C-3
If the definition of Eq. (IX-?) is extended to a number of scattering

centers, randomly located in space above a single fixed microphone, the
probability distribution becomes:

p(-}): 2‘ { ] ('Z) . 57&‘ Eq. (IX-3)

where the "i" subscript refers to one measurement taken of a single
scattering event of an ensemble of such events,

Figure IX-1 shows that if the incident wave vectorK, is not per-
pendicular to the (X,y) plane of observation, the problem is geometri-
cally complex, requiring the integration of elliptic functions. To
11lustrate how the form of the probability distribution of the measure-
ments may be obtained, a simplified case of scattering by a turbulent
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temperature field is developed where the N-wave is propegating in a di-
rection perpendiculsr to the plane of cbservation (the ground)., Sub-
stitution of the equation for the turbulent temperatare cross-section
from Section III-C

o . D =3%K' co?® & (0

into Eq. (IX-3) gives

- N 2 ,r, zirdr,de
1,( ) . 1 K* ® a:; i ool i
*; 4 ;E; ;E; ] l: '{‘ r} + z?
Eq. (IX-k4)
vhere z, is the height of the "i-th"scatterer above the ground

(r,,0,)are polar coordinates in the horizontal, ground plane
17

N 1is the total number of observations

K, 1s the "j-th" wave number, which contributes in an unspeci-

fied manner to the incident wave.

After performing the integrations, it follows that the measurements
may be represented by the form of the probability distribution:

I 2 © n - 2 2
p(—-)=-"— Y K‘¢(k)r2|n(—z*+,—“)
IO 2 j=1 i=1 ) ! z;
Eq. (IX-5)

The summation of logarithms in general can be written as:

Ta, Inbi=ln[n(bi)ai]




vhich states that the sum of a set of logarithms of terms in(a;,b,)is
equal to the logarithm of the product of terms in (by)a . A reformuia-
tion of Eg. (IX-5) in these terms leads to the form of the probability
distribution of the sonic boom measurements: '

o )=1 1=1

I _it_'-' 2 A - n z;"+r;" rf
p([)—zz Kjtb(k)ln{rl{ } Eq. (X-T)

Equation IX-T shows tha* the form of the probability distribution
is logarithmic and consequently a logarithmic transformation of the
overpressure data would be appropriate for statistical purposes for
this case.
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