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. ¥ M explanaticn of the cifect of meteorological conditions on the

path of the soric boom is prescented. Arecas covered by sonic tooms

resulting from aireraft flying at various lach nurbers and dive angles

are shown, taking standard atrospheric gradients intoc account, Cal-

culations are giver for the effect of the jet stream as well as ordinary

winds on the sonic boom, <L
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I. LITRODUCTION

Observations nave shcwn that reteorological conditions modify
the path of cound and shock waves, sometimes to a considerable extent,
Acoustic theory has heen succesciully applied to determine where the
blast waves from large explosions will strike, Reference (1), More
recently this theory has been applied to sonic booms by Sritish Iinvesti-
zators, Reference (2), The objcct of this report is to present briefly
the physical principles which are involved. These principles are
applied to determine the areas covered by sonic booms generated by aire
cralt flying ab various altitutes, Mach rnurbers, and dive angles, taking
the standard atmospheric gradients into account; that is, modifications
to feference (3) which treats c-ly the iomogenous atmosphere, Iﬁ
addition, the significant effect of ordinary winds as well as the Jet

strcam on the path of g sonic bocr is presented,

ST
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Trne major elements of weather aflecting the path ¢ sound rays
or rays o the weak shock wave: wiich constitute the scrnic beom ar
the vertical graiients ¢l terporature ond wind,

The imnediate effect ¢f terperature is to change ine speed cf
the ray and consequently, as wall te shown, ins directicn. The
relzticnsiip of ihe Jpeed &I socunc to temperature, Referance (1), is
Jiven by

.
c = 33,93 &% (1)
w278 & = speci ¢f gound in xnols
X = zormporature in degrecs Helvin.
Tne ecoresticn o speed of the ssund because of hwildity may be

- - S Dl [N
SOTTNLA3 O Secelenle Qe

'

; usefil zzoroxdration to the vertical gradient of the gpeed of

sound Jer uhe standast atmusphore ls Jiven By

S ec. =it 62250 (2a)
S mo. = SElK z 75.5 2y)
:

where . o snedi of sound on the Zreund, knots

4no35 per nautical mile alditule

2 e noizns above ground in nautisal niles

The somatant 5.:l nautical ailes correszinds to 35, 330 Zeet of the

- ona .m 5“-‘“.

\ 734
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In order to sirplily tie analysis, ihe ¢ffecs of ternerature
gradient with no wind is c-nsidercd first and followed by ihe case
wrere,in adcition to the terperature gradient,a vertical wind predient

exists.

- - -~ . )

L ol - E . - ” & A

A, If%cst of Termerature Truiions (Zerc windd
™ - - & - < o -1 aw ad e ve o i - [ ad vune o wte
Tne Shimreg in Zivesiiin il Lopar af it eniors a reiiut o with e

2P - 3 ¢ pwe s & S Cant® ... 2 . :
differant sound speel g -overm:i By Jnell's Law whish mar te wTitten

Sin\? - sin . = —E— (3)
wrare ;‘; = 3he wnzie a ray ~okes with tne rormal in the reflerenc
rezicn of air
¢; = spcec of scund in ihe relerence region
.x @ Lhe anZle a ray nases with the ncrzmal in an arbitrary
ar reion
¢ = speed of sound in an arbitrary air region
A ®c escy = consti..
<2 cne Laies a8 the reference recion, the region where a sonic
200% orisinuiaes, s - Yach arzie, 80 that & = X ¢4, where ¥ is ke Xach
naber,
A8 in opiics cne may drax i-e fclloving conclusions from equation
(3)1 (1) as ¢ dec cases, the angle. which the ray xakes vith ite normal
~eﬁm:m‘nea:, 30 th:: “he ray is bent towvards the normal; (2) conversely,

[
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as ¢ increases, the ray is iurnei awav from the normal; (3) as ¢

increases so that the absolute value ¢ ¢/A passes through unity,

total reflection will occur; (i) if -the value of & is zero no

refraction will occur,

The displacement ¥ along the projection of the line of fiight,

at an altitude z is found from ihe relations

Y=z tany, z> 5.81
ay . <
= tan? 0< 2£5.81

and equations (2) and (3) giving

(-
v« (5.80) tan g+ LG - 6120 B[R L (o - k32 B

I 1 X —_ 4
1/ 2 s r.e N
y--’\an-c,.,Jz -rnd-(c-kz)ziaf
SN - - -

4

2> 5,81

0<z < 5.81

(La)

(Lb)

P, )

where h = altitucde at which sonic boom originates in nautical miles.

The origin of the coordinate system is chosen on the ground directly

below the point where the sonic boom originates,

Frem equations (5) one secs that in the isothermal region of the

(5a)

(5b)

standard atrmosphere the rays will be simply straight lines and below the

iscthermal region the rays will follow circular paths,

Paths of such

rays are sacwn in Fieures (1) and (2). Due to the convenience of choosing

ifferent univs for abscissa and ordinate the paths do not appear circular,

T
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i
A
X
?
-4
2.
c

-In order to determine the effect of the standard atmosptere on the
area covercd ty a sonic toom one first examines the cone or rays formed

when a sonic boom is generated, In Figure (3), a sketch of the T

geometry is shown, In an iscthermal atmosphere a ray originating at T

A rmaking a Kach angle (;}_ with the vertical would intersect the ground o o

at the point 2. Due to the standard atmbspheric gradient the point — o
3 will be displaced to the point B'. The displacement O B! is found :
by equation (5). To find the angle i, that is, the angle a plane thru

A B and the vertical axis mekes with the vertical plane thru the’y”

axis, one notes that

X9

tan i = =° (6a)
Yo
. osin &
1
2

252 2

Xo = {s" -y, (6c)

where x, and y, are the lateral and horizontal displacements for the

isothermal conditions, and,

97.' = Mach angle
¥ = dive angle of the aircraft
S = length of isothermal ray from A to ground,
Then the lateral displacement is given by the expression X = O B! sin {,

and the displacement along the track by y = O B! cos 1,

6.
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’To'thia'point,xhe»analysis considers the displacement of the sonic

boom on thq g?éund as a resﬁlt of the atmospheric temperature gradient,

,;;iﬁé éitempt-is @gde,tércalculate the effect on the pressure level, For

qéhpieféﬁgés, the pressure distribution on the ground for a M = 1,05

airé;afx“af'ééieral a;titudes (60 degreeidive) in an isothermal atmos-

;pberé-ig‘shcén in_Figuré L. This figure is reproduced from Reference (3).

ﬁithﬁﬁbé_éidfof\ihe above analysis, the effect of a standard atmospheric

gradien& on thé ground location of a sonic boom produced by an aircraft

- has been cqmputed,~§The flight conditions selected for the computations

here:are_identicél tprtncse used in Reference (3). The reason for this
selection is that:tgé rea@ér can readily see the modifications produced
by a ieal atmospherewtoﬁthe sonic boom patterns of an isothermal atmos-
phere. The graphi;7§esu1ts of the present calculations are shown in
Figures 5 - 22 and, thé results for the isothermal atmosphere are

reproduced in Figures S5A - 22A as overlays.

B, Effect of Wind

The path of a ray in a real atmosphere where wind and temperature
gradients exist is more complicated than where temperature gradients
alone exist. The simple optical analogy no longer holds. The ray is
no longer normal to the wave front and suffers a displacement due to
the wind vector, By Huygen's principle, see for example Reference (5),
it may be shown that

tan f = tan 0 + % sec O (7a)

7.
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sino = °8in 6 . S (o)
L Feint (u ~u) A= '
where A = ¢y csc @ + u; = const,
P = angle a ray makes with the normal axis
@ = angle the wave makes with the horizontal axis
u = horizontal component of the wind in the direction of the

horizontal component of the ray

The subscript "i" refers to the region of reference (i.e. for the sonic

boom the altitude at which it originates). Also with reference to the

sonic boom, @ equals the Mach angle,
For zero wind gradient, equations (7) reduce the Snell's law discussed

above. From equation (7b), one sees that total reflection occurs when
the absolute value of the right side of the equation increases and passes
_ t..hrough unity, However, the deviation of the ray from the normal now
depends on the ratio of the wind to the speed of sound.

If @, and 0 are close to 90°, i.e, for the case of almost glancing
.incidence, a useful approad.mtion.f.or estimating the effect of wind is
given in Reference (1) by the expressions

m¢'m° (8‘)
sino--"-;ﬁ (8v)

The horizontal displacement y relative to the origin can be found
v 3
from integral y -J tan g ds (92)
h
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8ince in equations () the wind and sound speed depend on the altitude

" one may set
: - u [(A-u)2 - c2] 3 ¢
- = = =1 (z) (9v)
il RTINS »

and substituting into equation (9a)

y S: £ (s) de (96)

The spproximation by equations (8) lead to analytic solutions
of the form given by equation (5),

For a real atmosphere, numerical methods of integration are required
to find the path of a ray fram equation (9¢). Usually the quantities u
and ¢ entering into the function f (2) are derived from meteorological
observations or predicticns of wind, temperature and humidity at specified
altitudes, Intermediate values of u and ¢ at other altitudes may be found
by interpolation from the given data. For sonic boom calculations it is
usually adequate to evaluate the function f (3) at 1000' intervals and to
apply Simpson's rule of integration, Sometimes the function of f (z) may
become difficult to evaluate accurately in a certain region due to the
quantities A-u approaching ¢ in value. In that case, one notes from
equation (7b), that this is the case of glancing incidence and conse-
quently equations (8) may be used to get an analytical solution for the
region in question, The graphic results of several wind profiles are
shovn in figures 1, 2 and 23.for both the standard temperature gradient
and isothermal atmosphere and for a variety of Mach mubers, altitudes

and dive angles,
. 9
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III. DISCUSSION.

The effect of a standard temperature gradient, considered alone,
on a sonic boon prod}:céd by an aircraft is to alter the gromnd pattern
from that expected for an isothermal atmosphere. The effect cCiffers
considerably for the flight conditions of the aircraft. At the lowest
aircraft speed considered here, M = 1.05, the patterns are displaced
in the forward direction and, extended in the lateral direction, For

the 45° dive angle case at M = 1,05, the effect of temperature is to
distend the pattern sufficiently so that, for an altitude of 40,000 ft.

the pattern is open in the forward direction., At higher speeds, the
primary effect is to limit the coverage of the sonic boom on the
ground; that is for most flight conditions, the temperature gradient
produces a closed figure whereas for the isothermal atmosphere the
patterns are essentially parabolic. For the case where the aircraft
makes a vertical dive, the circular pattern remains unchanged, however,
the area covered by the boom is enlarged as a result of a temperature
gradient,

The effect of wind depends on the ratio u/c; that is, the rohtiﬁ
strength of the wind to the sonic ray, When the ratio is much less
than unity, the effect of the wind is small, however, under certain
conditions the effect of a wind gradient can be significant, when
considered in conjunction with a temperature gradient, In Figure 1,
the results for an isothermal atmosphere and standard temperature
gradient are shown,

. 10,
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For an aircraft in level flight at an altitude of 20,000 fest
and a Mach number = 1,05, the effect of the real atmosphere is to
deflect the sonic boom from the ground, If, however, a wind profile
exists, like the one shown, the rays will be deflected back to the
ground, A similar effect is shown in Figure 2, Here, the wind proe-
file has a shear or change of direction at 11,000 feet. When the
wind is in the same direction as the ray the deflection is increased;
however, below 11,000 feet with the wind in the opposite :t'.rection,
the ray is deflected sufficiently so that it now touches the ground,

In Figure 23, the results are presented for a high altitude Jet
stream. (The wind profile presented is a recommended standard for
aircraft design by the U, S, Air Force.) The high velocity wind of
the jet stream produces a major effect on the displacement of the
sonic boom; almost a factor of two, about 8,5 miles vs, 13,8 miles,
If the wind direction is opposite to the ray direction, the boom would
be displaced to the left of the no wind curve on the chart,
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IV, CONCLUSIONS

1, Correct prediction of the occurence of sonic booms requires
incorporation of primary atmospheric effects, temperature and wind,

2. VUhen standard temperature gradients are considered alone, the
variations in ground coverage area of the sonic boom are functions of
aircraft speed, aircraft altitude and angle of aircraft trajectory
(dive angle), In general, the initial point of the sonic boom is pro-
Jected somewhat forward of and the lateral spread is greater than for
a homogenous atmosphere., A more significant effect occurs for speeds
greater than M = 1.5; whereas for the homogenous atmosphers the shape
is parabolic (open ended) the area covered by the sonic boom in s
standard atmosphere is a closed figure, compare Figures 13 and 131.

3. The effect of a vertical wind vector profile on the path of
a shock ray can be pronounced; that is, offset the effect of the tempera-
ture gradient or accentuate it, as shown in Figures 1 and 2 respectively,

b In the event a high wind, like the jet stream, exists aloft it
can displace the initial point of the sonic bang by several miles, see
Figure 2k. _

S. In the case of a cross-wind profile, the patterns shown in
Figures S - 22 can be displaced above or below the horisental axis,

12,
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speed of sound at any altitude

speed of sound on the ground

speed of sound at altituds of reference

altitude of aircraft

angle that the plane thru an isothermal ray and the vertical
axis, x.-.;kes with the vertical plane

gradient of speed of saund with altitude

length of an isothermal ray

component of wind along horisontal axis in the place of the
line of flight

component of wind along horizontal axis in the plane of the
lire of f1ight at reference altitude

coordinates of a point for which the XY plans is the
horizontal and the YZ plane the vertical

coordinates of conic section determined by the horisontal
plane and the cone of isothcrmal rays

constant appearing in Snell's 1w, as well as wvhen speed of
wvind is considered.

temparature in degrees Kelvin

Yach muxber of airplane

dive angle of airplanse

angle the sound or shock wave makes with the horisontal axis
angle that a ray aakes wit: the nomal .

angle that the ray makes with the normal at the reference
altitude

3¢
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