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-' An explanation of the cffcc of meiteorological conditions on the

path of the soric boom is prccented. Areas covered by sonic booms

resulting from aircraft flying at various rrach nu-bers and dive angles

are shown, taking standard at;-ospheri-, iadients into account. Cal-

culations are given for the effect or the jet stream as well as ordinary

winds on the sonic boom.
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Observations ALvo shcvn that -3teorological conditions modify

the path of sound and shock waves, sometiMes to a considerable extent..

Acoustic theory has heen stccessfully applied to detereiro where the

blast waves fr.m large explosions will strike, Reference (1). More

recently this theory has been applied to sonic booms by British investi.

gators, Reference (2). Tho obJcct of this report is to present briefly
8I

the physical principles which are involved. These principles are

applied to determine tho areas covered by sonic booms generated by air-

crf"tfyi* at variousa,,.t , Xach nru7..er., and dive angles, taking

the standard autiospheric gramenr.ts into account; that is, modifications

to :eference (3) which treats c-ly the homogenous atasphere. in

addltion,. the sign±ficant effect of ordinary winds as wel as the jet

stream on the path of a sonic boa.' is presented.

2.



T&ho ma~.jor elem~ents of~ wee~hr af fecting the path of sound rays

or rays of' the weak shock waw e w'hich Const.itute the se r.--c bcoor zre

Th.-e -a~ei~t c"fect c,,' tr-nt:atu-e 4: to cha-r~e ; speedl c±

V~ ray a.d 'C~e~n~, . ~. eaon its directi.cn. The

re!Azicnship of -.he 4pd cf to -.operature, P.efe.-a.ce(),s

Z" vern by

c -32.3~ 1

S~,.Z of z~x: in krm..z

:.eccre~ h.. .. ~zspeed c;o..e s.;uand becwzsc of hu:%dity W.a be

~~at~ ~ ~~o -R~±r~a0 eferec~e

A eS atiox~rtior. to the vertical gradien~t of the speed of

6Q-'. :C.r -z3 Zz: Ct~c , ±vn

c- ~ ~ 4-

C*C. -:K.: 7 ~.1C~

C;; ;;-.- or trothe rox*knots

z above grow~d 4.,% naut±'*41 ailes

zz.jw~ r~ia ie o35, oto h



In omder to si:iiy rr4 ys's~c ~e o."ec;. 0&1 te:,-)o ature

grandient. with no wird is f: l'rcd-'-rt amd followe'i by *-he case

Vhere.,in ada~tior. to the tc~ncratre gradiienta vertical wind CLd?~ieflt

exists

e; .w a~r4 ee-- .Is :ia byl tzes.

AS

sin ~ sizr. c(3)

,~.C: r -. -*.e z.,7e*a ay -.- c withn t~e n~ormal in the refere.-Ce

rej-rcn of air

c.- ý*ce o.1 scund ir. ;.he referenice recion

=!-le~ a ray i-..res with the narmal in an Orbit'rary

c - speed' of sound in ;.r arbitrary air region

A aC~ cuc const:.

:f cza -.-. as the rtforoe-ce rej-ion, tw.e r.;ion where a sonic

ooom s, ar.Zch e,s o t~zA a X cis .te s UeA ch

As in, opooics one may draw %,e felloving conclusions from equiationh

(3): (1) as a dec easeste Uw &W.* w1*1chi t.)- ray xakes with t?.e anoral

decreaset, so Uh= -be ray is bent twiards the normall (2) coonerselys
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as C increases, the ray is turnei awayv from the normal; (3) as c

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

total reflection will occur; (1.) if-the value of 0 is zero no

refraction will occur.

The displacement y along the projection of the line of flight,

at an altitude z is found from the relations

Sy - Z tkoan. z 7 5. 1 (4a)

Stan 0? zJ .81 (4b)

and equations (2) and (3) giving

y= (h-5.81) tan ++ J(A 2 - (575.4)2 16 -EA 2 - (Cg- kZ) 2 ] ½ (5a)

z . 5.81

y- -cc. - ,z"- - ) 2 ' e" O. z • 5.81 (5b)

Vhere h alti.tu~de at which sonic boom ori,,,inates in nautical miles.

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

below the point where the sonic boom originates.

-rcm equations (5) one sees that in the isothermal region of the

standard atmosphere the rays will be sinply straight lines and below the

isothermal region the rays will follow circular paths. Paths of such

rays are cwr., in Fimires (1) and (2). Due to the convenience of choosing

4"fetrent %r:iLs for abscissa and ordinate the paths do not appear circular.

5.
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In order to deteriine the effect of the standard atrosphere on the

area covered by a sonic boom one first examines the cone of rays formed

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

geometry is shown. In an isothermal atmosphere a ray originating at

A making a Mach angle w with the vertical would intersect the ground

at the point R. Due to the standard atmospheric gradient the point

B will be displaced to the point B'. The displacement 0 B' is found

by equation (5). To find the angle i, that is, the angle a plane thru

A B and the vertical axis makes with the vertical plane thru the'y"

axds., one notes that

tan i X-3 (6a)
yO

sin -h tani (6b)
YoiS COS r

Xo (s2  yO2 .h 2 )1 (6c)

where x0 and Yo are the lateral and horizontal displacements for the

-isothermal conditions, and,

- Mach angle

- dive angle of the aircraft

- length of isothermal ray from A to ground.

Then the lateral displacement is given by the expression ) - 0 B' sin i,

and the displacement along the track by y - 0 B' cos i.

6.



i

RRSY..60-24s

To this point the analysis considers the displacement of the sonic

boom on the ground as a result of the atmospheric temperature gradient.

'No attempt is made to calculate the effect on the pressure level. Forj completeness, the pressure distribution on the ground for a M - 1.05

aircraft at several altitudes (60 degree dive) in an isothermal atmos-

- phere is shown in Figure 4. This figure is reproduced from Reference (3).

"With the aid ,of the above analysis, the effect of a standard atmospheric

gradient on the ground locationi of a sonic boom produced by an aircraft

has been computed., The flight conditions selected for the computations

here are identical to those used in Reterence (3). The reason for this

selection is that the reader can readily see the modifications produced

by a real atmosphere to the sonic boom patterns of an isothermal atmos-

phere. The graphic results of the present calculations are shown in

Figures 5 - 22 and, the results for the isothermal atmosphere are

reproduced in Figures 5A - 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 =tan Q + sec Q (7a)

7.
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•.n Q -c sin G i (o
sin_________n 0 7b

ci + sin B ujr -u)i C-U

where A - €j co G ÷u• -const.

- angle a ray makes with the normal axis

9 - 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"f 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, j 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

through unity. However, the deviation of the ray from the normal now

depends on the ratio of the wind to the speed of sound.

If 0, and 9 are close to 900, i.e. for the case of almost glancing

Ancidence. a useful approximation for estimating the effect of wind is

given in Reference (1) by the expressions

tan 0- tan 0 (8a)

sin G .*u (8b)A

The horizontal displacement y relative to the origin can be fowu

from integral 4 y - tan da (9)

8.

e,/
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Since in equations (1 the wind and sound speed depend on the altitude

bne may sot
a u [(A-u) 2  02J

tan A.-U) 2 
- 021 a (A-u) (9b)

and uubstituting into equation (9a)

Y. f (s) d (90)

The approimation 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 from equation (9c). Usually the quantities u

and o entering into the function f (s) are derived from meteorological

observations or predictions of wind, temperature and humidity at specified

altitudes. Intermediate values of u and c 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 (a) at 1000' intervals and to

apply Simpson's rule of integration. Sometimes the function of f (a) may

become difficult to evaluate accurately in a certain region due to the

quantities A-u approaching o in value. In that case, one notes from

equation (Tb), that this Is the can of glancing incidence and const-

quently equations (8) my be used to get an analytical solution for the

region in question. The graphic results of several wind profiles are

showu in figures 1, 2 and 23.for both the standard temqerature gradient

and isothermal atmosphere and for a variety of Mach nuibers altitudes

and dive angles.
9.
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III. DISCUSSION,

The effect of a standard temperature gradient, considered alone,,

on a sonic boom produced by an aircraft is to alter the groimd pattern

from that expected for an isothermal atmosphere. The effect Ciffere

considerably for the flight conditions of the aircraft. At the lowest

aircraft speed considered here,, N - 1.O0, 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 remais unchanged, however,

the area covered by the boom in enlarged as a result of a temperature

gradient.

The effect of wind depends on the ratio u/c; that is, the relative

strength of the wind to the sonic rq, When the ratio is mwah less

than unity, the effect of the wind is small, howver, =nder certain

coanitions the effect of a wind gradient can be signifleant, when

considered in conjumtion with a temperature gradient. In Figure I,

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 feet

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 pro-

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 dcrection,

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 recomended 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.

n.
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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. When standard temperature gradients are considered alone, the

variations in ground coverage area of the sonic boom are fumctions 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 X a 1.5; whereas for the homogenous atmosphere the shape

is parabolic (open ended) the area covered by the sonic boom in a

standard atmosphere is a closed figure, compare Figures 13 and 13.

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 taera-

ture gradient or accentuate it, as shown in Figures 1 and 2 respectively.

L. In the event a high mind, like the jet stream, ewdsts aloft it

can displace the initial point of the sonic bang by several miles, see

Figure 24.

I. In the case of a cross-wind profile, the patterns shown in

Fig - 22 can be displaced above or below the herlsmtal axis.

12.
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o € speed of sound at ay altitude

0 e speed of sound on the ground

! €• speed of sound at altitude of reference

h altitude of aircraft

1. angle that the plane thru an isothermal ray and the vertical

axis, makes with the vertical plane

k gradient of speed of sound with altitude

a length of an isothermal ray

u component of wind along horizontal axis in the place of the

line of flight

Ul component of wind along horizontal axis in the plane of the

li:-e of fligh* at reference altitude

x coordinates of a point for which the XY plaow is the
Y
2 horizontal and the TZ plane the vertical

ZO coordinates of conic section determined b7 the horizontal

7o plans and the cons of '-sothorAl rats

A constant appearing In Snell' I1 w as wel as when speed of

wind Is considered.

9 teaerature in degrees Ke*vin

x ?ach =der of airplane

r dive angle of airplane

0 angle the sound or shock wave nakes with the horisontal aXd

San.le that a ray makes wit.a the noeal

anigle that the ray makes with the normal at the referseoe

altitude

-13
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