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LARORATORY STUDY OF SONIC BOOMS : ‘

AND THEIR SCALING LAWS
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Cambridge, Massachusetts

The main objective of this research program is to seex basic under-
standing of non-linear effccts sesnciated with causties, through labora-
tory simulation experiments of sonic booms in a ballistic range and a
coordinated theoretical study of scaling laws. Two cuases of superbooms
or cnhanced sonic boons at caustics have becen studied, The first case,
referred to as "acceleration superbooms', is related to the enhanced sonic
booms generated durins the acceleration mancuvers of supersonic air- 3
crafts. The second case, referred to as 'refraction superboons', involves
the superbooms that arc generated as a result of atrmospneric refraction,

Important theorctical and experimental results ohtained in this
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resecarch program are briefly renorted below with complete details to bhe
found in the M.i.T. Doctoral Thesis of Sanail. Most of these results

have been presented at several professicnal meetings and reported in the

. 2,7 . Sy .
Titerature™? two papers describing the aain results have alsoe been sub- .-
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mitted for publication in the Journal of the Acoustical Society of Amcricas".

1. Acceleration Superboons

Acceleration superbooms arc studied by firing projectiles of dif-
ferent sizes and shapes ht constant supersonic speeds into gascous media
with decreasing sound spced along the line of flight. This results in
trajcctories with increasing body Mach numbers which simulate the accelera-
tion of supersonic aircrafts.

Theoretical analyses include the development of a computer pro- - '
gram which locates the ccometrical-acoustics rays and shock fronts for f
an idealized mod21l of the above experimcntsl’s. The results indicate
that a concave shock front is produced which converges and folds over
itself as it passes a cusp formed at the junction of two caustic sur-
faces. (The cusp is wsually referred to as an arfte or superfocus.) A
scaling law for peak overpressures near an arfte has been dcvelopcdz.
According to this law, the pcak overpressure at the arfte is dependent
on the shapc and strength of the shock some time before the arfte is reach-
ed. Theoretical studies have also heen made to examine the effects of
refraction introduced in the present simulation oxperimcntsl’ﬁ. They
show that the behavior of the supcrboom gencrated in the simﬁlation ex-
periments are conpafnhlc to that observed in real acceleration mancuvers.

To analysce the flow fields produced in the simulation exneriments,
sipnatures frem pressure transducers have been studied in conjuvnction with
dual-schlieren pictures obtained sinultancously during cnch runl’s’n.

For weaker shocks (shock !fach nunhers of about 1.03) generated by




17-caliber bullets at low supersonic speeds, a structure similar to that
of a folded shock predicted by the linear theory is observed in the
schlieren pictures vwhile for slisghtly stronger shocks (shock Mach numbers
of about 1.05) gencrated by faster 17-caliber bullets, a concave focusing
front is rccordedl'g. In the case of very stfong shocks (shock Mach
numbers of abont 1.30) generated by 12,7 mm-diameter spheres or conical-
noscd bodies at high supcréonic speeds, no folding-like structure has
been detected in the available schlieren viewing field while both
focusing and defocusing (or €lattening) of shock concavities have been
obscrvodl’s. Based on these ohservations, it has been conjccturcd9
that the fold-over hypothesis of the geometrical acoustics theory and
the hypothesis of Phitham that concave shocks will straipghten out without
folding are complemcntary rather than contradictory and that cach applies
under certain (and as yet not conmpletely delinmited) shock conditions.
Applicability of Whitham's shock-shock theory* to the present
experinents have been tested by assunming that the point at which the
minimim radius of curvature of the shock concavity, Thin? is mecasured
corresnands to the "shoch-shock" in Whithan's thcory]. A reasonable

rprecnent is found for cases where ros

in is very small: i.e., for cascs

where the shock-shack neometry of Whitham is aprroached. For other
casces. the aareement is poor with the shock concavity "propagatine’ at
a faster speed along the shock face than that predicted by the shock-

shock theory.

*In this theory, discontinuitices in shoch inclinations and Yfach nunmters
arc assemed to exist oacreoss a Ushock-shock™ which vnroracates alone the
shoch tace.




"~ Fnhanced overpressurcs have been detected in the shock concnyi-
ties on the basis of shock spced caleculations from superimposed dual-
schlieren picturesl’5 as well as from direct nressure mcasuremcnts*'g.
This enhancement or focusing effect is found to depend on the shock curva-
turé and its nominal strenpth., With the aid of the Guiraud-Thery
scaling law**, a remarkable correlation has been obtained for the
focus factors measured in the experiments involving weak shocks (shéck
Mach numbers of about 1.05) and strone shocks (shock Mach numbers of
about 1.30) with the variation of Toin (here reprcsenting the extent of
bending of the front) from 9 cm to 2 cml’g. The results tend to suggest
the substantial effects of the shock curvature and nominal strcngfﬂ in
the focusing nhenomenon.

A largest focus factor of 2.0 has been obtained in the present
cxpcrimcntsl. {The nominal shock Mach number was about 1.05 for this
case.) Thais value, with appropriate theoretical scaling to account for
differences in shock overpressurce ratios, supgests that peak magnifica-

tions of atmosvheric sonic booms due to accelerated flight should be in

the range of 6 to 13, which conparcs favorably with results of field

testsg.

2. PRefraction Sunerboons

To sirmulate the refraction superbooms, proijcctiles are fired at

**This law nreseribes that the focus factor at corrcsnonding noints alonp
a suooth caustic should vary with the nominal shock overpressure ratio

-3/5 . . s . . .
as (ANp,Y 77 dip any two reonctrically sinilar cxneriments involving

wenk shoclks.
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low supersonic speeds into a gascous medium produced by a slow injection

of C02 into air through a porous rubber shect located at the botrom of

the test scctionl’7’8. Schlieren observation of the resulting flow fields

indicate that the generated shacks are reflected near the sonic cut-off
elevation, wvhere the local sound speed equals the body speed, provided
that such an altitude éxists. The incident shock and its reflected
portion join to form a Y-shaned configuration near the cut-of€ region.
This has been compared to the predictions of rhé linear theory, which
indicates that the incident shock is totally rcflected at a caustic
located at the sanic cut-off clevation and that the reflected shock
joins the incident shock to form a cusp at the caustic. The difference
between the two shock configurations near the cut-off elevation is
believed to be related to the non-lincar eficcts near the caustic.

A remarkable similarity hos been found te exist between the triple-
shock Y-shaped conficuration shserved in the present simulation exreri-
ments and that rroduced by an irrecular Mar® etlectien of a shock at a
solid surfncc1’7. llowever, detailce comparisons with several studies
of M'ach reflection indicate that “he similurity is restricted to the

shape alone and does not oxtend to other important flow featuses such as

the shock strenegth. In particular, the Mach stem produced in the irregular

reflection is at least as strong as the incident shoacl while the streneth
of the corresnondineg raarmal shock rortion in the simulation experinents

is eorerally weater than the leading shock and decreases ranidly as the

cur-off eclevation is rached, Pased on the uhove cormnarisons, it Las been
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conchided that the Mach reflection phenomenon alone cannot describe the
flow ficld associated with the refraction sunerboom experiments,

Dependence of cut-off elevations on the bady Mach number has been

deternined exnerinentally for the leading and wake shncksl. Nespite
/ the rather large dispersion that exists about the mean curves, the '
results tend to indicate that, in general, the leading shock is reflected

at an clevation slightly below the theoretical caustic while the wake
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shock penetrates by a small amount into the theorctical "silent zone'

above the caustic before it is reflected,

L3

Variation of the triple-point of the leading shock with body i

B PN

: . 1
Mach number has also been studied exnevimentally” ., The mean curves tend

to indicate that the triple-point and cut-off eclevations are c¢~incident
for shoacks of irfinitesim) strenath, inr arrecment with the prediction
of the lineas theovy., BRut, due to nonlinear c¢ffects, the triple-point
o« =
and cut-off eclevations do not coincide vhen real shocks are invelved,
For this latter casc, the reflcection nt the caustic gives rise to the
triple-shock confiecuration thiat vos nertioned earlier,
NDepending  on the flow ficld hebind the leading shock, sceveral
regions have been didentified including a “critical altitude” repion where
the flow spccd behimd the lendine shock is transonic and where the nwressure .
reasurements indicate the occurrence of enhanced shoch ovorprc&surcsl'7'g. e
The experineats also show that the rmaxivun shock intensity accurs very
nearly at the point vhere the incident and the reflected shecls join
(i.c., the trinte-voint), inticatine that the presence of the reflected ) o 4

shoct may have ~nocearcciable offect on the mavnitnle of the Tocus Tactor,

T < = ~oriatns et bt e o



The largest focus factor detected in the present simulation
experiments is 1.7 and leads to an cstimate that the constant in the
Guiraud-Thery scaling law should have a value of 1.38. This is in-:
agreement with the value that might be inferred from the NASA field
test data. Furthermere, it is nearly equal to the previous theorectical
estimate of 1.4 given by Thery. While the Guiraud-Thery sealing law
remains a topic for further investication, the fact that both of the

experimentally derived values of the constant apree so well with the

theorctically predicted one wouldl tend to supgest its validity,
CONCLUDTNG REMARLES

The results of the present research progran have indicated that
certain asncets of the problenm of enhanced sonic bhooms or superbooms may
be studicd by simulatine the phenonienon in a ballistic ranace. In particu-
lar, the results obtoined from the simulation experiments of acceleration
superboons indicate the prescence of a shock concavity and the nnpoarnﬁcc
of a folding-like shacl structure in cases where weak shocks (shock lach
numbers of about 1.03) are involved. By noting that in the case of very
strong shocks (shock Mach numbers of about 1.39) both focusine and de-
focusins (or flattenine) of shocl concavities are observed and that no
foldinna-like structure is detected in the available schlieren vicewvine
area, itlis proposed that the fold-over hyaothesis of the geormetricnl

acoustics and the Lyoothesis of Yhithan that concave shoecls will
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straighten out without foldinp are complementary rather than contradictory
and that cach may apply under certain (but as yect not completely delimited)

shock conditions. Also in the same experiments, the existence of

- cnhanced shock overpressures at shock concavities has been established

and, in connection with some suitable scaling laws, a range of values is

predicted for the magnitude of the focus factor in the case of real

flight situation which brackets those obtained from field test mecasurcments.

The results of the similation experirents of refraction suner-
booms indicate the formation of a Y-shaped shock confiruration as a
result of reflection of the leadina shock near the sonic cut-off{ cleva-
tion (clcvation at which the body speed cauals the sound speed). Pressure
measurchnents have indicated the occurrence of enhanced overpressures
near the "critical altitude™ where the flow speed behind the shock be-
comes transonic. By applying a suitable scaling law, the peak focus
factor to be cxpected in the case of threshold Mach number flights in
the real atmosphere has been nredicted which compares faverably to those

measurcd in real flight tests.
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