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SUMMARY

The disturbances of n shock wave by sound waves or temperature
fluctuations is studied in one dimension to o first order approximation. In
general, both sound waves and temperature fluctuations arise behind the shock
wave. Expressions are given for their amplitudes, and calculated for y = 1.4.
Sound woves celliding with the shock wave are mwplified, but sound waves are almost
annihilated by weak shock waves if originally travelling in the same direction as
the shock wave. Small temperature fluctuations give rise to much sound, on an
acoustical scale.

Introduction

A cruecial link in the theorz of the characteristic noise produced by
supersonic jets (Powell 1952, 1953)354 is thot the disturbance of the 'standing’
shock woves in the Jet-gtresm by the passage of a troin of eddies gives rise to
sound energy. 1t was argued that velocity or pressure fluctuations swept into
the shock would give rise te both velocity and pressure changes on the downstream
side. These might be imagined to separate out into sound waves rioving in
oppogite directions: but due to the relative flow velocities at the shock the
upstream part can never leave the shock to either side and so will simply cause
its strength to fluctunte further. Thus we immediately see, even on this crude
basgis, that the shock-woveposition will be disturbed, its fluctuations in
strength will result in entropy changes which will be swept away with the flow,
and sound will be radizted avay into the domstream flow.

Viewed loosely from the acoustical point of view the shock wave marks
a discontinuity in acoustic impedance so that, in the absence of mean rotion,
fraonsnitted and reflected waves would arise. Bub cne of these two dependent
variables, the upstresmt sound wave, carnot srise because of the supersonic
upstrearl and subsonic dovmstream relative velocities, nor can the governming
equations be satisfied by a single resultant gound wove, as will be indicated.
The second dependent variable required is the entropy.
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Possible disturbances in one-dimensional flow are limited to temperature
inhomogenities (assum'ng gas of a single type) and sound waves since pressure and
velocity fluctuations mre bound together in this form, but there is choice in
their direction. Three cases apparently arise: sound waves in the upstrcam flow
may collide head-on with the shock wave or be swept in%o it (i.e., with a stationary
upstresm fluid the shock would catch up with the sound waves) or finally sound
waves in the subsonic downsiream flow may catch up with the shock wave.

This paper which was partially completed some time ago was intendel as
2 posgsible first step of a more general consicderation bearing on the jet noise
problem. However, in ihe meantime both H. S, Pibner? and M. J. Lighthili2 have
published papers on this topic, more directly from the turbulence peint of view.
Ribner (1953) works in two-dimeasions and considers shear waves (being a
constituent of turbulent motion), and Lighthill extends his theory of aerodynamic
noise to the energy scattered by the interaction of sound waves, and finally weak
shock waves, with turbulence.

Moreover, towards the end of this work Dr, Hans Liepmamn kindly pointed
out to the author an earlier paper by Burgers (‘191,_6)1 vho considered ths
interaction of sound waves with a shock wave o precisely the sane assumptions as
in this note, having shown that the entropy must be considered as the second
dependent variable. However, this notc is slightly more general and the results
are considercd in more detail; for the sake of completeness the whole analysis
is given.

2. The Bguations Coneernmed

The Steady State Fquations

The usual assumptions associated with the treatment of a shock wave as
a discontinuity of flow are madec, 1.e., the effects of viscosity, conduction and
radiation of heat are ignored. If wc teke a frame of reference in which the
undisturbed shock wave is stationary, and the regions Jjust upstream and just
downstream of the shock are respoctively labelled 1 and 2, (Fig. 1) the equations
of continuity of mass, momentum, energy and state are

Piu;]_ = pzu.'.} ---(1)

P:l. + Piui = P2 + Psu: .00(2)
us u?
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The following well known solutions may be found useful in considering
the final results
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where M is the Moch nurber u/c.
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The Eguations vwith Small Disturbances

A1l the variables in the above equations will be increased by a small
increment denoted by a single prime, e.g., P, becomes P, + Pl. The shock wave
will be assumed to move relative to the frame of reference with velocity E (Fig. 2).
Then on dismissing second orders of small quantities, and taking out the original
equations from each of the above,

piag *+ P (u -E) = pju, + Pylug - &) -ee (1)
Py * P;.u: + pu, {2 vy - é) = Pyt P;;U: + Puga(2 uj - E) e (21)
uu, CPT; = uwu! + CPT; e (31)
pl p' Tl pl P' T!
- “E - -1 = {0 = 2. L2l -E . ...0+l)
P Py I P, p T

Specification of the Disturbances

Temperature fluctuations arise in the sound waves, but the process is
isentropic: thus if we associate the temperature waves with entropy no confusion
with temperature fluctuations of sound waves can arise. Also, if the sound waves
are distinguished by pressure changes they are completely defined.

It will be useful to compare the amplitude of the temperature waves with
the temperature elevation occurring within a sound wave. Since by the definition
of entropy

St T' R p!
— = —_— T mm e noo(5')
Cp T Cp P

the amplitude of the temperature vmve, which is & function of (Mct - x), is

T (SOD

and the temperature elevation of the sound wave is

PT RT ( Pl )
T = wm g o = == ],
Cp » Crp
There is a well known unique relationship between the particle velocity
and pressure increment of a sound wave, provided the amplitude is small., This
is

p' = fpec.u

according to whether the wave is travelling in the positive er negative direction,
and being functions of [(M + 1) ¢t - x} and L(M - 1) ¢t - x} respectively.
The speed of sound c¢ is of course given by c* = p'/p' = VP/P‘ Both cases
arise for incident waves in the upstream flow, but only the former can appear in
the dowmstream flow. For the upstream waves the special symbol 2 will be
used, to be taken as plus or minus (one) when aﬁpropriate. Thus the upstream

sound waves are functions of My +Z1) ot - x| with
! = Z - ' ass t
P, A (6a)
- t t
end Pa PeCy s By 0 vee (610)
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a function of {(Nz +1) et - x], for the dowmstresm transmitted wave. The
latter notation for the resultant dovmstream wave will be reteined when th
incident wave approaches from the downstream direction, this incident wave being
donoted by double primes:-

"o " ... (61
v, P, = Uy- (6'c)

%. Disturbances Criginating {rom Upstream

The solution to equations(1') to (6') are reguired with pj and S}

non-zero. Take equation (2!'): eliminate £ by use of equation (1 p' by

equation (1.'), T' by equation (5'), and u' by (6'a) or (6'b). The momentum
equation (2!) then becomes

pf (1 +ZM, ) - (v = 1)p, Ms!T, = p) (1 +M)f- (v~ 1)p, 2S)T, veo(2ta)
where M is the local Mach muber of the flow, u/c.

The energy equation (3'), by use of equation (5') becones

p! D,
2 aelM) +siT, o= 22 (e +SL T, oo (3te)
Pa Pa

It is eagily seen that a sound wave alone, or a temperaturc wave alone
cannot give rise to waves of only one type, i.e., sound or temperature waves,
gsince for no value of Mach number can the resultant expressions be satisfied.
An exception to this arises in the case of a shock wave overtaking a sound wave,
vhen a unicue valus of M = 1.37 results for zero trensmitted sound wave.

Thus in this case the interaction sirnply gives risoc to temperature fluctuations
convected with the flow, but only at that Mach number.

Eliminating S§ and p! din turn from these equations gives the
following results, on making first the initial condition 5] and then p, zero.

Disturbance by Sound aves in Upstream Region

The interaction of a sound wave of amplitude p! and terperature
1

Y
elevation <--—-§5-> with a shoclt wave produces behind the shock a sound wave of

CoPa
p! ! L
<,_3.,> - (--3..) T NG
G Cpp:v. g

temperature elsvetion
pPa S

together wath a temperature vave of axplitude

S! T,
(____) \____> e (9)
Cp CpPy T
2 (1 +ZM) [(0 +2M,) p /o, + (v - 1) U3}
where T = e o e e e eeo(82)
3 s (1 + M,) 3(1 + M) + (Y- 1) M;}
% (1 +2ZM) [ +M,) - (1 +2M,) p, /p,}
- e il LT T e PR e (0)
g 7T {Q +M2)+(y_1)Ms}
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are transmission coefficients depending only upon tne strength of the shock vave.

The first, 't’ concerns the transmitted sound wave, with 2 as +1  in the
5 8 -
expression for the sound wave necting the shock wave, and (C for the casc when
5 S
the scund wave and shocl)c: wave propogate in the same direction, Z being then taken

ag -1, Similarly T deals with the sound wave giving rise to a terperature
S 7

wave.

As would be expected, for the sound wave colliding with a shocl of
vanishing strength, the sound pressure is unaffected, and no cormplementary
terperature wave results (Fig. 3,Y = 1.4). As the shock strength increases,
not only does a tenmperature wave of like sign appear with its amplitude finally
approaching the temperaturc elevation of the original sound wave, but the sound
wave undcergoes amplification, its temperasture elevation being increased by a
factor of 1.L. at Ms = 2., This corresponds to a sound intensity® amplification,

a
+
( T ) Pyc./Picy, of four-fold, Sound energy is thus leaving the shock about
3 5

tvice 2s fast as it is being taken in, a 'power ratio! of 2.11. At M, = L, the
intensity amplification is 16.6 and the power ratio L.77.

The shock wave perturbation velocity can be found by taking from equation
? 'g and then eliminating p', T', p!, 5! eand finally p! by equations (4'),
5'), (8), (9) and (6'a) in turn. Then

E = u! ?fz .. {10)

5 &
% p r p.c, |r % z
where T. = ——3--<Z---- (14M3) T - (y - 1)M, Ti- (1+2M2) > + ... (10a)
S & pep, | Py0, s s s T

v

The variation of this coefficient is also shown in Fig. 3; it is
interesting to note that the shock front cscillates with an amplitude rather less
than that of the ‘particle', whereas at an ordinary discontinuity the amplitude is
the same.

When the zhocl wave overtakes the sound wave (E‘lg. L) the latter is
almost ammihilated at small Mach numbers, and exactly so at M, = 1.37, there
being 2 relatively large complementary temperature wave. Botli these waves tend
to zero as the shock strength vanishes. The shock wave movement is smaller in
this case, decreasing so that et M = 2.4 epprox. it is undisturbed in position
by the sound waves, and above that its movement is opposite to that of the
'particle' velocity.

Disturbance by Termerature Inhomogenities

With pl zero in cquations (2'a) and (3'a), it is found that the
temperature inhomogenities of amplitude 3 . Ti/c% interact with the shock wave
to give risc to sound waves of temporature elevation

(C;> - (i%) T 1)

where/
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*Phe rate at which soynd energy traverses a reference plane moving with the
fluid.



vy - 1) {2 p /p - W%}
1’here = - L) _—--_-E ----- EH-—-E-_-;- . a0 B (11&)
TS (1 +Ma)  f(1 + M) + (y-1) M3}

This is the complementary wave, the transmitied tenperature wave being

(f’a'c_ga) - (fiﬁ.}TTT e (12)

Cp
f(1 +M)+ (y-'i)Map/p }
where ’CI = --—-—-—3—-------—----3--1--3—3--- oo (122)
T T E(1+Iiz)+(y-—1)M2}
while the shock wave perturbation velocity is given by
E = T, - e (13)
T g

Herc ¢! is the increment in the wave wvelocity of sound in the upstream flow due
to the %emperature fluctuation. It is connected to the entropy by the relation
o] = S;_cl/ZCP, while the corresponding temperature elevation is 2¢!T,/c,.

The non-dimensional coefficient is

2p 1 c
f. = reemm—— . il I"Ei - emSE—- L] —i_f?‘ (}’ - 1 ) 1"{5 fl’/ - (1 + I‘IIB) rzf }l *e (1 58-)
T E P, - P, Y ~1 c, P, T T T S

Perhaps the main interest here is tho production of the corplenentary
pressure wave by the interaction of the shock wave with temperature fluctuations
in the upstream fluid (Fig. 5). The temperature elevation of the pressure wave,
which is zero at M = 1, increases to a value of 0.6 at o Mach number of four.
The pressure change is so as to recduce the pressurc ratio of the shock, if the
initicl temperature disturbance is an increase, so that although the shock advances
into it, it deces so with z disturbance velocity less thon M; times ct.

Let us sec what is the amplitude of the pressure wave resulting from a
small temperature fluctuation, in ccoustical measurc, Tor exemple if M, = 2,
with the initial flow under normal atuospheric conditions a femperature fluctuation
of 0.1°C will result in a pressure amplitude of 1 1b/ft2. This is not a lot on en
engineering scale, but corresponds to o sound intensity of 126 db* - a level bordering
on the threshold of pzin in the ear.

This case also serves to illustrote the order of approximotion mede in the
analysis.  While acoustic energy is being radiated away from the shock, it is a
second order effect resulting from the cnergy input fluctuating about the initial
mean.

L. Disturbances Originating from Dewnstreonnm

The only disturbances from behind the shock wave which can disturb it are
pressure waves, which will be identificd by double primes, nsg in egquation (6'0).
Thus in equations (1!) to (4!) 211 quantities on the left hand side are zero, cxcept
those involving & and on the right hend side the increments will have to include
the incident wave. Proceeding as before, it is found thot 2 sound wawe approaching
the shock from the downstreom rogion is 'reflected! according to

() ()R, ()

*pbove 80,0002 dynes/cm?.
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where the 'reflection' coefficient is

R o o el et LS oo (14,8)

S S (1 +Ma) {(1 +Ma) + (y~-1) M3}

while the complementary temperature wave is
S! T ptl

() (2) 7

GP CPP:_; 3 7

where R oo 22 . ees (15)
s T f(1 +3M,) + (y-1) M)

The shock wave disturbance velocity is given by

E o= oul nRg ... (16)
5 .

where R_ R (1 - M) + (1 + M) R+ (y ~1) M4, R . «..(16a)
S & p o-p, s S s T

-

The outstanding result here is the smallness of the 'reflected! sound
wave and the complementary temperature waves (Fig. 6), especially for weak shock
waves. This may remove The necessity for including reflections off the shock in
certain unsteady phenomena, a fact which has already been made use of by
Lighthill (1953).

Concluding Remarks

The transmigsion and reflection of sound waves at a shock wave have been
studied in one dimension by taking first order approximations in the relevant
equations. The resultant sound wave is accompanied by z complementary temperature
wave; similarly temperature fluctuations give rise to complementary sound waves as
<rell as the transmitted temperature waves. The shock wave oscillations are
generally of the same order as those of the 'particle! in the sound wave.

Thus sound energy may be generated or absorbed at the shock wave, this
energy actually being of second order. It must of course be extracted from, or
supplied to, the main flow.  Generally the disturbance will not cease after
theose waves have left the shock wave, since the pressure wave will be at least
partially reflected back towvards the shock again, of the same sense if frem a
s0lid boundary, as when a piston generates the shock wave in an otherwiss steady
flow (it then doing additional work), or of the opposite sense when from a
constant pressure region, as in wind tumels. The arrival of this reflected
wave will virtually complete the history since its ovm reflections from the shock
wave are so smaly, at least at the lower Mach numbers,

A stanaing wove system in the upstream region, having a 'group velocity'
equal to the shock wave velocity, (dbtained simply by postulating that the wave
propagated towards the shock must have wavelength (M + 1)/(M - 1) times that of
the wave propegated in the opposite direction) cnables the study of pressure or
velocity fluctuations alone at the shock wave., The 'transmission' coefficients
are then simply the sum or differencc of those for sound waves propagating in
each direction. However, it would be umrise to place much reliance on this so
far as magnitudes in three~dimensional phenomena are concerned sinece vorticity
can then be transmitted across the shock wvave, 1t being possible for kinetic
encrgy to be convected with the flow.

The/
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The possibility of obtaining experimental values of ot least some of
the coefficients is being investigated: the shock tube technique seems promising
in conjunction with optical methods of scund rmeasurcment (Powell, 1953).

Finally, this work supports the gencral hypothesis of the theory of
choked jet noise that disturbances of shock waves give rise to noise (as of course,
do the other vorks referred to). Further, the fact that noise arises fron shock-
wave interaction with terperature fluctuations draws attention to the probable
existence of a further source of noise in choked jzets, of turbo-jets or rockets in
particulay where considerable temperature fluctuations ray arisec.
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