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Acoustic Conductivity of a Rigid Burming Surface
By
S. S. Novikov and Yu. S.,Ryazantsev

Acoustic properties of a shock fromt, such as the front of a flane in gas,
were ‘imenigated theoretically in (Bibl, 1 thru 4), It was demonstrated in (Bibl, 4)
that taking into account the flow of mass through the flame front and reaction
of the flame f;'ont to a change in thermodynamic parameters of gas in acoustic wave
n;ay cause a subst.o.nti;l change in the magnitude of acoustic conductivity of this
surface, determined by the kind of dependence of the flame propagation velocity
on £hemodymm1c paramsters, Similar examination can be performed also in the case
of burning of condensed systems, In addition, whereas the applicability of such
an examination in case of the flame in gas was x-est-rictéd particularly by the fact
that even a laminar fhmo@:la not planar because of instability (Bibl, 5), but has
a cellular structure (Bibl, 6, 7), the concept of the plane front of burning
is fully justified in case of the burning of condensed aystem.- The problem is
of interest because the magnitude of acoustic condhctivity determines the boundary
condition on burning surface in existing theories of resonance burning (Bibl, 8, 9).

Subsequent examination permits to draw the following conclusions:

"1, If the steady-state law of burning of the kind U=ap” (v<1) is fulfilled

under non-atendy conditions, the rigid burning surface is acoustically stable,

2, Taking hxt.o account the appearance of ontropic wave during the mrscnon

of acoustic wave with burning surface changes substantially the rogion of acoustic ,.

stability,

3+ It 1s possible to intensify a weak pressure wave during the imteraction
with a rigid burning surface only if the nonsteady-state law of burning satisfiss
a certain condition (23) (see below),
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"On the plane front of burning, regarding which one assunes that it coincides

with the surface of condensed phass (Fig, 1), are fulfilled the mass, impulss and oncrgf;

conservation laws which, in the coordinate systea connected with condensed phase
and coﬁstituting simultancously the laboratory system, are written in the following

form
U =g, (u, 4+ U) ke - PRODuUCT
P pa(uy + U) :; J;mase 4 ”gwﬂml [
£ . ~ '/1 20p3NyE |
Pl =pytp, (u, - UP (1) O 4@ ,p,0r BURN A -
, U L (ug . . :
&y T_?__:sz(_—u_-;U)’ ’ ‘ 7/'71

'-‘ia. 1
Here p, p,w are the pressure, density and enthalpy; U is the absolute value '
of linear burning rate; u, is the rate of outflow of gasea; products of burning.

If the quantities p,, ¢, uy experience a weak disturbance 3ps, 802,38y, e. .3.,‘
in a weak pressure wave (& ) RS pz) coming in from the direction of cambustion
products, then these disturbances on the front of burning are comnected By relations

that are obtained through varying the equations of system (1), Discarding the terms

which are quadratic in relation to variations, we obtain from (1) the system
of equations for variations -

 Pi8U + Ubs, = 0 (buz + 80) + 22Uy R

. Bpy + Ustoy = 8p; -+ 20,Ubus + 225 Uty

: _ (2
Sy + USU = dw, - % U (duy - 8U) @) . !
Assuming that the condensed phase i1s non-compressible, 4, o;, 91= const,
and discarding small members on the order of I.!2/¢:?2 (vhere c, 1s the speed of sound),
which is justifiod by the fact that U/e2<<1 is alvays fulfilled, we ocbtain

instead of (2)

PTD=TT-62-1690/1+ 2 2
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28U = g, (Bu,y + OU) +- ‘E:‘ Udp,
dp, = bp. +2p,Ubu,
)

Sy + U8 = duws + 22U (du, + 8U) -

Disturbances in combustion products aré composed of incident and reflected

pressure waves and entropic wave

bps = bp,” =+ ops, 8o, = bpa™ 4 bps" + 8p;°
du, = bdu,” + du.” -

Apart from that, variations of parameters on waves are interconnected
. by equalities:

incident pressure wave

buz‘ = ~— ——-,bpz— 8p,” = —-—6p= dw.” = 6.__}’:-
pa2cs [ 2 P2
reflected pressure wave
du,t = Pt + bPz*' dpy*
N R A S o
entropic pressure wave
6"29"6? 0p° =0, Sw, = ca*bg,°
.- - P2 (2 —1)

dw, = bw,™ 4 dw,* - dw,®

3)

-

(%)

(5)

(6)

(n

It 1s asatﬁned, here and further on, that combustion products are the ideal gas,

We shall consider the function U=U (p2T2) as being known, This will ,penﬁt' to express

S U through 5p, and 892°

8 = Adp, +Bbp¥°

Here
. qaU —t 1y et |
: A:= (-6?;)1 +E R (rs v . (c;:— N (g%)r-

From equations (3) thru (9) one can obtain the expression for acoustic conductivity

&
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which 1s equal to normal camponent of acoustic velocity to acoustic pressure,
With the above-indicated acecuracy relative to U/°2’ the non-dimensional acoustie
. conductivity of the rigid burning surface equals

- bu - “
——3‘};%'—‘:——'—(91_5)6:4—' ' 5

—er e — e [ — - 2] Y (10) i

) #2 40: {

AB - ) ‘

e R P U Y |

Fipacs® ?

In (Bibl. 4) was obtained an approximate formula for G , containing only the first
term, which corresponds to the case of large A,

If the dependence of burning rate on temperature of combustion products is weak,
1, e., 1U/2 r‘zl‘sz 0, then forsmla (10) becomes considerably simplified

peca

§=“—(Px"‘?:)cz-‘1+['l’:"‘( "‘1)?]'—0- : (11)

The following law of burning is va.nd for a wide class of condensed systems

i U=apy (12)

In this case

§
If
=)
S

I
(=)
Ba

i
s

e U
IEEM (a)

Then

== B +n— & “j] W
The possibility of intensification, i, e., increasing the amplitude of incident
wave on reflection, is determined by the sign of real component of the acoustic

conductivity, Intensification takes place if n-§ < 0. In the given case, qnantity

[

T 1s real and§ < 0 carresponds to intensification. This condition is reduced to

@
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==l __ 4, Y P2 )
v > T (1 — py/ra) =1+ P (1)

In the first appraximation on 92/9 1r condition (14) coincides with the condition
of burning stability of condensed systems, Since the inequality v < 1 is fulfilled
for all normally burning secondary explosives and, conaequently,C > 0, one can
state that the fulfillment of the steady-state law of burning under non-steady

conditions would guarantee wave attenuation on reflection, i. e., acoustic stability,

Let us note that the form &f disturbances was not concretely de(inod here, same
as in (Bibl. 4), and our conclusion is valid for weak waves of any form, 1nc1uding-
harmonic waves, Ot'course, one can assume that the law of burning may differ
noticeably from the steady-state law for rapid pressure cimngea, e, g+, for periodic
changes with a high frequency., The effect of unsteadiness on the process og inter-
action of shock waves with flame in gas was taken into account in (Bibl, 11, 12),
The unsteadiness of burning process on interaction of weak harmonic waves
with burning surface was acknowledged in theories of resonance bu:ming, de’vploped
in (Bibl, 8, 9). In these papers, the unsteadiness is taken into accéﬁnt
by introducing into the steady-state law of burning the combustion-process delay
time relative to instantaneous values of thermodynamic parameters,

One of the possible methods for introduction of delay time is the method
used in theory of non-equilibrium processes (Bibl, 13), according to which the ;spoed
of approximation of the non-equilibrium burning rato. to its equilibrium value
is proportional to the difference between instantaneous and equilibrium values,
i. e,, satisfies equation

aw 1, . 4 | f
T =tw,-v - (29)

where T 1s thé relaxation time; Uo is the steady-state rate of burning; U is
the instantaneous rate of burning,

FTD-TT-62-1690/1+ 2 5




e A

This method was employed in (Bibl. 8), Assuming that all the disturbances depend
on time according to the law .iwt’ and ueing equations (3) thru (9) and (15), one can

easily demonstrate that the presence of relaxation time of delay will be taken into
aceount 1if

4 - B
1+ it * T 7ot (v)

is substituted, instead of A and B, in the expression for acoustic conductivity.

For the same assumptions under which formula (13) was obtained we shall have

= - B - 2] e

In this case, the condition of intenesification will have the form

: ROC-—[ (1 1__72‘:7 +Tc“(7.'.-‘ )_-]ﬂ<j0 17)

f2C2

One can see that the presence of relaxation time of delay increases the acoustic
sfabﬂity of the systenm,

Another method of obtaining nonsteady-state law of burning by modifying
the well-known steady-state law of burning through introduction .Df deiay time '
was formulated first .for the case of burning in liquid fuel rocket engines
in (Bibl. 14) and applied to burning of condensed systems in (Bibl, 9). It is
usumod in this method that the process of burning progresses in two stages,
viz., gasification and cabuat.ion proper, separated by the time 1ntern.1 R .
equal to the induction imﬂ‘ s 850 that ] , ' |

- -

Ly (t) = (1 — W) n; (t — ‘t) (18)

(my = ap” (1))

Here my 1s the mass rate of gasification; my, is the mass rato of formation
of cambustion products, and 1nduction time T is determined from equation

PTD-TT-62-1690/1+ 2 3
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S Pt )dl = const (19)

{~v

where a is a certain constant on the arder of one,

If the pressure di'aturbmce and, at the same time, disturbances in 311 thermo-

dynaxdic pu-amatm and in outflow rate of cﬁmstion produo'h deperd on ti-o
1mt

as » then 1t is possible to cbtain from equations (3) through (9), (18) and (19)
the erxpuuion for acoustic conductivity in form
C~{(’r»—-1)(i— )41y, [rll—L(v—ln)c~‘“’j} () -
Hence the condition of m.ndficntion )
m - (v— m).cos @T> 1 — (1—7’-)% | (2)

It can be seen from (21) that intensification is ﬁoosiblb with homlpa:din‘
wand T, even at v < 1, Ons can show that, in t;his case, & single pressure puk
attemuates, although the periodic wave may intensify,

It should be noted that intensification criteria (17) and (21), cbtained
on the basis of nonsteady-state laws of burning, postulated in (Bibl. 8, 9),
differ from criteria ensuing direcily from expressions for acoustic activity,
presented in these papers., These discrepancies are cansed by the fact that the authors
of (Bibl, 8, 9) ignored the appearance of enmtropic wave on interaction of a weak wave
with burning surface, wvhereas taking the latter into consideration 1G‘dl.
to a substantial change in expression for acoustic conduotivity and, consequently,
to a change in the oriterion of accustic stability, o

' The methods of delay tise introduction, considered above, are ax-ta_it.nx?; to a oertain
degree, dus to the absence of experimental data confirming that or other initial
hypothesis. At the same time, attempts at the direct mmerical calculaticn of magnitude
of the acoustic conductivity of a burning rigid ’mhoo, l.nud on anlyah of a concrete
model of burning (Bibl, 15), fail to give a clear mechanism of intensificstiom
on reflection, Therefore, further searches for nonsteady-state law of burning are

PTD-TT-62-1690/1+2 . 7
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are jJustified,

Based on laws of mass, ixpulse and energy conssrvation on the fronot of burning,
a8 well as on the condition of acoustis stability, the general requirement as'tc such
a lav can be formulated, Indeed, ‘L_n,th. case of disturbances depending on time .
as o“‘)t, assuming for the sake of ‘mucity that the r;to of burning depends
on pressure only, one can connect instantaneocus uln/;l the combustion product ocutflow
ufo and the ﬁrouuro by formamia :

’ ' S b 95 : " (22)
vhere D s & certain complex muber détermined by the law of burning, Finding
a corresponding expression by means of (3) through (8) and (22), we establish
that the following inequality must be satisfied, if the incident wave is intensified

on reflection: - ) \
RcD‘>1—(1_~:’_)S_=.
2’

, (23)
It ﬂ:l pointed cut in (Bibl, 16) that the compressibility of condensed phase

mst be taken into account in studying the properties of burning surface, Conclusions
here obtained can be easily generalised on the case of compressible condensed phase,

The authors are grateful to A. D, Margolin for his critique in which he demonstrated
that condition (14) can be obtained also within the framewerk of comtustion theory '
formlated by Ya. B, Zeldovich and A, P, Belyayev (Bibl. 10, 17).
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