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Many developers of new high-thrust solid-propellant rocket engines are faced with the problem of acoustic in-
stability of combustion. The phenomenon of resonant combustion of solid fuel is associated with a number of spe-
cific features. The cavities of the combustion chambers of such engines have complex geometric shapes. The gas
channel is long enough. Its length usually exceeds five or more calibers. The thickness of the flame front is meas-
ured in micrometers and the combustion zone is localized over the open fuel surface. The flame front often turns
out to be capable of amplifying pressure perturbations at the frequency of one of the acoustic eigenmodes if the
wave antinode falls on a thin combustion zone. The oscillatory process can be regular or sporadic. Resonances of
the longitudinal acoustic mode are most often observed. However, there were cases of simultaneous oscillation of
two modes. In some cases, during the operation of the engine, the amplitude of the resulting oscillations began to
decrease and the combustion process became almost quasi-stationary. Self-oscillatory processes in the combus-
tion chambers of solid propellants have a threshold sensitivity to pressure overshoots. The vibration amplitudes
can be several tens of percent, sometimes reaching the nominal working pressure in the chamber. The amplitude-
frequency characteristics of the oscillations are sensitive to the composition of the fuel, responding to changes in
the chemical composition, as well as to the mechanical properties of the fuel. The regions of unstable regimes are
definitely related to the geometry of the gas cavity. Together with pressure fluctuations, the combustion process is
influenced by gas-dynamic factors, significant non-uniformity of the gas flow parameters along the length of the
channel, its turbulence, and other factors. When designing solid-propellant rocket engines, it is necessary to esti-
mate the frequencies of the natural acoustic resonances of the combustion chambers.

The article discusses a technique for determining the frequencies of natural resonances of the first and second
tone of the longitudinal mode of acoustic vibrations in the combustion chambers of solid propellant rocket en-
gines. The gas path of the combustion chamber is divided into homogeneous sections, for which the solutions of
the wave equation are presented. To determine the natural frequencies and distribution of vibrational pressures
and velocities, the method of “stitching ” acoustic fields at the boundaries of the cavities was used.

Keywords: acoustic vibrations, longitudinal mode, frequency, damping decrement, wavenumber, quality fac-
tor.
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C npobremou aKycmuueckou HeyCmoUuYUgOCmu 20peHUs CMAIKUBAIOMCA MHO2Ue paspabomyuKu HOBbIX
PpaKemuuIx Osueameneti meepoo2o0 MOnaUea boavuux mse. Aenenue pe3oHaHCHO20 2openus meepooco Monaued
conpsidiceHo ¢ padom cneyuguueckux ocobennocmetl. Tlonocmu kamep ceopauusi makux ogueameneti UMem
CLoJICHblE 2eomemputeckue opmvl. [ a306biil KAHA BLINOIHAEMCS OOCMAMOYHO npomsdiceHHbM. E2o Onuna
00b1YHO npesviuiaem namo u 6oaee kanubpos. Tonwuna ponma niamenu uUsMepaemcs MUKpOMempamu 1 30Ha
20peHUs JIOKANU3YEeMC N0 OMKPbIMOU NosepxHocmu monaued. Dpoum NiaMeHu 3a4acmyio OKa3vleaemcs
CNOCOOHBIM YCUNUBAMb B03MYUEHU OABICHUA HA Yacmome OOHOU U3 COOCMEEHHLIX AKYCMUYECKUX Moo, eciu
NYYHOCMb 8OIHbL NPUXOOUMCS. HA MOHKYIO 30HYy copenus. KonebamenvHulii npoyecc modicem 6bims pecyiaphbim
unu cnopaouveckum. Yawe 6ceeo HaAbGMOOAOMCA PE3OHAHCHL NPOOONBLHOU aKycmuueckou moovl. (OQOHaxo
B8CMPEYAnUCh CIYUal KONeOaHus 00OHOBpeMeHHO 08YX MOO. B nekomopwix ciyuasx 6 npoyecce pabomol 0gucamens
AMIAUMYOQ  GOZHUKWUX KONOAHULl HAYUHANA YMEHbUAMbCA U NPOYecC 2OPeHUsi CMAHOBUNCA NOYmu
K8a3UucmayuoHapHuiM. Aemokonebamensvuvie npoyeccel 6 xamepax ceopanus PHTT umerom nopozogyio
YYECMBUMENLHOCHb K 3a0pocam 0agieHus. Amnaumyosl KoneOaHuti MO2ym cOCMAGIsamsd HeCKOIbKO 0eCcsimKos
NpoYeHmos, Nopol OoCmucas HOMUHATLHO20 paboyeco O0asneHuss 6 Kamepe. AMRAUMYOHO-YACMOMHbIE
Xapaxmepucmuxu KoneOauuti 4y8cmeumenbHvl K COCMABY MONIUBA, OMKIUKAACL HA USMEHEHUs XUMUYECKO20
cocmasa, a maxoice U Ha MexaHudecKue ceolCcmaa moniusd.

Obnacmu HeycmoUu4UBbIX pedCUMO8 ONpedeieHHO CEA3AHbl C 2eomempuell 2a3060ti norocmu. Bmecme
C KonebamusmMu OdAGleHUs HA NPOYecc 2OPeHUsl GAUAIOM 2a300UHAMUYEeCcKUe (aKkmopul, CyuecmeeHnas
HEepasHOMePHOCb NAPAMEMPO8 24308020 NOMOKA NO ONUHe KAHAAA, e20 MypOyIeHMHOCHb U Opyaue pakmopui.
Ipu npoexmupoganuu P/TT neobxoduma oyenxka uacmom coOCMBEHHbIX AKYCMUYECKUX De30HAHCO8 Kamep
ceopanusl.

B cmamve paccmampusaemcs memoouxa onpedeneHuss Yacmom coOCMBEHHbIX DPE30HAHCO8 NepPeo2o U
8MOP0O20 MOHA NPOOOTLHOU MOObI AKYCMUYECKUX KONeOaHull 6 Kamepax c2Opanusi paKkemmuvix oOsucameneil
meep0o2o monausa. 1 azosviil mpakm xKamepvl c2opanus pazoueaemcs Ha 0OHOPOOHbIe YYACIKU, O KOMOPbIX
npeocmasiieHvl peuleHusi 80IH08020 YpagHeHus. s onpedeneHus COOCMEEHHLIX YACMOM U pacnpeoeienus
KONebamenvHuIX 0agieHull U CKOpocmell UCNONIb308AH MeMmOo0 «CUUBAHUAY AKYCMUYECKUX Noiell HA paHuyax
noaocmeti.

Kniouesvie crnosa: akycmuueckue xonebanus, npooobHAs MOOd, YACHMOMA, 0eKPeMeHM 3amyxXanusl, 80JH080e
YuCno, 00OPOMHOCHb.

Introduction

The problem of acoustic instability of combustion in solid-propellant rocket engines is no less urgent in
comparison with high-thrust liquid-propellant rocket engines [1-4]. As a rule, the acoustic cavity has a com-
plex geometric shape. The combustion zone is located in close proximity to the interface between the phases
—a solid charge and a gas path. The thickness of the combustion zone of the mixed composition at a pressure
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of up to 4 MPa and a gas temperature of the order of (2500-3000) K is approximately 70-90 microns. A thin
combustion zone often turns out to be capable of amplifying the pressure disturbances of the acoustic mode
for which the maximum wave falls on the combustion surface. The effect of acoustic pressure fluctuations on
the combustion process, in accordance with the Rayleigh criterion, causes fluctuations in the combustion rate
[2-12]. The presence of this feedback leads to an increase in pressure fluctuations in a thin zone of chemical
reactions with high temperature gradients, fuel vapor concentration, and high rates of energy and mass trans-
fer. In addition, the possible thermodynamic heating of the gas during its compression should be noted. In
some cases, fluctuations in acoustic velocity can also play an important role. When solid fuels are burned,
turbulent pulsations are present in the channels of the checker — combustion noises. They are due to different
excitation mechanisms and have a different physical nature. Sound noise is usually associated with gas-
dynamic reasons of the same nature as in turbulent gas flows. In combustion chambers, regular pressure fluc-
tuations with a frequency close to the natural (acoustic) frequency of the gas column oscillations [7-12] can
increase, and more often stabilize at a certain level due to acoustic losses. The acoustic instability of combus-
tion is an autowave process with feedback through the action of sound waves on combustion. The parameters
of the wave process: frequency, amplitude and form of oscillations are determined by the properties of the
solid-propellant rocket engine charge as a dynamic system. Sound noise in the chamber cavity can also be
considered as a self-oscillatory process [6], in which the energy source is heat release during combustion,
and feedback arises due to the effect of sound waves on combustion, while persistent pulsations of a stochas-
tic nature arise [11], which have a wide frequency band and random phases. However, the frequency re-
sponse of the acoustic cavity often has frequency selectivity characterized by a high Q factor with respect to
the longitudinal mode [2—4].

Most theoretical works analyze the effect of small perturbations on the stability of combustion. However,
given the complex nonlinear mechanism of solid fuel transformation into the gas phase (heating, pyrolysis,
sublimation, etc.), the combustion process and its interaction with gas-dynamic phenomena in the acoustic
path of solid-propellant rocket engines are often characterized by “hard” excitation of self-oscillations. Oth-
erwise, the dynamic system can become unstable when the amplitude of the disturbances increases above a
certain threshold limit. Disturbances with an amplitude below the threshold attenuate. Rigid excitation of
oscillations is characteristic of nonlinear dynamic systems. The development of nonlinear theories is greatly
complicated by mathematical difficulties. Linear theories can be quite useful for understanding instability
and, in some cases, for nonlinear applications.

An assessment of the stability of combustion in solid-propellant rocket engines can be carried out on the
basis of determining the balance of acoustic energy in the combustion chamber, taking into account the influx
of acoustic energy (due to the interaction of acoustic vibrations with the combustion process) and losses of
acoustic energy during the period of vibrations. The diagnostic indicator of the margin of linear stability of the
combustion process is the coefficient (decrement) of damping of oscillations [2; 7-12]. The attenuation coeffi-
cient has a certain physical meaning:

S = ﬁ (1)
2ECVM

where E; is the inflow of acoustic energy generated by the oscillating system during the vibration period; E:
is a part of the energy dissipated by the oscillatory system during the vibration period; Ecym — acoustic ener-
gy stored by the system during the vibration period.
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The influx of acoustic energy from the combustion process depends — at certain phase (0 + n/2) the rela-
tionship between pressure fluctuations and combustion rate — from the amplitude of pressure fluctuations,
increasing in proportion to the square of the latter. To determine the flow of acoustic energy in combustion
chambers, experimental methods have been developed using a T-shaped chamber [3—4]. Losses of acoustic
energy in the gas volume of the combustion chamber are essential in the presence of condensed particles in
the combustion products. Calculation of losses at the boundaries of a combustion chamber with a complex
configuration in the case of solid fuel engines is associated with great difficulties. These losses can be ap-
proximately determined by carrying out experiments on models of combustion chambers without gas flow. It
follows from the foregoing that the acoustic properties of the combustion chamber: the frequency of natural
vibrations, the distribution of the vibration amplitude — can amplify the vibrations or damp them, and thereby
affect the stability of combustion in the engine. It should be noted that the properties of the combustion
chamber of solid-propellant rocket engines as an oscillatory system differ from the properties of systems
considered in acoustics. The differences are due to the fact that a high-speed gas flow is superimposed on the
vibrations in the combustion chambers, the specific configuration of the nozzle affects, there are distributions
of the parameters of the working process, etc. But despite these important differences, the forms and fre-
quencies of natural vibrations do not change significantly [2; 7-12], which makes it possible to carry out cal-
culations and experiments to determine the properties of the combustion chamber as an oscillatory system in
the acoustic approximation, that is, without taking into account complicating factors.

As a result of theoretical and experimental studies of the acoustic instability of combustion, a certain level
of knowledge of physical processes has now been achieved, which makes it possible to predict the influence
of changes in design and operating factors on the instability regions. Solid-propellant rocket engines are
characterized by acoustic vibrations of the longitudinal mode due to the large ratio of the charge length to the
cavity diameter (L /D > 5), and transverse modes are much less common.

Natural vibration frequencies and acoustic pressure fields in the combustion chambers of solid-
propellant rocket engines

Acoustic waves propagating in the paths of various systems often have a wavelength comparable to the
dimensions of the channels. In this case, it is advisable to consider the solution of the wave equation in the
form of standing waves. Standing waves are formed as a result of the interaction of direct waves and waves
reflected from the “hard” walls. Consider a superposition of two waves F moving towards each other with
constant phase velocities. For this, we represent the solution of the wave equation as a sum of particular solu-
tions of the form [7]

0°F(x)
ox?

&*F(t)
2 . 2.2 2
=—k2F(x); — =—k%c2F (1) =-0’F (1), )
where o =k*cg.

System (2) is equivalent to equations describing elastic vibrations of a material point. The solutions to
these equations represent harmonic vibrations with their own phase shift:

F(x)=Acos(kx+q,); F(t)=Bcos(wt+¢,). ©)
The solution to the wave equation is written as a product

v =F(x)F(t)=Ccos(kx+ @, )cos(ot+¢,). (4)
Here C = AB.
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The function F (x) describes the distribution of the vibration amplitude, constant in time, and the function
F (t) shows that all points of the wave move synchronously. Oscillation does not propagate, displacements of
all points reach their maximum or minimum values at the same times. The resulting particular solution is
called a standing wave or natural vibration. To describe wave motion in an unlimited volume requires an in-
finite number of solutions with a continuous spectrum of frequency » and k = @ / co. Here ¢y is the speed of
sound and k is the wave number. The general solution has the form of a Fourier integral. In the case of the
implementation of a standing wave in a finite path with rigid walls, both the general solution and each par-
ticular solution are found, satisfying the boundary conditions

o Bu(xt) _
& (xt)=0 =2 =0,

Each particular solution must satisfy the wave equation and describe the possible oscillation of the system

v, (x,t)= A, cos(k, X+ @, )cos(K,Cot + @y, ), ®)

where yy (X, t) — velocity potential; o, = k, Co — circular vibration frequency.
If the potential function at the boundaries of the tract is equal to zero, then for any moment of time the
following should be fulfilled:

A, cos@,, cos(m,t+ @y )= A, cos(m,t+ ¢, )cos(k I +9,,) =0, (6)

_vr kl=vr, v=1 2, ... (7)

Pyx ,
Each particular solution can be represented by the expression

v, (Xt) =y, (x)cos(o,t +0,,), (8)
where

. VIIX
\IIV(X)='%S”1T, o, =k, = 9)
The function v, (X) describes the natural vibrations of the system in the absence of external forces and
damping, and the frequencies o, are the natural angular frequencies.
A more general solution can be obtained by adding all the natural vibrations of the system with the corre-
sponding amplitudes:

\VV(x,t)=z\uv(x)cos(covt+(pvt)=2AVsinVTmcos(mvt+(pvt), v=1 2, ... (10)

Consider a particular case of plane wave propagation in a moving stream and find relations for velocity
fluctuations and pressure perturbations. We represent the general solution of the equation in the form of two
waves moving in the opposite direction:

iot—ikyx

v =Ae + Bel@t-kex (11)
where

w

k, = ;o=Kky(Co+Vp); Ky =

= o=—K,(Cy—Vy). 12
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Velocity fluctuation

X

— _% — iklAe—k1X+icot + |k2 Be—k2X+imt . (13)

Pressure perturbations are related to the velocity potential by the equation

2 '
Spc_ozﬂ—a_\lj_{_voa_w

Y Po ot ox
Let us differentiate this expression with respect to time t and coordinate x
P’ =po (A ™ 1 iBe P —yjik AeT N —yjik,Be ! ).
Next, we introduce new coefficients, then the expression for the pressure perturbation will be somewhat
simplified
D= Celot-ikix Deimt—ik2x1 (14)
where the coefficients are:
C =(im—voikl)p0A=:§J%v":A; D = (io—Vyik, ) poB =:§’%\f:s.
Taking into account the form of these coefficients, the expression for the velocity perturbation will look

as follows:

V. =——e —e
PoCo PoCo

Let us express the mechanical resistance of the medium in the form of the ratio of pressure perturbations
to velocity fluctuation. For a wave traveling downstream, this ratio is

v C diotikx D iet-ikox (15)

Py
— =PoCo>
VX+
and against the stream
——="PoCo
X_
Magnitude

is the wave impedance of the medium. Thus, the sound pressure is equal to the propagation velocity of a
plane wave multiplied by the magnitude of the wave resistance and has a positive sign if the wave propagates
in the positive direction of the coordinate axis. When the wave propagates in the opposite negative direction,
the particle velocity is negative, and the sound pressure is positive. Wave resistance characterizes the envi-
ronment and is constant for it. The dispersion relation for the perturbation in the form of a plane entropy
wave is defined as follows [7-8]:

-k =0V, = kﬁ from here 5S = 8S,, ek, (17)
S

Entropy waves propagate without dispersion, while plane vortex waves do not exist.
Let us consider plane standing waves in a cylindrical combustion chamber closed on one side. Let us take

the solution of the wave equation in the form y = (Acoskx + Bsin kx)e‘i‘*’t .Thenatx=0
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v =¥ = (—Aksinkx + Bk coskx)e'™ =0. (18)

x=0

Identity (18) is fulfilled at B = 0, from which it follows that standing vibrations are excited and they are
the same in phase at all points simultaneously

y = Acos(kx)e'"; %z(—Aksin kx)e'". (19)

At x = |, the vibrational pressure is assumed to be zero (v = 0), then cos (kI) = 0; from this we obtain kI =
mn/2, and m are odd.
Thus, for a pipe closed at one end and open at the other

Y= Acos(m Xjei‘”t; V)'( :@:m(Aksinmjei‘”t, (20)
21 ox 2l 2l

wherem=1,3,5, ....

In the case of a pipe closed on both sides, i.e., at x = 0 and x = |, from expression (20) it follows B = 0 and
sin (kI) =0, whence mz =kl; m=0, 1, 2, ...

v = Acos(% xjei‘”t. (21)

The gas cavity of the combustion chambers of solid-propellant rocket engines has a more complex con-
figuration. Fig. 1 shows a gas cavity that is formed if the charge is tightly bound with the chamber and com-
bustion occurs along the inner surface of the charge channel and chamber ends.

!
| (L0024
| ot ,,,:,:,,,/,X
S B — ot S - <
v WS LT AT A LA
LA N/ /
11 ’2 13

Fig. 1. Diagram of the gas cavity of the chamber:
a — constructive; b — calculated

Puc. 1. Cxema ra3zoBoit moja0cTH KaMephI:
a — KOHCTPYKTHBHAs; 6 — pacueTHast

The propagation of vibrations in such a complex cavity is accompanied by diffraction phenomena. Con-
sidering that most of the sound wave approaching the nozzle is reflected from it into the chamber (due to the
presence of a converging part of the nozzle and a change in the acoustic resistance of the medium pc) to sim-
plify the considered oscillatory system, we replace the nozzle with a rigid wall. We divide a complex gas
cavity into three cylindrical cavities, each of which has a constant cross-sectional area. For each component
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of a complex cavity, we represent the solution of the wave equation. Further, for the natural frequencies and
the distribution of vibrational pressures and velocities, we use the method of “stitching” acoustic fields at the
boundaries of the cavities [13], taking into account the continuity of the medium during the transition of a
sound wave from one cavity to another. For example, the conditions for the continuity of the medium during
the transition from the first cavity to the second are determined by the equality of sound pressures (or veloci-
ty potentials) at x = I,

\Vl(ll)z\Vn(Il) (22)
and the equality of the volume velocities
s, (@j s, (5—"’j , 23)
oX )y oX ),

where S; and S; — are the cross-sectional areas of the first and second cavities.

The solution of the wave equation for a complex three-stage cavity should be written in the form of a se-
ries, taking into account the fact that there is a standing wave in the cavity and diffraction reflections of vi-
brations during the transition from cavity to cavity (at x = I, and x = I,), i.e., for each cavity taking into ac-
count zero boundary conditions for vibrational velocities at x = 0and x = 11 + I; + 5. If to simplify the prob-
lem we neglect the diffraction of acoustic waves at the joints of the cavities, then the solution of equation
(21) for standing waves in each cavity can be written in the form

vi = A k(x=0;) ", (24)

i — is the number of the cavity, ai — is the parameter that determines the conditions for the phase transition
from cavity to cavity; A; - vibration amplitude.
For the first cavity

vy =A[k(x—oy) e, (25)
From the zero boundary condition for the vibrational velocity v =0 x = 0 it follows that a1 = 0. Hence
y, = A cos(kx)e™, (26)
And for the second cavity
v, = Aycos[ k(x—ay) e (27)
Similarly for the third cavity
vs = Acos| k(x—ag) |e"". (28)

However, from the zero boundary condition for the vibrational velocity

_ Vs
i

v =0 npu x =1 + |2 + |3 cnenyer, uto az =l + 2 + I3,

The unknown wavenumber k and the parameter a, can be determined by substituting expressions (26) and
(27) into conditions (22) and (23), which characterize the continuity of the medium at x = I;. Eliminating the
coefficients A; and A, from the system of equations, we obtain the relationship of the unknown parameters

tgkl, = %tg[k(ll —ay)]. (29)
1

The conditions for “matching” acoustic fields at x = I, + I, are fulfilled similarly to conditions (22) and
(23):

309



Cubupckuii aspoxocmuyeckuil socyprar. Tom 22, Ne 2

va(h+h)=ws(k+1); 32(66_\::) :Ss(%j : (30)
2 3

Eliminating the amplitude coefficients A2 and As, we obtain the second equation for determining the un-
knowns k and the parameter a.

S
S—ztgklg +tg[k(l +1, —az)]=0. (31)

Solving algebraic equations (31) and (33) together, we obtain the transcendental algebraic equation

tokl, + itgkl1 + ﬁtgkIB —Sl—§3tgkl1 -tgkl, - tgkl; =0. (32)
S, S, S;
Dependence (32) includes the geometrical dimensions of the gas cavity and the unknown wave number k.
The distribution of the amplitude of pressure fluctuations (in relative values) along the length of the com-
bustion chamber can be determined by the following formulas:
for the first cavity:

op, = P cos kx; (33)
0
for the second cavity:
P; coskl,
op,="2=—T""1  cos[k(x—a,)], (34)
2 py cos[k(l—a,)] [K(x-02)]

where o, is calculated from equation (30)

kl, —arctg El tgkll}
2

k

(12=

(35)
For the third cavity:
p; coskl;-cos[k(k+1,—a,)]

8 = —_—=
Ps Pp  coskly-cos[k(l—o,)]

cos[ k(x—a)]. (36)

Here po — is pressure amplitude at x = 0.

Fig. 2 shows the graph p/po = f (x) according to the calculated data.

According to the described algorithm, approximate calculated dependences can be obtained for other con-
figurations of the gas cavity of the combustion chambers. Comparing the calculated data found by approxi-
mate formulas with the experimental data obtained on an acoustic installation, one can find out the accuracy
of the calculations. The tasks of the experimental work include the determination of the natural resonances of
the acoustic longitudinal mode and the estimation of the vibrational energy losses.

Description of the test unit

The test unit consists of a model chamber, an electrodynamic emitter, a sound generator that sets the exci-
tation frequency, an amplifier, and receiving and recording equipment.

The model chamber is split and consists of several sections. Charge dummies can be inserted inside the
chamber. The geometric dimensions of the acoustic cavity are shown in Fig. 2.

Sound heads of the 10 GRAD-5 type are used as a source of small vibrations. The frequency range of
these heads ranges from 90 to 12,000 Hz. The sound heads are powered from the UM-50A type amplifier. A
sound generator of the GZ-18 type is used as a master oscillator. Receiving and recording equipment in-
cludes a pressure sensor and a computer. The sensing part of the detector is a hollow piezoceramic ball with
a diameter of 7 mm and a wall thickness of 0.25 mm. The dimensions of the detector's sensitive element are
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chosen so that they are an order of magnitude smaller than the measured wavelengths, in order to avoid dis-
tortion of the sound field.

The method of procedure

In operation with the help of an electrodynamic emitter, vibrations of a certain frequency in a given range
are excited. To obtain the acoustic characteristics of the chamber at different moments of engine operation,
experiments are carried out with several charge mock-ups having different sizes (imitating the burnout of the
charge). For each version of the gas cavity, by tuning the sound generator, the amplitude-frequency charac-
teristic is taken within the limits of the first two resonances of the longitudinal vibration mode. The frequen-
cy response is used to determine the natural frequencies of the camera. At the same frequencies, the distribu-
tion of the amplitude of the oscillatory pressure for the longitudinal mode of oscillation is recorded using a
sensor moved along the axis of the chamber.

Sequence of calculations and processing of experimental data

I. Calculation of the acoustic characteristics of a model combustion chamber:

— the lowest values of the wave number k are determined by the formula (32) (using auxiliary tables) and
the natural frequencies of longitudinal vibrations are calculated according to the formula
_ ke
=

When calculating the vibration frequency on an acoustic model installation, the speed of sound in air is
taken, and for a natural combustion chamber, the speed of sound should be calculated in combustion prod-
ucts;

— the amplitude of pressure fluctuations in relative values is calculated (attributed to the pressure ampli-
tude po at x = 0) according to formulas (33)-(36), (Fig. 2);

— approximate determination of acoustic energy losses in the combustion chamber. The loss of acoustic
energy per unit time, dE/dt is proportional to the energy density E. Denoting the coefficient of proportionali-
ty through 23, we have dE/dt = 28 E, whence integrating we find

E = E,exp(-25t),

f

where Eo — is energy density at the moment t = 0.
The pressure amplitude due to losses in the oscillatory system decreases exponentially

p'=pee .
The magnitude Szﬁis the attenuation coefficient for the longitudinal mode and characterizes the

acoustic energy loss per unit time. Approximately the damping coefficient 6 can be determined, having the am-
plitude-frequency characteristic of the oscillatory system, by the value of the quality factor Q [2; 6]. It should
be noted that Q is a characteristic of a linear system with lumped parameters, but conditionally Q can be used
as a characteristic of nonlinear systems with distributed parameters. The value of Q represents the ratio of the
time-average available energy to the amount of energy loss over the period of oscillation [2; 6-8; 14-15], there-
fore Q = % or Q= 2—0; here T = 2n is the period of fluctuations. The quality factor of the oscillating sys-
. ()
tem, having an amplitude-frequency characteristic, can be determined from the width of the curve (Fig. 3) (f.—

X

fz_f.

f>) at a level equal to % Pmax » @ccording to the formulaQ =
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Fig. 2. Distribution of vibrational pressure in the gas cavity of the chamber
(according to calculated data):
1 — the first tone of the longitudinal mode; 2 — the second tone of the longitudinal mode

Puc. 2. PaCHpe)IGJTGHI/IG KO0JIe0aTEeIHLHOr0 JABJICHUS B Ta30BOM MOJIOCTH KaM€pbl

(110 pacyeTHBIM JaHHBIM):
1 — nepBbIid TOH ITPOIOIBLHON MOJIBI; 2 — BTOPOM TOH TPOIOIBHON MOIbI
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Fig. 3. Determination of the quality factor Q by the amplitude-frequency
characteristic of the oscillating system

Puc. 3. Onpenenenue 1o6porHocTH Q IO AMIUIUTYIHO-YaCTOTHOM
XapaKTEePUCTHKE KOJIeOATETBHOM CHCTEMBI

From the above expressions for Q we obtain §=m( f, — f;).
If the combustion chamber is filled with gas with such characteristics that the ratio is fulfilled
(RT), K
( RT )mod Kinog

then in model experiments the vibration frequencies and loss characteristics will be simulated which are
close to those occurring in the combustion chamber of a running engine (counting losses with flow through
the nozzle small).

I

1,
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I1. Construction of acoustic characteristics of a model combustion chamber based on experimental data.

1. Graphs of the amplitude-frequency characteristics of the combustion chamber are constructed.

2. A graph of the natural frequency of vibrations of the combustion chamber is constructed as a function
of the ratio of the diameter of the charge channel to the diameter of the combustion chamber.

3. Graphs p/po = f (x) are plotted for the first and second tones of the longitudinal mode.

4. A graph of the attenuation coefficient is plotted as a function of the ratio of the diameter of the charge
channel to the diameter of the combustion chamber.

Conclusion

A method of computational and experimental approximate determination of the acoustic characteristics of
the combustion chambers of solid-propellant rocket engines has been developed, without taking into account
the effect of solid propellant combustion. Taking into account the high costs of creating a T-shaped experi-
mental solid propellant rocket engine combustion chamber and the significant difficulties in conducting such
experimental studies, the proposed algorithm makes it possible to determine the frequencies of natural acous-
tic resonances in the cavities of solid-propellant rocket engines, in particular for the longitudinal mode, less
costly in time and money, and to predict their coefficients ( decrements) damping.
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