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Abstract: The following problems is investigated by stataime direct numerical experiment in offered paper.
1) The real oscillatory process is reproduced.
2) The mechanism of occurrence and refill of loeginency acoustic instability in the combustion chanof the solid
propellant rocket..

The direct numerical modeling of low-ftecy acoustic instability will be carried out byDavydov’'s method.
This powerful numerical method was discovered byi ¥t Davydov 40 years ago as the method of largeigles The
further modern complex improvement of this numdritechnique was titled Davydov's method. It is goiself
recommending at the decision of many tasks of tleehanics of continuous media. The description ofsjgal and
mathematical model of flow in the rocket engine baistion chamber is given.

The results of numerical modeling are resulted. Tgdrodynamical deeply nonlinear nature of low-fregcy
fluctuations connected to structure and charactezuarent in the combustion chamber of the solidpetlant rocket
engine proves to be true.

Keywords: acoustic instability, vibrations, rocket engineylfrequency, combustion chamber.

Notation W —speed vector;

W — module of a speed vector, speed of submission of
products of combustion from a surface of burning;
X — coordinate along axisX)

A — amplitude of fluctuations;
d —sound speed;

alfa — parameter of finite-difference scheme; a - share of volume occupied by i phase of a mix;

beta — parameter of finite-difference scheme; y —main angle;

C — specific heat capacity, factor of resistance; A - heat conductivity factor;

d — diameter; M - dynamic viscosity factor;

E —full specific energy; v - parameter in the burning law, mass share of a firm
f —frequency of pressure fluctuations (pulsations); phase;

L - density;

G — drain-arrive complex; i ) ) )
7 - function of force interphase interaction;

J — specific internal energy;
k — adiabatic parameter;

L — length (characteristic size);
N — number of particles in unit of volume;

Acronyms

SPRE - solid propellant rocket engine.

p —pressure;

g — thermal interphase interaction function; Symbols

I — coordinate along an axis OR, radius;

S—area; g-—gas;

T — temperature; | — number, index;

t —time; j — number, index;

U — velocity along axis 0X; N — number, index:

V —volume; p—particles in combustion products, parameter
V—speed along axis0 (OR), burning speed of solid dependent on pressure;

propellant; I —along axis OR;
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W — burning surface; the simulation). There are only indirect approxienat
X—along axis 0X; estimation techniques of the occurrence of pressure
tm— true meaning; fluctuations in engines of a specific typical desi@, 9].

The developers of rocket engineering are competted
eliminate the given type of instability due to the
experimental improvement of the rocket engine desig
a trial and error method.
In this work and in [10-12] for the first time the
) ) ) o application of direct numerical experiment enables
_ Vibration of rocket engines is important part of reproduction of real oscillatory process and thetmaeism
vibroengineering. Academician K. M. Ragulskis 0desp of gccurrence and the refill of the low-frequenapastic
fundamental part in vibroengineering [1, 2 etc.]. ~ instability in the combustion chamber of SPRE is
_ The problem of instability of working process is it jyyestigated. The direct numerical modeling of thes-
various manifestations arose simultaneously witle thgequency acoustic instability in the solid propeli rocket
beginning of development and operation of the #@lid  gngine is carried out by the method of Davydov (the
propellant rocket engines (SPRE) [3, 5, 6 etc.d(@ot  method of large particles) [13, 14 etc.]. This noetthas
only solid propellant [4-6 etc.]). Currently due the  peen successfully applied for solution of many ivear
development of rocket engines of the new generatibm problems of mechanics of continuous media [10, 1%,
high energomass, operational and other charaadtsrigte etc.].
significance of a problem has increased. , The approaches of the mechanics of continuous
The instability of the working process in SPRE jtiphase media are applied to the descriptioprotess
generally can have acoustic and non-acoustic highlyf the current in the combustion chamber and trezleoof
nonlinear nature [5, 6 etc.]. The acoustic instgbithis gprg [16 etc]. Gas combustion products of solid
kind of instability is considered in this work) éennected propellant constitute the first phase, firm burngown
to occurrence of periodic low- and high-frequenoggsure particles (oxide of aluminium) — the second phakee
fluctuations in the combustion chamber of the eagithe  fi;st and the second phases are considered as a
low-frequency pressure fluctuations with provisibramge heterogeneous mix with the determined temperatanes
of frequencies f ~20-2000Hz are manifested speeds of movement. In such system each phaseiesaup

basically in a longitudinal direction of the combas  part of volume of a mix:a,(l—a). Their movement is
chamber. The h|gh—.frequency pressure quctua‘uomhw considered as the movement of interpenetrative and
range of frequenciesf >2000Hz are observed in cooperating environments.

transverse and tangential directions of the conntnust In addition for the simulated task we accept the
chamber. following assumptions: (a) from the spatial poifitview
The low-frequency acoustic instability of operason we study the process of current as 2D axi-symmetc
mode of the solid propellant rocket engine has ave consider gas products of combustion as the ideal
hydrodynamic (gas-dynamic) highly nonlinear naturecompletely reacted gas; (c) the reburning metdilim
which is convincingly confirmed by experimental {in& phase (particles of aluminium) in the combustioarber
and laboratory) and theoretical research [7-12].efhhe of the engine is not taken into account; (d) gluid
most significant contribution to low-frequency astia  splitting of the burned down firm phase (oxide of
instability is brought by the work of inertia - nsa®rces of aluminium) during the movement in the combustion
a combustion products flow at its irregular intéi@e with  chamber and the nozzle are not taken into accauwed.
the combustion chamber and the nozzle. The high- In view of the assumptions listed above, the cotaple
frequency instability is more often a consequenté¢he  non-stationary system of the vortical differenggjuations
interaction of resonant waves that are generatethén of gas dynamics for heterogeneous flow in the castibn
combustion chamber of the rocket engine with a imgrn chamber and the nozzle of a solid propellant roekefine

1—the first phase of a heterogeneous mix;

2 —the second phase of a heterogeneous mix;
* — gpecial value.

surface of a charge of firm propellant [5, 6]. have the following form:
The greatest danger is represented by the low- - the equations of indissolubility (preservation of
frequency acoustic instability of the working presein mass)

SPRE. Such type of instability is characterized dy
significant deviation of the working pressure ineth
combustion chamber from the average meaning, éKsre

0, .
the settlement operation mode of nozzle, inititassfer §+ dl\/(plwl) = Ggw;

of periodic oscillatory loadings from the engine ttoe
rocket system as a whole, it is a source of intensi 6,0 . 1)
unmasked noise, etc. L2 L div(p,W, ) = Gows

Currently the occurrence of low-frequency acoustic
instability in the solid propellant rocket engire hardly

predicted and not amenable to the direct numerical - the equations of preservation of a pulse on
simulation (the real oscillatory process is notroejiced in coordinates axes
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alpu,) 0
(Pl 1)+ dIV(p1U1W1)+ a a_s =-1,+W,-Gg,;
ol o,V . 0
(pl l)+ d|V(p1V1Wl)+ o a—f = —Tr +er 'Ggw;
op,u,) 0
(pz 2)+dlv(p2u2W2)+(1_a)-a—s:TX +WX'Gpw;
0

(pv2) +div(p,v,W, )+ (1~ a)'@ =7, +W,-G,,;
ot or
(@)

- the equations of preservation of specific energy

@ﬁtdiv(pz\]zwz): a4+ J g G

a(/;ltEl) + a(paztEZ) + div(p1E1W1)+ div(p2 E2W2)+
div(epW, )+ divl-a)pW,]=J,,-G,, + J,,, -G

pw?

3)
- where for axi-symmetric case

div(pW, )= a(g)l:i )+%, a(facrﬂvi )

9=[p..pU. PV, P23, 9 E ap,(1-a)p}
i =(12).

Gy, =(1-v)-8, -V, - puv é
1 5)
Gpw =V-S, "V .psvm .V’
where the burning speed of solid propellant is mhaiteed
on experimental dependenvg = f(p, dp/dt,W).
The speed (in projections to coordinate axes)
receipt of combustion products (gas + firm parsgl&Eom

the burning surface of a charge of solid propelianthe
chamber of the engine is defined as:

1 tgy
W=, oY
T etgyy

6
1 (6)

W =—v .ptm.i.—
T o gy

where ¥ - the corner between tangent to the burning

surface and the positive direction of the axis 0X.
Calorific ability of solid propellant combustion
products (gas + firm particles) is defined as:

c 1
,J =|C __P .T ._;
o (p k] k-1

Jw=CT,.

()

The expression for function of power interphase
interaction, caused only by superficial frictios, defined

The kind of system (1) - (3) is identical both for by the formulas:

dimensional and non- dimensional units. Furtherwik
use the latter, having taken characteristic pararsgfor

Tx :n'”'d§ oG, -|W1—W2|-(U1—U2)-

example, parameters of braking for the given engine
Density p; we will relate top,, ; speed (in projections on _ 2t
Y A P.; speed (in proj Z'r—n'”'dp'lolm'cr'|W1_W2|'(V1_V2)'

coordinate axesll;,V, - to sound speed at parameters of

braking @, ; pressurep - to p, af specific energy Factor of resistance in (8), for example, is caited as:

(both internal, and complete},, E; - to aZ; linear units -

to the characteristic size of the combustion charhb(e

timet -toL/a,.

To close the system of the differential equations

(2) - (3) we will use the equation of condition as:

p=(k—1)-pi’"-(E1—W7lj- @

24 4
C,=—+——== Re<70
* Re Re*® 9
¢, =43-(gRe)?, Re>70Q
Re= pf“-|u1—u2|-dp.

H

The expressions fo€, and C. have the similar structure

of record.
The expression for the function of thermal

Let's describe the kind of the right-hand sides ofnterphase interaction caused by compelled conweds

the equations (1) - (3). The arrival of combustwaducts
from the burning surface of a charge of solid phape are
defined as:

defined by the formula:
q=n-7-d,-4-Nu-(T,-T,),

where

9)
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Nu =2+ 06-Re®. Pro, p[%%+@—a)gg=a
X
MW, =W, |- d C, -
Rez'ol| 1= Wy P, proefh p-éﬁ+@—a)§B=0; (10)
1 A > ot or
uz +v5

The system of the equations (1) - (3) is integrated E,=J,+
numerically by means of the Davydov's method [12-15
etc.]. Within the framework of the considered task will OE,
name all stages of the computing cycle of the miathopl'E
separately. The area of integration consist offiked in
space (Eulerian), uniform orthogonal grid with sell We approximate, at the moment tinte', the
AXXx Ar . The meanings of integerd " (along the axis equation of system (10) by the obvious parametfioéte-
0X) and "] " (along the axis OR) designate the centre of &lifference scheme. Finding (10) the required umits,will

. . . receive the following margin of the equation of trst
cell. On irregular (not conterminous with the _grt[ljrde_rs order of accuracy in time and of the second order o
of the settlement area the device of fractionalscéed
applied [17]. The settlement formulas only for thole

cells everywhere are used.

o el

accuracy in space for a cell (large particle) | :
N n pin+o.5,j - pin—O.S,j At

Eulerian stage.At this stage the units change Uli’j = Uli_j —a;; A P
concerning a cell as a whole and the investigatedian X P,
(heterogeneous mix of gas and firm particles) suaed n n

n o Pijios = Pij_os Al |

as frozen. Therefore convecting members of the kind " —y"r _ " .

. L 1 1) n '’
div (p,@W, ) where Ar Py
®= (l u, v, Jp, B )’ I = (12)' appropriate to moving 0r —un - (1_ n ) Pilosj — Pilos,; At
effects, in the system (1) - (3) are rejected. Besi 2 T T2y @i AX Pl
obtained complexes and both power and thermalghsere b
interaction included in the right-hand sides of the . . pi"jm_5 - pi”jfo_5 At
equations, become zero. The equations of indisditjub Va  =Vy  — (1— a; ) ’ : T
(1), in particular, are simplified. Therefore itpsssible to Ar P2,

i

distinguish the rest of equations of the systgm and 5 (Jzn )2+ (\7; )2
solve (1) - (3) concerning temporary derivativesnir Ezni’i = ‘]zni_,» 4+~ > B
u,Vv E. o
Ef =E! —(E) —E} 2o 11
Then we have: L L ( 2, 2i,,-) ol (11)
ou, op
——+a-—=0;
P T ox
ov, op
e
Pt T
irosi Pirosi Uy oy, ~%osi Plosi Uyo, At
n
AX '0]1,1
05" Pilsos '\71:-1.]405 - _1)'0‘:170.5 *Pios 'VJ:J._OS At
(j—05)-Ar oL
(1_0‘in+o.5,j ) P os 'ugmslj _(1_0‘;10.5,1 ) P os 'Ugi_oslj At
AX pf]
j '(1_air,]j+o.5)' P05 Va0 —(J _l)'(l_ail?jfo.S)' Plisos Va, . At
(j—05)-Ar i
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In (11) the following designations are accepted:

n P+ Pl
Piios, :%’

0 =(1-alfa)-u} +alfa-q ;
v =(1-dfa)-v] +alfa-¥',

where alfa - grid parameter, which value can change(p,¢v,)

within the limits alfa =(0,0- 80).

In certain cases for the calculation of stability
increase of the Eulerian stage of the Davydov’shaubt
(particularly in settlement zones with fairly cosust
pressure, by small speeds of movement of a flowlamyg

speed of a soundM < 0O]) it is expedient to use implicit

finite-difference schemes.

Lagrangian stageAt the given stage of the
method the effects of transference, which is talg the
account an exchange among cells at their reorgéotizan

the former Eulerian grid, are calculated. Hereirmet At
there are flows of mass, pulse and energy througtdns
of Eulerian cells for each phase of a heterogenaoxs

Flow-line formulas can be written down
differently. The choice of the record form of thessits
has the important meaning, as it strongly influsnce
stability and accuracy of the simulation. In theveyi
version of the Lagrangian stage we will define fowof
mass, pulse and energy by the following paramétric
formulas of the first order of accuracy:

the first phase along the axis 0X

b
beta )-

(L

the first phase along the axis OR

. [(1— eta)- p; +beta-p;
(12) (p1¢u1)i+o.s,j = [(1_ +beta - p"
i L
E )

=Lu,v,,

®

l(l— beta )- Py, +beta-p
[(1— beta )- pl?‘i
Q= (LG1’\71’ I51)’

(13) (p1¢\71 )In j+05 =

the second phase along the axis 0X

Lt beta 'plr:‘i ]'(Dir,]jﬂ "V

n n n o n .
( ~ )n _ p2\,| .wi’j .u2\+0‘5,| ’eCHI/I u2\+0,5,| 2 0'
P2, i+05,) n n ~n ~n 0:
p2\+1,J .¢i+lj ‘u2i+0.5,J » €CII u2i+o.5,1 <Y
Q= (laz-vz-Jz- Ez)
(14)
- the second phase along the axis OR
n n Sn =n .
n _ pzi,j .¢i’j 'Vzi,jw.s’eCHH V2i,j+0.5 20’
i,j+05 n n =n ~n .
2 (pi,j+1 ) V2i,j+0,5 » CCITH V2i,j+0‘5 < 0’
(PZ(lJz’vz"]z’Ez)
(15)

In expressions (12) - (15peta - grid parameter, which
value can change within the limitbeta = (— 03— 0,0).

On the Lagrangian stage of the method obtained
complexes and both force and thermal functiongphizse
interaction (5) - (9) included in right-hand sides the
equations (1) - (3) are also calculated, in viewlwnge of
a flow parameters in Eulerian stage.

Final stageHere occurs a redistribution of mass,
pulse and energy in space and the final fields hef t
Eulerian parameters of a biphase heterogeneous dlow
the fixed grid are determined at the moment of tiffiee
equations of this stage represent the laws of praten of
mass, pulse and energy, which have been writtemdow
view of intermediate values of the flow parametarsl

apresence of obtained complexes and functions of

interphase interaction that are determined in fiarneand
Lagrangian stages.

.ooN LN e ~n >0
J (DIYJ uli+0.5,j ! if Lios; — O'
n ~n : ~n .
:I'(Diﬂ,j .uli+0.5,j ! if ulno.s‘j <0
n n Sn : =n .
li,j+1J.¢ivj .Vli‘po.s' if Vli,j+0,5 > 0
=n : =n .
L ji0s ! if V]m+o.5 <0,
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The initial system of the differential equation$ (1 gl (T )
- (3) looks as: Ml _ p]:] 3 (pl 1>|+0.5,J (pl 1).70.5,1 At—
- the equations of indissolubility (preservation of ! AX
mass) J .(plvl)i,j+0.-5 _(J _1>'(plvl>i,j—0.5 ~At+GgW At:
3 (j—05)-Ar i
p H N ~ \n ~ \n
_atl + dIV(,Olwl): Ggw' Mi_ on_ (p2U2 )i+0.5,j —(,02U2 )i70.5,j At—
a (16) pzi‘j ’02\,1 AX
% . Y . . ~\n . ~\n
8_1:2+dlv(p2W2): Gpw’ J '(pzvz)i,jm,s _(J _1)'(/02V2)i,j70,5 ALLG" AL
(j—05)-Ar P
- the equations of a pulse preservation on axes of . .
coordinates - the equations of a pulse preservation
(p l—]-) ~ T pl:],, 3 (plalal)ir]+0.5,j _(plalal)in—o.s,j At
. ~ _ . L T T n+ n+
81 L+ dlv(plulwl) =-7,+W, -G,,; P AX Pt
8(101\71) ) o~ . i '(plljlvzl)in,j+05 _(J _1)'(/7161\71):1-0.5 At
p + dlv(plvlwl): —7, +W, - Gg,; (j— 05)-Ar oo
_ (17 i
6(p2u2) ; SN : n AU W o.gn AL
T+ divi pZUZWZ): Ty +Wx . Gpw' TXM p]:ljl %, aw | ]?+l1 ’
8(,02\72) + diV(p \7\K/ ): r +W -G Vn+l -y . pl?,, _ (/01\7161)?+0.5,j _(plvlal)in—o.s,j ) At _
8t 2Y2% %2 r r pw L L ,01:]-?1 AX plr‘Hj—l
- the equations of specific energy preservation j '(plvlvl)in,HO.S B (j _1)' (plvlvl)in,i—o.s . At
- (5.2.) (j—05)-Ar Pt
olp,J, . ~ !
—=2 4 divip,,W,)=q+J,-G,,;
ot (,02 ? 2) q R z-rn ’ AnEl +Wrn 'Ggw ’ AnEl;
— —_ 1) pl‘ 1) 1] pL
0 o\p,E . ~ ~ . ~ ~ . !
(,081tE1)+ (pazt 2)+ dIV(p1E1W1)+ dIV(p2E2W2)= (18) (20)
Jow Gy + I - Gps
. . nl _ ~n pg.‘, (pzazaz)inw.s,j _(pzazaz)irlo.s,j At
where for axi-symmetric case Uy, =Yy g~ e
P, AX P,
_ _ i (0,0, 7, )in,j+0.5 (i -2)-(p,T0,V, )in,j—O,S At
=\ 0(ph) 1 o(rev) - et
dlv((DWi )= St =, (1-085)-ar Pz,
OX ror At At
_ Tx, 'pn+1 +W><,‘, o 'pn+1;
-~ ~ 2 2
Q= (pi P PNV P35, P Ei)'
i = (1’2) n ~ ~\n ~ ~\n
Wyl "02w _(p2v2u2)i+05,j _(pzvzuz)i 05 At _
. . 2 2 D ;Hl AX P ;Hl
We approximate the equation (16) - (18) on a new _ o ) _ . "
temporary layer t"™* =t"+At and solving them i (0 %% )] 05 = (1 =2 (0297 ) s At
concerning required units, we will rgce_zive the doling (j —O,5)-Ar p;i*il
obvious finite-difference parities forly | " cells (large '
: n At n ~n AU
particle): T +erm 'Gpw,; —
2\,J 2\,J

- the equations of indissolubility (preservation of

mass) - the equations of specific energy preservation
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nl_ gn ‘PQ,,- (pZ‘JZUZ)ir]+QS,j _(pZ‘]ZGZ)in—QS,j‘ At

J » - P H
R AX P
j '(/72‘]2\72):]+0.5 _(J _1)'(/)2‘]2\72):j—0.5 ) At
(i-05)-Ar o
n n n At .
(qi,j +Jpw.,,- 'GpW.,j )'W’
2,
(un+l)2 + (Vn+l)2
n+l _ qn+l 2 | 2 | .
E, =Jd + > , (21)
n n+l n+l n =n
S B
J B pli,j pli,j
(P1E1U1)in+o.5, j _(p1E1U1)in—o.5,j _ At
AX 2
j '(plélvl)in,jm.s _(J _1)'(101E1\71)in,j—o.5 At
(j-05)-Ar Pt
(Pzézaz)inw.s,j _(pzézaz)irio.s,i ) At _
AX pi
] '(Pzézvz):jm.s (] _1)'(/’2E2\72):j—05 At
(j - 05)-ar ol
n n n n At
(‘]g\N.,j 'GQW.,j + ‘]pwi,j 'Gpw,j) L

Pr,

where

e f =

(awg F = fure

n+l n+1
(uli,j )2+(V]1,j )2’
~n Ml Sn
- uli,j )2 + (Vli,j _Vli,j )2

At this point the performance of the third (final)
stage, the computing cycle of the Davydov's method
approaches the end.

Let's make an important remark on statement of
the boundary conditions. At numerical modeling bét
low-frequency acoustic instability in the solid pedlant
rocket engine it is necessary to provide that pldtions
are generated by the flow of combustion products
remained in settlement area (combustion chambed) an
didn't leave through open borders. For this reasbthe
statement of boundary conditions of the walls oé th
combustion chamber of the engine, the burning sart
a solid propellant charge and the nozzle walls Ehbe
considered as impenetrable border for perturbation.

Let’s look at some results of simulations.

Fig. 1 presents the basic layout circuit of free
volume of the combustion chamber of SPRE on varlant
and the change in time (within the framework of the
several fluctuation periods) of pressure (in desrafrom
the average meaning at the given point) in the actidn
chamber. The pressure is presented in the aredeof t
forward bottom of the engine (position A). The aitule

of pressure fluctuations i\, = 055MPa. Frequency of

pressure fluctuations -f =77 Hz. The process of

fluctuations is steady.

Fig. 2 provides the basic layout circuit of free
volume of the combustion chamber of SPRE on varzant
and temporal change of pressure in the combustion
chamber. The presented parameters are analogotine to

Algorithmically the parameters of the seconddata in the Fig. 1. The amplitude of pressure flations is

phase - phase of particles (toted phase) are esdcllat
first following by the parameters of the first -sgphase
(transferring phase).
combustion products is calculated by means
recalculation in the equation of condition (4).

A, =021 MPa. Frequency of pressure fluctuations

Subsequently the pressure & f =76 Hz. The process of fluctuations is steady.
of

On the basis of the given data it is possible to
make a conclusion about the essential influencahef

For increase of calculation accuracy in the schemgeometrical form of the combustion chamber on ragei
of the method at simulation of pressure an addilion of the pressure fluctuations amplitude in SPRE.thd

amendment ensuring balance on internal specificggnaf
the gas phase is inserted. Thus, for the gas pbhase
heterogeneous mix condition of complete consemat$
finite-difference circuits of a method is satisfied
Expression for calculation of pressure has theovalhg
form:

pry* = (k-1)- (o} )1}
n+ 1 n+ pnvj * , (22)
El-,jl _E. (\Nl-,jl)z + p::;fl .(AW]M )2

right choice of the configuration of the combustion
chamber the amplitude of pressure fluctuations edesas
by 0,55/0,21 = 2,62 times! Thus the frequency of pressure
fluctuations in the combustion chamber of the eagin
varies insignificantly.

Let's consider in detail the dynamic case of the
distribution of gas-dynamic parameters of the aqurria
free volume of the combustion chamber of SPRE uanto
entrance of a flow in the nozzle. The layout cit@fifree
volume of the combustion chamber of the engine is
presented in a Fig. 1. Let's compare the paramefettse
flow of combustion products at the various momeotts
time (within the framework of one period of pressur
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fluctuations) along the length of the combustiomrober
in the following conic-cylindrical sections (Fig):lat the ) . ) )
axis of symmetry and at the burning surface of kdso fixed conic-cylindrical sections at the various nerts of

propellant charge and wall of the combustion chambdime. The distribution of the vertical projectionf o
(ABCD). movement speed of gas combustion products prdgtisal

Fig. 3 illustrates the distribution of the horizant omogeneous and essentially does not vary in tirhe.

projection of movement speed of gas combustionyrsd  €Xception is made only with the local zone in theaaof
the rocket engine nozzle, which is not considere h

U, on length of the combustion chamber of SPRE in two

0,64

0,61
0,8

Fig. 1. Layout circuit of the combustion chamber of SPRE/anant 1 and change in time of pressure in thelesstion chamber

A

0,3
0,2 -
s 0.1-
o
2‘ 0- L L L L L L L L L L L L L L L
[a W)
-0,19 ,ﬁ,@ A

t, ms

Fig. 2. Layout circuit of the combustion chamber of SPREvanant 2 and change in time of pressure in theletion chamber

At the moment of timd = 25 ms (Fig. 3) along €ssential change on the radius of the combustiamber
of the horizontal projection of the movement speédas
combustion products is observed, and this changbes
most appreciable at the burning surface of a solid

the symmetry axis from the forward bottom (positian
see Fig. 1) up to the beginning of the large opposi

obliquity area (position B) increase of combustiwaducts )

~182 propellant charge (surface ABC, see Fig. 1) andhat
movement speed up tdl;,, ¥ m/s occurs. Al |ateral wall of the combustion chamber (surface GBe
deeper input in area of large opposite obliquibe flow  Fig. 1). In the background of the general directioh

slightly slows down. And further, getting into thezzle,is movement of flow of combustion products from the
intensively accelerated. At the given moment inetithe  forward bottom to the nozzle is observed precisely
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350
3004
250 i ] +AXiS'2.5mS
—— Axis-7.5ms
200+ —=— AXis-12,5ms
(2]
IS Axis-15,5ms
g 150 4
5 Wall-2,5ms
100 —¥— Wall-7,5ms
—— Wall-12,5ms
50 —+—Wall-15,5md
0 T T T T
R
-500 NS ,\/']/ .\3’ pl,?‘ > rb(Q N vg’

L, m

Fig. 3. Distribution of longitudinal making movement spadccombustion products on length of the combustioamber of SPRE at
the various moments of time (layout circuit of twnbustion chamber on variant 1)

expressed counter-flow at the burning surface sbld
propellant charge. Combustion products move here fr
the nozzle to the forward bottom. The horizontalj@ction
of the speed component of counter-flow reachesvlee

products flow movement from the forward bottom hbe t
nozzle at the burning surface of a solid propeltdrarge in
the area of the forward bottom and in the aredeflarge
opposite obliquity start to arise local zones ofirtter-

of Uy, ~182m/s. In the back bottom area at the wall offlow. The size of horizontal projection of the sgeef

the combustion chamber (position D, see Fig. 1) th
extensive zone of the slow-down of flow of combaoisti
products is formed.

At the moment of timet = 7,5ms (Fig. 3) along
the axis of symmetry from the forward bottom upthe
beginning of the area of the large opposite obtjgtine
increase of movement speed of combustion prodycts u
Uy max ©199m/s is observed. At the entrance in the are

of the large opposite obliquity and further in #rea of the
back bottom the flow slows down a little. Getting the

movement of the combustion products flow along the

e

burning surface of a charge decreaseslfq,, = 24m/s

and U, ® —12m/s. The conditions for formation of
extensive area of return current along a solid eltapt
burning surface are gradually prepared.

Further from the moment in timé =155 ms

Fig. 3), at the period of pressure fluctuationsz 13ms,

e picture of current in the combustion chambeS8BRE
begins to repeat cyclically (line "Axis - 2,5 msida"Axis
- 15,5 ms", "Wall - 2,5 ms" and "Wall - 15,5 ms"

nozzle, the combustion products flow is intensivelypractically coincide).

accelerated. At the given moment in time the changthe

Thus, it is necessary to find the reasons for

radius of the combustion chamber of the horizontafeneration (excitation and refill) of oscillatoryogess in

projection of the movement speed of combustion pctsl
is also observed. However the zone of the coutder-f
along the burning surface of a solid propellantrghais
not present here. The longitudinal component oedpef
combustion products flow along the burning surféroen
the forward bottom in the nozzle direction is iraged

gradually and reaches the value aof , ~72m/s.

Further at an input of parietal flow in the areathd large

opposite obliquity its speed greatly decreases op t

the structure and the character of the combustiodyzts
current in the combustion chamber of SPRE. The
fluctuations here have hydro-dynamical highly noedr
nature. Frequency and amplitude of fluctuationspléode
in particular) depend on a number of factors. Tlannof
them are: the presence of essential stratificaifche flow
of combustion products along the radius of the agstibn
chamber according to the parameters (mainly of dpek
the current. The flow of such complex structurette
entrance into the nozzle irregularly cooperatesh viite

Uppin ®SM/s. In the area of the back bottom at theya) of the back bottom of the engine and is pHytia

combustion chamber wall the extensive zone of slown
of flow of the combustion products is maintained.

At the moment in timet =125 m/s (Fig. 3) in

reflected from it. In the area of the back bottomttee
lateral wall of the combustion chamber the oppdtite is
formed or the flow essentially slows down. Thusnno

the background of general direction of a combustiorftationary low-frequency acoustic pulsing curremtthe
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combustion chamber of SPRE is raised and subsdguent
(due to the finite size of the combustion chambier)
cyclically refilled.
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