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Abstract: In the paper the real oscillatory process is repced by statement of direct numerical experiment the
mechanism of occurrence and refill of low-frequeramoustic instability in the combustion chambertivé solid
propellant rocket engine with the account of flighterload is investigated for the first time. Thieedt numerical
modeling of low-frequency acoustic instability isrded out by means of Davydov's method (methodlaofe
particles), which is well-suited for the solutiomlsmany problems of mechanics of the continuousiaméithe results of
numerical modeling are presented here. The hyddjn highly nonlinear nature of low-frequency fluations
connected to structure and character of curretitércombustion chamber of the rocket engine on fireh are proved

to be true.

Keywords:

Notation

A — amplitude of fluctuations;
a —sound speed;

E — complete specific energy;

f — frequency of pressure fluctuations (pulsations);
G — drain-arrived complex;

g — acceleration of free fall;

J — specific internal energy;

k — adiabatic parameter;

L — length (characteristic size);

P — pressure;

g — function of thermal interphase interaction;
I — coordinate along an axis OR, radius;

{ — time;

U — speed along an axis 0X;

V — speed along an axis OR;

W —a vector of speed,;

7 —function of force interphase interaction.
Acronyms

SPRE - solid propellant rocket engine.

Symbols

g —gas;

p—particles in combustion
dependent on pressure;

I —along an axis OR;

W — a burning surface;
X—along an axis 0X;

tm—true meaning;

1—the first phase of a heterogeneous mix;

2 — the second phase of a heterogeneous mix;
*- special meaning.
The problem of instability of working processes

products, parameter

W —the module of a speed vector, speed of submissioi rocket engines is one of the complex problems in

of products of combustion from a surface of burning

X —coordinate along an axis<Q

a —a share of volume occupied by th& ghase of a
mix;

L — density;
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The problem of operational instability in its periodically maintained due to the finite dimensioof
various manifestations appeared with the beginofrthe  the combustion chamber.
development and use of the first solid propellauket This study (look also [10, 11]) is devoted to the
engines (SPRE) [3-5], engines operating on liquiel {4, numerical investigation of the effect of the fliglt
6] and other types of fuel [7]. At present, in cention loading on the low-frequency acoustic operation
with the development of new-generation high-instability of the solid-fuel engine combustion oftzer.
performance solid-fuel engines, the problem ha®imec The operating conditions of rocket engine on a tapt
even more significant. and in flight are quite different. One of the main

Generally, the operational instability of a solid distinctive factors is the gravity-field effect. &lflight g-
propellant engine can be of both acoustic and noreading, in particular, its large values in theafistage of
acoustic highly nonlinear nature [4, 5, 7, 8]. Hudustic rocket acceleration at almost complete burningefuhe
instability considered in this study is associatgth the fuel, has an appreciable and non-unique effecthmn t
generation of periodic, both low-frequency and high performance of the solid propellant engine andrtioket
frequency, pressure fluctuations in the engine amtibn system as a whole. At large flight g-loading, an
chamber. The low-frequency pressure fluctuatiortbiwi  additional, even insignificant action of the roclegtgine
the approximate frequency range bf~ 20— 2000 Hz  on the control system and on the payload can resalh

manifest mainly in the longitudinal direction ofeth emergency situation. . .
combustion chamber. Meanwhile, high-frequency The approaches of the mechanics of continuous

. . multiphase media are applied to the description of
pressure fluctuations at frequencie$ > 2000 Hz process of current in the combustion chamber azdleo

manifest in the transverse and tangential direstiminthe  of SPRE [12 etc.]. Gas combustion products of finel
combustion chamber. o N we will name as the first phase, while the firm ried-

~ The low-frequency acoustic instability of the gown particles (oxide of aluminium) - the seconchgeh
solid propellant engine operation is the most hémas. The first and second phases will be considered as a
This type of instability is characterized by a ddesable  heterogeneous mix with the temperatures and movemen
deviation of both the working pressure in the costioun speeds. In such system each phase occupies af paist 0

chamber and the engine thrust from their mean ‘?aluevolume: a,(l—a). Their movement is considered as
This disturbs the normal operation of a nozzletiates

the transfer of rigid periodic vibratory loads tetrocket Mmovement —of interpenetrating and  cooperating

system as a whole and is a source of intense uringask €nvironments. - _ .
noise. etc In addition, for a simulated problem we will

In [8-11] the actual oscillatory process wasaccept the following assumptions: (a) from the igbat

reproduced by direct numerical simulation and thdOint of view we will study process of current ib 2xi-

mechanism of the generation and the maintenanteeof Symmetric statement; (b) we shall consider gas
acoustic instability in the solid-fuel engine corstion ~ Combustion products as the ideal completely-reagee]

chamber was investigated. The reasons for the e (C) the reburning of a firm phase (particles ofnailium)
(excitation and maintenance) of the oscillatorycess N the combustion chamber of the engine is notrtako
should be sought in the structure and nature ofioieof ~ account; (d) agglomeration and splitting of therisal-
combustion products in the rocket engine combustio§OWn firm phase (oxide of aluminium) during movemen
chamber (naturally, with regard for the interactifrthe ~ through the combustion chamber and nozzle is rfenta
flow with the burning surface of the solid-fuel che). into account as well; (e) _the gravitational flel_ﬂ mass
Here, the fluctuations are of a hydrodynamic (gasiorce works along the axis of the rocket enginecKen
dynamic) highly nonlinear nature. The fluctuation fli€s vertically upwards); (f) influence of an atsmhere
frequency (the first, second, and other longitudina®f @ is neglected.

modes) and, especially, amplitude are dependena on Taking  into  account  aforementioned
number of factors. The principal factor is the prese of ~aSsumptions, a complete non-stationary system ef th

a considerable radial stratification of the comtmst Vortical differential equations of gas dynamics for
product flow in the chamber with respect to thewflo heter_ogeneous flow in combystion champer and naxzle
parameters, mainly velocity. At the nozzle inlée flow @ solid propellant rocket engine will be writtenxtoas:

of such complicated structure interacts irregulasigh - the equations of indissolubility (preservation of
the wall of the rear engine base and is partiafiected mass)

from it (both the flow itself and the flow-induced

disturbances are reflected). In the base regiom tiea

lateral wall of the combustion chamber, either @erse /2 .

flow (with respect to the main flow) is formed tietflow at + d"'(P1W1) = Ggw'

is considerably decelerated. Thus, in the solidpellant (1)
engine combustion chamber, an unsteady, trandemt, /2 . ]

frequency acoustic pulsating flow is generated #omh ot +d|\/(p2W2)= Gpw’
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- the equations of preservation of a pulse on (method of large particles) [13, 14 etc.], whichwisll
coordinates axes recommended for the decision of many nonlinear
problems of mechanics of continuous media [15 .eha.]
ol p,u . p accounts we used obvious parametrical (two parasjete
%"‘ d'V(Plulwl)"‘“ & =—7, +W, -G, completely conservative certainly - margin circaft a

method. The uniform orthogonal settlement grid was
applied ensuring uniformity of computing space [10h
irregular (not conterminous with a settlement grid)

o))

(p Vi )

ot

borders of settlement area the device of fractiamdls

a(p2u2)+div(p2u2W2)+(1—a)-@ZTX +W, -G, ; was used [16]. The arrival from_a burning §qrfa¢gao
ot PY" solid propellant charge was carried out by "injegtiin

+div(p,W, )+ a ? =—1, +W, -G,,;
r

8(,0 v ) _ ap settleme_nt cells vectorially_—located on a .burnimgfaxze .
—2222) 4 div(p,v,W, )+ (1-a)-— =7, +W. -G,,; combustion products with the previously certain
ot or characteristics dependent on structure of firm faedl

(2) parameters of a flow near burning surface.
Let's consider some calculation results.
- the equations of preservation of specific energy In Fig. 1 the basic layout circuit of free volume
of the researched SPRE combustion chamber is

6(,0 J ) . ) presented. Here A - forward bottom, AB - burning
82t : +dIV(p2\]2W2):qu‘]pW.GpW, surface, BC - wall of the combustion chamber, Gekb
bottom.
ApE)  ApE,) | o - N Its of ical analysi
n +div W. )+ div(o-E-W. )+ ext we present results of numerical analysis
ot ot AV EW, )+ div(p,EW,) without flight overload. Fig. 2 (the position illystrated

; ; _ _ . . temporal change (during the several periods of
le(ale)+d|V[(1 a)sz] JQW Ggw+JpW GF’W’ fluctuations) of pressure of combustion productsha

(3)  rocket engine chamber. The current value of pressur
here is given as a deviation from the average Viauthe

- Wwhere for axi-symmetric case — period of fluctuations and is referred to as flattons

amplitude. The pressure is fixed in the forwardtdyot

. 8((pui) 1 a(rgo\/i) area of the engine (see Fig. 1, position A). Fraqueof

div(pW, )= = : . ”
i ox r or fluctuations of pressure =77 Hz. Process of
=lp.,pu,oVv,0,3,,0E ap,0-a)pl fluctuations is steady.

4 ['0' PP ' Pad2: P p( )p] Similar oscillatory process in SPRE is observed

i =(12) in the case of action of flight overload, but theensity

of fluctuations varies. Fig. 2 (the position 2) yides
The system (1) - (3) is identical both for temporal change (during the several periods of
dimensional and dimensionless sizes. Further weusii  fluctuations) of pressure of combustion productshe
the last, having taken as characteristic paramefers chamber of the rocket engine at fixed flight ovadp
example, parameters of braking for the given enginewhich is equal to P=20-g. The current value of

Density p, we will relate to p, ; speed (in projections pressure is also given as a deviation from the ameer
value for the period of fluctuations and is refdrte as

at fiyctuations amplitude with the flight overload. &h
parameters of brakingd,; pressure p - to p,-a’; Pressure also is fixed in the forward bottom aréshe

- _ engine (see Fig. 1, position A). Frequency of press

specific energy (both internal and complet®), E; -to  q,cruations isf = 775Hz. Process of fluctuations is

af; linear sizes - to the characteristic size of thesteady.
Fig. 3 (the position 1) illustrates change of

combustion chambdf:;tl.met -tol/a,. ) ~pressure fluctuations amplitude in the combustion
For short circuit of system of the differential chamber of the rocket engine as a function of magpgi

on coordinate axes)U,,V; - to sound speed

equations (1) - (3) will use equation of a condiitérs: of flight overload. The current pressure fluctuantio
amplitude is referred here to as amplitude of pness
W2 fluctuations without flight overload.
tm 1 . o .
p:(k—l)-pl 1 El——| 4) Fig. 3 (the position 2) provides average change
2 (for the period of fluctuations) of pressure in the

combustion chamber of the rocket engine as a fomaif

The direct numerical modeling of low-frequency flight overload. The current value of average p.ut_a&ssjs
acoustic instability in SPRE with the account dftt  also referred to as average pressure value wittight
overload was carried out by means of Davydov’s weth overload.
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At increase of flight overload the amplitude of concerning  hydrodynamic  (gas-dynamic)  highly
pressure fluctuations in the combustion chamb&RRE nonlinear nature of low-frequency acoustic pressure
decreases practically according to the linear I&ig.(3  fluctuations connected with structure and charactier
positions 1). So, for example, the flight overlasgual to  current in the combustion chamber of SPRE. In thise
P=20-g (see a Fig. 3 and in addition Fig. 2) reducedormed at low-frequency acoustic instability secanyd

amplitude of pressure fluctuations by 1.4 timesilevthe (OPPOS“? in_relation to the basic flow) current the
fluctuations frequency is nearly constant. The ager combustion chamber of SPRE from the back bottom (se

pressure in the combustion chamber of the rockginen FLg. 1b pOSitiOn _C) along t(f;eb wa_ll of thfe combus'gi(_)
decreases as well but this change is insignifi¢eig. 3  chamber (position BC) and burning surface  (positi
position 2). AB) to the forward bottom of the engine (the pasitiA)

However some decrease of pressure fluctuationdnder action of an flight overload is slowed doiy. 4

amplitude in the combustion chamber and, hencdt draPresents the distribution_ of speed of longitudinal
fluctuations amplitudes of the engine in this casdnovement of gas combustion products along the ofall

practically does not promote improvement of SPREkwo the chamber and _burnmg surface of a SOl!d prope_lla
conditions. The conditions of a rocket flight with char_ge at the various moments (.)f time (is SUb.m'ttEd
significant overloads and low-frequency pulsingw!thln th_e framework of the perlo_d Of. fluctuations)
operations mode of the rocket engine even with smalVithout flight overload (W/O_) and W_'th ﬂ'ght overhd
amplitude of pressure and draft fluctuations aicat, P =20-Q (0). The period of investigated low-
that proves to be true in practice. Such modesRRES frequency fluctuations makes here approximately3~
operations are necessary to carefully analyze onrngt ms, therefore curves appropriag5 ms and 15 ms
before realization of expensive flight tests. practically coincide. At flight overload the receipf

The results of the performed simulations will beweight of combustion products in forward bottomeaodé
well coordinated with the data of flight tests @fveral the engine decreases, which in turn reduces ardplitdi
rocket systems, including rocket system with thédso pressure fluctuations in the combustion chamb&RRE
propellant engine examined in this paper. Thusand, hence, reduces amplitude of the rocket entdyat
conclusions made in addition prove to be truedp, fluctuations.
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Fig. 1. Basic layout circuit of free volume of the combastchamber of investigated SPRE
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Fig. 2. Temporal change combustion products pressureeinditket engine chamber without the flight overl@aasition 1) and with

the flight overload (position 2)
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Fig. 3. Change of pressure fluctuations amplitude (pasitipand change of average pressure (position theicombustion chamber
of the rocket engine as a function of magnitudigiit overload
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