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P03BMTOK B1COKOYACTOTHOI HECTIKOCTI PiAMHHOrO pakeTHoro AsuryHa (PP/) npu /ioro BOrHeBMX BUMPO-
ByBaHHAX 4aCTO CYNpPOBOMKYETLCA 3HAYHWMM 3POCTaHHAM AMHAMIYHMX HaBaHTaXEeHb Ha KOHCTPYKLO Kamepu
3ropsHHA, L0 HepigKo Npu3BOAUTbL A0 T pyliHYBaHHS. Lle AvHamiuHe sBuLLe MOXe BTN TakoX BKpali Hebesneu-
HUM f19 BIBPOMILHOCTI PiANHHOIO PaKeTHOrO [BUIyHa 3 KiNblLIeBOK KamMepoo 3ropsiHHSA. Po3paxyHOK napamet-
piB aKyCTUYHWX KOMMBaHb MPOAYKTIB 3ropsHHSA € BaX/MBWM NpY MPOEKTYBaHHI i BignpautoBaHHI Takux PP/,
MeTa cTaTTi — po3pobKa UMCenbHOro MiAxody O BWU3HAYeHHs NapamMeTpiB akyCTWYHWMX KOMMBaHb MPOAYKTIB
3ropsAHHA B KibLEBUX Kamepax 3ropsHHA PiAMHHUX PaKeTHUX OBUTYHIB 3 ypaxyBaHHAM 0CO6/MBOCTEN KOHAIry-
pauii BOrHeBOro mpocTopy i 3MiHW (hi3MYHUX BNACTMBOCTEN rasoBOro CepefjoBMLLA B 3a/€XHOCTI Bif 0CbOBOI
[OBXMHN Kamepw. 3anponoHOBaHWA YnCeNbHUIA MiAXif 3aCHOBAHO Ha MaTeMaTWYHOMY MOZE/0BaHHI BAACHMX
KO/IMBaHb 3aMKHYTOI AMHAaMiYHOT CUCTEMM «0OOMIOHKOBA KOHCTPYKLs KisbLEBOI KOHQirypauii — ras», sika onu-
Cy€e BUCOKOYACTOTHI MPOLIECK B TaKiil kaMepi 3ropsiHHS, 3a JOMOMOrOK MeTOAY CKiHUYEHHUX efleMEHTIB.

Moka3aHo, Lo Ha OCHOBI PO3P06/EHOI CKiIHYEHHO-eNeMEHTHOT MOAeNi CMiNbHUX NPOCTOPOBMX KOMMBaHb
KOHCTPYKLT KiNbLeBOI KamMepy 3ropsiHHA i MPOAYKTIB 3ropsiHHSA, L0 MICTATLCA B Hill, MOXYTb 6YTW BU3HAYEHi
napameTpy KOMMBaHb 3a3HayeHol AMHAMIYHOT cucTeMu (4acToTu, POpMU Ta epeKTUBHI Macu) Ans Ti LOMIHYHUNX
aKyCTUYHWX MOJ, aMMAITYAN KONUBaHb i BiGPOMPUCKOPEHb CTIHOK KaMepy 3ropsHHSA, & TaKOX BUAB/EHI PEXVMHI
napameTpy poboTW PiANHHOIO PakeTHOro ABWryHa, MOTEHLiMHO Hebe3neyHi AN PO3BUTKY TepMOaKyCTUYHOT
HeCTIliKOCTi pob040ro NpoLiecy B KinbLEeBili KaMepi 3ropsHHA ABUryHa. [ YCeNbHOro BU3HAYeHHA KoedillieH-
TiB MiACUNEHHS LOCNIMKYBaHOT Kamepy 3ropsiHHA (N0 TUCKY) B CKIHYEHHO-eNeMeHTHY MOJENb AMHaMIYHOI cuc-
TeMy «060/I0HKOBA KOHCTPYKLS KifbLeBOI KOHQirypauii — ras» (B enemeHTax noyaTky BOrHEBOrO MpOCTOPY)
BBOAMUTHLCA [KEPENO rapMOHIHOTO 36ypeHHs TUCKY.

TecTyBaHHA PO3POBAEHOTO YMCENBLHOrO MiAXOAY | MOAaNbLUNIA aHai3 OTPUMaHUX pe3ynbTaTiB NMPOBeAeHO
[N ABUTYHa 3 KiNbLLEeBOK KaMeporo 3ropsiHHsA (Mpy CMiBBiAHOLLEHHI 1 30BHILLHBOMO i BHYTPILLIHLOIO AiamMeTpiB,
piBHOMy 1,5), fie B AKOCTi Nan1BHOI Mapy BUKOPUCTOBYETLCA Napa PifKnil KNCEHb—MeTaH.

Bu3HayeHo YacToTh i hopMM MO3A0BXKHIX, TAHFeHLiaNbHUX | pafiaibHUX MOJ aKyCTUYHUX KONMBaHb. IMo-
Kas3aHo, WO B pasi BiAHOCHO Masoi XOPCTKOCTI CTIHOK KOHCTPYKLiT KaMepu 3ropsiHHA 4acToTa mepLuoi Moy
aKyCTUYHUX KONMBaHb MEHLLIE YaCTOTU, PO3PaxoBaHOT ANl KOHCTPYKLIT 3 XXOPCTKMMU CTiHKaMu, Ha 40 BifjCOTKIB.

KntoyoBi cfoBa: pigvHHWIA pakeTHUIA ABMIYH, KifbLieBa Kamepa 3ropsHHs, nanvBHa napa MeTaH—KWCeHb,
BMCOKOYACTOTHA HECTIlKICTb, YaCTOTU KONMBAHb.

The high-frequency instability (HF instability) of a liquid-propellant rocket engine (LPRE) during static fir-
ing tests is often accompanied by a significant increase in dynamic loads on the combustion chamber structure,
often leading to the chamber destruction. This dynamic phenomenon can also be extremely dangerous for the
dynamic strength of a liquid-propellant rocket engine with an annular combustion chamber. Computation of the
parameters of acoustic combustion product oscillations is important in the design and static firing tests of such
rocket engines. The main aim of this paper is to develop a numerical approach to determining the parameters of
acoustic oscillations of combustion products in annular combustion chambers of liquid-propellant rocket engines
taking into account the features of the configuration of the combustion space and the variability of the physical
properties of the gaseous medium depending on the axial length of the chamber. A numerical approach is pro-
posed. The approach is based on mathematical modeling of natural oscillations of a “shell structure of an annular
chamber — gas” coupled dynamic system by using the finite element method.

Based on the developed finite-element model of coupled spatial vibrations of the structure of the annular
combustion chamber and the combustion product oscillations, the oscillation parameters of the system under
consideration (frequencies, modes, and effective masses) for its dominant acoustic modes, the vibration ampli-
tudes of the combustion chamber casing, and the amplitudes of its vibration accelerations can be determined. The
operating parameters of the liquid-propellant rocket engine potentially dangerous for the development of thermo-
acoustic instability of the working process in the annular combustion chamber can be identified. For the numeri-
cal computation of the dynamic gains (in pressure) of the combustion chamber, a source of harmonic pressure
excitation is introduced to the finite element model of the dynamic system “shell structure of an annular configu-
ration — gas” (to the elements at the start of the chamber fire space).

The developed approach testing and further analysis of the results were carried out for an engine with an
annular combustion chamber (with a ratio of the outer and inner diameters of 1.5) using liquid oxygen — methane
as a propellant pair.

The system shapes and frequencies of longitudinal, tangential and radial modes are determined. It is shown
that the frequency of the first acoustic mode in the case of a relatively low stiffness of the combustion chamber
casing walls can be reduced by 40 percent in comparison with the frequency determined for a casing with rigid walls.
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Introduction. Recently, there has been an increase in interest in the world in
researching work processes in liquid-propellant rocket engines with aerospike noz-
zles due to their inherent promising (in comparison with traditional Laval nozzles)
opportunities for adapting the pressure at the nozzle exit to atmospheric pressure
that changes during launch vehicle lifting, as well as some other useful characteris-
tics. As follows from modern publications (for example, [1] - [3]), studies of
working processes in rocket engines with nozzles of original designs are being car-
ried out for designs with annular combustion chambers.

It is known [for example, 4, 5, 6] that the development of high-frequency in-
stability (HF instability) of liquid-propellant rocket engines (LPRE) with a tradi-
tional combustion chamber during firing tests is often accompanied by a signifi-
cant increase in dynamic loads on the combustion chamber structures, leading in a
number of cases to chamber destruction. High-frequency instability in the LPRE
combustion chamber develops as a dynamic process caused by the interaction of
gas pressure oscillations (at the frequencies of chamber acoustic oscillations) and
thermal processes during their combustion. The above phenomena are resonant in
nature. Acoustic excitation effect on the burning rate. Oscillations increase the
mixing rate of the fuel components and reduce the combustion zone. As a rule [4,
5, 7], dynamic processes in the case of high-frequency instability of the combus-
tion chamber occur mainly at the lowest tangential acoustic modes with oscillation
frequencies exceeding 1000 Hz.

Operational modes in combustion chambers of the annular type (as well as in
classical cylindrical combustion chambers) can also occur in modes in which high-
frequency oscillations are dangerous for the chamber structure strength are real-
ized. Determination of the parameters of high-frequency oscillations (natural fre-
quencies, reduced masses and stability margins) is one of the problems solved in
the LPRE design period as part of the development of measures to ensure the en-
gine HF stability.

Calculation methods of the natural acoustic frequencies of chamber combus-
tion products oscillations are based on classical solutions (in particular, [6], [8],
obtained by using Bessel functions) for dynamics of combustion products equa-
tions written in cylindrical coordinates. Applied to the annular chamber, this solu-
tion was obtained for a gas cavity "yyactokcoaxial cylinder" with external and in-
ternal rigid walls.

However, for promising annular structures of combustion chambers, the pa-
rameters of natural acoustic oscillations can change significantly due to the influ-
ence of the elasticity of the external and internal walls, which have relatively small
thicknesses, differences in the spatial configuration of the combustion chamber
space from the end of cylindrical part to the critical section of the nozzle. In this
case, the tuning accuracy (to chamber dangerous frequencies) of absorbers de-
signed to suppress oscillations in the combustion chamber can be significantly re-
duced (for example, [6]). It makes the implementation of this constructive measure
ineffective. In these circumstances, the problem of developing a numerical ap-
proach to determining the parameters of acoustic oscillations of combustion prod-
ucts in annular combustion chambers, taking into account the features of the con-
figuration of the combustion space and changes in the physical properties of the
gaseous medium along the chamber axial length, is urgent.
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The aim of this paper is to develop an approach to the numerical determination
of the parameters of high-frequency acoustic oscillations of combustion products in
annular chambers at various operating modes of the liquid-propellant engine.

1. Evaluation of the parameters of high-frequency acoustic oscillations of
the LPRE combustion chamber. The proposed approach to calculating the pa-
rameters of high-frequency gas acoustic oscillations in the combustion chamber
can be attributed to the group of so-called hybrid methods (see, for example, [9])
to analyzing the HF stability of processes in the combustion chamber, for which
the parameters of acoustic oscillations of chamber combustion products are calcu-
lated separately from the calculation of flame dynamics.

The calculation of the parameters of acoustic oscillations of combustion prod-
ucts is carried out on model of the “shell structure (with annular configuration) —
gas” coupled dynamic system. This makes it possible to take into account the ef-
fect of the elasticity of the structure on the acoustic properties of the combustion
products in the combustion chamber of the configuration under study in the modal
analysis of this system. The boundary conditions in solving the problem of free
oscillations of the dynamic system are determined by the geometry and method of
fastening the combustion chamber structure to the base of the test bench, the con-
ditions associated with the gas flow in the section of the fire bottom and with the
supercritical outflow of combustion products from the nozzle.

The parameters of longitudinal and transverse (tangential and radial) acoustic
oscillations gas in the engine chamber were determined by using the developed
finite element model with the chamber structure features are taken into account.

For developing a design scheme for the finite element analysis of the “shell
structure — gas” dynamic system the geometric model of the gas-filled chamber
structure under study is formed. This geometric model contains information about
the lines that form the surfaces, key points, regions, and volumes of the system.
For case constructing it, the available complex volumes in the “shell structure —
gas” system are divided into simple ones like pentahedrons or hexagons. Complex
areas are divided into flat or spatial triangles or quadrangles. The developed geo-
metric models make it possible to carry out “directional” schematization of the
gas-filled annular shell structure with finite element by the CAE - system (Com-
puter Aided Engineering System).

This not only makes it possible to avoid imperfections in the calculation
scheme caused by the automatic discretization of complex volumes (or areas), but
also to ensure correct consideration of the boundary conditions for the “shell struc-
ture — gas” system at the interfaces between the gaseous medium and the structure.
Note that in the geometric model of the “shell structure — gas” system, the conju-
gate surfaces of the obtained simple volumes and the corresponding regions must
coincide with each other.

For most structural dynamics problems of a mechanical system, the spatial
discretization for the principle of virtual work using the finite element method
gives the finite element semi-discrete equation of motion as follows [10]:

[MI{X}+[CHX3+[KH{X}={F}, €

where [M], [C], [K] - respectively structural mass matrix , structural damping
matrix and structure stiffness matrix, (n;xn;); n; —number of degree-of-freedom
(DOF) of (shell structure); {X} —nodal structure displacement vector,
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X3={Xp Xp}s {XF={dX /dt,...,dX,, /dt} {X}={d*X, /dt?,...d* X, /dt?};
t —time; {F} —applied load vector: {F}={F,,...F, }.

For modeling acoustic fluid-structural interaction (FSI) problems [10], the
structural dynamics equation must be considered along with the Navier-Stokes
equations of fluid momentum and the flow continuity equation. The fluid momen-
tum (Navier-Stokes) equations and continuity equations are simplified to get the
acoustic wave equation using the following assumptions: the gas is compressible
(density changes due to pressure variations); there is no mean flow of the gas and
combustion process [11, 12].

2
V(zvpj_%a_gw g L =—§(9J+V ﬂv[gj @
p pc” ot 3p | pc” et ot\ p 3p p
where c is speed of sound in gas medium; p is mean gas density; p is dynamic

viscosity; p is acoustic pressure; Q — mass source in the continuity equation,
(mass flow per unit volume of gas [13]).

According to [10, 14, 15] Equation (2) can be written in matrix notation to
create the following discretized wave equation:

[Me{Be} +[Cr{Pe} + [Ke Hpe}+ BRI {Ur 3 ={fc}. @

_ 1
where [Mg]= Po” F{N}{N}T dv — is acoustic fluid mass matrix;
Qg MO0

_ 4
[Cel= Po”_[ﬁ[VN ' [IVNTv is acoustic fluid damping matrix;
Qf

[Kel= BO”JPL[VN [ [VN]dv is acoustic fluid stiffness matrix:
o 0

[R]" = ﬁ{N}{n}T{N Y dS is acoustic fluid boundary matrix;
M

{fe3="0 !2 ”p—lo{N}{N}Tdv{q}+50 £ | I%-[VN]T[VN]dV{q} is acoustic fluid

load vector; py is acoustic fluid mass density constant; py is mean fluid density.
ue, is shell displacement vector at the fluid boundary; {F.} is nodal pressure vector;

{N} iselement shape function for pressure; {N'} iselement shape function for
displacements; {n} is outward normal vector at the fluid boundary; {q} is nodal
mass source vector; {g} is the first time derivative of nodal mass source vector;
dv is volume differential of acoustic domain Qf; dS is surface differential of
acoustic domain boundary Ir.

Equations (1), (3) describe the complete finite element discretized equations
for the FSI problem. These equations are written in assembled form [10] as:
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{[Ms] 0 H{Ue}}{[cs] 0 H{ue}}_'_{[KS] —[R]} {{ue}}z{{fs}} @
polRTT M| | 0 [CRll{peY | 0 [Keljl{med  fed
The fluid pressure load vector {fepr}= [R]{pe} at the interface S (acoustic

gas domain boundary ') is using in shell structural dynamics and in Equation (4).

For mathematical modeling of free oscillations of the “shell structure — gas”
dynamic system, as a rule, energy dissipation is not taken into account [11]. It
greatly simplifies the determination of the parameters of the natural oscillations of
the system. This approach to modeling is based on the fact that in weakly damped
oscillatory systems, energy dissipation practically does not affect the frequencies
and modes of oscillations.

For calculating parameters of free oscillations system (4) has the simplest

form:
st w5 sl e

Matrix equation (5) has the form:

[MobF]{XobF}+[KobF]{XobF}:O- (6)
For harmonic solution {X}={X,»}Ccosm;t equation (6) has the form
_mz[MobF]{XmaX}"‘[KobF]{Xmax}:0- (7)

For calculating parameters of natural oscillations dynamic system “shell struc-
ture — gas” without dissipation equation (7) can be written in form:

det[M oo 1 [K oo 1~ A[ET]= 0, 2 = 3. @

This is an eigenvalue problem which may be solved for up to n values of w?
(i-th natural circular frequency (radians per unit time)) and n eigenvectors {V;}

where n is the number of DOFs.
For a linear system (6) free oscillations will be harmonic of the form:

Koprit={Vi}coso;t ,

where{X,pri} - nodal displacement vector for i-th natural frequency; {v;} -
eigenvector representing the mode shape of the i-th natural frequency; o, -

i-th natural circular frequency (radians per unit time).
Natural oscillations parameters of dynamic system “shell structure — gas” are
calculated using CAE-system [10] Also eigenvalues and eigenvectors of the matrix

[Ape]=IMope 1t [Kose] (cM. (8)) are calculated.

Eigenvalue of this matrix 2 ; = m? is representing j-th natural frequency (cy-

cles per unit time) f; of system, and appropriative eigenvector {Vi} iS represent-
ing the mode shape of the j-th natural frequency.
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f =0)J-/27'E.

J
Dominant natural frequencies and generalized masses are representing param-
eters with effective mass in longitudinal and transverse direction of the nozzle.
Dominant are modes with effective mass bigger than 0,1 % of dynamic system
“shell structure — gas” mass.
M,; is the effective mass for the i™ mode (which is a function of excitation

direction) in direction a; a may be either X, Y, Z or rotations about one of these
axes [10]:

2
T aj

TV MgV}

aj

where 7y; ={Vj}T[M obe J{Da} — the participation factors for the given excitation

direction a (for the ith mode), [M e ] — dynamic system structural mass matrix;
{Vi} — eigenvector representing the mode shape of the ith natural frequency;

{Da}z{dfl,...,df,‘}T —vector describing the excitation direction of dynamic sys-
tem in direction a; n —number of degree-of-freedom (DOF) of dynamic system

shell “structure — gas”; {d2} — unit vector (k =1,...,n), describing the excitation

direction of dynamic system in direction a.

In the proposed approach for the numerical determination of the gaseous me-
dium oscillation amplitudes (as well as for the determination of the pressure dy-
namic gain) of the combustion chamber under research, at given values of the ex-
ternal harmonic forces (a source of harmonic pressure excitation) is introduced in
the finite element model of dynamic system. In this case, the harmonic analysis of
the system is carried out taking into account the damping of oscillations of the
chamber structure and the gas medium oscillations.

Based on the equation (4), using the means of CAE-systems determines the
parameters of forced oscillations under harmonic excitation by pressure in the sec-
tion of the beginning of the combustion space of the annular chamber, taking into
account damping. To determine the amplitudes of chamber longitudinal and radial
acoustic oscillations, a symmetric harmonic excitation of the gas medium is intro-
duced. An asymmetric excitation of the pressure of the gas medium is used to de-
termine the amplitudes of tangential acoustic oscillations in various elements of
the chamber gas space and the amplitudes of oscillations of the LPRE structures of
the outer and inner shells of the combustion chamber.

2. An example of the proposed approach implementation. Results of cal-
culating the parameters of high-frequency acoustic oscillations for the engine
annular combustion chamber. The approach was preliminary tested on the basis
of a comparison of the results of the numerical and experimental determination of
the frequencies and modes of coupled oscillations of a traditional cylindrical com-
bustion chamber (with a diameter of 0,2 m, an axial length of 0,04 m) and combus-
tion products of liquid ethanol and gaseous oxygen as propellant. The experi-
mental frequencies of the dominant oscillation modes were obtained during firing
tests of this chamber and are given in [16]. In this case, the experimental value of
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the speed of sound of the combustion products at the engine operating mode was
657 m/s. The frequencies of the lowest oscillation modes obtained as a result of
calculations are in satisfactory agreement with the experimental frequencies fe,; .

So, the value of the calculated frequency of the first mode of tangential oscillations
(1T) was 1929 Hz, and the experimental one is 1930 Hz; the value of the calculat-
ed frequency of the first mode of radial oscillations (1R) was 4018 Hz, and the
experimental one was 4020 Hz. The calculated frequency of the second mode of
tangential oscillations (2T) f,; =3200 Hz coincided with the experimental one.

The calculated and experimental frequencies of the chamber third mode of tangen-
tial oscillations (3T) do not differ practically in values (4407 Hz and, correspond-
ingly, 4400 Hz).

Fig. 1 shows the diagrams of the distribution of the pressure oscillations am-
plitudes in the chamber under tangential acoustic oscillations for the conditions of
the LPRE fire tests, obtained from the results of modeling the dynamic system
“shell structure — gas” by harmonic pressure excitation of combustion products in
chamber (with pressure amplitude of 1 bar).

To test the developed numerical approach to an annular liquid-propellant
rocket engine, we performed mathematical modeling of the dynamic system “shell
structure of an annular combustion chamber — gas” operating on “liquid oxygen —
methane” propellant (the ratio of the outer and inner chamber diameters is 1,5).
Note that this rocket propellant is currently considered by EKA and NASA as the
most promising in the rocket engine design.
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P, bar P, bar

-1,18 -1,38
-0,92 -1,07
-0,65 -0,76
0,39 -0,46
-0,13 -0,16
0,13 0,16
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0.65 0,76
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1,38
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a) b)
P, bar
P, bar -17,6
1,72
-14.8
-1,34
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-0,95
-0,57
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0,19
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4,4
1,34 71
1,72
c) d)

a) is the pressure distribution diagram of the amplitudes of oscillations in the combustion

chamber at the 1T frequency of tangential oscillations of 1929 Hz ;

b) is the pressure distribution diagram of the amplitudes of oscillations in the combustion

chamber at the 2T frequency of tangential oscillations of 3200 Hz ;

c) is the pressure distribution diagram of the amplitudes of oscillations in the combustion

chamber at the 3T frequency of tangential oscillations of 4407 Hz

d) is the pressure distribution diagram of the amplitudes of oscillations in the combustion

chamber at the 1R frequency of radial oscillations of 4018 Hz

Fig. 1
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To simplify the comparative analysis of the results the finite element model
development of the annular combustion chamber, only its cylindrical section was
used in the calculations (i.e. the section of the “transition” of the chamber profile
to the critical section was not considered) with rigid fixation of the chamber

I
I
I
I
I

a) is symmetric pressure excitation;
b) is asymmetric pressure excitation

Fig. 2

mixture head to the test bench
(see picture of finite element the
model of the annular combustion
chamber of the engine in Fig. 2).
The parameters of combustion
products (speed of sound, tem-
perature, pressure were calculat-
ed by the "ASTRA" software
[17] for the case of thermody-
namic equilibrium of the com-
bustion process of a "methane —
oxygen" pair. The value of the

calculated equilibrium speed of sound in the section of the chamber, close to the

critical one, was 1273 m/sec.

The frequencies of acoustic longitudinal, tangential and radial oscillations,

Table 1 — Parameters of the dominant
longitudinal modes of the engine

annular chamber (direction X)

Mode | Frequency | Effective Mode

number fy i, mass desig-
i o) tion
J Hz M Xol’ kg né
1 3611 0,34E-20 1L
2 5711 5,55 2L
3 7699 0,74E-01 1R
4 8325 0,62 3L

calculated for the frequency range up
to 10 kNz, are given in Tables 1, 2.
The following designations are adopt-
ed in the Tables: the first and second
modes of longitudinal oscillations are
designated by symbols 1L and 2L; the
first, second and third modes of tan-
gential oscillations — 1T, 2T, 3T; the
first mode of radial oscillations is 1R.
The designations of the mixed oscilla-
tion modes are entered in the Tables

through the corresponding combinations of the indicated symbols. For the acoustic
modes of the "shell structure of the annular combustion chamber - gas" system,
given in Tables 1 and 2, the shapes of longitudinal, tangential and radial oscilla-

Table 2 — Parameters of the dominant
transverse and longitudinal-transverse
modes of the engine annular

chamber (direction Y)

Mode | Frequency | Effective Mode
number fYo i Hz mass des.ig-
j My, . kg nation

1 1661 0,39E-01 1T
1T -

2 2008 5,91 1L
2T -

3 3554 0,97E-01 1L
2T-

4 5548 1,14 oL

5 6562 0,6E-10 2T

6 9406 0,77E-08 3T
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tions were determined. When per-
forming the calculations, it was as-
sumed that the system harmonic exci-
tation was applied to the section cor-
responding to the beginning of the fire
space of the combustion chamber. The
distribution diagrams of the gas dy-
namic pressure in the annular chamber
of the engine at a pressure excitation
equal to 1 bar are shown in fig. 3 and
4. In particular, the distribution of the
gas dynamic pressure in the annular
chamber of the engine under harmonic
excitation at the longitudinal (1L) os-
cillation frequency of 3611 Hz is



shown in Fig. 3, a).

Note that the values of the frequency of the tangential mode 1T, obtained as
a result of the system modeling, turned out to be noticeably lower than the val-
ues calculated by the formula

B 2*C
g TC(Din + Dout) ’

(9)

given in the NASA manual [8] and used the development of high-frequency os-
cillations in a liquid-propellant rocket engine with an annular combustion cham-
ber. Formula (9) follows from the theoretical solution of the problem of gas os-
cillations in an annular gas cavity for conditions of rigid walls.

In particular, at the above-mentioned speed of sound of combustion prod-
ucts, the value of the frequency of the 1T tangential mode of the tested annular
chamber, calculated by formula (9), is 2968 Hz. This is more than one and a half
times more than the value of the corresponding frequency in Table 2. This result
is a consequence of the influence on the oscillation frequency of the compliance
of the walls of the combustion chamber casing.

Comparing the frequency and mode of oscillations of the first tangential
mode 1T, calculated for two options - when the modulus of elasticity of the ma-
terial of the chamber walls is twice that of stainless steel (Fig. 3d)), and when it
is half that of stainless steel (Fig. 3, ¢)), it can be concluded that with an increase
in the stiffness of the walls, the system 1T oscillation frequency approaches its
value fy,, 4 for rigid walls. So, for a relatively low stiffness of the walls of the

combustion chamber structure, the frequency 1T tangential mode of acoustic
oscillations (Fig. 3, ¢) and d)) can be 40 % less than for a structure with rigid
walls.

As follows from Fig. 4, a), an increase in the level of pressure amplitudes is
possible for oscillations of combustion products with mixed shapes in
comparison with system oscilations at individual oscillation modes. For
example, for the 2T-1L oscillations at frequency of 3554 Hz the dynamic
pressure (amplitudes) reaches 5,73 bar. Thus, the presented approach makes it
possible to evaluate the acoustic properties of the combustion chamber during
acoustic oscillations at similar frequencies and different shapes (for example,
with longitudinal-transverse oscilations). Also As follows from Fig. 4, d), the
presented approach makes it possible to evaluate the stress intensity distribution
diagram of the amplitudes of oscillations in the combustion chamber during
acoustic oscillations.
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P bar P, bar
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-1,47
1,77
-0,97
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-1,12 -5,22
-0,88 -4,18
-0,65 -3,14
-0,41 -2,11
-0,17 -1,07
0,06 -0,04
0,30 0,99
0,53 2,03
0,76 3,06
1,00 4,10
c) d)

a) is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 1L frequency of longitudinal oscillations of 3611 Hz;

b) is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 2L frequency of longitudinal oscillations of 5712 Hz;

c) is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 1T frequency of tangential oscillations of 1661 Hz (the modulus of elasticity of the
material of the chamber walls is half that of stainless steel);

d) is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 1T frequency of tangential oscillations of 2682 Hz (the modulus of elasticity of the
material of the chamber walls is twice that of stainless steel);

Fig. 3
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6.5
75
9.6
a?]is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the (2T-1L) frequency of mixed oscillations of 3554 Hz; )
b?] is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 2T frequency of tangential oscillations of 6562 Hz; )
c?] is the pressure distribution diagram of the amplitudes of oscillations in the combustion
chamber at the 3T frequency of tangential oscillations of 9406 Hz;

d) is the dynamic stress intensity distribution diagram (amplitudes of oscillations) in the com-
bustion chamber at the (2T-1L) frequency of mixed oscillations of 3554 Hz;

Fig. 4

Conclusions. A numerical approach to evaluating the acoustic oscillation pa-
rameters of combustion products in LRPE annular combustion chambers is pro-
posed, taking into account the features of the configuration of the combustion
space and the changes in the physical properties of the gaseous medium depending
on the chamber axial length. In accordance with the proposed approach, the calcu-
lation of the acoustic oscillation parameters of combustion products to ensure the
rocket engine operational stability is carried out on the basis of a developed finite
element model of “shell structure of an annular configuration — gas” coupled dy-
namic system.

It is shown that on the basis of the developed finite element model of coupled
spatial oscillations of the annular combustion chamber structure and the oscillation
combustion products, the parameters of the natural oscillations of the system (its
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frequencies, shapes and effective masses) for the dominant acoustic modes, the
parameters of oscillations (displacement) and oscillation acceleration of the com-
bustion chamber walls, and also revealed the operating parameters of the liquid-
propellant rocket engine, potentially dangerous from the point of view of the de-
velopment of engine thermoacoustic instability.

Testing of the numerical approach and the subsequent analysis of the results
were carried out for an engine with an annular combustion chamber (with a ratio
of the outer and inner diameters of 1,5), which uses a liquid oxygen - methane pro-
pellant pair. The shapes and frequencies of the dominant longitudinal, tangential
and radial oscillation modes have been determined. It is shown that the frequency
of the first mode of acoustic tangential oscillations for a relatively low stiffness of
the chamber casing walls can be significantly (up to 40 percent) lower than the
corresponding frequency in the case of a chamber with rigid walls.
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