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Brcoko4acToTHa HecTiliKiCTb pigMHHOro pakeTHoro AsuryHa (PP) npu cTaTUYHUX BOFHEBUX BUMPOBY-
BaHHAX 4YacTO CYMpPOBOMKYETLCA 3HAYHUM 30i/bLUEHHAM AWHAMIYHWX HaBaHTaXKeHb Ha KOHCTPYKLIIO Kamepu
3rapaHHs, WO Hepigko Mpu3BOAWTbL A0 i pyiiHyBaHHS. Lle AMHamiyHe ABuWLLE TakoX MOXe ByTu Haa3BUYaliHO
Hebe3neyHuM ans AvHaMivHoi MiyHocTi PP/, Po3paxyHOK mapameTpiB aKyCTUYHUX KONWBaHb MPOAYKTIB 3r0-
PSAHHS BX/MBUIA MPU NPOEKTYBaHHI Ta CTaTUYHUX BOTHEBKX BUMPOBYBaHHAX TaknX pakeTHUX ABUTYHiB. BusHa-
YeHHsl NapameTpiB KONMMBaHHS (BNaCHWX YacTOT Ta 3anaciB CTINKOCTI MO AeKPEMEHTY KO/MBaHb) € OAHIEl0 i3
3afiay, LU0 BMpiLLYOTbCA B Nepiofd NpoekTyBaHHA PP B pamkax po3pobKu 3axOfiB i3 3ab6e3neyeHHs CTilikocTi
[BUTYyHa.

OCHOBHOK MeTOH pob0TK € pPo3pobKa Po3paxyHKOBOro MiAXo4y [0 BW3HAYEHHS MapameTpiB aKyCTUYHWUX
KONMMBaHb MPOAYKTIB 3ropsHHA B Kamepi 3ropsHHa PP/ 3 ypaxyBaHHAM 0c06AMBOCTEN KOH®irypauii kamep 3ro-
PAHHS Ta 3MIHHOCTI (Di3NYHMX BNACTMBOCTEV ra3oBOro CepefoBuLLA B 3a1€XKHOCTI Bif 0CbOBOT JOBXWHW Kamep,
aKyCTWUYHOrO iMMnefaHcy B KPUTUYHIA roproBuHI Ta edekTiB gucunauii (eKcnepuMeHTa/bHI 3HaYeHHs Aemn-
(hyBaHHs) B KOHCTPYKL,iT 060/I0HKM i ra3oBUX cepefoBuLiax B Kamepi. [Migxif, 3acHOBaHUIA Ha MaTeMaTUYHOMY
MOZENtOBaHHI 3B'A3aHOT AVHaMIYHOT CUCTEMU «0BO0MIOHKOBA KOHCTPYKLIA Kamepy — ras» 3 BUKOPUCTaHHAM MeTo-
Ly CKiHYeHUX enemeHTiB i cuctemu CAE (Computer Aided Engineering).

MpoBeaeHO TecTyBaHHA PO3PO6NIEHOro Migxod4y Ta Nofanblunii aHanis pesynbTatis 41a gsuryHa P 253 3
BMKOPWCTaHHAM TeTPaoKCWAy a30Ty Ta HECUMETPUYHOIO AMMETUATIAPa3VHY B AKOCTI MasMBHOT Napu. BrusHaueHo
thopmMU | 4aCTOTW MO3AOBXKHIX, TAHTeHLiaIbHWX i pagiasbHUX MOf, AyHaMiYHOT cucTeMuy. Pe3ynbTaTii mateMaTuy-
HOrO MOJENOBaHHA AMHAMIYHOI CUCTEMU CBigYaTb MPO 3aA0BiNbHE Y3rOfPKEHHS PO3PaxyHKOBUX AEKPEeMEHTIB
MepLLIOro TOHY MO3AO0BXHIX KOMMBaHb | TPETLOrO TOHY TaHreHLia/lbHUX KONMWBaHb 3 eKCrepUMEHTaIbHUMN [ie-
KpemeHTaMmm, 0TPUMaH1MK 3a AOMOMOrOH BOTHEBKX BUMPOGYBaHb. 3 CUCTEMHOIO FapMOHIYHOMO aHani3y kamepn
3ropsiHHA BUMNAMBAE, L0 KoedilieHT AMHaMIYHOrO NiACUIEHHSA TUCKY rasy B Kamepi Ha 4acToTi NepLuoro TOHy B
1,6 pa3n 6Ginblue, HXX KOEILIEHT AUMHAMIYHOIO MiACWMIEHHS CUCTEMU ANA TaHreHuianbHoOi Moau. Mpu Lsomy
[eKPeMeHT KONMBaHHA AN TaHreHLianbHOT MOAM CUCTEMM B 2 pasit MeHLUE, HiXK [JeKPeMeHT KOAMBaHHb f1a
nepLLUoi NO340BXHLOT Moau. Lie 03Hayae, WO TaHreHLiabHi KONMBaHHS Binbll HeGe3MmeuHi i MOXyTb NpU3BeCTU
[0 HecTabinbHOCTI ropiHHA PP/,

TeopeTV4HO MOKa3aHO BMAMB [AMHAMIYHMX BNACTMBOCTEW (DOPCYHKW Ha CTIKICTb Kamepu 3ropsiHHS Ao
TEPMOAKYCTUYHUX KONWBaHb Ta MOX/IMBICTb YaCTKOBOrO MPUAYLLEHHA BWCOKOYACTOTHUX KONMWBaHb LLMAXOM
HaCTPOIOBaHHA AYHaMiKV (hOPCYHKY.

KntouoBi cnosa: pifvHHWIA pake THUiA BUMYH, KaMepa 3ropsiHHs, BUCOKOYACTOTHA HEeCTIlKICTb, 4acToTK
KONMBaHb, NorapumiyHi AeKpeMeHTU KOnnBaHb.

High-frequency instability of a liquid-propellant rocket engine (LRE) during static firing tests is often ac-
companied by a significant increase in dynamic loads on the combustion chamber structure, often leading to a
chamber destruction. This dynamic phenomenon can also be extremely dangerous for the dynamic strength of a
liquid-propellant rocket engine. The calculation of acoustic combustion product oscillation parameters is im-
portant in the design and static firing tests of such rocket engines. The determination of the oscillation parameters
(natural frequencies and stability margins such as oscillation decrement) is one of the problems solved in the LRE
design period as part of the development of measures to ensure the engine stability.

The main aim of the paper is to develop a numerical approach to determining the parameters of acoustic os-
cillations of combustion products in liquid-propellant rocket engines combustion chambers taking into account
the features of combustion space configuration and the variability of gaseous medium physical properties depend-
ing on the axial length of the chamber, acoustic impedance in critical throat and dissipation effects (damping
experimental values) in the shell structure and the gas media in the chamber. The approach is based on mathemat-
ical modeling of the coupled ‘chamber shell structure — gas’ dynamic system by using the finite element method
and the CAE (Computer Aided Engineering) system.

The developed approach testing and further analysis of the results for the RD 253 engine using nitrogen te-
troxide and unsymmetrical dimethylhydrazine as a propellant pair were carried out. The dynamic system shapes
and frequencies of longitudinal, tangential and radial modes are determined. The results of mathematical model-
ing of the dynamic system indicate a satisfactory agreement of the calculated decrements of the first longitudinal
oscillation mode and third tangential oscillation mode with the experimental decrements obtained by hot-fire tests
data. From system harmonic analysis of the thrust chamber, it follows that the dynamic pressure gain factor of the
gas media in the chamber at the first longitudinal mode frequency is 1.6 times greater than the system dynamic
gain in the tangential mode. At the same time, the oscillation decrement for the system tangential mode is 2 times
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smaller than that of the first longitudinal mode. This means that the thrust chamber tangential mode is more dan-
gerous and can lead to rocket engine combustion instability.

The effect of the injector on the high-frequency stability of the combustion chamber and the possibility of
partial suppression of combustion chamber thermoacoustic oscillations by adjusting the high-frequency dynamics
of the injector are shown theoretically.

Key words: liquid-propellant rocket engine, combustion chamber, high-frequency instability, oscillation
frequencies, logarithmic decrements (oscillation decrements).

1. Introduction. It is known [for example, 1, 2, 3] that the development of
high-frequency instability (HF instability) of liquid-propellant rocket engines
(LRE) with traditional cylindrical combustion chamber during fire tests is often
accompanied by a significant increase in dynamic loads on combustion chamber
structures, leading in a number of cases to chamber destruction. HF instability in
the LRE combustion chamber is developed as a dynamic process caused by the
interaction of gas pressure oscillations (at the frequencies of chamber acoustic 0s-
cillations) and thermal processes during combustion. The above phenomena are
resonant in nature. Acoustic excitation effect on the burning rate. Oscillations in-
crease the mixing rate of the propellant components and reduce the burning zone.
As a rule, [1, 2, 4], dynamic processes in the case of combustion chamber HF in-
stability occur mainly at the lowest tangential acoustic modes with oscillation fre-
guencies exceeding 1000 Hz.

HF stability evaluation and determination of the parameters of HF oscillations
(natural frequencies, reduced masses and stability margins such as decrement [2,
5]) is one of the problems solved in the LRE design period as part of the develop-
ment of measures to ensure the engine HF stability. In different work [2, 4, 5] the
experimental HF stability margins of combustion chamber (such as logarithmic
decrements) are calculated by width of 0.5-maximum of pressure spectral density
in combustion chamber based on the dependencies recorded during the fire tests of
the chamber. Also HF stability margins of combustion chamber are calculated by
the values of the engine operating parameters closeness to the stability boundaries
plotted in the ‘pressure — propellant components ratio’ plane of the operating pa-
rameters [2, 4, 5].

Methods theoretical (numerical) calculation of operation process parameters
in combustion chamber based on approaches used Computational fluid dynamics
(CFD) or more simple phenomenological models of dynamic process. First differ
extremely unwieldy approaches that require significant time for calculating the
flow parameters, combustion chemical reactions parameters [6, 7]. Using of 3D
numerical models of the unsteady processes of motion and combustion of propel-
lant components, scientists can analyze physical essence of the phenomenon more
fully than in case of using analytical chemical reaction laws. Also, it allows to
identify the leading feedback mechanisms with the input parameters of the cham-
ber and to evaluate the influence of a large number of operating and design factors
on the parameters of oscillation motion and burning.

Calculation methods of the natural acoustic frequencies of chamber combus-
tion product oscillations are based on classical solutions (in particular, [3, 8], ob-
tained by using Bessel functions) for dynamics of combustion products equations
written in cylindrical coordinates.

Modern conception about the mechanism of HF oscillations development sug-
gest the influence of dynamic processes in the chamber feed system and in the
combustion chamber injectors on the quantitative indicators of stability of opera-
tion process in the combustion chamber [2, 9, 10]. For example, in M. Dranovsky



paper [2] carried out an experimental evaluation of influence of injector head and
the pressure drop across the injectors on the HF stability of the combustion cham-
ber. Also, the Klein’s experimental research [4] have shown the possibility of sup-
pressing the HF instability of the chamber by installing special (resonators) damp-
ers on injectors. It should be noted the influence of injector head dynamics and the
propellant feed system on the development of the Chug dynamic phenomenon
[11]. In this case, the theoretical approach to evaluating the stability of the com-
bustion chamber should take into account the interrelated dynamic processes dur-
ing the propellant flow in the feed system, chemical combustion reactions and
acoustic phenomena in the combustion chamber.

The aim of this paper is to develop a numerical approach to evaluating the HF
stability margins of LRE combustion chambers taking into account the features of
combustion space configuration and the variability of gaseous medium physical
properties depending on the axial length of the chamber, acoustic impedance
chamber at critical throat section and dissipation effects (damping experimental
values) in chamber structure and gas media in chamber.

2. Numerical approach to evaluation stability of liquid rocket thrust
chamber. The proposed numerical approach to evaluation stability of liquid rocket
thrust chamber consists of calculating the dynamic gain of the coupled ‘injector —
combustion chamber’ dynamic system, which describes the dynamic processes of
the liquid propellant flow in injectors, mixing and combustion of propellant com-
ponents, flow of combustion products in the subcritical part of combustion cham-
bers during harmonic disturbance of the propellant flow at the inlet of combustion
chamber in the frequency range of propagation of acoustic waves in the combus-
tion chamber. (in dimensionless variables of pressure and flow).

In this case, the total dynamic gain of the coupled ‘injector — combustion

chamber’ dynamic system is calculated. Total dynamic gain Wsys( Jo) of ‘injector

— combustion chamber’ coupled dynamic system is defined as complex value of
multiplication of dynamic gains of three consistently elements: zone of oxidizer
flows in the injector w;, (jo), burning zone w,, (jo) and zone of oscillation mo-

tion of combustion products in the combustion chamber W ., ( jo) :

Wys(Jeo) =Wy (Jeo) W (o) X W (o), €

2.1 Liquid rocket engines (LRE) injector dynamic gain. LRE injectors was
considered as complex hydraulic tubes as a system with distributed parameters.
Mathematical model of LRE injector fluid dynamics was developed and based on
the equations of unsteady motion and continuity of fluid [12]:
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where P, G are pressure and weight fluid flow rate; t is time; z is axial coor-
dinate of the injector length; F is area of the injector cross section; K is reduced
coefficient of linear friction per injector length unit; J is gravity acceleration; C
is the fluid sound speed in a injector with elastic walls.



However, the use of equations (2) in partial derivatives even in linear mathe-
matical models with a further approximate solution is associated with cumbersome
computations. Therefore, to calculate the injector dynamic gains, taking into ac-
count the axial distribution of injector parameters, the impedance method was used
[12]. In this case, the solution of partial differential equations (2) can be represent-
ed, for example, by a passive quadrupole of the following form:

8P, =byy - 8P, + by, -8Gy, 3
8G, =byy 8Py + by, -Gy, @)

where &p,, §G,, 8P, . 562 are deviations of fluid pressure and weight flow rate
from their values at steady state conditions at the inlet and outlet of the quadru-
pole; by;, b,, by and by, are elements of the transfer matrix of the hydraulic pipe-
line with distributed parameters

sh(g -1)

by =ch(y-1), b, =-Zg-sh(g-1), b21:__B

. by, =ch(g-1), (4)

where y is complex ‘constant’ of wave propagation per unit of pipeline length; zg

is wave resistance of the hydraulic pipeline; | is the injector length.
Using a passive quadrupole of the form (3), (4), for the injector with a com-
bustion chamber burning element input impedance z,, (jo) (as a result of calcu-

lating the frequency characteristics of the combustion process and the gas-dynamic
flow of combustion products in the chamber by the finite element method) to cal-
culate the injector output impedance z,,;, (jo) , the injector dynamic gain w;, ( jo)

can determine by formulas:

_ 4 Pain(Jw) _ 1 i
Hinl ) d Pyin( Jw) b“+blzzlm(jw)’ ®)
Zyin (Jw )—dplm(JW) blz_bZZ ZZln(JW) ®)

dGlln(JW) b21 ZZln( JW) b11

2.2 Modelling of combustion process with time-varying delay. For combustion
chambers with good organization of the operating process, the conversion of liquid
propellant into combustion products is mainly completed in a small area adjacent
to the injector head. To describe the combustion of liquid propellant, the combus-
tion phenomenological model [1] in a combustion chamber with time-varying de-
lay «, depending on the pressure p,, in the combustion chamber, is used. On the
basis of this model, the dynamics of the burning zone (for simplest case), can be
described in the form of a passive quadrupole. The equations of passive quadru-
pole couple the pressures and flow rates at the inlet and outlet from the burning
zone:

{dﬁzbn =ayy APy + &2 -dGypy %
dGapn = a1 -APipy + 827 -Gy,



where dpy,, , dGyp, , AP,y dGyyp, are deviations of fluid pressure and weight flow
rate from their values at steady state conditions at the inlet and outlet of the quad-
rupole of combustion process; a;;, a;,, a5, and a,, are elements of the transfer

matrix of the burning zone a;;=1.0, alzzdi(e‘jwt -1.0), ay =0 and

b
a,, =e ™' parameter d, is factor depended on chamber pressure p..and charac-
terize the rate of the process of converting liquid propellant into combustion prod-
ucts with a change in the delay time .. Notice that p,.. is pressure in the inlet of

acoustic oscillations zone of combustion products in chamber, equal to pres-
sure p,p, in the outlet of burning zone.

Using (7) the burning zone dynamic gain Wj,,( jw) can determine by formu-

las:
, d Popn (JW) 1
Wy, (jw)=—""=""—"=a, ,+a,———, (8)
3 dppn(iw) T Zypn(jw)
where 1 ___is the admittance of the combustion chamber at the inlet of the
Zypy (jow)

burning zone (equal to the total admittance of the injectors in the accepted schema-
tization of the chamber process).

2.3 Evaluation of the dynamic gains of the LRE combustion chamber at fre-
guencies of acoustic oscillations. The proposed approach to calculating the param-
eters of HF 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 calculated separately
from the calculation of flame dynamics.

The significant feature of approach is the calculation of the parameters of
acoustic oscillations of combustion products based on model of the coupled
‘chamber structure — gas’ dynamic system. This makes it possible to take into
account the effect of the elasticity of the combustion chamber structure on the
acoustic properties of the combustion products in the combustion chamber of
the configuration under study by the modal analysis of this system. The bounda-
ry conditions in solving the problem of natural oscillations of the dynamic sys-
tem are determined by the geometry and method of fastening the combustion
chamber structure to the base of the test bench, the conditions associated with
the gas flow in the section of the injector head bottom and with the supercritical
outflow of combustion products from the nozzle.

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

For developing a design scheme for the finite element analysis of the
‘chamber structure — gas’ dynamic system the geometric model of the gas-filled
chamber structure under study is formed. This geometric model contains infor-
mation 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



‘chamber structure — gas’ system are divided into simple ones like pentahedrons
or hexagons. Complex areas are divided into flat or spatial triangles or quadran-
gles. The developed geometric models make it possible to carry out “directional’
schematization of the gas-filled chamber structure with finite element (Fig. 1) by
the CAE - system (Computer Aided Engineering System) [13].

This not only makes it possible to avoid imperfections in the computation
scheme caused by the automatic discretization of complex volumes (or areas),
but also to ensure correct consideration of the boundary conditions for the
‘chamber structure — gas’ system at the interfaces between the gaseous medium
and the structure. Note that in the geometric model of the ‘chamber structure —
gas’ system, the conjugate surfaces of the obtained simple volumes and the cor-
responding regions must coincide with each other.

For most structural dynamic problems, 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:

[MUXI+[CHX I+ [KH{X}={F}, 9)

where [M], [C], [K] are respectively structural mass matrix , structural
damping matrix and structure stiffness matrix, (n;xn;); n; is number of de-
gree-of-freedom (DOF) of chamber structure; {X} is nodal structure dis-

placement  vector, {X}={X1,...,an}; {X}={dX1/dt,...,an1/dt};
{X}={d®Xy/dt?...d*X, /dt®}; t is time; {F} is applied load vector:
{F}={F1..F, }.

For modeling acoustic fluid — structural interaction (FSI) problems [13], 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 [14, 15].

2
V(lvpj_lﬁgw tuof 1 _6[QJ+V Ay (Qj w0
P pc” ot 3p \pc®at alp 3 \p))
where C is speed of sound in gas medium; p is mean gas density; L is dynamic

viscosity; p is acoustic pressure; Q is mass source in the continuity equation,

(mass flow per unit gas volume [16]).
According to [13, 17, 18] the equation (10) can be written in matrix notation
to create the following discretized wave equation:

[MeI{Be 34+ [Ce 1 Pe 3+ [Ke J{ pe 3+ To[RIT{Ur  3={ fe },  (10)
where [MF]=?0J.J.L2{N}{N}Tdv is acoustic fluid mass matrix;
roC

[CF]_rOJ.J.J. VN]r [VNJdv is acoustic fluid damping matrix;



_ 1
[KF]ZPOJ‘HP_[VN]T[VN]dV is acoustic  fluid stiffness matrix;
o M0

[R]T=ﬁ{N}{n}T{N'}TdS is acoustic  fluid  boundary  matrix;
Me

{fe }=romri{N}{N}Tdv{q}+ o] ;'%-[VN]T[VN]dV{q} is acoustic
we 0 we ©'0

fluid load vector; p, is acoustic fluid mass density constant; p, is mean fluid

density. Ure is shell displacement vector at the fluid boundary; {P,} is nodal

pressure vector; {N} iselement shape function for pressure; {N7} 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 ¢  ; dS
is surface differential of acoustic domain boundary T .

Equations (9), (11) describe the complete finite element discretized equations
for the FSI problem. These equations are written in assembled form [13] as:

{[Ms] 0 H{UE}H[CS] 0 H{ue}H[Ks] —[R]H{ue}}: {{fs}}
polRTT IMelJltB 'L 0 reelltnd | o IKelne ety (2

The fluid pressure load vector { f,"" }=[R]{p.} at the interface S (acous-

tic gas domain boundary Ig) is using in shell structural dynamics and in equa-
tion (12).

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 the chamber structure
and the gas medium oscillations.

Based on the equation (12), using by the means of CAE-systems determines
the parameters of forced oscillations under harmonic excitation by pressure in the
section of the beginning of the combustion space of the chamber, taking into ac-
count damping. To determine the amplitudes of chamber longitudinal and radial
acoustic oscillations, symmetric harmonic excitation of the gas medium is intro-
duced. The 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 LRE structures of
the outer and inner shells of the combustion chamber.

Proposed model of combustor chamber dynamic is used for calculations of
d EZCC( JW)
dGaee( jw)
(Zyee(jw) mean complex ratio of pressure and mass flow) in throat. Meanwhile
model is taking into account dissipation effect in critical intersection. More than

acoustic parameters taking into account impedance Z,..(jw)=



finite element model is taking into account damping ratio in each structural materi-
al and combustion gases. For calculations damping ratio is 2 % for elastic structure
element and 0.1 % for 3D acoustic fluid (this values are corresponding experi-
mental data).

Dynamic pressure gain W, (jo) is characterized oscillation motion of com-

bustion products in cylindrical part of chamber. Depending on the oscillation mode
(tangential, radial or longitudinal) this dynamic pressure gain is considered as the
ratio of the complex pressure value &P, (jw) at the inlet of chamber throat to

complex value of pressure §P, (jo) at the inlet of cylindrical part (immediately
after the combustion section):

i _ dPch( jW )
Wee( JW)——dF,1CC Gw)’ (13)

where w is imposed circular frequency; j is square root of -1; symbol & is charac-

terized for marking of deviation from the steady state value of the parameter.

In case of combustion chamber tangential oscillations study, the harmonical
disturbance by pressure at the inlet of chamber acoustic zone the sectoral perturba-
tion 5P, (jw) Of its section in longitudinal direction is made [19]. In case of axial

oscillation study, the harmonical disturbance by pressure at the chamber inlet in
the form of axial pressure perturbation §P,. (jo) Of the entire transverse section is

introduced (Fig. 1).

2.4 Calculating of oscillation decrement by total dynamic gain factor of fre-
guency characteristic of ‘injector — combustion chamber’ coupled dynamic system
Wqys( jw). During fire tests of the combustion chamber with the recording of pres-

sure pulsations, the value of decrement 0 is calculated by using the time depend-
ence of the pressure of the dynamic process under study [2]. At the same time, the
experimental evaluation of the stability of the operating process in the combustion
chamber to pressure disturbances is based on the method of numerical determining
the system decrement from the spectral density of the dynamic process and its
comparison with the maximum allowable value typical for this type of chamber.
Advantage of using the oscillation decrement as an indicator of the stability margin
of ‘injector — combustion chamber’ dynamic system due to the fact that at the sta-
bility system boundary in the engine operating parameters space the system stabil-
ity margin is 8= 0 by definition.

Frequency characteristics are used to calculate oscillation parameters of com-
plex dynamic systems, based on the analysis of the frequency characteristics of the
constituent parts [20]. In analysis of the calculated frequency characteristics, the
stability of the 'injector - combustion chamber’ dynamic system can be estimated
based on the calculation of the oscillation decrement of dynamic system. The fre-
quency full width Af at 0.5-maximum of the modulus of dynamic gain characteris-

tic ’\Nsys(jx2nfi)‘ at system resonant frequency f; corresponds to the damping

constant (decrement) &. This is absolutely for a single-mass oscillatory system
[20]
d=2p x[;—f. (124)

10



For determining the system oscillation increments (in the case of instability of a
coupled system), the oscillation increment is carried out taking into account the phase

of the frequency response VVsyS( jo).

3. An example of the proposed approach implementation. Evaluation of
the parameters of HF acoustic oscillations of the LRE combustion chamber RD253

Elbu'..
urning oxid

r fuel I

zone_ 3 outlet . _ outlet |

. Combustion
chamber

acoustic | =043 m

Zone

=0.27%m|

throat

Fig. 1

The proposed approach
was tested on the basis of a
comparison of the results of
the numerical and experi-
mental computation of the
frequencies and modes of
coupled oscillations of the
traditional cylindrical com-
bustion chamber RD253 (with
a diameter of 0.43 m, an axial
length (cylindrical) of
0.423 m and nitrogen tetrox-
ide and unsymmetrical dime-
thyl hydrazine as propellant)
The RD253 engine schematic
is shown in Fig.1).

According to proposed
approach parameters of forced
harmonically oscillations of
RD253 chamber were calcu-
lated. Finite element model
and boundary condition are
shown in Fig. 2 (the imped-
ances at the injector head bot-

tom and at the throat, applied pressure, fixed chamber structure displacement).
Calculated normalized dynamic pressure P, diagrams for acoustic longitudinal and
tangential oscillations of the cylindrical combustion chamber RD253 under a sin-
gle harmonic external excitation are shown in Fig.2. Total dynamic gains

Wsys( Jo) of coupled ‘injector — combustion chamber’ dynamic system are calcu-

lated by use of (1), (5), (6), (8), (13) in the frequency range from 1000 to 1700 Hz
for longitudinal oscillation modes, and from 4000 to 4500 Hz for the chamber third

tangential mode of acoustic oscillations. These total dynamic gains VVsyS( Jo) are

shown in Fig. 3, a), b).
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a) is finite element model schematics

b) is normalized dynamic pressure P, diagram for longitudinal mode of f;,=1291 Hz
for static pressure P =99.5 bar in combustion chamber
) is normalized dynamic pressure diagram for tangential mode of f3r=4175 Hz
for static pressure P =134.5 bar
Fig. 2

3o

The curves number from 1 to 4 denote the frequency characteristics in Fig. 3,a)
are the modulus of the total dynamic gains Wy ( jw) of coupled “injector — combus-

tion chamber’ dynamic system for pressure in combustion chamber equal to 99.5
bar, 112 bar, 135 bar, 158 bar. The curves number from 1 to 4 denote the frequen-
cy characteristic in Fig. 3,b) are the modulus of the total dynamic gains Wg( jw)

of coupled ‘injector — combustion chamber’ dynamic system for oxidizer-to-fuel
ratio Km equal to 1.95, 2.6, 3.1, 3.38. The curve number 5 in Fig. 3,b) denotes the

frequency characteristic is the modulus of the injector dynamic gain factor
Win (jo)

mod Wy (jo) mod W (jw)
2 1
15
10
5
5
0
1.0 12 1.4 18 fkHz 40 41 42 43 44  fkHz
a) b)
a) is total dynamic gains Wy ( jw ) of “injector — combustion chamber” coupled
dynamic system in case of longitudinal oscillations
b) is total dynamic gains W ( JW ) of “injector — combustion chamber” coupled
dynamic system in case of tangential oscillations
Fig. 3
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a) is dependences of oscillation decrements (14) vs. engine RD 253 pressure in com-
bustion chamber P
b) is dependences of oscillation decrements (14) vs. engine RD 253 oxidizer-to - fuel
ratio Kn
1 — calculated data; 2 — experimental data

Fig. 4
Based dynamic gain calculation results W, ( jw ) , the oscillation decrement

values O of ‘injector — combustion chamber’ coupled dynamic system under study
are computed by using (14).

The calculated dependences (curve 1) of oscillation decrements of the engine
RD 253 vs. operating parameters (pressure in combustion chamber and oxidizer-
to-fuel ratio Kn) are shown in Fig. 4. The experimental values of the oscillation
decrements (curve 2) obtained by calculated spectral densities of operating process
in the chamber RD253 pressure for fire tests [2] are shown in Fig. 4. As follows
from the analysis of Fig. 4 there is satisfactory agreement of the above dependenc-
es in the range of operating parameters change closed to the engine dynamic sys-
tem stability boundary.

4. Discussion. The parameters of combustion chamber dynamic system natural
acoustic oscillations (the frequencies, shapes, effective masses and decrements) for
dominant acoustic modes, oscillation parameters (displacements, pressures) and
dynamic acceleration of combustion chamber structure walls are calculated on the
basis of the developed finite element model of coupled dynamic processes of
combustion chamber structure spatial vibrations and oscillation processes of
combustion products. As a result of the analysis of complex dynamic gain of the
‘injector — burning zone — cylindrical combustion chamber’ system, the operating
parameters of the LRE chamber, potentially dangerous from the point of view of
the development of LRE thermoacoustic instability, were identified.

The analysis results of the dynamic interaction of the RD253 combustion
chamber structure and combustion products showed that the effect of wall
thickness of combustion chamber cylindrical part is limited by oscillation
frequencies up to 1 kHz. In turn, the effect of sound speed in the combustion
chamber is more decisive for the system oscillation frequencies above 1 kHz.

From analysis of the results presented above, it follows (see Fig. 3) that the
tangential and radial modes under study, as a rule, have the higher oscillation
frequencies than the frequencies of longitudinal oscillation modes. But total dy-
namic gain factor W ( jw) for the tangential mode has large values in compari-
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son with similar values calculated for the longitudinal oscillation mode (see Fig.

3), taking into account the modulus of the injector dynamic gain factor Win (jo)
Moreover, the minimum values of calculated and experimental oscillation
decrements for the longitudinal oscillation mode in two times greater than similar
values for the decrements of tangential mode oscillations. This follows from a
comparison of the results presented in Fig. 4, a) and Fig. 4, b). The experiment
value of decrement is 0.075 and calculated value is 0.0827 for longitudinal
frequency f1L in frequency range (from 1.26 kHz to 1.36 kHz), corresponds to
static pressure Pcc =99.5 bar in Fig. 4, a). The value of oscillation decrements of
engine RD 253 chamber for tangential frequency f3T at frequency range from
3.76 kHz to 4.2 kHz is 0.03846 in experiment data and is 0.0376 in calculation
data for static pressure P=134.5 bar and oxidizer-to-fuel ratio K=3.386.

Thus, the system tangential modes can lead the system to the stability limit in
case of smallest values of oscillation decrement. It can be dangerous in case of
engine combustion instability.

The injector as element of dynamic system, depended on its resonant adjusta-
ble frequency (resonant maximum of its frequency gain), can either increase in the
total dynamic gain factor Wy, ( jw) (and, consequently, reduce the stability mar-

gin of the 'injector — combustion chamber’ dynamic system, i.e., decrement d ), or
decrease in module value of Wy, ( jw ). It means from the dependencies shown in

Fig. 4, b) (curve number 5, the modulus of the injector dynamic gain factor
Wi, (jw)). In this case, as follows from the Fig. 4, there are frequency ranges

characterized by modulus W;,( jw) don’t exceeded 1.0. Moreover, it is necessary
to take into account in analysis the phase relationships between W;,( jw) and
W, ( jw)). That is why, the injector frequency characteristic can have a stabilizing

effect on the 'injector — combustion chamber’ dynamic system. This property of
injector HF dynamics can be used to suppress the thermoacoustic oscillations of
the combustion products in the combustion chamber.

It can be noted the overestimated values of some experimental oscillation
decrements obtained by working with the results of the RD253 engine fire tests. It
is possible that such overestimated values of the decrements were determined by
the software imperfection for processing the results of experiments on LRE firing
tests in the seventies of the last century. There is the satisfactory agreement of
experimental and calculated decrements dependences in the range of operating
parameters change closed to the dynamic system stability boundary. These facts
allow us to conclude that it is possible to use the approach for theoretical
prediction of HF stability boundaries of the rocket engines.

5. Conclusions. The numerical approach to evaluate HF stability of
combustion chamber of the LRE is proposed. This approach takes into account
features of chamber structure and oscillation motion of combustion products in the
chamber. Accordingly, to the proposed approach, the evaluation of rocket engine
stability margins (logarithmic decrements) based on the analysis of the ‘injector -
combustion chamber’ coupled dynamic system. This dynamic system describes
dynamic processes of liquid propellant flow in injectors, mixing and burning
propellants, flow of combustion products in the subcritical part of combustion
chambers during harmonic excitation of the propellant flow at injector inlet at the
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frequency range of acoustic waves propagation in the rocket engine combustion
chamber.

The satisfactory agreement of experimental and calculated decrements
dependences in the range of operating parameters change closed to the dynamic
system stability boundary allow us to conclude that it is possible to use the
approach for theoretical prediction of HF stability boundaries of the rocket
engines.

The effect of the injector on the stability of the combustion chamber and the
possibility to partial suppress of combustion chamber thermoacoustic oscillations
by adjusting the injector HF dynamics are shown theoretically.

1. Natanzon M. C. Combustion instability, Moscow, 1986. 208 p. (in Russian).

2. Dranovsky M. L. Combustion Instabilities in Liquid Rocket Engines. Testing and Development Practices in Russia,
AIAA Progress In Astronautics And Aeronautics. 2007. Vol. 221. P. 321. https://doi.org/10.2514/4.866906

3. Ylchenko M. A., Kriutchenko V. V., Mnatsakanian Yu. S. Operation process stability in flying vehicles engines.
M., 1995. 320 p. (in Russian).

4. Klein S., Borner M., Hardi J. S., Suslov D., Oschwald M. Injector-coupled thermoacoustic instabilities in an
experimental LOX-methane rocket combustor during start-up. CEAS Space Journal. 2020. P.267-279.
https://doi.org/10.1007/s12567-019-00294-4

5. Oschwald M., Farag6 Z., Searby G., Cheuret F. Resonance Frequencies and Damping of a Combustor
Acoustically Coupled to an Absorber. Journal of Propulsion And Power. 2008. Vol. 24, No. 3. P. 524-533.
https://doi.org/10.2514/1.32313

6. Mosolov S. V., Sydlerov D. A. Impact research of pulsation control baffles on development of operation process
in combustion chamber of oxygen-kerosene LRE with jet-centrifugal injectors by method of numerical
simulation. Vestnyk MHTU ym. N.3. Baumana. Seryia Mashynostroenye. 2017. Ne2 (113). URL:
https://cyberleninka.ru/article /n/issledovanie-vliyaniya-antipulsatsionnyh-peregorodok-na-razvitie-rabochego-
protsessa-v-kamere-sgoraniya-kislorodno-kerosinovogo-zhrd-s (date of assessed: 10.12.2019). (in Russian).

7. Kalmykov G. P., Larionov A. A., Sidlerov D. A., Yanchilin L. A. Numerical simulation and investigation of
working process features in high-duty combustion chambers. Journal of engineering thermophysics. 2008.
Vol. 17. No. 3. P. 196-217. (in Russian). https://doi.org/10.1134/S1810232808030053

8. Crocco L., Cheng S.I. Theory of Combustion Instability in Liquid Propellant Rocket Motors. London.
Butterworths Scientific Publications, New York. Interscience Publishers Inc., 1956.200 p. URL:
https://ui.adsabs.harvard.edu/abs/1957JFM..2..100H/abstract (Last accessed: 25.10.2020).
https://doi.org/10.1017/S0022112057210774

9. Kaess R., Koeglmeier S., Sattelmayer T., Schulze M., Oschwald M., Hardi J. HF Combustion Stability.
Research Activities in Germany, Space Propulsion Conference. Rome. 2016. 12 p., SP2016_3124816. URL:
https://elib.dIr.de/107846/1/Kaess2016_SP2016_3124816.pdf (Last accessed: 25.10.2020).

10. Gerhold T., Friedrich O., Evans J. & Galle M. Calculation of Complex Three-Dimensional Configurations
Employing the DLR-TAU-Code. 1997. AIAA. paper 97-0167. https://doi.org/10.2514/6.1997-167

11. Marco L., Francesco N., Marcello O. Non-linear Analysis of low-frequency combustion instabilities in liquid
rocket engines. Progress in Propulsion Physics. 2019. Vol. 11. P. 295-316,

12. Pylypenko V. V., Zadontsev V. A., Natanzon M. S. Cavitation self-excited oscillations and dynamics of
hydraulic systems. Moscow: Mashinostroenie, 1977. 352 p. [in Russian].

13. Kohnke P. Ansys Inc. Theory Manual. Twelfth Edition, Canonsburg, 2001. 1266 p.

14. Zenkevych O. K. Finite element method in engineering. Translation from English. M., 1975. 541 p. (in
Russian).

15. Lependyn L. F. Acoustics. M., 1978. 448 p (in Russian).

16. Rouch P. Computational fluid dynamics. M., 1980. 618 p. (in Russian).

17. Bate K. Yu. Finite element methods. Translation from English. M., 2010. 1024 p. (in Russian).

18. Zienkiewicz O. C., Newton R. E. Coupled Vibrations of a Structure Submerged in a Compressible Fluid.
Proceedings of the Symposium on Finite Element Techniques. University of Stuttgart, Germany. June, 1969.
URL: https://repository.tudelft.nl/islandora/object/uuid%3A27785b4f-3709-4fa9-a189-6ce1d3365564  (Last
accessed: 25.10.2020).

19. Lebedynskyi E.V., Natanzon M. S., Nykyforov M. V. Experimental method for calculating the dynamic
properties of gas flows. Acoustic journal. 1982. Vol XXVIII, No. 5. P. 660-664. (in Russian).

20. Chelomei V. N., Henkyn M. D. Vibrations in Engineering. Measurements and tests. M.. Mashynostroenye,
1981. Vol. 5. 496 p. (in Russian).

Received on 21.03.2022,
in final form on 06.04.2022

15



