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Ha 0ocHOBI CKiHYEHHO-EIEMEHTHOI IMCKPETH3allii aBTOKOIMBAIBLHOI cucteMu «PiIMHHA paKeTHA JBUI'YHHA
ycranoska (PPJIY) — kopryc pakeru-socis (PH)» i3 BUKOpHUCTaHHAM TPUBUMIPHHX 1 OJHOBHMIPHHX KiHIEBHX
€IIEMEHTIB PO3pO0IEHO MaTeMaTHYHy MOJIENb, 0 ONUCY€E HENiHIHHY AUHAMIYHYy B3a€MOJII0 KOPITYCY ABOCTYIIE-
HeBoi PH (six cxiaiHOT 060J0HKOBOT KOHCTPYKIIIi, 10 MiCTHTH piuHy) i ii MapmoBoi PP/IY Ha akTuBHIN yacTHHI
nonsoTy PH, 1 po3BHHEHO miAXin 10 BU3HAUEHHS MapaMeTpiB aBTOKONMBaHb pinuHHOI PH mpu i mo3nomxHBOT
necriiikocti (POGO).

VY 3amponoHOBaHOMY MiJXOJi KOPITyC PiHHHOI paKeTH PO3IJIAAAEThCs K CKJIaJHA 0araTo3s's3KOBa JIHUCH-
naTHBHA cUcTeMa «KOHCTpyKiis PH — pinke mamuBo B 6akax» i cXeMaTH3yeThCs TPHUBUMIPHUMH CKiHIYCHHUMH
eJIeMEHTaMH, IO JIO3BOJISIE JOCIIDKYBATH IPOCTOPOBI KonuBaHHs koprycy PH i pinkoro mamuiBa B iforo 6akax.
MopentoBaHHsT HU3bKOYACTOTHOI nuHamiku HacociB PPJIY BHKOHyeThCsS Ha OCHOBI po3pobienoi B IHctuTyTi
TexHiYHOI MexaHiku HamioHanbHOI akazmemii Hayk VYkpainu i [lepaBHOrO KOCMIYHOTO areHTCTBa YKpaiHH
(ITM HAHY i IKAY) teopii kaBiTauifiHux aBTOKOJIMBaHb B HACOCHUX CHCTeMaX. [Ipu MOJIENOBaHHI HU3bKOYAC-
TOTHHUX IpoleciB B aAuHaMiuHii cucremi «PPIY — xopmyc PH» BpaxoByroThcs HemiHIHHOCTI, SIKi € HaWOLbII
CYTTEBUMH TIPU YHCEIBHOMY pillleHHI HemiHiiHoI 3amaui nmpo POGO-KomuBaHHS PIAMHHOI pakeTH — HemiHiitHa
3aJIOKHICTh 00'eMy 1 IOCTIHHOI 4Yacy KaBiTaI[iiHHX KaBepH BiJ PEKHMMHUX [TapaMeTpiB HAcOCiB Ta HeliHiifHa
3aJIeKHICTh IeKPEMEHTIB KorBaHb kopiycy PH Bix ammuiTyx ioro KomuBaHs.

IpoBeneHo uncensHe MozpemoBanHs POGO-aBTokonBanb JBocTyneHesoi PH 3aransHor0 Macoro 165 T i3
MacoIo piIiHU B 6akax OKHCITIOBaYa i manbHoro mepiuoro cryneds 130 T. {71 po3paXyHKOBOTO BUIIAIKY PE30HA-
HCHOI B3aemozii koprycy PH i3 PP/IY Bu3HaueHO mapameTpH IpaHHYHOIO UKy AWHaMidHOi cucteMu «PPIIY —
kopryc PHy. [Toka3aHo, 1110 np# aBTOKOJIMBAHHSIX MEPEMILICHHS €IeMEHTIB KOHCTPYKIi KOPIYCY PaKkeTH, THCKIB
Ta BUTpAT NAJIBHOTO B €JIEMEHTaX PiIAMHHOTO PAKeTHOTO IBHUTYHA BifOyBalOThCS 3 yacToToro 15,9 ', 61m3pKoI0
10 yactotH || -ro TOHy BlacHUX MO3J0BXKHIX KOJIMBaHb KOPITYCY.

Po3pobiieHe HayKOBO-METOIHYHE 3a0e3MeUeHHsT MOJKe OyTH BHKOPHCTAHO JUISl TEOPETHYHOTO BU3HAUCHHS
napameTpiB aBTOKOJIMBAHb HEPCIEeKTUBHUX piguHHUX PH (B TOMY 4HCITi pakert, sKi MalOTh CKJIaAHY IPOCTOPOBY
KOH(Irypariito KopIycy) o BiJHOIICHHIO O NPYXHHUX MO3IOBXHIX i MONEepeYHHX KOJIHBaHb KOHCTPYKILIii, a Ta-
KO JUISl OI[IHKM AMHAMIYHOT'O HaBaHTa)KeHHS KOHCTpykuiid PH.

Ha ocHOBe KOHEYHO-IJIEMEHTHOH AMCKPETH3alluH aBTOKOneOaTedbHOH cucTeMbl «KuaKocTHas pakeTHas
neurarensHas ycranoBka (JKPIY) — kopmyc pakersi-Hocutenst (PH)» ¢ ucronb30BaHreM TPEXMEPHBIX W OJHO-
MEpHBIX KOHEUHBIX JJIEMEHTOB pa3paboTaHa MaTeMaTH4ecKas MOJelb, OMHCHIBAIOIIAS HEJIHHEHHOE TUHAMHYE-
CKOe B3ammojeiicTBHe Kopiryca nByxcrynendaToid PH (kak ciroxHO# 000109€4HOI KOHCTPYKIUH C KHAKOCTBIO)
u ee mapiueBoit XKP/Y Ha akTuBHOM yuactke nojera PH, u pa3BuT moaxox K onpeaeneHuio napaMeTpoB aBTOKO-
nebanwuit xkuaKocTHOH PH 11pn ee mpomonsro#t Heycroitansoctn (POGO).

B mpenmaraeMoM moaxofe KOPIYC >KMAKOCTHOM paKeThl PacCMaTpUBAETCS KaK CIOXKHAS MHOTOCBSI3HAs
JIMCCHUIIATHBHAsI CHCTEMa «KOHCTpyKIms PH — skuakoe TOIumBO B 0akax» M CXEMaTH3HMPYETCsl TPEXMEPHBIMU
KOHEYHBIMU DJIEMEHTaMH, 4TO IO3BOJSIET UCCIENOBaTh NPOCTPAHCTBEHHbIE Konebanus kopmyca PH u xuakoro
TOIIMBA B ero 6Oaxax. MojennpoBaHHe HH3KOYACTOTHOH AWHaMHKH HacocoB JKP/IY BeINONHsETCS Ha OCHOBE
paspaboranHoll B MHcTHTyTE TeXHHYeCKOM MexaHMku HaumonanpHO# akamemun Hayk YkpauHsl u ['ocynap-
CTBEHHOTO KocMH4eckoro areHTcTBa Ykpaunsl (MTM HAHY u T'KAY) Teopun kaBHTal[MOHHBIX aBTOKOJICOAHHIT
B HACOCHBIX cUCTeMax. [Ipy MOAEIMpPOBaHMM HU3KOYACTOTHBIX MPOIECCOB B AMHaAMU4eckoil cucreme «OKPY —
xopryc PH» yuuThIBaloTCsl HENMMHEWHOCTH, Hamboliee CYyIIECTBEHHBIC IPU UYHCICHHOM pEIIeHHH HeIHHEHHON
3agaun 0 POGO-konebaHusX )XUAKOCTHOM pakeThl — HeJIMHEeWHas 3aBUCUMOCTh 00beMa M OCTOSHHOI BpeMEHH
KaBHTALIOHHBIX KaBEPH OT PEKHMHBIX ITapaMeTPOB HACOCOB M HEJMHEITHas 3aBUCHMOCTD JIEKPEMEHTOB KoJieha-
Huii kopryca PH ot ammiuTyn ero koneOaHuid.

IposeneHo uncnennoe moaenuposanne POGO-aBTokonebannii 1Byxcrynendaroii PH obmeit maccoit 165 T
C Maccoi JKUIKOCTH B Gakax OKMCIHUTENS ¥ Toprovero nepsoii crymenu 130 T. J{jist pac4eTHOro cirydas pe30HaHCHO-
ro B3auMojenctus kopryca PH u X)KP/1Y ornpeznenensl napamMeTpsl NpeebHOTO IUKIIA AMHAMUYECKOH CUCTEMBI
«KPIY — xopmyc PH». [loka3aHo, 4To Npu aBTOKOJIEOAHUSIX MEPEMELICHHs JICMEHTOB KOHCTPYKIHH KOpITyca
pakeThl, AaBIEHMH M PAcXoJ0OB B 3JIEMEHTaX >KUAKOCTHOTO PAKETHOTO IBMIATeNsl NMPOMCXOAAT C 4acTOTOH
15,9 I'ur., 6mm3koit k wactote Il -To TOHAa COGCTBEHHBIX TPOIONBHBIX KOIEebaHuii KopITyca.

PaspaboTaHHOE HAYYHO-METOJUYECKOE OOECIICUeHHE MOXKET OBITH HCIOJIB30BAHO MU TEOPETUYECKOrO
oIpereNeHus TapaMeTpoB aBTOKOJICOAHHN IEPCIEKTHBHBIX JKHAKOCTHEIX PH (B ToM umcie pakeT, HMEIOIIUX
CJIOKHYIO TIPOCTPAHCTBEHHYIO KOH(UTYPAIHIO KOPITyca) IO OTHOIICHHUIO K YIPYTHM HPOAOIGHBIM H IIONIEPEIHBIM
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KOJIe0aHUsAM KOHCTPYKIIUH, a TAKXKE AJI OECHKN JUHAMUYCCKOTI'O HArpy>KEHU KOHCprKI_II/Iﬁ PH.

A mathematical model describing the nonlinear dynamical interaction of a launch vehicle (LV) and its
marching liquid-propellant engine in the active phase of the LV flight is developed on the basis of the finite-
element discretization of the "propulsion — LV structure" self-oscillating system using three-dimensional and one-
dimensional finite elements. An approach to the computation of the liquid-propellant launch vehicle self-
oscillation parameters self-oscillations of the liquid launch vehicle under POGO instability is developed.

In the proposed approach, the rocket structure is considered as a complex multiply connected dissipative
system "LV structure — liquid propellant in tanks™ and is schematized by three-dimensional finite elements, which
allows investigating the spatial vibrations of the LV structure and the liquid propellant in the tanks. Modeling of
the low-frequency dynamics of the rocket engine pumps is performed on the basis of the theory of cavitation self-
oscillations in pumping systems developed at the Institute of Technical Mechanics of the National Academy of
Sciences of Ukraine and the State Space Agency of Ukraine (ITM of NASU and SSAU). The most significant
nonlinearities in the numerical solution of the non-linear problem of liquid-propellant rocket POGO oscillations,
namely, the nonlinearity of the dependence of the cavitation volume and the cavitation time constant on the pump
operational parameters and the nonlinearity of the dependence of the LV structure oscillation decrements on the
LV structure vibration amplitudes, were taken into account in the model of the system low-frequency dynamics.

Numerical modeling of POGO self-oscillations of a two-staged LV with a total mass of 165 tons and with a
mass of 130 tons of the propellant in the first stage tanks is carried out. For the computation case of the resonant
interaction of the LV structure and the liquid-propellant rocket engine (LPRE), the limiting cycle parameters of
the dynamic "LPRE — LV structure" system are determined. It is shown that in the case of LV POGO self-
oscillations the structural elements vibrate and the pressures and the flow rates in the liquid-propellant rocket
engine oscillate at a frequency of 15.9 Hz, which is close to the natural frequency of the second mode of the struc-
tural longitudinal oscillations.

The scientific software developed may be used in the theoretical determination of the POGO self-oscillation
parameters of prospective liquid-propellant rockets (including rockets whose structure has a complex spatial con-
figuration) with respect to elastic longitudinal and transverse oscillations of the LV structure and in assessing
dynamic loads on LV structures.

Keywords: POGO instability, liquid-propellant rocket, self-oscillations, lon-
gitudinal structural vibrations, mathematical modeling, pump cavitation, low-
frequency propulsion system dynamics, three-dimensional finite elements.

1. Introduction. Longitudinal oscillations of the launch vehicle structure
(POGO-oscillations according to the NASA terminology) with frequencies from 3
Hz to 50 Hz — 100 Hz, arising due the loss of liquid rocket longitudinal stability
during the flight, can lead to disruption of the integrity of the launch vehicle (LV),
to operation failure of the LV control system and to other emergency situations
[1]. Hence, ensuring the longitudinal stability of liquid-propellant rockets is an
urgent task, requiring its solution in the design stage of new LV and in moderniza-
tion stage of old-designed LV [1 - 6].

At present, the problem of POGO oscillations as a problem of theoretical pre-
diction of the amplitude limiting level of longitudinal self-excited vibration of lig-
uid rockets in the leading research aerospace institutes is not solved. For example,
the American Aerospace Corporation [7], which for many years carries out the
most responsible research on POGO oscillations of liquid rockets, consider the
solution of this problem by mathematical modeling methods is impossible because
of the poor knowledge of nonlinear dynamic processes in systems and assemblies
of liquid rocket propulsion system (mainly, in cavitating pumps).

The problem of determining the amplitudes of the POGO oscillations at the
LV longitudinal instability on the base of a nonlinear mathematical model of the
"liquid propellant propulsion — rocket structure” dynamic system was first consid-
ered by Dr. M. Natanzon. He substantiated the "mechanism™ of the longitudinal
self-oscillations of the rocket structure and showed the determining role of the
nonlinearities in the characteristics of LRE pumps for the development of longitu-
dinal oscillations of liquid rockets [1]. However, his POGO nonlinear analysis of a
liquid rocket was based on qualitative methods and estimates.
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The nonlinear theory of longitudinal oscillations of liquid LVs was created
and further developed in works of the ITM NASU and SSAU under of Academi-
cian V. Pilipenko [in particular, 8 — 11]. Mathematical models of low-frequency
dynamics of cavitation pumps of liquid rocket engines have been developed, which
allow to carry out not only qualitative but also quantitative analysis of the effect of
cavitation phenomena in LRE pumps on the dynamic characteristics of a propul-
sion system [8], and also carry out theoretical forecasts of longitudinal stability
and determine the parameters of longitudinal oscillations of liquid rockets in the
LV flight. It was shown in [9] that the nonlinearities of the characteristics of LRE
cavitating inducer-centrifugal pumps are a factor limiting the growth of the ampli-
tudes of longitudinal oscillations of liquid rockets. An approach to the numerical
solution of the problem of determining the parameters of the limiting cycle of lon-
gitudinal oscillations of a liquid rocket using the method of harmonic linearization
was proposed in [10].

In the papers [11-12], the longitudinal components of the LV load factor os-
cillations were determined on the basis of nonlinear mathematical models of the
low-frequency dynamics of the system "liquid propellant propulsion — rocket struc-
ture". However, the LV structure longitudinal oscillations were described in these
models on the basis of the generally accepted simplification [1], i.e. by equations
in generalized normal coordinates, taking into account several (mostly three) lower
vibration modes, and the structural shapes of free longitudinal oscillations of the
investigated LV and liquid propellants in LV tanks were calculated without ac-
counting for damping and interaction of propellant with an LV elastic structures.
In work [13] the developed mathematical model of low-frequency dynamics of the
"liquid propellant propulsion — rocket structure™ system is proposed, in which lon-
gitudinal oscillations of the LV structure are described as oscillations of a
branched chain of oscillators with damping effects. However, the model presented
was linear. It took into account only the lowest modes of natural longitudinal oscil-
lations of liquid propellant in the tanks. Thus, perspective directions of the further
development of the nonlinear mathematical model of low-frequency dynamics of
the "liquid propellant propulsion — rocket structure™ system used to the study of
LV longitudinal stability and dynamic loads are the allowance for the interaction
of various shapes of fluid oscillations in LV tanks with oscillations of LV elastic
structure and dissipative losses at these oscillations.

2. Statement of the problem. The aim of this work is the mathematical mod-
eling of LV oscillations at which to describe the spatial oscillatory motion of LV
structure holds its three-dimensional finite element schematization, and the one-
dimensional finite elements schematization are used to describe the low-frequency
dynamics of liquid propellant rocket engines (LRE).

In accordance with the proposed approach, the development of a mathematical
model of POGO self-oscillations of a liquid LV is based on the following posi-
tions:

— parameters of self—excited oscillations of a liquid LV are determined on the
basis of a nonlinear mathematical model of the low-frequency dynamics of the
closed "LRE — LV structure" system with "frozen™ coefficients;

— modeling of the spatial vibrational motion of the LV structure with liquid
propellant in tanks is carried out on the basis of the three-dimensional finite ele-
ment model of the system of liquid filled shell structures using modern computer
means of finite element analysis;
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— spatial fluctuations of liquid propellants in the tanks are modeled taking into
account the motion of the free surface of the liquid and the interaction of the liquid
with the tank structure [15];

— when describing the LRE low-frequency dynamics, aggregates, hydraulic
and gas paths are considered as one-dimensional finite elements [2];

— allowance for the energy dissipation of liquid propellant oscillations and
elastic vibrations of the LV structure is carried out on the basis of the viscous fric-
tion model with the use of experimental values of the vibration decrements of the
LV structure and the nonlinear dependences of the decrements of its oscillations
on the vibration amplitudes;

— cavitation phenomena in LRE pumps are taken into account on the basis of
the hydrodynamic model of cavitation oscillations in pumping systems [8];

— the main nonlinearities are taken into account in model of the low-—
frequency processes in the «LRE — LV structure» dynamic system: the nonlinear
dependences of the volume of the cavitation caverns and the cavitation time con-
stant on the operational parameters of the pumps [8], the dependence of the dec-
rements of the LV structure oscillations on the vibration amplitudes [17].

The proposed approach allows to investigate the POGO oscillations of liquid
LVs and determine the parameters of limiting cycle taking into account the com-
plex character of the interaction of the spatial oscillations of liquid propellant in
tanks, the elastic vibrations of the LV structure with nonlinear dissipative forces in
the spatial deformations of the LV structure and low-frequency processes in the
LPE.

3. Mathematical modeling of spatial vibrations of the liquid LV elastic
structure by the use of the finite element method. The liquid LV structure is a
complex hydromechanical system "the LV structure — liquid propellant in tanks".
As arule, it has a complex configuration, is performed with variable wall thickness
of load-carrying structures of propellant tanks and includes various load-bearing
elements.

Using the capabilities of modern CAE-systems [14, 15], based on the finite
element method, allows in most cases to take into account the design features of
the LV structure during mathematical modeling of its dynamic interaction with the
LRE. In accordance with the proposed approach, the problem of numerical model-
ing and analysis of the spatial vibrations of a liquid rocket structure with frequen-
cies up to 100 Hz is solved in the following formulation:

— the LV structure is considered as a complex system of filled liquid shell
structures;

— the LV structure spatial vibrations are modeled as vibrations of the "LV
structure — liquid propellant in tanks" dissipative system using finite element
methods and modern computer finite element analysis [13].

A mathematical model describing the LV structure spatial vibrations taking in-
to account energy dissipation is represented by the matrix equation

Msus(t)"'Dsus(t)"'Ksus(t):Oi (1)

where Mg, Kg, Dy are mass matrix, stiffness matrix and, accordingly, damping

factors matrix of the system "LV structure — liquid propellant in tanks", having a
size of 6ng x6ng; ng is number of nodes of the finite element model of the "LV

structure — liquid propellant in tanks" system; u is vector of system node move-
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ments: ug =[ug; 175, ug =[uX, ul, ug, ud?,ul? ulM; x, y, z are axis of
the Cartesian coordinate system, whose center is located on the axis of symmetry
of the LV structure at any point A(Xa,Ya,Za), COnvenient for analyzing the dis-

turbed motion (the axis z coincides with the LV longitudinal axis and is the axis of

symmetry of the LV structure); u$,u®), u@are projections of the displacement

of the n-th node on the axes x, y, z; u®?,ul*?d, ulYare angles of rotation of
the n-th node around the axes x, y, z; t istime.

Here and in the paper, the first derivative of a function with respect to time is
denoted by a variable with a point, and the second derivative by a variable with
two points: U (t) =dug(t)/dt; lg(t) =d?ug(t)/dt?.

The values of the damping coefficients for describing the vibrational motions
of the LV structure and the liquid propellants in equation (1) were selected in ac-
cordance with [16].

In modeling the spatial oscillations of liquid propellant in tanks, the following
generally accepted assumptions were made regarding the properties and nature of
liquid motion [1, 14]:

— liquid propellant is a homogeneous ideal compressible liquid;

— the motion of the fluid is irrotational;

— the forces of surface tension of liquid propellants are small, and their influ-
ence on the parameters of fluid and structure vibrations can be neglected.

The feature of modeling of spatial oscillations of the liquid propellants in LV
tanks was account the interaction of the liquid propellants with the tank elastic
structure and interaction of longitudinal and transverse oscillations of the liquid in
the tanks.

For modeling the spatial vibrations of the LV elastic structure, it was assumed
that the condition of joint deformation of the liquid and the tank structure is ful-
filled for the LV tanks (i. e. the condition of "sticking" of liquid on the tank wall).
This means that for nodes of the finite-element model of the system "LV structure
— liquid propellant in tanks" corresponding to the interface between the media
"wetted surface of the tank shell — liquid in the tank", displacement of finite ele-
ments "3D-liquid" [14] and shell elements of the tank structure are equal to each
other in the directions of the three axes of the local coordinate system. Further-
more, it was assumed that the condition of equality of nodal displacements in the
direction of the normal to the tank shell (the condition of ideal sliding of the liquid
along the wall of the tank) is fulfilled at the nodes of the finite element model sys-
tem "LV structure — liquid propellant in the tanks", corresponding media interface
of "wetted surface of the tank shell — the free surface of the liquid in the tank" for
elements «3D-liquid"” and shell elements of the tank structure.

The pressure of liquid propellant in the nodes of the finite elements "3D lig-
uid" used in the schematization of liquid filling in the LV tank was determined in
the developed model by the equation

pr =GBuy, 2)

where p; is vector by 6n; length, the components of which are the pressure val-
ues in the finite elements "3D liquid™; n¢ is total number of finite element nodes
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"3D liquid" in tanks; G, B are matrixes with size 6n; x6n; : G is bulk elasticity
matrix, B is transition matrix, connectmg deformations and node movements of
"3D-liquid" elements; u; =[u ;1% =[u%, u¥, u%, u¥2u%? e s vector

of nodal displacements of the "3D f|UId" elements, which is part of the vector of
nodal displacements of the system (1): us < us.

4. Development of a mathematical model of the dynamic interaction of
the first stage LV rocket engine and the LV structure. At flight conditions with
POGO phenomena the elastic LV structure and liquid propulsion forms a self-
oscillating "LRE — LV structure” dynamic system with positive feedback on the
thrust of the rocket engine [1], [2]. In accordance with [1], the elastic longitudinal
vibrations of the LV structure, caused by the longitudinal dynamic part of the en-
gine thrust. This vibrations cause pressure fluctuations on the bottom of the tank,
which lead to propellant pressure oscillations at the entrance to the engine. The
latter cause oscillations in the LRE combustion chamber pressure and engine thrust
oscillations that excite the LV structure vibrations. At unfavorable amplitude and
phase relationships between the LV structure oscillations and the thrust of the lig-
uid rocket engine (such relationships are realized in the resonant interaction of the
LV structure with the LPRE), these oscillations increase and the "LRE — LV struc-
ture" dynamic system loses stability. In case of stability loss of a linear dynamical
system, the amplitudes of oscillations of this system increase without limit. The
influence of nonlinear factors in the dynamic "LRE — LV structure" system with a
stable limit cycle consists mainly of the fact that: as the LV oscillations amplitudes
increase to a certain level, the resonant frequency of propellant oscillations in the
LRE feed line decreases and moves away from the frequency of the longitudinal
oscillations of the LV structure [1]. Accordingly, a "detuning" of the resonance
relations occurs in the dynamic system, which leads to a decrease in the intensity
of the feedback, and consequently, to a decrease in the oscillating energy influx.
When the influx of energy into the "LRE — LV structure" system is completely
compensated for by dissipative losses, the system sets to the self-oscillation mode.

The nonlinear mathematical model of the low-frequency dynamics of the sus-
tainer LRE, considered as an autonomous dynamic system "feed lines — LRE", can
be represented in general form by the equation

Fo(lig,Ug,uUg, t) =0, 3
where Ug =[Ug,...,Uen ] is vector of variables of the system under consideration;
Fe(Ue,Ug,Ug, t) =[Fei(Ueg,- - -, Uen \Ugp- - - Uen, sUgas- - - Uen, ,t)]" is column vector con-

sisting of nonlinear functions F; (i=1,...,n,), which describe the low-frequency

processes in the LRE (superscript « T » denotes the vector transposition operation).

A feature of the mathematical model of the low-frequency dynamics of the
propulsion system used in modeling its dynamic interaction with the LV structure
was the description of the cavitation phenomena in the LRE pumps based on the
nonlinear hydrodynamic model of cavitation oscillations in systems with high-
speed centrifugal pumps with inducer [8]. The mathematical model of the dynam-
ics of cavitating pumps includes the equation of the dynamics of cavitation cav-
erns, the equation of fluid continuity in the flowing part of the pump, and the equa-
tion for determining the fluid pressure at the pump outlet:
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PWigp dVK

= +k* , G +B, T 4
P1 = Pcp Vg, G)———— 5 1K T (4)
dVi
—K-G -G, 5
o]/ at 2~ (5)
dG
Po=P1+ Py - pH(VK) Jy —Z, (6)

dt

where p,, G; are pressure and flow rate of liquid at the pump inlet; pgp is the
pump breakdown pressure; Vi — volume of cavitation cavity; k™(Vk, G,) is cavi-

tation number dependence k™ from the volume of cavitation caverns and the flow

le%:P

rate of fluid at the pump inlet; is speed head at the pump inlet; B,, T are

cavitation elasticity and cavitation time constant; p is fluid density; g is free fall
acceleration; p,,G, are the pressure and flow rate of liquid at the pump outlet;

Py is pump head; py (\7K) is cavitation function of pump; \7K is relative cavita-
tion cavity volume; J, is coefficient of inertial resistance of fluid in the flowing

part of the pump.
The main nonlinear factors in this model are the dependences of the number of

cavitation k*and the cavitation time constant T, (or variable E; =T, -B,) in the
flowing part of the pump on the pressure p;and flow rate G; of the propellant at

the pump inlet.

The force effect of the LV structure on the marching LRE in the nonlinear
model of their dynamic interaction was taken into account in the equations of the
unsteady isothermal motion of a real compressible fluid on all sections of LRE the
hydraulic tract.

In the case, when the modeling is carried out taking into account only the lon-
gitudinal components of the oscillations of the parameters of the "LPRE — LV
structure™ closed dynamic system, the motion of the liquid in the k-th section of
the hydraulic tract of the LPRE is described by the following equations [2]:

Pk — Pus + 1kGx +a,G?Z =pg h, (ner +U& /), (M

Cy Px =Gk — Gy, 8
where p,, G, are pressure and weight flow rate of fluid in the k -th element of

the LRE hydraulic path; h, is the projection length r of the k -th element on the
longitudinal axis of the LV; C,, a,, |, —the concentrated compliance, the co-
efficient of hydraulic and inertial resistance for k-th section, respectively;
uk is longitudinal acceleration of j-th the LV structural finite element, to which

is rigidly fastened the k -th element of the LRE hydraulic tract.
The propellant pressure pg at the tank outlet into the feed lines during LV

flight time this structural elastic oscillations was determined as follows:
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Pg = Pug + Pri = Pug + PE" +pHgncr | 9)

where p,g the supercharge pressure of the tank; py; is pressure in the finite
«3D-fluid» element, corresponding to the lower pole of the propellant tank; p is
propellant density; Hpg is liquid propellant height at tank; nqp isthe LV quasi-
static overload; p?‘B” is dynamic component of propellant pressure at tank bottom,
due to nodal movements u of finite «3D-fluid» element at the LV structure elas-

tic vibrations.

It follows from (3), (7) — (9), that low-frequency processes in the marching
LRE under the action of perturbations due to elastic longitudinal oscillations of the
LV structure are described by a system of equations

Fo (Ui, U, Ug, t) = Fy(ii 1), (10)

where F,(Ug,t) =[F,(Ug,..., l'j%ns,t)]o is vector of perturbations acting in the LV

flight from the LV structure side on the LRE.

The mathematical model of the LV structure elastic oscillations arising from
the action of perturbing forces on it from the side of the operating LRE can be
written in the following form:

M,U(t) + DU, (t) + Kug(t) = Fy(Ug 1), (12)

where IA:e(ue,t) is the vector of disturbing forces acting to the LV structure from

the side of the working liquid rocket engine.

The basic perturbing force in equation (11) is applied to the elements of the
LV structure in the place where the propulsion system is attached to rocket struc-
ture. This force is due to the deviation of the LRE thrust force R from its qua-

sistatic value R :
R-Rc =Rc -PIM/R., (12)

where P., P4 are the steady-state value of the pressure and the dynamic pres-

sure in the combustion chamber.
In addition, the perturbing forces act on the LV structure in the elements of

the LRE hydraulic tract. The dynamic components F, of these forces for the k -th
element of the hydraulic tract are determined by the expression

G G2 [ 1 1
Fo=py A— Apg——X L —m, G4 —— -1, 13
k = Pk Ak PrarAkar g oMt sz(Aku Ak] (13)
where p,, G, are pressure and flow rate in the k -th element of the hydraulic
path; A, , Ay, Lyare the the area of the inlet and outlet cross-section and, re-
spectively, the length of the k -th element of the hydraulic tract; m¢, is mass of

propellant in the k -th element of the hydraulic tract; i is number of finite element
in the LV structural model, with which is in the force interaction with the k -th
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element of the hydraulic tract; u isthe displacement projection of the i-th
element of the LV structure on the longitudinal axis of the rocket.

A nonlinear mathematical model of the low-frequency dynamics of a closed
self-oscillating system "LRE — LV structure"”, determined the dynamic interaction
of the liquid rocket propulsion and the LV structure in the active part of flight, is
described by the system of equations (10) and (11). In the equation of forced elas-
tic vibrations of the rocket structure (8), taking into account the main non-linear
factor — the non-linear dependence of the amplitude of the structure oscillations on
the decrements — is carried out by means of a corresponding change in the values

of the matrix elements of the damping coefficients Dg using the data given
in [17].

3. An example of the implementation of the proposed approach to the
computation of the LV self-oscillation parameters in case of longitudinal in-
stability the liquid launch vehicle. Numerical modeling of the dynamic processes
caused by the interaction of the LV structure and its first stage LRE was carried
out with reference to the hypothetic two-staged LV with a spacecraft. The LV first
stage is equipped with a liquid propulsion system. The length of the considered LV
is 38 m; diameter is 3.9 m; the total mass of the launch vehicle is 165 tons; the
mass of the liquid propellant in the oxidant and the fuel tanks of the LV first stage
is about 130 tons; The mass of the spacecraft is 3 tons, the total mass of the shell
structures of LV is 10 tons.

The finite element model
of the LV structure with liquid
propellant in the tanks included
1440 “elastic shell" elements,
496 "3D liquid" elements,
576 "3D  mass"  elements,

96 elements of "concentrated
i mass" and the calculated grid
S obtained in the CAE system
consisted of Ns = 2795 nodes.
This model was supplemented
by a model of the LRE low-
frequency dynamics, in which
the hydraulic and gas paths,
LREP pumps were represented
by one-dimensional finite ele-
ments (Fig. 1). The thrust force
of the LRE was relied on the
"3D mass" elements imitating
the vibrational motion of the
propulsion engine.

The Table 1 presents the
calculated values of the natural
frequencies f; of the LV struc-

ture free elastic vibrations in the
frequency range up to 50 Hz
and the values of the corre-
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sponding effective (generalized) masses mj in the longitudinal direc-

tion j=1,...,10. From these results it follows that the modes of the LV housing
with natural frequencies f;=12.4 Hz, f,=16 Hz and fg= 39.3 Hz have the larg-

est generalized masses in the longitudinal direction.
The frequencies f;, f,, fg are in the range of the oscillation frequencies of

the liquid propellant in the oxidizer and fuel feed lines, therefore, in this case the
dynamic interaction of the LRE and the LV structure can lead to the development
of longitudinal (POGO) LV self-induced oscillations with amplitudes that are un-
acceptable for the integrity of the LV and working capacity its systems

Analysis of the LV POGO stability of the LV performed on the basis of the line-
arized model of the dynamic "LRE — LV structure" system for the relative operating
time of the first stage LRE t/T,,, = 0.5 showed that the system is unstable at the fre-

quency close to 15.9 Hz. The loss of longitudinal stability of the liquid rocket under
investigation resulted from the resonance interaction of the longitudinal oscillations
of the LV structure and fluid oscillations in the oxidant feed line (with the natural
structure oscillation frequency of 16 Hz, and the frequency of the fluid in the oxidant
feed line of 16.1 Hz).

To determine the parameters of the limit cycle of longitudinal self-oscillations
of the LV, the mathematical model of the dynamic
"LRE — LV structure” system (7) — (8) was used, Table 1

in which the matrix equation (7) included nonline- jo| fjHz | mi kg
ar equations of low-frequency dynamics of cavi- 1 124 2107
tating pumps. To describe the cavitation phenom- 2 16’0 45633
ena in pumps, the nonlinear hydrodynamic model 3 25'2 c48
of V. Pilipenko was used [8]. Parameters of the 2 33’2 1754
limiting cycle of POGO oscillations were deter- = 37’6 298
mined by numerical integration of the nonlinear 5 39’3 32461
system of ordinary differential equations (7) — (8) - 41’0 1103
by the Runge-Kutta method. 3 41’4 209

As a result of the system numerical integra- 9 41’8 2408
tion, it is established that the considered "LRE — 10 46:3 135

LV structure" dynamic system goes to the limit
cycle with a frequency of self-oscillations of 15.8
Hz, close to the natural frequency of the second mode of the structural longitudinal
oscillations. The parameters of auto-oscillations of this system are determined: the
dynamic components of the pressure in the LV tanks, the movement and vibration
acceleration of the elements of the LV structure, as well as the flow rates and pres-
sures in the hydraulic elements of the liquid rocket engine.

Below are the calculated dependencies of a number of parameters of the "LRE
— LV structure™ dynamic system versus time at the self-excited oscillation operat-
ing mode (in the resonance interaction of the liquid propulsion system and the LV
structure). Comparing the calculated dependences of the oxidant pressure P; at the
entrance to the main rocket engine (Fig. 2) and the dynamic component of the
pressure Picin the combustion chamber (Fig. 3) versus time for auto-oscillations of
the LV, it is easy to see that the pressure oscillations at the entrance to the propul-
sion system and the pressure in the combustion chamber occur with the same fre-
guency of 15.8 Hz — the frequency of POGO self-oscillations.
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The oscillations of the above calculated parameters have a non-harmonic (im-
pulse) character, since nonlinear dependences of the volume V, of cavitation cav-
erns in the flowing part of the cavitating inducer (Figure 4) and the catitation time
constant T, (or the parameter £, given in Fig. 5) from the cavitation number k and
the flow rate parameter q (q; <Q, <qs) were used in the mathematical model (7) -

(8) of the dynamic system. Note that the cavitation number and flow rate are deter-
mined by the pressure and flow rate of the liquid at the pump inlet [8, 9].

Vv, -10°, m® E,, MPa-s/m®
6 |
I\
4 1 ’11 \u i 03
2 l\ vlv'\ g \ ql q2 q3 1 ql/qz V L 3
2 // ' ‘ -»:_/_;'Z;-_——::.‘::'_‘:,--~—-"'
0 0.1 0.2 k 0 01 02 03 04 K

As can be seen from Fig. 2, 3, the non-harmonic nature of the liquid oscilla-
tions is particularly pronounced in the oscillations of the oxidant pressure at the
engine inlet. It should be emphasized that this type of pressure oscillations at the
inlet to the cavitating pump corresponds to the flight data of liquid rockets in
which the POGO phenomenon was recorded at [18].
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Fig. 6

As a result of the system numerical study, the POGO amplitudes of various
LV structure elements, including the spacecraft (in the cross section of its center of
mass), are determined at the self-excited oscillation operating mode. It is shown
that after the "LRE — LV structure" dynamic system has entered the limit cycle
mode, the values of vibration amplitudes of the spacecraft reach 0.13 g (Fig. 6).

Conclusions. An approach to the mathematical modeling of POGO self-
oscillations of liquid rockets by use of three-dimensional finite-element discretiza-
tion for the LV structure with liquid filling of its propellant tanks, the propulsion
systems by use of by one-dimensional finite elements discretization and with help
of nonlinear hydrodynamic model of cavitation phenomena in LRE pumps is pro-
posed.

Applied to the liquid two-staged rocket, a nonlinear mathematical model of
the low-frequency dynamics of the "LRE — LV structure" system is developed,
which describes the interaction of spatial oscillations of liquid propellant in tanks,
the LV elastic structural vibrations and low-frequency processes in the LRE on the
active part of the LV flight. It has been determine that the considered "LRE — LV
structure™ dynamic system goes to the limit cycle with the self-oscillations fre-
guency of 15.8 Hz, close to the natural frequency of the LV structural second
modes of longitudinal oscillations. The parameters of self-oscillations of this sys-
tem are determined: the dynamic components of the pressure in the LV tanks, the
movement and vibration acceleration of the elements of the LV structure, as well
as the flow rates and pressures in the hydraulic elements of the liquid rocket en-
gine.

The proposed approach makes it possible to investigate the POGO oscillations
of liquid rockets (including rockets having a complex spatial configuration of pro-
pellant tanks and an asymmetric arrangement of stages) and to determine the pa-
rameters of the limit cycle of the rocket POGO self-oscillations. The use of this
approach allows one to take into account the interaction of the spatial oscillations
of liquid propellant in tanks, the elastic vibrations of the LV structure and low-
frequency processes in the LRE, and also the nonlinear dissipative forces in the
elastic deformations of structure.

The developed approach can be used to estimate the LV oscillation amplitudes
and the dynamic loads of the rocket structures of liquid launch vehicles under de-
sign, which, according to the results of the POGO linear analysis, are unstable with
respect to longitudinal oscillations at flight time phase.
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