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ABSTRACT

Combustion instability in liquid rocket engine is investigated with theoretical analyses,
numerical simulations and experiments. Nonlinear science, such as Nonlinear Dynamics, Non-
equilibrium Thermodynamics, and Wavelets, is introduced in the studies.

(1) Nonlinear oscillation equation of chamber pressure is established. The first three coeffi-
cients of combustion vs pressure play different roles in combustion instability.

(2) Continuous Stirred Tank Reactor Acoustic Model is put forward. The heat transfer is the
important Hopf bifurcation parameter. The self-catalyze mechanism may drive the combustion
oscillate at an inherent frequency, and can provide frequency-draught and nonlinear inspiration
behaviors.

(3) Temporal-spatial interaction model is established. The concept of competition and coop-
eration of the acoustic modes is introduced. Different acoustic modes can shares oscillation energy
if the nonlinear interaction coefficient is little. Otherwise, only one mode gets instability.

(4) Non-equilibrium Thermodynamics is used to analyze the combustion instability. The
vaporization models controlled by diffusion process can not include driving mechanism. General
thermodynamics stability criterion of combustion is got.

(5) The nonlinear acoustic process is numerically simulated. It is found that the pressure
and velocity disturbances run at sound speed, the entropy and components at flow speed, the
temperature and density partly at sound speed, partly at flow speed.

(6) Gas combustion instability is numerically simulated with EBU model. The standard EBU
model can not drive combustion to oscillate. The amendatory EBU model including ignition and
extinguish mechanism can drive the combustion to oscillate. However, the oscillation can not last
for a long time.

(7) Combustion instability of gas and spray flame in a lab-scale O,/Kersene/H, tripropellant

rocket engine is numerically studied. The diffusion and premixed gas flame are always stable in
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our simulations, though the premixed gas flame will oscillate for a period of time when the activa-
tion energy is antificially enlarged.

(8) The spray flames can self-oscillate from startup sequence with large amplitudes, and
eventually reach limited cycles. The LO,/Kerosene bipropellant spray flame is the most unstable
case, and its stability is improved when gas hydrogen is injected and the velocity of gas oxygen is
increased. Correlation of the numerical results on the basis of flow visualization and theoretical
analyses indicate chemical kinetic play an important role in the combustion instability .

(9) During the experiments on the coaxial swirl injector of YF - 75 engine, the injector can
self-oscillate. This behavior is the result of the coupling between the gas vortex and the gas
channel. It can affect the droplet distribution.

(10) Different inspiring methods are used to experimentally study the acoustic characteristics
of the small chamber.

(11) Combustion instability of tripropellant rocket engine under different condition is experi-
mentally studied. It is not absolute to improve the hydrogen/oxygen combustion stability by adding
hydrogen.

(12) The experiment method to determinant the driving mechanism is put forward. The
third control method of combustion instability besides the passive control and the active control is
also brought forward.

The research of the author shows that the chemistry dynamics can explain well almost all the
combustion instability phenomenon, and the chemistry dynamics may be the driving mechanism of
combustion instability in liquid rocket engine.

Keyword: Liquid Rocket Engine, Combustion Instability, Tripropellant, Chemical Dynamic,
Nonlinear, Dissipate Structure, Wavelet, CFD



R OO BT R B A A et oA (i)
$—F &
L1 AR LS PR T AR BRI L Fo T o ovrememveeen (1)
1.1.1 ﬁgﬁxﬁgﬁg‘ﬁﬁi ................................................... (2)
1.1.2 B - (6)
1.1.3  FFIE  vrrerrremte i e e ar s (7)
1.2 553t KA AU 8 TR A S BF 048 2 0 AR ATHR, oo (7)
1.3 )ﬁiéﬁl&«.‘&ﬁ,‘&ig—@f}tﬂqz_ .................................... (10)
1.3.1 ﬁgiiﬁﬁﬁ ............................................................ (11)
1.3.2 q;i:.t%:mg ............................................................ (14)
L N e —— (16)
FIE REAHEDVRERE RIS
2.1 q}aﬁ.}i%,}g%*ﬁﬁ R A IR IR (17)
N I B 0y - S St (17)
2.1.2 Eﬁ%ﬁ$%ﬁ]’ﬁﬁﬁ@ﬁ ............................................. (20 )
2.1.3 ﬂﬁﬁ$%$ﬂﬁﬁﬁﬁﬁ .......................................... (22)

2.1.4  BETE vttt e e e e e aan (23)



2 HAXMRAVRERE R B8N BTE

22 RT3V NFREHAFHHYRESE F R (CSTRA)

.................................................................................... (24)

2.2.1 BHITTER e (24)
2.2.2 BUBESFRBIHIANEE  coeeveeeeeieneee e e eeee e (27)
2.2.3 BHAER B EBIRT - ovveeermreemarreeiieeeeeieeeenen, (29)
2.2.4 BBWFRBGHE LML v, (34)
2.2.5 WERGXZHUFERBIEGLI oo, (37)
2.2.6 BEIRITIE o e (38)
2.3 BEAMEERGHFAER e (40)
2.3.1 HRESYHBEM GRBZBHELIE oo (40)
2.3.2 FEREZEMIERHEMEMER oeeeeeerrerriierinnnenennnn, (42)
2.3.3 B e (45)
2.4 MBTRIBBEN —EE I FOM e (45)
2.4.1 SMEIEVRRIIESB/IMEF LR o (46)
2.4.2 BB ERIER S Rayleigh BEN - voevveveennininnn, (49)
2.4.3 AERMAETFERABEDIT e, (50)
2.4.4 BEIE e e (53)
2.5 KATA DB BEAL T HEIEH] e (54)
2.5.1 BEEIESH] o e (54)
2.5.2 FEHEEH] oo e (55)
2.5.3 RIS TIIEE e (57)
2.5.4 BEID e et e s se e vae e e (59)
2.6 B e (59)

FEE REAFRINREREERET R

3.1 BT PR EEEIR e (61)



W W W W

3.2

(93]
W W W W

w
mmwmmmhmmw@

(o]

#
E
1ok

he

B

L1 BEBIFTER  oeeeeeeeeeeeene (62)
1.2 TR oo (62)
1.3 WENTEBREE I AGMERR e (65)
1.4 BEBIIIE  ceeeeereeeeeeerine s (67)
3 F EBU B A 69 A AR RAS S AL BALFFZ oooveeeee (68)
D1 ESEITER  ceeeeeeereeeere e (69)
2.2 ABELLAE  ceeeeerememm e (71)
2.3 BEBRGTLEIL «oeeveeememn e (72)
D4 BEYS eeereeseeeeeceeeeriii (75)
KT HE D ) B EADRBE AR IAEFIR oo (75)
31 BSEITER oo (76)
3.2 MUEFTHESVIREM o (78)
3.3 BUEBIGTLEIR -oooemeererrr e (78)
R TFAE D S B AR R AEFER oo (80)
1 BSHIAR e (81)
4.2 BUHTTH BRI e (82)
4.3 BUEHFRTTEEIL oo (83)
4.4 BUEBITTEEIAMIT -ooeeeerrermsssm s (91)
4.5 EEYS eevereeseeeeeeeni (104)
LN B et (105)
T N A SRR E MR R
Bl 35 XoRh BBIRG ERAFA oo (106)
1] TRBRGHELITE oo (107)
1.2 SEIREGRIR oo (108)
1.3 FRAMT cveeeeeeeereme e (112)



