2 o
A 2 FA71Be A A B AU A2BPY yelnh daBARel ArlE
43 Q2N SFET HE EFE G2 4A 2 2718 ALAH BAHAY A
23 AN FAA 9 @x AN 2P

Foh S40l g AMpgT =9 F3719
& JgAsE 554, $54 Y

$Eold FEey) wEolt. AAz $EKe
L A4y e F 01%HEY daARe WA FPAFL
FEHI FANNEE FESHT

AA 2ZA FAZE Mg & FHh_4F
31l A EotA (combustion instability) @4 2. 94 EAAY EF
< 19303 & AL Z7HE o A RE

A ARAA BEH kot o] EAlY 2 AdaEUAL o3 RE9 JFo] BSHE
HQ 292 4= Q% BAY 4 wEd 71 BE3] B d¥e= ?J_BPZi"i 1%—‘1 T
At dxFdAFAM A7|E ofF HL £&o] =& FF WIMHFEY @ A, F, 1F% E
d24de SF¥E=9 H(phase)e]l LAFEA  AA

J

(s}
AL ¢Hol FA3] ETolAd e AS AFy EUGA dAL ‘chugging %<& POGO
Az FENAE JtALA dh B ¥4 E¢dAClElax® R =29 Jupiter, Thor, Atlas,
< HFH0RE N2€9 ‘—H-ri H AAGS=E Titan LAAFAA & EAE oIAA F5
¥ #E&3AE 9 W T HYgd 2P g #goen, o da4dUYy -ﬂ-iﬂ"‘*ﬁ?# Fx
AEFH 24 e T3 71%-4 FAE 2 AF A FF A2HY A3 FL 7]AsH FIA
1x)3tA ©t}t. Figure 1& X 50837 o] HZ cavitationsH 2L &I E POGO E¢F
ool AAY FIAIA ZL EA oigk 7 AL dodE Aol HU|E g} duiFow
A7l (chronology)E& EoF31 glew o] Z=3= Helmholtz F97]9 AT 33}
Table 12 53 943 24 dANL Z23d o S5 HYE 9 Hertz oldto]lx o] &
ANA AA TARA JdAEAXAF AHY Hd& g dAEE $HEHE on HHH
B F3 Juhll] o a2g8dM & & A%l 9  ‘chugging’e © o] AZd AANe ZAE
AEQQA #HE dA7e 71 Wi F3EHY g ot H (2]
o} FFoy EXALE 49 ‘buzz'Et B F
AL MZEA] 2EFH EAo] EQL & 2 F7t=av)el AA(25000~250,000 N thrust)
doylE= o)A AL AFE F3u Aok o F yeiud TR 294 & Ar]Ed,
ARZ Ax4de]l AY FElel FEAS 3 A A2PANY EXA 5F} FAA FF
Fd Ax EUA 2%l dojur] d1, A A 2"y Az Lo, 4 JE=Z¥ s}
B¢ 58 7N R Bt iAW 2FEF Alojo Az A 7]Q3%
TEFE TEAIIE dUAY Bl %Fstx, o WAL Z 'huzz' EAA L AHEE] B
A EUQAH F5E dovied 8% duUA e AndE FER JT d24U=HY 5%E
A4d 93 FEHE AUAY ofF AL dE A$E A9 dvh(3]

¢

ot fe o

ol
ut)
o

ST A ]

._13._



T Atk d449 AT dg
& (response)d] W&t A7t FEdte] FF

712 &9 48 IZ AAA o AN FEA
& daads Bardd Az A9
o Wx Alole] A3 = FHete H
19] gAY L doy|7|E 3ok uFy
Ao EF PR co AP
g2 54 AL F deod, o
d &5 LAY F44 #g
EEo] EBoAgoz EFT

O_|H4
O

fo r
2 W
)

¢

I

© @ o

B>

e * 2
N

£ off ox

o]

2
o

ol a2 [ r2

o
2\
4,
o
o

(A R
Fr
o
(2 o

rir " flo

A7kA [9r3 w8, A X (standing) HA
3] A (spinning) JAW3] B=HHZ &
2% A HH e durye=
AE HAggez FAANA dadddo
Age FIHHoR "EYV] Wi o
BE o33 duyd ¥ FF
(baffle, acoustic cavity)E Ah&3}to

=

[ Sk o2 [ rob ot md ~

%
8 ey e

A
2 2 Hdo

A

2 2 o f o3 o fd Ay 2 K0 D o e e B fogE o
ol "
Ee)
lo
2

%

3. A 2AFA7IHY ALEXAY A

AL EE A 72E Fo

o Tt B FFHo] o]FoA gornz o
ZIME FAA FFHA g MAAZSZ Uyl
Zt A% Y AP doletE AYdod M
3712 stk B7] AAA7Hs FR A (hypergolic
Z2A), HAAELOX)-s8t54 A F4,
A AFALOX)-HBA FA(LH) F3A (Y83
© 2 cryogenic F31A).

31 &7l HA7bs ©l¥93F3F A (earth storable

bi-propellant)

A71 Mol Jbsd oJYFEAAE HFo &
olstal A4 AH3ts = EA (hypergolicity) W%
of Hx ZAAR L HEF7IREH de Al

£5o ¢4 A A= NTO(nitrogen
tetroxide, N2Og7}F FE2 Al&H3, di8=2E
hydrazine (N:Hs), MMH (mono methyl
hydrazine), UDMH {(unsymmetrical dimethyl

hydrazine) =& °|RAESY E§FE] AlgETH
ARt FAAR FL FddA dAolx, &
WAzl A E A7 2R R RS 9o
n) gttt Table 2 ol#3 FxX A9 o83
2 E28 EA4XNE BE9F3 At Ho ol
A A e AAZE NTOE AHE3ld H3FH &
FHE 2 x5 &7 AN} 60:1 A
$-9] k&gt F2 1960dW9  Apollo
programd] A @ A7HE FAF AL o £ A3
€ FAZAIF]= LMDE (Lunar Module Descent

Engine)dl A&@A7bs oldFAAZ AHEHUR
HAAe FFEAA 9 2 (upper stage) 2 e

AHEE L lth Apollo programell A A& 7Ms
olAFZA A FH AAHALE A7) st
o EAZIY widHdEs Qa4 T
(baffle, acoustic cavity)ell W3 ZE& Ao
FAHAYG. A7t FAAY FHLE FUA
Z 7bsAd, 1ExE9 A%S(high bulk density
performance) 2 A HIA To=z o)z
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Chronology of Combustion Instabllities
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Figure 1. Chronology of combustion
instabilities
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Figure 2. Empirical correlation of LOL
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Figure 12. Feedback control of chugging instability
CHAMBER INSTA- STABILI-
ORGANTZATION THRUST PERFORMANCE ~ PRESSURE  BILITY ZATION [HJECTOR
PROJECT HOTOR CONTRACTOR PROPELLANTS _ {1bf) (1) (psia) ENCOUNTERED DERIVES  TYPE
Mercury Redstone NASA/USAF Alcohol 78,000 9.0 315.0 - - Like
A-7 Rocketdyne LOX doublet
Mercury Atlas NASA/USAF/ RP-1 - 165,000 95.5 577.0  Hot with 7 com- - Like
MA-§ Rocketdyne Lox baffles partment doublet
copper and
baffles  triplet
Gemini Titan 11 USAF/NASA 50% n2»|4] asp 236,400 97.2 783.0 POGO Standpipe Like
Ist Stage Aerojet 50% UOMH Node inserted doublet
N204 12.5g fnto NpO4
feedlines
Gemini Titan I1  USAF/NASA 50% szl asqg 100,000 97.4 827.0 Longitudi- 7 com- Quadlet
2nd Stage Aerojet 50% LOMH nal mode partment
N204 copper
baffles
Apolilo -1 RASA RP-1 204,300 97.] 705.0 Insta- 7 com-~ Like
Saturn 1B Rocketdyne Lox bility pre- partment doublet
S-18 stage sent during copper and trip-
bomb tests baffles let
Apollo J-2 NASA %73 230,000 98.6 686.0 1800 12 3 com- Coaxial
Saturn 18 Rocketdyne Lox First partment
S-1v8 Tangential aluminum
Saturn V Hode baffles
S-11, 1ve
Apollo F-1 HASA/ RP-1 1,552,000 93.8 1128.0 500 Hz 13 com- Like
Saturn ¥ Rocketdyne LoX First partment doublet
S-1C Tangentfal copper
Mode baffles
Apolla/ LMAE RASA 501 Ngllq] A50 3,500 97.1 120.0 First 3 com- Untike
tunar Bell 50% UOMH Radial partment doublet
module Ha04 Third Tan- Dbaffles
ascent gential
modes
Apalle LMDE HASA 501 N2M4l A0 9,850 96.2 104.0 - 3 com- Coaxial
Lunar TRW 50% UDHR partment plntie
desent Na04 aluninum
YIR-10 baffles
Space SSHE NASA LHp 408,750 99.6 3,217 - 7 com- Coaxia)
Shuttle Rocketdyne Lox Bartment
affles

Table 1. History of combustion instabilities in liquid propellant rocket engine
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Therm. Surf.
Freez. Boil. Crit. Crit. Specific Viscos. cond., tens, [, Opt
Density, temp., temp., temp., press, heat, centipoise, cal/ dynes max, mix.
kgms K K K MPa JgK  gms cmsK /em? s ratio

NTO 1454 262 294 431 101 157  03% 3134 25

NoHy 1014 275 387 653 147 309 0910 786e-5 66 348 14
MMH 872 221 361 593 824 293 0680 5924 34 344 23
UDMH 785 215 336 523 542 273 0509 3764 24 342 27
AS0 897 265 343 608 117 291 0817 6834 29 345 21

Table 2. Thermodynamic and physical properties and maximum performance with
NTO

SSME prebumners
Fuel Oxidizer SSME main

Parameter RL10A-3 J-2 pump pump chamber
Vaccum thrust, kN 67 1000 N/A N/A 2090
Chamber pressure, KPa 2082 5309 34120 34090 20770
O/F chamber mixture ratio 5.01 5.71 0.893 0.653 6.01
Chamber diameter, cm 26.06 47.27 2649 18.87 45.06
Contraction ratio 2.97 1.58 N/A N/A 2.96
Chamber length, cm 33.0 45,7 15/33.0* 14.8/31.2° 35.6
Number of elements 216 614 264 120 600
Oxidizer jet type Rbbn swr Plain Plain Plain Plain
Oxidizer jet exit diameter, cm 0.201 0.462 0.226 0.196 0.478
Oxidizer flow rate/element, kg/s 0.064 0.331 0.117 0.091 0.594%
Fuel injection temperature, K 161 108 154 154 841¢
Fuel inlet pressure drop

Oxidizer, % of chamber pressure 20.0 23.5 22.7 19.1 17.6

Fuel, 9 of chamber pressure 15.0 129 7.4 7.5 6.1
F/O injection velocity ratio 154 9.7 12.6 13.0 11.3
Combustor stabilization devices none none 3 radial 3 radial S radial/1 hub

baffies baffles baffles +
Helmbholtz
resonators

iDistance to top hat/first stage turbine nozzle.
bOxidizer orifice flow rate (not total oxidizer Aow rate).
“Hot gas mixture ratio = 0.756.

Table 3. Flight production hardware parameters
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