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AN INVESTIGATION ON VELOCITY
COUPLING MODEL FOR UNSTABLE COMBUSTION
IN SOLID ROCKET MOTORS

L 4 Zhenzhong

(Coll. of Aerospace, Beijing Univ. of Aeronautics & Astronautics, Beijing, 100083)

Abstract: The research started from analyzing amplitude and frequency changes of
high-frequency unstable combustion in the solid rocket motors,and simple-frequency vi-
bration combustion characteristics in the primary period of combustion were obtained by
adjusting parameters of the solid rocket motor. A profile of burned web, which indicates
the velocity amplitude distribution of vibration combustion in primary period, was also
acquired by tests with combustion interruption. These demonstrated that the main fre-
quency in inducing period of vibrant combustion of the actual solid rocket motor was the
longitudinal vibration of high-order harmonic instead of fundamental frequency. Then
the velocity coupling model of unstable combustion was set up through analysis and cal-
culation of the mtenor ballistics.

Subject terms Solid propellant rocket engine, Combustlon stability, Vibrational

combustion, Erosive burning
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Table 1 Frequency spectrum peak at different time

t=0.0768s . t=0.1280s
fa (Hz) P (MPa) QM (Rad) fu (He) pm (MPa) QM (Rad)
7148. 44 0. 046507 1. 980280 7128. 91 0.088847 1. 983244
8046. 88 0. 030221 —1. 024434
t=0.1792s
9121. 09 0. 035364 —0. 205787
fa (Hz) pw (MPa) QM (Rad)
t=0.2304s
6953.13 0. 059929 —0. 879498
7324. 22 0. 050490 —2. 934552 fa (Hz) = (MPa) QM (Rad)
8046. 88 0. 158218 2. 258463 2324. 22 0.138937" —2.617973
6972. 66 0. 132160 1. 392890
t=0. 2816s
7421. 88 0. 054176 —3. 02096
fa (Hz) P (MPa) QM (Rad)
£=0. 3328s
1 2324. 22 0. 415370 1. 564955
4048. 44 0. 077708 —2. 712840 fu (Hz) pm (MPa) QM (Rad)
6972. 66 0: 144502 —0. 530831 2324. 22 0. 236319 —2.617667
7500. 00 0. 056108 2.956141 6953. 13 0. 071232 0. 418108
: 7343.75 0. 062036 1. 031299
t=0. 3840s
: £=0. 4352s
fa (Hz) pm (MPa) QM (Rad)
2304. 69 0. 241268 2. 877702 fu (Hz) P (MPa) QM (Rad)
4028. 91 0. 057644 2. 729613 996. 09 0. 145877 —3.122864
6933. 59 0. 040802 —1.725744 2304. 69 0. 346922 —0. 703556
4609. 38 0. 048527 —1. 736625
t=0. 4864s _
: t=0. 5376s
fa (Ho) P (MPa) QM (Rad)

996. 09 0. 793344 1. 845723 fu (Hz) pm (MPa) QM (Rad)
1933. 59 0. 136033 2. 415787 976. 56 1. 412408 2. 381955
1992. 19 0. 418693 0. 441318 1933. 59 0. 183127 0. 760564
2949. 22 0. 176913 2. 389388 1972. 66 0. 608418 —1. 091502

2910. 16 0. 083605 —0.578128
t=0. 5888s
2949. 22 0.571154 2. 482707
fa (Hz) pm (MPa) QM (Rad) 3925.73 0. 105938 2.153740

957.03 0. 224320 —0. 986019 4902. 34 0. 084917 —3.124216
' 976.56  0.730652 2. 307609 791016 0. 062523 0.151284
1972. 66 _ 0.394174 —3. 095999 8847. 66 0. 062833 0. 063911
2949. 22 0. 261005 —2. 775489

3925. 78 0.162578 —2. 487418
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Fig. 2 Interruption test result of pressure
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history of unstable combustion

o, MEFIERERREBIOHEAL, RIORAFEEREEH LB R
. FEESNHEGPEN, ¥EZHABHAMB MM . WE 4 R,

b. Distribution of velocicty amplitude

.mmmu.};nommmwmmw
a. Grain section aflter m.terrupuon test :

Fig. 4 Grain section and distribution of velocity amplitude
after interruption test of unstable combustion

H—H MR ILREE BRI R RSN E RN ME S A, AIBBINIMRRERE MR
PR E R ME R 2T . X P 2 P9 R4 A0 45 3R -5 T W MR Pe s o S0 R ik e doe 2 P T i 3
WERAR, HAALRPeRE 550 RS A EABEAHNR. XHEEAES S

R, REIE AR ST BB .



Hic % ©
L xR Bk kW R ShHLAS R E MR SR i 3 AR S BLRU R B 5 5

B 5 iR ERESHAEENAES R
bR amRRSEEHFERY. BiRTER
BIRE B FEA K c=1017. 0m/s, X AR EHE
f=3965Hz, W AT H M AR A B A, BBAR
BREGEK: .

A=c/f - 256. 5mm ¢))

 B—NE, ERHNAEEEKFRIT O
PERERE, MBS KA L=390mm, W % AR
ﬁﬁﬂﬂ& 111 E)‘J. : Distance from grain front endtmm)

A =2+ L=780mm (2) Fig.5 Burned web distribution of -

internal grain ports
ey RNh ] ‘ P

fi = ¢/A, = 1303. 85Hz (3)
EMBE [ SEF £ B .

nm=f/fi=304~3 4)

RN . EMHRGEFRRRERN KiK. EXSRMHARFRNRR, RIS
HBRBT R EORIEB . » ATUAFTF 3, 4, 5, BEAIHI n=11 HEKIEHK.

XFRYUOES, TREEMEI, MRS KEEEN. EXRGRENBHRIE, &
ARAAFREHRRRERNRED .

4 B R HESE S AR TR B v o A

AT HRAERMMREE, BRI A —T BAREN K ¥R MR ITE. RIEFREMN
HEMHE, HSHR Kuwo FRHRER, THRRMMERBIELHN.

e=r/ro=1+ K, (u—w) (5)
Hew REMBRLEARE, CHEBRAEMMZE /M. K. RFREBRRERYE, % u<u b, K,=

05 Yu>u B, K>0, TiHREREMMTGEKX.
AUEH:  Ko=B.-p™  w=B/p", HF mkH m HHH.

5 B KHE R SPLATE B R b B S AR AL B o T

5.1 BHHEERR HERBRBRVABRSKNRBERRD S
HHREMEREAGIMIRE SREZNERE Z HER AR EE ., HEE

R RANEE”; RANALREE SER—MEEAREE, HEEFY “RANE

7. RAMPRE EERMRIMEIR S, ERRETRIUNAINEER AN ERERE.,

-



6 #® # & A o 1995 4F

HEAAH, RIOTRITREBMREGERL. MBEREZABRY 4. BEHRHN D; %
BHBN d; w HRETBIE—RBN GRS ERMEERE., RIS K. 2RI,
SNEEMA R,

aY -
ﬁ (¢D)
B a=1—2w/D, B=1/4 [ d2/D) —D] +w—w?/D, 7=d/2+w

%4 K>1 8, SEBASNEE A T PR, MRAIIRERA B RILET KA AR
BAPIFLIEIE ; 4 Ko<l B, 3000 PEE BT AEEBR , M2 ALl A RS
SURHGAMAASINEE ; X4 Kn=18, RHINEESPEENERREAER, WEHGAN.
ShEE AR, oAEL S HAOEER B A, ANEEZ RERARZR.

RINBMBHR K<) BESR, ot pyFLEE
R 2H — RSB I FBN AR, 56 B
WA S E . FE P FL A A 5 — 6 e R
%, RMHFELARIORA. B 6 Rt T R
.

Ky =

| BEE R 21T, SRR B RERS) . B Fig. 6 Flow picture in motor with
- RERMARE N KBY L, ZRAN)ERE free tubular grain
- RER L, MEAKEKER L, \JHTEAARME
- HARAWALE L (B L) _
3 L/L = (4B — &27*) /(83 + 4ar*/D) | (8)
5.2 ERHANLRDEENEEITE
o WRMETHRARE, AT LGLRUA AT ATLEER . 5N nm&%*ﬁﬁ
(AR HE) w, F w,:

uy = (p,ca*RT,/p™)(2L,/7) )
=(p,*a*R- TO/PI *Y(2L,/7) (10)

ﬁ‘P oo AREHTIRER; o HERRERY; RARKHIKEREEG T, HRSEE; p VBB
ENNTFHES: » hRERK.

BARX (9 f1 (10) WLUES. mﬁﬁﬁmﬁﬂﬂﬁﬂﬁﬁfﬂﬁﬁimmﬁﬁﬁﬁ,
W Mo, SERpH A—n) KFRRE. BRBR, KRB, WHE « Mo 8K,

EREAERT, B FREEAPERNE ORE « Mo BX, EREOL, BRIAER
ERAE, EREEAXERABRS, XRETREMNEENERER. £RPEESRE
BEHERSHAA L AR BIBEX.

WILEEMR NS O AR SRR I E el M el BHLH.
Hep o WRPEE AR ERE, HTAEH:

p=p/R-T,

5.3 REAARERSIRSBMT

WRNTLEE B EFDRFF O E RS, AT RS, BRETAEREREOER, H



Fie g .
Boem EEARRIVNABRERENHEERSBANHER 7

RBHBK AN:  A=2L/m, HFP n HRIBIBK. |
MmHBHE S H: [=c/A, KBRORGIR p. (=, ) H:

pu(zs) = pumsin( “T) |sin(at + &) | San
R pu RIR G IRME EREER R 0 BABR o=211; 2 HIHH KBV RRATER
& RAIHIAL.

REHRG B w. (2, ) H:

4 (zt) = (CP:NP) |cos(w?'r) |cos(wt + &) (12)

6 HEFHRA M MR RS TR

FHRAAHHETFIEE “HERES” WEHREN “HRIRR”, WRRH, BN
EIE T PR BRI P 2 AR A, REER B T WAL a9 A 5 5 0 B2 DR B BN BT B, H
C BRMN#ATTAHRGBEOARETHE. IMTHSERFTEALSR . — R EIR-6fE gh

£, “RIAMEPILRRAGREARAOLA. BWIHTRSERESXRERTHAMNK, BRER
LHFE .

LRI HHEHEHBERES R, KM SS-2 Y HE 3t 7 s % #54P& D=139. 06mm;
RENRBR d=7.90mm; B2 A L=390.0omm; BRBEZHNR d.=43.5mm; BPEEKE L=
460mm; B MRS d.=12. 5mm; FRZGN 3 B R K m,=12. 0g. RPETE t=0. 40s BHET R -
HEMS Mk, ERA o HRMAE 7 BiR, FEET ARNRN ST ERGBETH, B 8

Ca T H AR A RS 4R .

——— Mean pressure tested fu=5176Hz, pa=0. 393MPa

"""" , Mean pressure calculated
— Vibrant pressure tested

o
rs
o

=4
35
o

Pressure (MPa )

—5. 00 0-003 4000 0000
. mmw
0.000  0.100  0.200  0.300  0.400 2000 erq::):coy CH

Time(s )

Fig.7 Tested and calculated pressure Fig- 8 A typical spectrum curve of
history of interruption combustion tested pressure

| HAE 8 LRI KBBUEM R ERERTUEY, ERBEPRENKRGELA LI 1B
BENEH. HER fu=5176Hz, B FHRIE p=0. 79MPa, MR HES f,=1303. 85Hz,
NARGEETR I — 4 R RS, B

"{=fm/f1=3*97""“-‘54



8 - ’ | B O# OB R 1995 4

AN 4 PR BRGELIHTHER, |

CH AP AR RS EE . RS S o =1320m/s; BREEE T A
H c=1017m/s; HPEH|FHF po=1.16g/cm®; BREZ¥ a=3.75X10°m/s + (Pa)™"; BHEE
¥ n=0.485; BRI HH/H £k=1. 22;

E,A.#ﬁ | I = k%6 [Zf(k + 1)](l+1)/£2u—1)]
A—HEHH RTy=(T+c")
HFARMMRPEREE, 7 A MB LARPEE BRI AAb ERBRSAEBER
AG=1p,+DAbr=p, M+ Az r A3

Heh O @ EE AR R: r HELHRMRE, E 'ﬁiﬁﬂhﬂ‘]ﬁiﬁ’ﬁ%
FEu>uWllr=roc (14K, w—w)], &u=u W r=r,.
FEREEEN, BHRSERE.

G=2(AG) = p2(Il « r » Ax) (14).
*ﬂﬁm?ﬁ}ﬁiﬁi uo N
uy=G/p=p,« (RTy/p) - ZW «r - Az) (15)
EMSEE LA RS FE «,

u,(x,t) = (CP:"‘P) Icos( ) lcos(wt + &)

EXLASHRENTFHRESREFLEZF, BP. ~
u=uy + u, (16)
BT EE R wos ks w 5 LB ER p FX, THLMERER p OB M E/K
PR
FE o B E T A

P = po— P u an

ST R 3R IR .t ] B
B, CHALRARET TREGRE . MK, ¥
B HEEHA S, RIVBETRMENER, &
BT — A R

BRERMEIAR, BT FREREE
AR I R,

B, BRI RS R, — RN
S 414 P30 20 1P 7 e BB AR TR 5 B —

Burned webymm )*

0.0 100.0 200.0 300.0 400. 0

PR RRRT PR R, B W-X 4R, . . Distance from grain front engimm)
W O TR HAZEA AR W7 B L caleatated comparison
: ﬁﬁﬁ%%ﬁﬂfﬂgﬂg%ﬂ, B P 7 A 9 13t results of burned web of velocity coupling
HELRERMUBTUER S, HEEAHITS.

RS, XTFAREREEERSBAURS FERNY.



R .
Heo & A EDNAREREOEEBRSRANHTR 9

7 HEERES AR R E RS

HIERITA B BEAHEREGRIIERERS LR, EETRAALEENF R
SHEENRRKEROBASAR. BRETHBRHANBRRAGLIVAN. HMFETEE, P
MEEZEFE—EHHEELEN.,

AT HERBMAAREOEERSER, RITEERELGHIMYRE L. J55wE AR
RypaEER, REHAAREHRITRE. BEROTERRIBTAAREAEHEMN, 268
RicZEBENMM. BT EREE—ENERTHTT, RIMNELAAREZNGEREE—
MMERRE, HPRA-BREHROASEERES, URERLKIERT, SRREE
PULRIAZE, AiEREEBRLMERE . AARRESHERREZEHER, RELE, &K
WL IEREER . T BN SR RIR L w . KRB a8 19 A AR b = W B P R I D E K
BN ALREE N RSRMF —RE . KR ENRBT/ N FERENERR, FHRBRR
NN PRI RAENLEEN PR, S#/EE LERESmE 10 Fix.

S XU, ERARMREGERBNT , REBEEBRORERE TR, R
ANFRFOMER. B 11 B—RKERA R IR 50 ERA LRSS R.

10ubeasts voasupel dyiH

Mean pressure
_______________________________________________________ é‘ 10.00
E 5.00
0. 00
Vibrant pressure
—5.00
0.%0 0.10  0.20  0.30  0.40

Time (s)

Fig. 11 Pressure history tested by L shape burner
with two open ends in test grain port

@“} X5 5 FE SRR AT AT ZERR B R

| B, B3] 8 WAk . RATEF 3 WRAYH

R, TREEZER 12 . KRR et

Fig. 10 L shape burner with two open % +=0.077s B—I8, £5 f.=5801Hz, LIRIE

ends in interior burning port pu=0. 36MPa; {5 FEHBE K r=0. 24s f

—¥@, 8 f.=3691Hz, EIRIE pn=0.62MPa; XN FFHIEHE K t=0.33s I—I8, fu=

3750Hz, £HRIE pn=0. 83MPa. ARXW B LM NN K L=440mm, WFH G ERE

2% f1=1156Hz. RICEHAMGI, B—WHRSH 5 WKE, REMNERE; EFEN

P h 3 YR, FREMETEEEK . AR EBERRNORGBREN SR, BRmME 12 P ELHKT
ARBEE RS .




10 B % B A 1995 4F

m

B WP IR 7R R BT R MR A
BE, ABPIAE 12 PLEFRATNGER. R
REHNFEERFES.

RERE—AFE, EFENTLLEBK ]
BHBAKBBT BRIV WHRKBTE, T+
RENALFMA L DEBR KNG X, RS g
B, TLB S O, BRI, B
BUBR 5 Wl . BEERBENAT, AR .o .
s 1 A » 5 BB SR E WA, B — *® " Ditance from grin front end(cin)
ERE, WREMEKERBE. LR LK
B 5 PO, EERST 4 R, TRE
RIS 3 Yo k. R i FRTH 5 Bl
BMRRE o BB RE S A, M T 3 KRN RSE — SRR,

8 & #

t=0. 0768s, fu=5801Hz, p.=0. 36MPa
t=0. 2404s, f.=3691Hz, p.=0. 62MPa
¢=0. 3328s, fu==3750Hz, pa=0. 83MPa

Fig. 12 Burned wdb distribution tested by L shape
burner with two open ends in test grain port

B ERMBPR, RONBBUTHERSR:

(D ERREYE KX RSIHL PR E AP iR MR RIER 4 H R0 . MEERTIIR
B ERRR. RN, B8, REEHEMR, FERFEABEHERS.

(2) AMEAERGTE, EATERBEEXRRIS “EERS” HLE, B2
“FRM” Mie. XF FRM” RERGEN EMME, ERARARRGHRKBEL . ERH
KR, 5HGEES ORGFHRERX, HORERR, HEFRABRLRR.

(3) AT H—HEHRGHAEED, RKFENFARMRGFENRELE, T
HT LRSS, LERRESNEIRER, RAEN THAKN “EERE" HEREN,

(4) HR “EERA” REMER, #1777 -ENEERS, BITHARBRERDS
MAREHNER., HTHERE5EREFHE—B, ATEAT “EERGHRY” He8E.

£ % X K

[1] Kaczmarekk R E, Lyon ] M, Bazil R H. Tangential Mode in Double-Base Solid Rocket Motor. AIAA
82-1063

[2] Baek S. The Unseady Burning of Radiatively Active Solid Propellants. AIAA 89-2532

[3] Jahnke Craig C. Nonlinear Transport Between Longitudinal Acoustic Modes in Cylindrical Combustion

Chambers. AIAA 94-3190 -

[4] Halliday D & Resnick R ¥. k4% WHEEERM. Jjtu. ARBMF UKL, 1980

_ (5] Kamaty H, Arora R, Kuo K K. Erosive Burning Measurements and Prodictions for a Highly Aluminized

“ Composite Solid Propellant. AIAA 82-1111

[6] WilliamsF A, Hung N C, Barrer M. Fundamental Aspects of Solid Propellant Rockets. AGADOGRAPH,
NATO, 1969



