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2.1 #HRERF

g & k& (nitromethane, NM ), Z, — B T Bt
(butyl cellosoLiie,BCS) , 73 #r 4, L 546 T.) 5 3£ K
RIS AR SI0,,99. 8% , & Hi AL 380 m* - g7 kiR
7 ~40 nm; KK (AINPs) : SFEHRSF 40 nm, 2y
NACE R A S AL(T3 pm) |, & &R
£ (ammonium perchlorate, AP): 6 ~8 H .60 ~80 H
5100 ~140 H, P02 AL 20 e 4tk . 2 W L2
i 2 T A PR R (CMNGEC) « R R B DS =
0.24, Z B N HEI/RPACE MS=0.38, A &N
11.23% ,db om0 3 TR 24t
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2.2 EEHEFFERGE

(1) EREMEER 5 NM/CMNGEC % it 4 i 7 4
F I W SCER[7-9 1

(2) AINPs/CMNGEC/NM ¥ fiss #i 1 7 14k 2 1 51
%2 of5 2.2 g AINPs S0 FHERI PR LAY 31.75 g filf 3%
Hgirh, A AT 15 min, 22 A 2.05 g 1
CMNGEC, fF 2 W KIE A 5 g & T EkBhEs A,
B FE 25 min 5 & B 30 min, BB R A1 0
AINPs/CMNGEC/NM #E it e i Rk 2. R A&
AP 11 A 22 00 32008 458 5 T i FIR 58 K T HE 20 5 4 4
B UL3e 1 RAE AP 1Y 2 41 53 1 2 3k B 1 4 iF
FIAR Z 1 Pk B, A AR 2 4 fi CMNGEC 5 &
ANFE ) =2KEE W KR 5 Gel-1-65% . Gel-2-70%
Hl Gel-3-70% ,Fit 77 W32 2.,

R BERMEA A RS AR B SRR T T R AP)
Table 1 Formulations for combustion residue and burning

flame test (excluding AP)

gelling gelling agent/g liquid additives/g
agent/%  CMNGEC  SiO, fuel(NM) /g AINPs  BCS
5 1.84 - 31.75 - 5.00
5 2.05 - 31.75 2.20  5.00
7 - 2.71 38.75 - -

T2 BERBCHE IR AR LRI UL Iy (7 AP)

Table 2 Formulation for thermal performance test (including

AP)
mass/g
sample
Gel-1-65% Gel-2-70% Gel-3-70%
. NH 30 26 26
liquid
BCS 4.5 4 4
ingredients
CMNGEC 0.7 0.6 0.9
Al (13 pm) 9 14 14
solid AP(100 ~140 mesh) 21 21 21
ingredients  AP(60 ~80 mesh) 15 15 15
AP (6 ~8 mesh) 19 19 19

Note: 65% , 70% are the total solid component, respectively.

(3) SiO, B ek R il 5. ¥ 2.71 g SiO,
ST 38.75 g i FE I BE (NM) 75 4L B 10 min
FF B PE 20 min J5 & 30 min, B AT JE B BT 7 2
) NM/SiO, BE R HEERIA R (£ 1) .

2.3 MEAKRESIHE

(1) PR B o o TE B 1 56 e 4 3 )
AR BT g HUEE 2R M L, SR G R
PR TR MERR PR R e R 1 AR B R B 25 °C

(2) FPEREMIR BT 2 100 11 58 2 e O 5
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WHE (F 2), % HHBE Y (Mettler Toledo) TGA/
DSC1 STAR® System [i] & # 73 #r 4, T} it 2 J& 2
10 °C - min™' , 5 A3 & 20 mL - min™' ,

(3) v 0 A8 e PRI I 4 NM/AINPs/
BCS 4% 31.75/1.1/5.0 (g),CMNGEC & & >
0.5% 1% 2% FiI 3% {5 K& e 257 1A %2, 30 g A
50 mL g0 LA R 239 4 670,2000 g 17000 g
T EL 30 ming BRSBTS S R ST IR B
S| N AR N T T = I R L
HC-3018%1 %,

3 H#REITRR

3.1 BN BIRIRRER

A5 B I A HE R A ZR AL R DL T T ]
B, 4l CMNGEC B Ji¢ #fi 3t 7 K & O i W] BE I, A
AINPs (AP J& , BB TR K A 5 STO, BE 15 HE 51 {4
AEFILHGE,

b. with AINPs

c. with AP
and AINPs

a. pure
CMNGEC

BT R [R]EE HE ESR AR R TR

Fig.1 Photos of different gel propellant systems

d. pure SiO,

P2 2381 o 3 ot i o a0t AR A4 O AR B
AR AINPs [ CMNGEC #E fi 4 1 77 142 2 114 57 A8 be
W, B A AT — Bk 22 B S 30 0 ot Bt e T T
FOIR (bR 20 B30 43 ), A WYt 1) 6 0 ot B B 42
(El 2a) . 3] fig & il T %k 77 CMNGEC iz b B i
0 22 0 s A R R A R Ah S SO T A 0 R R R PN
FEA LT E . M50 YA IR B AR BR A, B2 o
T 122 58 JRC A B R0 A 2R L5, 7 A R e 214 R M 4 3 7
PR ZR IS N A SRR 56 I, R S [ 31 /i — By
5 ARSLIR DS, 15 UIE BB I A, T 2 R A
JERAREAT 4 UE R 7 & AINPs B B fie H i
FIR Z A A W5 B4, {05 4 CMNGEC % i 4 375 57
TR Z MG, S B R 0 W 5 , H OB R A SR
BCE 2b) 3 AT B8 S AINPs J5ikr M B i HE 1F 551 44 =
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PN A R AR I — P A AR5 ] 2¢ gl
ST, B8 I HE 32 790 1A % 11 - A KR g 00 3 K A P ol T
2c AL, 4l SiO, B4 HE MR R AR Be B AR, il T
KR A I DAIBE 8 A SR A R PN R o R DI R
SiO, Jm THEVEJCHLI B, A B R G W 2K Bt =
WAL R TR B R o KPR . IR SRR ],
it CMNGEC K& 5E i e E 57 14 2 R e i 72 5 48 SiO,
G JEE A 2 50 (A R AN [, CMNGEC 5 Ji #fi st 5 1R 28 BA
R JC YR JE P 1 M K L B 2R I A AR AR AR B AL
HUNPE 3 o« AR R b, AR AR R R T b A
2 R 2 T AN W8T 28 A, 3 SBCTRIG 2 T M 5 7R S
I B 2 R S 35 0 5 5 5 R BT A, TR N
VI8 BRI AR R — A0 2 ke L 28 RO BE 5 8 IR o 51
S BCBR I W PN A O LI JE R B
i R 38O 120 22 s 25 P RO s B BRAE, i
G 7R JES I 22, R A PR ARORE 28 O B B M
ZJE PR bR K- RIS 5 R Y R
MR R SRk 5 R 5 5 BB BE 3R (4 52 52 AT 16 71
fifk I e 5K RBE , 7 R D R R Ak i

a. CMNGEC b. CMNGEC
without AINPs with AINPs
B2 A [e] 356 I A 2 0 R R T MR e A
Fig.2 Flat flame of different gel propellant systems

oo -

formation

c. pure SiO,

rupture combustion
3 CMNGEC & i i 1k b 1 R AL B

Fig.3 Combustion mechanism of CMNGEC gel droplet

expansion

BRBEJT , 2l CMNGEC ,SiO, 7 AINPs 5 Ji 4 51
R b sk WL 4, HE 4 T WL, 4l CMNGEC %t
JE 0 90 A R R e AR A b (I 4a)  pRE HE DT
0.2% ,HFEH BAR &8 H8 11.23% () CMNGEC & T
B MCBE A, 7E HE R be Ja AR Lk & & AINPs
) CMNGEC %E i #E i K & (18 4b) , 5k i 25
2% FRIERR T 3R Mk, i F AINPs [ 8 R 5% i ; SiO,
T HE R TR R AR R Ik 7% (I 4c) , A SiO,
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A B IEANREMA S, B0 AR 0 B oK AR R AN E R
M 58 JC HE T 590 A R R 8 SR 3k 23 36 s e B LA AR
Be 7 LEAR T B2 ), I8 M B O R 2 i 3 28 AR
ES NI TR S7 0

a. pure CMNGEC
B4 2% R e R R A AR I R e ak

Fig.4 Combustion residues of different gel propellant systems

b. CMNGEC with AINPs c. pure SiO,

3.2 & AINPs 0 AP B CMNGEC i # 3 1k 2 i
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b. partial view
5 RREERHEIE ARG TG-DTG fih £k
Fig.5 TG-DTG curves of three gel propellant systems

HIPE 5 AT, & AP L AL oy 8 B J 4 9 0 4 2R B4
SRRy = AN B B S — B B, £E 40 ~90 °CL & T
AR B 20 10 32 IRA% A B B, 78 DTG ik 1 iy
DU e o R AL ) R ) Gel-1-65% )
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U RO BE SR AR, S 52 °Cy 5 B B, 7E 150 ~
250 °C, J}y 1% BE B %8 70 1 #4453 it B Bt , CMNGEC 52 i
O RIREEFE 206 C A4y (B 5b) , th FHAEA b &
HAE] 1% %5y i HAE & 5b pF B 5 =B B,
FE 250 ~450 °C,iZ B Bt Ry AP 19 4 it o B, W 2 43
BB B G 250 ~330 °C, ok AP BRI TH AR T
T 1 R 308 T A4 i B B

NH,Cl,&NH, "+ CIO,"=NH,(g) +HCIO,(g) &
NH,(s)+HCIO,(s)

P HCIO, (g) B9 2 51 B fift 1 2 B 7™ 0 f 3 4
NH, (g) B4 b 0 ; HRJE 350 ~450 °C, - AP 75
TR A3 A B B, A 32 0 it i B, B BEAS AN AR A
HiEAT ClO, %4k NH, Y 52, b 7 % 5 A0 26 i &
AP 1) 3 it 7 o

Bl 6 Sy — ol 5 i HE 2E 50 A& &= 9 DSC i, 5 &
5 KNIF Y&, DSC i 26 F CMNGEC 4 i 16 K58 43 9%
AP (1R 8 4 U6 LI #A 4 I OT 8 36 . 240 ~250 Ch
AP (14 5 250 5 A8 W ARG i, AP A IR 4 AR 2R T
F4 2 72 Sy e R B S 7 SR LYY L 280 ~320 °C Sl AP G
— i AR B, 2 B B Ol AP (4 IG TR 43 i AP 43
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Fig.6 DSC curves of three gel propellant systems

V” high-speed

7 & AINPs () CMNGEC B i 4t 70 ik R FE HEpL

TSP, gelling agent high-speed
stable system centrifugation increasing centrifugatior unstable system
ST <Gy U <::m|'5€&-‘. : j{? I

Oy A BRI, S Al AP FE 320 °CUU ZE A B
B — N A DA A L B A S AR R T AP i B
PEHT T 5 ZHA AP 7E 480 °CAE A7t BLAE — B Br A4y it
W,y AP BB IR 1 AP 58 A O3 il N AR Kk 7
Yy, IR LA R A RE A B il 2 9 45 A, S e 0
B BVl RS A 3R ) A4 2 v B A B I AR (U
B A BRI R A R R AP AR A A B
4l AP B IE AT BT B T . X P RE O A, Al X AP
el T A3 SN, A AR G B A TS M BR R Tl AP R TR
SRR AR
3.3 % AINPs ff§ CMNGEC $ s #F ik RfaE i
N T e e 0 790 A 2R 0 0 O R R e R AL R T ] 7
Jim (NE AR AINPs) o 1B 7 7] UL, Bl 2 e 5 711
B (B, 5 8 R0 K 43 —F B T 14 = 4 I 45 45 A8 A
Xof B JE A AR K, IR BB AL B — E & AINPs, #5843 558 &
HEHTES O I VR, AINPs {UF D BEDTRE , 8 2 To TR
FaEtE R as R ILE 8 Ak 3, NIKI 8 fg 3 1]
1, AINPs & 3 4 ], CMNGEC & 1 A [R) 1) 35 Jie #fi 32
FURRPIE ORI AW B 25, MHRET, &8Ik
W R R R SR E MRS (E 8a), B .
30 minj5, & 3% CMNGEC ¥ 5 640 2, HAl AL 5
Y BB 4 o3 I, HL A3 4 B G Bt A Mg 68 ) 5 o 6
Uk 55 (1€ 8b, 18 8¢, ¥ 8d) 5 670 g #5.0 JjE M 30 min
J5 ., 0.5% Ml 1% CMNGEC #¢ 5 ¥ & #7 %k T
70% , %5 2% CMNGEC £ 5 AR BT H 2 AL 8% , 5 3%
CMNGEC ¥ S AR BT R AR 5] 0.5% 5 2000 g 5.0
F1E4E 30 min J5, & 2% CMNGEC ¥ i AR 7 %
IKF] 32% , % 0.5% 1% Fl 3% CMNGEC # & 1y i 4
Bt R AT 670 g B0 71 &0 FILF LA 1
7000 g & .0 HFELE30min 5, 72 % CMNGEC £ &

V‘/v

Fig.7 Stability mechanism of CMNGEC gel propellant system with AINPs
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Fig.8 Photos of gel propellant systems with different gelling agent contents after centrifugal test

a. initial

WARNT HH RGN E] 54% , 75 3% CMNGEC £ i & i B
HOR PSS 1% . 7] 0L, CMNGEC i 5 1 & ik ik 1
3% I, B FC AP 0 7R 4K R B A AR G i R

AN [7) e B 0] 5 1 ) B M A 30 79 1K 2R 43 31 4680 °C
JHCE 24,48 h KE R 25 CCFHCE 7 d AT H R &
4, 34 T IL, W) R A BERHEIE R R R A A
5E 3 80 °CHlLE 24 h J5, % 0.5% 1 1% CMNGEC £ i
WAKTFEAHT Y, & 0. 5% CMNGEC # & 1A T Hh % 3
T 40% ,1% CMNGEC FE 5 AT 1 R 45 38 30% 5 &
2% CMNGEC H: i A Tl i WA AT Y, A 1 330 2% 5
{H55 3% CMNGEC FE G A TEHTH (0.2% ) .

R 3 ONIE B T R S5 I HE R TR A AR B RO BT R B
BRI 1 i AE Al

Table 3  Liquid precipitation rates of gel propellant system
changing with different gelling agent content under different

centrifugal force

liquid precipitation rate/%
CMNGEC/% i P P

670 g 2000 g 7000 g
0.5 74.11 74.38 74.73
1 70.29 72.61 73.88
2 8.28 32.45 54.67
3 0.45 0.51 0.56

T4 OA[A R & AR [R) R BE R B AS [R] B R] S S i #E
HE AR FR 1 WA AT H 2
Table 4

gelling agent content under different temperature after different

Liquid precipitation rate of gel system with different

aging time
CMNGEC liquid precipitation rate at liquid precipitation rate
/% 80 °C/% at 25 °C/%
24 h 48 h 7 days
0.5 39.02 50.17 64.59
1 29.68 35.46 44.41
2 1.96 4.43 2.88
3 0.21 0.89 0
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c. 2000 g

80 Cilt# 48 h 5,5 0.5% 1% 2% Fl 3%
CMNGEC 2 # b W A4 B th 5% 43 51 34 in 22 50. 17 %
35.46% 4.43% F1 0. 89% ; Z I 25 C Fik® 7 d
Ja,% 0.5% 1% CMNGEC £ & ¥ & #r 2% 3% 3]
64.59% Fl 44. 41% ; %5 2% CMNGEC £ i i A7
KW 2.88% , & 3% CMNGEC KE 5 J6 W A #7 . T
UL, T e R R M A I A 3R A e ek ) P o IR R
VAT 2 [a] — 858 i #E 1 00 AR 2R 1 VR R AT 2 i )
IR [B) ) A2 1 386 5 AR R 3 2% R T, Bl 2 1 3 )
T ARG B S HE I AR R B BT D RE DT 0
F G FHE (3% ) WL TEHr ik .

4 &£ it

(1) 4li CMNGEC % Ji i 328 71 4 2 K be K A 1 31
“TRIAWTS T LG R R T LR AT R IR I I A
K FLAG U R TR 1 R U 0 K L 2 s S R i
BEFIRBERRAE . & AINPs iy CMNGEC % i #E 3 71 {4
FRBRBE I L L W S T A R B
P BLG T SIO, B e HE 1 )R 2 W BAT 5 A s 5
X —FFIE

(2) 4l CMNGEC B Ji i 3 7K R (9 BA 58 3% i 1t
e/ FLUOR TR AINPs (1) 35 Ji 4 308 70 1k &, 3% i
e KB I SO, B HEE R &

(3) & AP I AL ¥y 1ty 58 I H 1E 550 44 R 24 43 i )
TR 2 SR B R A a8 ) A R A A0 il T G TR A 4 4y
PR 5 R R A i A AP 343 ik = AN B B, FLUE
JEEHE HE R A 2 A AL AP Tl SR 32 7777

(4) CMNGEC Ji& % % 4 5 15 5 3% i, 75 670,
2000,7000 g i .0 30 min 00 F AR HT H %1y
INTF 1% B A 2 SR AR R A AR

5% 3K :
(1] RHITE. — b £ H U Bk b R 2 ShHL A BRI B WF 5 (D]

bt A A 20154 #2334 %78 (613-618)



618 Kz, £REB, PR, BO— 7, AR

P22 YL Tk kAR 1997 [8] B/— BB AR, RIRFY 45 Hr B A0 o7 1 2F 4k 3% L % e B I 11

SONG Ming-de Theoretical and experimental study on a new WASVERERT L [)]. WA R AL ¥ 2%, 2012, 33(2): 208 -

paste pulse rocket engine[ D]. Xi'an: Northwestern Polytechni- 214.

cal University, 1997. Lu Shao-yi, SHAO Zi-giang, ZHANG Zhen-ling, et al. Rheolog-
[2] Schindler R C, Olson A M, Arnold C J. A gelled propellant sus- ical properties of new stimuli-responsive energetic gels [ ] ].

tainer stage[)]. AIAA, 1992. 1122 Chemical Journal of Chinese Universities, 2011, 34(1) : 49-53.
[3] Song M D, Ye D Y. Study of a new pasty propellant multi-pulse [9] B/b—, BEASR, sKIRFE, S5 0 A 5 BE 4F 4k 28 3 5 i 3 0k 5]

rocket motor[ ) ]. AIAA,1998 . 3489 APEREWEST ()] . Ak AR, 2012, 70(2): 104-110.
[4] Yasuhara W K, Olson A M, Finato S R. Advanced gel propulsion Li Shao-yi, SHAO Zi-giang, ZHANG Zhen-ling, et al. Studies

controls for kill vehicles[J]. AIAA, 1993: 1993-2636 on rheological properties of new energetic cellulose based gelled
[5] B—, BiEM®, T RE, & BT ILT 4 ZEERR T MR ES /K48 propellant[)]. Acta Chimica Sinica, 2012, 70(2); 104-110.

KA ae s [)]. S M BRI 5 T8, 2010, 26(8) : [10] Yair Solomon, Benveniste Natan, Yachin Cohen. Combustion of

54-57. gel fuels based on organic gellants[)]. Combustion and Flame,

LU Shao-yi, SHAO Zi-giang, WANG Fei-jun, et al. Rheological 2009, 156: 261-268.

properties of carboxymethyl cellulose acetate butyrate water dis- [11] SRS, BERERRBL B R B i A A s e i I [ ). ki 1k,

persions[ )]. Polymer Materials Science & Engineering, 2010/, 26 2010, 36(3): 1-9.

(8):54-57. ZHANG Meng-zheng. Modeling, experiment and application of
[6] B/b—, HEH M, T B, . Kol 08I R P T4 X0/ T single droplet combustion for gel fuel[J]. Journal of Rocket Pro-

MR R4 A S PERERT T )], wigh Tad e, 2011 (12) : 92-98. pulsion, 2010, 36(3): 1-9.

L Shao-yi, SHAO Zi-giang, WANG Fei-jun, et al. Studies on [12] xjgkte. 259 BA PR RE [ M ] Jbat: Jb mt 31 0K 2 i R,

structure and properties of water dispersible carboxymethyl cellu- 1997.

lose acetate butyrate[ J]. Polymer Bulletin, 2011(12) . 92-98. LIU Ji-hua. Physical and chemical properties of gunpowder
[7] B/b—, HEAM, T RME, . 5805 e e sE ) i 25 S HsE i [ M]. Beijing: Beijing Institute of Technology Press,1997.

WAETERE[)]. KHEZG 2, 2011, 34(1) : 49-53. (137 X070, BIARAG, fLiA M, %6 R IR s m i )], S ReM R,

L Shao-yi, SHAO Zi-giang, WANG Fei-jun, et al. Preparation 2000, 8(2): 75-79.

of new energetic gelator and rheological properties of its gel[ J]. LIU Zi-ru, YIN Cui-mei, KONG Yang-hui, et al. Thermal de-

Chinese Journal of Explosives & Propellants, 2011, 34(1): 49— composition of ammonium perchlorate [ J]. Chinese Journal of

53. Energetic Materials ( Hanneng Cailiao) , 2000, 8(2): 75-79.

Combustion Characteristics and Stability of Energetic Cellulose Based Gel Propellant System

ZHANG Yun-hua ', WANG Fei-jun', NIE Zhong-yuan' , Li Shao-yi', LI Yang®, SHAO Zi-giang'

(1. Beijing Institute of Technology, Beijing Cellulose and its Derivatives Materials Engineering Technology Research Center, Beijing 100081, China; 2. Xi'an
Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract. Multi-component gel propellant systems were obtained using carboxymethyl cellulose nitrate glycerol ether (CMNGEC)
as gelling agent. The combustion flame characteristics, combustion residues and system stability of the gel propellant systems were
analyzed by flat flame test, thermogravimetry-derivative thermogravimetry, differential scanning calorimetry techniques and high
speed centrifugal stability test. Results show that the combustion behavior of CMNGEC system contains processes of periodic swell-
ing, cracking, jet and burning of gelling agent, and the combustion residues are less than that of SiO, gel propellant system. The
thermal decomposition of CMNGEC gel propellant system can be divided into three stages: the volatilization of liquid component,
thermal decomposition of CMNGEC gelling agent and thermal decomposition of ammonium perchlorate. When the content of gel-
ling agent is up to 3% , the gel propellant system is stable at 670 g, 2000 g and 7000 g centrifugation conditions for 30 min and the
liquid precipitation rate is less than 1%.

Key words: carboxymethyl cellulose nitrate glycerol ether (CMNGEC) ; gelling agent; gel propellant systerm; combustion charac-
teristics; thermal decomposition; stability
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