A B HORE B0 488 ek RE 15 Al 2 LR R R 633

NEHS: 1006-9941(2017)08-0633-06
AERBRREEESELFARBX R

BoOR, BAAM, FEH, K fF, WwH, AL

(MREIARFMIFR, L7 #x 210094)

OE: N TR AR BEPE E G AR AR Z I OCR L BEXT 547 58" 627 FI 667 4 FlHL i A1 W T T M (3% 43 A, OF
T4 T B B R GR BRI TR S0 R Y IR IR A2 AR R M T NASA-CEA BPFTH3E T 4 Fivm SRR [RS8 LU T i Re it itk o 25
RFW]: 547,587 6271 66" 4 FiHLE A1 19T 1 53 F 34N CopaoHay a0+ Corso Hisria ~Cason Hagoa 1 Coy g Hg oo s IR BE R 7
SrHH 92.79% 89.44% 88.36% Hl 84.55% 5 I AL n B IE A IR IR BB/ B9 20 B O RR B RO AIR 5 B SF X B n (H Y
38K DL T TE ) e e B B R AT, 0 05 AR B B R R AR . NASA-CEA B THEE A 21 4 Fho£3 08 1) BE B 457 1 52 LA 2 4L B S AR /D

Hi AR ER Lo 2.7 X5 R A BEIE L o 249k 354 s, 4 #i KB TR EE 24 3600 K,
K FWIRA RSl AR S @R hrgl il BB B R g

HESEE: V436; 0657 X FRERD: A

DOI: 10.11943/j.issn.1006-9941.2017.08.003

1 5]

il

ES R R a) b1 N B ] I T 95 NI S B Z N
FAE 7 8 R 3% AT DL S B0 S ML AN B A P 05 R 2
T S M 1 2R e i — ST R OE T L A E e -
ST AT TR AR s KT BN TR DL S e
L ROk WO R a5 o LA (B N R N/ S B
B R A A ke o5 ™ B 20 T B OR A Kk sh L R S
K%, Wi K 10 Karabeyoglu MAY BIF 58 %k B #7
U R FE R e i A b 23 7 AR VR e B4, T LR R
P& SRR BT B ] P Y BT s, LR AR R O 1%
G AR B R T M (HTPB) BARHAY 3 ~4 %5, JF H A
SRR A AR B, SRR 12, 5 T A7 A% AN i Hr, Pk g
S IR A Kk S HL A BEAR BB R .

AIEBRRHE — MR BRI AW, Hoi o & 2%, Fb
REZ  RNFIF A 8 2 )4k 22 20 B0 22 01 e g T H:
EAANR BT, B2 25 Rk be vk g . HATHE
N AT X [V TR B i B ML I A s SR 1) R e M R
iR % . Weismiller MR 7 BIFSE T ¥ NH, BH, % 47
iR B % BN ML 5 Galfetti L 3t T 95

KFE B 2017-02-15; {EE HHH: 2017-03-22

E£TH: IEWRAFRLIES R

EZE® v BIR(1990-) Lo, LTS A, 220N 30 ERR 45 HE R R
KIBCJ7 %1 F 98 . e-mail ; tangyue090@ 163. com

BEBRRAN: WHI(1963-) 9 #4042, F 2N F 5 e b RHRIHE £ R

5%, e-mail: rgshen@ njust. edu. cn

CHINESE JOURNAL OF ENERGETIC MATERIALS

i AS I ) 4 R ) AR B TR RO T & JB Ak
XA I R R R R MRS e T
HTPB FIEE 45 4 4 B0 A I 5L 00 IE 77 A IR B i 1k . L
2 AT I TR PN A A A 2 4 AR T A A B B0 A A IE
SR o A R o LR 0 P i 1 R R A A SR AR 1 0 A
T, PR I A 0 B T 8 S [ o 288 A i 1) A 2 20 i 48R
PeEBERR T, e M HUR B RE S Ib AR Z R G R
R e BERRBEVE BE DL B0 A W R E LA B A I R IR R 1 T
TR AR SR

F 1 8 R B AR IR K A AS TR 4 R AN TR
WS ASHIFSY L) 547 587 627 F1 667 4 FikL T A bk
5% %t 4, 3 4 A €38 43 BT R [R]85 R R 1 fk 2 41
I, 5 i RS 3 P R e A R P e e R
T3 7 A AR P A I B AR RS S R U 5T A I A R
(R 1K be 1 BE 5 AR 4 18 B 06 &R, [R) B AT NASA-
CEA BRPETTEE 4 Rl B8 J0ORHFE S [l 500K L R 1 238
Et o, Xt L B e AT VAR

2 IRy

2.1 XF5MEE
Wl (1)54" 58" 62" F1 66" 4 FiRLE 4 i, o
FE A A T A A BR 2 m R 1T 20 A Al s (2) CoHy,
C,H,, Fll CoH, o IEM S8 12 kR KR, 35 E Accustandard 23
Al (3)IEC ke, bl , [ 25 46 Ak 22 il R0 AT BR 2wl
1A% (1)7890A GC SAHEIEAL, 3¢ [ ZHEAE

A e A 2017 % # 25 4% %8 (633-638)



634

RiUR, BRopbt, vRabfh, ok, RERBL, made

Al (2) YX-ZR B4 J8 4 [ g 48 R i X G, T
MKW AR (3) 3T m s 4558 ik 8T 1 [ 80R
AHEBERRHR BRI R G O R K R G AL
U AR R G R R AR R G EECR AR R G
R 2, He b AUk AR O s R JE 21 %, R R AR
DR BE £3 % , 1050 R 3 0dE RS R 0.1 ~10 MPa,
2.2 LIERE

(1) S AH LT 53 By

B2 A FID, Sk T ORUERE S 42450 IR Y 8 42
it I ELIE SR A 58 40 43 85 il B AR I TR 4 1
s WG R 85 °C {45 1 min, L 15 °C - min™ FhiE %
TN E 290 °C, L-FF 15 min, JEHE R B R 2
M 3 Cy HANAR AR, 10 21, 5%
W 40 mL - min™', 28K F 3 400 mL - min™', B IK
WE 25 mL - min™', 54" 58" 62" 66" 4 FiHl A
0 DL TE 58 R 35 59 43 990 I A B B o 10 mg - mLT Y
K, CooH,, \Co Hay B C,q Hyy T 44 5% 12 b B i
Fibpae R 4 L,

(2) #K bt ik

REEEN REZ 0.42 g, T 1F A 58 4 B
B, SR AR A 2 MPa fiff FRER B 22 50k, A Btk ke B
SRR EZ IR 2 K,

(3) iR A& A K

BE G A D LA AT, AR 16 mm, Y 4R
4 mm, K30 mm, Z5EERRGE IR 50 7E B B E N
HEAT I R AR AE 1 MPa, Sk R O R, T
U P AR A R . IR A A NdTT YAG
[ R Jok ' 28 SR R A 2 R v FLAR I Aok 2l
SRIG TR AT IR B T 5 BR84S 25 B N L 21 , R be
TR IEAT , Gead — A~ 45 f i E 1 e S S T
R 5 AN SR 24 AT iy T A S R B AR L T 4 e O
Ab 3 AT DLAS 2R 1 IR F% 3 3 i 4T ) R A %% AR Ak
MRk,

3 HRSWiE

3.1 SHEBEIHN

R MR R Mo BT s h A A B R I BB E
BB ST X CoH,, (CoHo, AT C Ho, IE R I BT RE
HEAT 5 43 B, 45 2 F- 2 8 0 n {H 2y 20 .26 i1 28 —Fp
AR AR B 1], A 1 T . MR BB A
TS EGE AR50 R, kel 22 9 59 H 06 B8 B ] Y
XS HA A R BSOS IE He, I A =X (1) s o
Int'y =An+B (1)

Chinese Journal of Energetic Materials, Vol.25, No.8, 2017 (633-638)

S bR R R B I 0 S, A
H1 B 43391 hy 2 5 22 3K A [l 051 28 B80RD % $500
B (1) AT DS B BOCh n 08 Jo 48 B X6 oy 1) £
1], I H S A e 1 A €8 35 A L AR B8 B[] /N T A
R A ZC n W IE ¥ BE ke, K F k% (n-1) 1E # ke
BT AR B (n=1) R n B P AS IE AR B kR U I 2
() B /0N 0 B 2 B R 1 S A e e | 0 TR LG SR £
T A3 BRI LA SE R A R b 2 2 R A b,
T XA T A AN S UG R/ IN U E A D6 A - A R A, iR T
IS B8 R n () 1F 5540 Be a5 1, XA I RE A B 1k
SN T B AT . 3 FIAR AR B I 2 SR 4 R A K
() HATIIE AR R R T PR, K&l a
FH R TF 0.993 M FEREES
12007 g
1000 |
800
< 600
400
200

'3 11OV S
0 25 5 75 10 125
t/ min

15 175 20 225

B 1 CyH,, CoHy Fl Cop oy IEFG L IR AR AL 1 135 43 BT 15 5]
Fig.1 Gas chromatography of C,,H,,, C,,H,, and C,,H,

RV BRAELORE I O DR B I ] € RO T (1 R K
n B AR 4 2R
Table 1

on detonation heat

Fitting result of influence of the charge confinement

parameter A B R?

fiiting results 1.426+0.056 0.0444+0.0026 0.993
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Fig.2 Gas chromatography of 4 kinds of macrocrystalline paraffin
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Table 2

alkane and iso-alkane
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Chemical component analysis of 4 kinds of macrocrystalline paraffin ( carbon number distribution and thecontent of

Y%

c 54*% 58% 62* 66*

! n-alkane iso-alkane n-alkane iso-alkane n-alkane iso-alkane n-alkane iso-alkane
Cy 0.68 - 1.26 0.22 - - - -
C,, 3.51 0.31 3.19 0.75 0.42 - - -
C,s 9.61 - 5.4 - 1.43 0.36 - -
C,, 12.15 0.23 6.49 0.34 3.53 0.66 - -
Cys 14.15 0.44 6.86 0.62 7.76 0.34 - -
Cyg 12.45 0.91 8.08 0.58 13.31 0.44 - -
C,, 11.98 1.10 9.07 0.63 16.36 1.10 0.59 -
Cyg 9.58 1.69 13.24 1.78 13.56 1.75 1.96 0.26
Cyq 7.58 1.1 13.14 1.37 11.76 1.25 6.29 0.15
Cso 4.52 0.78 10.22 1.4 7.81 1.48 12.68 0.88
Cy, 2.85 0.38 6.29 1.43 5.42 1.63 17.59 1.57
Cs, 1.74 0.26 3.63 0.8 3.61 1.19 15.44 2.78
Cyy 0.84 - 1.25 0.35 1.64 0.74 11.74 2.80
Cy, 0.65 - 0.78 0.29 1.15 0.55 8.70 2.78
Cys 0.20 - 0.17 - 0.15 0.15 4.83 2.13
Cyq 0.30 - 0.37 - 0.45 - 2.50 2.10
C,, - = - - - - 1.46 -
Cyg - - - - - - 0.77 -
3C, 92.79 7.21 89.44 10.56 88.36 11.64 84.55 15.45
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Table 3 Combustion heat of 4 kinds of macrocrystalline par-

affin MJ - kg™
paraffin combustion heat
name test No.1  test No.2 average value relative error/%
54* 47.52 47.33 47.42 <0.22%
58" 47.37 47.15 47.26 <0.24%
62" 47.11 47.31 47.21 <0.22%
66* 46.54 46.76 46.65 <0.24%
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Fig.3 Combustion process of macrocrystalline paraffin fuel
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Fig.5 Theoretical specific impulse (/,,) and adiabatic flame tem-

perature (T;) at different O/F of 4 kinds of macrocrystalline paraffin
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Table 4  Theoretical specific impulse (/) and adiabatic
flame temperature ( T;) at optimum O/F of 4 kinds of macro-

crystalline paraffin

name optimum O/F I, /s T;/K

HTPB 2.3 350.89 3663.59
54* 2.7 354.83 3602.01
58* 2.7 354.79 3602.31
62" 2.7 354.78 3602.41
66" 2.7 354.66 3603.22

Note: O/F is oxygen fuel ratio, /g, is theoretical specrfic impluse, Ty is

adiabatic flame temperature.
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Relationship between Combustion Characteristics and Chemical Components of Paraffin Fuel

TANG Yue, CHEN Su-hang, XU Zhi-wei, ZHANG Wei, SHEN Rui-qi, YE Ying-hua
( School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing, 210094, China)

Abstract; Paraffin fuels are ideal energy for hybrid rocket engine owing to the characteristics of high regression rate. In order to study
the relationship between the combustion characteristics and chemical components of paraffin fuel, the gas chromatography was car-
ried out for 54" 58", 62" and 66" 4 kinds of macrocrystalline paraffin fuels, and measured the combustion heat and the regression
rate in the oxygen flow rate of these 4 kinds of macrocrystalline paraffin fuels. In addition, the energy characteristics of these macro-
crystalline paraffin fuels at different oxygen fuel ratio were calculated using NASA-CEA software. The results show that the average
molecular formulas of the 54%, 58", 62% and 66" 4 kinds of macrocrystalline paraffin were C, ,,H C,, s H Cos 00 Hsg 00 and
C,, 11Hy 5, » respectively, and the percentage contents of the n-alkanes of the 54", 58", 62% and 66" 4 kinds of macrocrystalline par-

54.80 57.18 »

affin were 92.79% , 89.44% , 88.36% and 84.55% , respectively. The bigger the carbon number as well as the less the percentage
content of n-alkanes, the smaller the combustion heat of paraffin fuel. And the regression rates of paraffin fuels were reduced along
with the increase of carbon number. According to the calculated results of NASA-CEA software, the theoretical specific impulse of
paraffin fuels were decreased with the carbon number of paraffin increasing, and the adiabatic flame temperatures were increased
with the carbon number of paraffin increasing, but these influences of the chemical components of paraffin fuels on the energy char-
acteristics were insignificant. The optimum oxygen fuel ratio of 4 kinds of macrocrystalline paraffin were all 2.7, the theoretical spe-
cific impulse were all about 354 s more than HTPB, and the adiabatic flame temperature were all about 3600 K less than HTPB.
Key words: hybrid rocket engine; paraffin fuel; gas chromatography; chemical components; combustion heat; regression rate;
energy characteristics
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