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Abstract: Nozzle two-phase flow in H,O,/HTPB hybrid rocket motor was numerically
simulated by the stochastic trajectory model. Accuracy of the simulation results was verified
by comparison with experimental data. A parametric study of different condensed phase
mass fractions and particle mean diameters was performed to investigate the influence of con-
densed phase parameters on nozzle performance, and the results show that the nozzle effi-
ciency decreases with the increasing of condensed phase mass fraction and particle mean di-
ameter. An orthogonal design of fuel formulation was conducted to investigate the effect of
different fuel additives (Al, Mg, AP and B) on the motor performance, and an optimal
formulation was obtained. The results indicate that the condensed phase mass fraction in-
creases with the increasing of mass fractions of Al and Mg, and is low dependent on the
mass fractions of AP and B; the addition of Al, Mg, AP and B has little effect on the maxi-
mum specific impulse, and can enhance the maximum density specific impulse effectively.
Moreover, the addition of Al and Mg reduces the nozzle efficiency, the actual specific im-
pulse and the actual density specific impulse, while the addition of AP and B has little effect

on the nozzle performance.

:2012-07-20
thttp://www. cnki. net/kems/detail/11. 2297. V. 20130508. 0949. 201305. 1180 030. html

(1988—), s



) :H,O,/HTPB 1181
Key words: hybrid rocket motor; fuel formulation; orthogonal design;
two phase flow; numerical simulation
N . (03] I »So
hY b ’ 1
G.JZ;_
i 0.100F i N
[1-8] N > —
| . M
Al Mg (AP) 0 0.&]5 G.I] 0 h.llﬁ 0.:’20 O.IES O..%O
Chiaverini / xfm
(GOx/HTPB) ) 1
(CB)  0.05~0.10 um Fig.1 Computational mesh
(UFAL),
1
20% UFAL
Table 1 Variables of control equations
45% M George AP Al
) 6.15% AP ] r Se
18.46 %A1 1 %, Fred 1 0 0
erick Fe,O; AP GOx/HTPB . . B (71? L
, 2 5 % 91,
Fe,0;,27. 5% AP, 447 %) Perez T L3 S,
AP, ‘
Fe, O, f147
1.2
Risha Al,B B,C
, Al B ’
L1101 , d;‘; = Fy(u—u,) (2)
Fd _ 3 Cd;er
4 OplUy
’ . Re . ‘gdp | up —u ‘
Al,Mg,AP B H,0,/ “
HTPB u Uy id,
s p :Cy
1 1.3
) 90% Hg(’)z/HT_ ’ v
PB ,
’ 1 5 ’ ’
1.1 N
9P | I pu®) | 1 IGped) _ 2
Jt dx r dr 1.4
d JdP d Jd
ﬂ(r 3r>+$<rp 87‘)+S@ [@D)] ’



1182 28
) ! +nf=5p,m
28%A1/10%Mg . —&—d=15um
2kg/s. 2 3 ;; 0.50 £
i
’ = o085 [
5. O },Lm ) ’
0.80 F
0.75 . i
PR 0 0.1 02 03
JriG B¢ AR i A
3
HE S Fig.3 Effect of condensed phase parameters on
specific impulse efficiency
(ANEE e BT
l 2
| stsEmm R A | 2.1 AI,Mg,AP B
y Al 9 Mg ) AP B
B il :
& )
, 3.
3 ( %)
Table 3 Orthogonal design results(unit; %)
2 Al Mg AP B
Fig. 2 Solution process 1 0 0 0 0
2 0 5 5 5
2
Table 2 Comparison of numerical and 3 0 10 10 10
experimental results 4 10 0 5 10
5 10 5 10 0
/% /% /% 6 10 10 0 5
7 20 0 10 5
1 3.15 16.6 86. 1 87.9
8 20 5 0 10
2 3.48 15.3 91.8 88.6
9 20 10 5 0
3 3.83 14.2 86. 7 89. 2
5%,10%,15%,20% 25%, ‘4
5.0,10.0 15. 0 pm
, 1,2,3
5%,10%  20%( ).
3 ,
,Al,Mg
Al . Mg 1) AP B

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



5 :H,0,/HTPB 1183
7
’ Al ’ Mg ’ AP B
10 , Al
8t
§
eI
_45 6: 1360
jﬁ_’ F —a— Al
v L
=4 —e—
= , 1350} +TF //
= ~-B ~—
j: sl =
& . . N —
ob— 4 + —
H SRR A UK TR i330f o
4
Fig. 4 Effect of different fuel additives on mass 1320— 3 5
fraction of condensed phase AR R A R AR TR
5 6
i Al. Mg, AP B Fig. 6 Effect of different fuel edditives on
average density of propellant of propellant
s 1%. Al
3675
I 3650F
3 65
LZny ::E_ 36{]” E
i
o 3575F
Z 2690} 2
. = 3550}
";:—-J 1 1 n 1
5 3525t L :
= 2680 214 W3 BUKOT- 5
7
2670 — 5 % Fig. 7 Effect of different fuel additives on
43 A Bk B theoretical density specific impulse
7 2.2 Al,Mg,AP B
Fig. 5 Effect of different fuel additives on
theoretical specific impulse ’
Alqu9Apo HZOZ
HTPB ’ Al»Mg’ 5.0‘um.
AP B 8 ,
b b
’ ’ , Al Mg
6 , AP B
’ 9
Al,Mg,AP B s Al
: AlLMg.AP B Mg , AP B
1 2

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



1184 28

2520¢ . Al, Mg, AP
o= e B ,
. TN ——ip . no.
= T . H, O,
A e S HTPB , H,O,
‘#‘I; Aaenl \\\\ "“xxx . Al ’
i \. Mg, AP B
[, : : B
. b
aa 1 2 3 .
AR EOK P C ’
8 . b
Fig. 8 Effect of different fuel additives on ’
practical specific impulse of engine s
3350
% 3340 :— v RIS
E 3330} 2750+
> ! e R —
= [ = = @ A
= 3320f 2 P = ==
= E = o500k o~ A T
B 3310F —m— Al =7 Ny
o 3300f —A—AP = i / D
ks E —v—B 2250 / —a
e , , —~D
3200 1 3 3
(=) - 4 2 L L L
413 R 4M UK A 0= 4 6 3
o FRA L
Fig. 9 Effect of different fuel additives on 10
practical density specific impulse Fig. 10 Theoretical specific impulse with different

fuel formulations

b b B
A C Al Mg
B. ,
, HTPB C
2750
D L
4
4 (%) !
Table 4 Additive mass fraction with different fuel E
. 0.0 15 3
formulations (unit: % ) ?F w50l
Al Mg AP B
A 20 10 10 10 2000 !
B 0 0 10 10 TR
C 0 0 0 0
11
D 28 10 0 0 Fig. 11 Practical specific impulse with different
fuel formulations
10 ,
s Al, Mg, AP B 12 s

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

5 :H,0,/HTPB 1185
’ A D 0
s Al Mg 2) Al,Mg,AP B
’
3) Al, Mg
—— ,
//r/lé_/#— = 4)
’1/” /I’g A 2
s X —a— A
——B
s —h—
2500 ——D
2250 é "1 F" 3 .
Eatida [ 1] Zilliac G. Hybrid rocket propulsion: past, present, and fu-
12 ture[ R]. NASA Ames Research Center,2010.
. . . e . . 2 Karab lu A. Hybrid rock Ision for f
Fig. 12 Theoretical density specific impulse with 2] arabeyogiu ybrid rocket propulsion for future space
. . launch [ R]. Palo Alto. US: Space Propulsion Group
different fuel formulations
Inc.2008.
13 , [3] . . s
[Jl. ,2008,29(5) :1616-1621.
’ YANG Yuxin, HU Chunbo, HE Guogqiang,et al. Key tech—-
’ B C nique of hybrid rocket motor and its development[J]. Jour-
’ D nal of Astronautics,2008,29(5):1616-1621. (in Chinese)
Al Mg [ 4] Davydenko N A,Gollender R G,Gubertov A M,et al. Hy-
s brid rocket engines: the benefits and prospects[]]. Aero-
space Science And Technology,2007,11(1) :55-60.
[5] , .
[Jl. 22002(3) :18-22.
3750
HU Jianxin, XIA Zhixun, ZHANG Gangchui. The oppor-
7 3500+ tunity for hybrid rocket motor in commercial space applica—
E tions[J]. Missiles and Space Vehicles,2002(3):18-22. (in
5, 3250r
= Chinese)
= 3000}
= \ (67 L 0.
™ 13
:I: 21750k +B ,1997,20(3) :13-20.
@ A—C SHAN Jiansheng, LEI Ning. The development and applica-
. 2500+ —vD . o 4
L tions of solid-liquid hybrid rocket motors[J]. Journal of
2250 L L . L : Solid Rocket Technology,1997,20(3) :13-20. (in Chinese)
’ 2 4 6 8
Sk [7] . s . N.O/HTPB
[Jl. ,2008,23(6) : 1146-4450.
13 TIAN Hui, CAI Guobiao, SUN Zaiyong. Computation of
Fig. 13 Practical density specific impulse with nozzle two-phase flow in a N, O/HTPB hybrid rocket mo-
different fuel formulations tor[J]. Journal of Aerospace Power, 2008, 23 (6);: 1146~
4450. (in Chinese)
[8] , , ,
[J]. ,2005,20(1) :142-146.
s TIAN Hui, CAI Guobiao, WANG Huiyu, et al. Nozzle
H, ()Z/HTPB flow computation of classical hybrid rocket motors[]].
Journal of Aerospace Power, 2005, 20 (1) 142-146. (in
’ Al ’ Mg . AP
Chinese)
’ [ 9] Chiaverini M J,Kuo K K, Peretz A, et al. Regression-rate
and heat-transfer correlations for hybrid rocket combustion
1) [J]. Journal of Propulsion and Power, 2001, 17 (1)

http://www.cnki.net



1186

28

[10]

[11]

[12]

[13]

[14]

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

99-110.

Chiaverini M J, Serin N, Johnson D K, et al. Regression
rate behavior of hybrid rocket solid fuels[]]. Journal of
Propulsion and Power,2000,16(1):125-132.

Chiaverini M J, Harting G C,Kuo K K. Pyrolysis behavior
of hybrid-rocket solid fuels under rapid heating conditions
[J 1. Journal of Propulsion and Power, 1999, 15 (6):
888-895.

George P, Krishnan S, Varkey P M, et al. Fuel regression
rate in hydroxyl-terminated-polybutadiene/gaseous-oxygen
hybrid rocket motors[J]. Journal of Propulsion and Pow-
er,2001,17(1):35-42.

Frederick R A,Jr Whitehead J J,Knox L. R, et al. Regres-
sion rates study of mixed hybrid propellants[J]. Journal of
Propulsion and Power,2007,23(1) :175-180.

Peretz A,Einav O, Hashmonay B A, et al. Development of
a laboratory-scale system for hybrid rocket motor testing

[J 1. Journal of Propulsion and Power, 2011, 27 (1)

[15]

[16]

[17]

[18]

[19]

190-196.

Risha G A,Ulas A.,Boyer E,et al. Combustion of HTPB-
based solid fuels containing nano-sized energetic powder in
a hybrid rocket motor[ R]. AIAA 2001-3535.,2001.

Risha G A, Boyer E, Wehrman R B, et al. Performance
comparison of HTPB-based solid fuels containing nano-
sized energetic powder in a cylindrical hybrid rocket motor
[R]. ATAA 2002-3576,2002.

Risha G A,Evans B J,Boyer E, et al. Nano-sized aluminum
and boron-based solid fuel characterization in a hybrid
rocket engine[ R]. ATAA 2003-4593,2003.

Risha G A. Enhancement of hybrid rocket combustion per-
formance using nano-sized energetic particles[ D]. Central
County, US: The Pennsylvania State University,2003.
Evans B, Boyer E,Kuo K K. Hybrid rocket investigations
at Penn State University’s high pressure combustion labo-
ratory overview and recent results [ R]. ATAA 2009-
5349,2009.

http://www.cnki.net



