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Conceptual design optimization of solid rocket motor for range capability
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Abstract; In view of the conceptual design optimization problem of solid rocket motor ( SRM) that takes the
optimal range of aircraft as the objective, the geometric parametric models of grain, combustion chamber, and
nozzle of complex three-dimensional motor as well as the performance models of thrust and mass were firstly
established under fixed-scale constraints. Meanwhile, considering the harsh flight environment and high
performance requirements of boost-glide aircraft, a multi-constraint range capability evaluation model was proposed.
Then, the maximum range of aircraft corresponding to the current motor scheme was evaluated by adaptive
Legendre-Gauss-Radau pseudo-spectral method, and a constrained mixed-integer parameter optimization problem
was constructed. In order to solve the high time-consuming of the mixed-integer parameter optimization problem,
the Kriging surrogate model was introduced, and the sequential approximate optimization algorithm for real number
was adjusted by adding integer constraints. For slow convergence rate of the traditional global sampling criterion, a
local enhancement strategy was proposed and verified numerically. Simulation results show that the flight trajectory
obtained by the improved adaptive pseudo-spectral method satisfied all the constraints, and the optimized maximum
range was increased by 12.89% compared with the original SRM scheme. The solution of the proposed algorithm
was consistent with that of genetic algorithm, but the number of time-consuming function calls was only 2% of the
genetic algorithm. Compared with the traditional sequential approximate optimization algorithm, the proposed
algorithm had global search capability, and effectively improved the convergence rate.
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Fig.1 Geometric diagram of finocyl grain
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Fig.2  Configuration of nozzle
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Fig.3 Single SRM design evaluation process

2 WHBAEBEHFINIUMLMAESE
2.1 Kriging {RIE1&EE)

Kriging {0 I 58 0% 32 04T 2 A B AL R B0
TNAE A Nz T E ) S 2R 2401 . xR 2244
THE BT T8 S AR S k8,

Kriging {QHRAE R A FH 2358 n, i AZS &
(CREAS ) Ab B B AE R T 26 P A, 3% R FH (B k
TR A i A A (T ) = Ab g Ak T . AR
PR IN T IR 25 TOAR A B0 O 0 g e R A
/() H
f(z) = B(2)b' +r(z)"G’

b = (B.R'B,)'BRf.
G’ =R'f, -R'Bb
fo=[fz) -, flz,) ]
B, = [B(z),-,B(z,)]"

R(z,z) R(z, 92,15) (15)
R - . .

R(zn,; ’Z] ) ]?(zns ’Zn,s>

r(z) = [R(z,7),,R(z,5,)]"

R(z.z) = [[RY (¥ - 2¥)
S B () Sy T8 )9 5 SR B B 5 b de
115 2 K05 [6] 2k 5 B, by RE A 5[] 09 3 5 B80HE 1 5
B(2)b Jg f(2) BPECEIEE  r(2) N HI A A M5 5
PO G R P26 2800 i B R, SAEAS 1Y
M BRI 57 (2) "G KRB £(2) (10 8 T e A5 AL
SR R AAEBRE R SRS bR B B AR (k) N
W NSRS b AR B T S8

T 5 I AR 2 B R A HHE o (2) o

o(z) =0, \/T1-r(z) R_'r(z) +F (z)"(B'R. 'B,) 'F(2)

U:JMJUUWSM$ﬁw

nS

F(z) =B'R 'r(z) -B(z)
(16)
7 3L H [] 15 35 o R ] — IR 2 IR AR R
FH I BRBOCR ] 3 YRR S 20
B(z)=[1 2" .. 2]
1 -156"7 +306° [ (0<¢,<0.2)
R™(A) ={1.25(1 —EWY D (0.2<¢,<1.0) (17)
0, (¢£,=1.0)
£ =0 1Al




$ 32 e N S W | A - =

%54 %

e 0 g 45 i 0 S B, AT RR 9 M K RLAR R
’ﬂ\ﬂ[m,*ﬁi%ﬁﬁlﬂkl‘ﬂ%ﬁﬁ(lg)gkﬁ" R
(nln(o’ ) +In(detR,)) (18)

1) 9(

2.2 BA ﬂLHD Hoa R

P v B g S VRN A (A A 1, REAE A AL
BEVs 18] A A AR BT o R T 7 T (Latin
hypercube design, LHD ) SR AE H R & ¥ 52 14 511,
B2 I T 4% 2 L A SRk B9 B SR AR
LHD SRAE R 3Rm

T S R
z, zi') ez
A
(
. z T+
z(): : :z() ( )( P)
0 '
(i=1,2,-+,n,)
(19)

Xfem =[my,my, o m, ]V HE L, 2,0 | 4
BT 5150 = [paspas - opu, | H 0, A0 ~ 1
Z IR BEHLECAL A B 1) 8 5 2500 2o 53 90 M 15 725
55 i IR E AR A

H T LHD SRAEEA BEPLME XL R IR S
P B SCHS 7, M p AR DAL S E LA G
P, PRI SR A Maximin 007 B

S [H) ¥ A1
2 [a) ¥ A7

. mW AP T P
argmin ( - min ||—————|
LT, T a1 4P2s " P, I<i,jsng,i#j n, )
(20)
X TR RS A, PR A RSO A A B I

3 DU AU AR DR AR B AR 2O R
2.3 [SEBEEM ET fn s AN

xR R eRBUEIGEED] B ( Expected improvement ,
ED) I fE D[R] i 1) A Kriging FQERAR BY $ (3t ) i 1y
MTHEA I AR R AN THE, BA B 2 R R
ST PR R AR AR R A Y (2) W5 2 I

SO I f(2) ARUER g o (2) o WITT&E X
B Y () RO T2 B A A o B ) S
{8 £, FORCHE SR 1(2)
Fon = Y(2) ) (Y(2) <fur)
I(z) = 21
=) %, Yzfay D
W 1(z) A EL1(2) 1%

E (2) +E,(2), (a(z) >0)
0, (o(z) =0)
mfﬂn]

o(z)

Euuﬂz{

EK@:VmJ@”¢[ (22)

C e =2
E,(z) =0(z -
() d>¢[0&>]
g @[ - ] MR A BEUME RE o - ] kR
TE S 255 R
EL i 0 B e E[ 1(2) VB (BN EIAE) B
FHIREA o T4 BB 5 MO A ) 531, T 7
JRAER AT RS AT L R T P T A 4R
P2 B R85k s 3 SRR 5, B
min( -E[1(z)])
g.(2) <0, (i=1,-,n,)
s. L. h/.(z) =0, (j=1,,n,) (23)
Mez, (k=1,-,n)
K, (2) W 0 A4S o ﬁiﬁﬁﬂm
7, ho(2) JE j A~ 2 o R B LA
SR P R B
iyt (22) TT2, L v 0 T e 6 £ o) MR
INER, o (2) B 0 A, W0 50 E AT 5 R B
() EX {8 7T e/, i REAS SRR i 1 K A o (2) 5
OSBRI A, AT S0 AU TR AR A
TR0 DX I3, WA T S 00 0 1 i ol i
ARSCAEF A 1) B — R 208 5 ) BT
ST (FETFR 9 LEEL B ) ) o H A JELARL S
A 24 7S5 0 BRI B 5 — /N S A 2 X, 7
RIS SR BT A 00, LA T o) 48 R R
IR 4 R 98 22 X I8 PR SR BT o 5 0 L A4 B D
BV A SRS 5 B A HE ) 5 00 R 34 2 1
HEAT AR | LA SR A B
VI3 A ey 3545 2 9 L B BT 0 50 p Ak ) 51 (23 )
TS N
min( —E[1(z)])

g:(2) <0, (i=1,n,)

h,-(Z) =0, (j=1,-,n)

ez, (k=1,-,n)

s. L4 round (r)) <z <round(r{") (24)
(l=n;+1,--,n,)

rn =2 =y (2l =z

row =2 4y (20 =20

(D ] (D
T min =z = T nax




5 12 3

RAE, A5 T AR RE D A A T R s SRR - 33

A round (- ) KDY A BUEE T, r, 8 K25 1]
a2 N YRR 2 A n 4E(E
2.4 xR

FEF LEEL Ji s D0 iy ele VR A5 B 40 SAO B3k
EERENTNCRIR SR

1) B 28 W U R AE s B (AT n, =10, ) , SR fif
SRR (20) PRAFHIIRFEAR S L2, 25,00,
ERRI Y RS = N =R i S RN R EER I ES D TSR
(B WA E IR EL b =0, FF B i KRR EL £,
(FTHL &, =200) Fl r, FWIERMEL(FTEL r)y =0.2) ¢

2) A Y HITREAS ST A AR AE v AT A, DU AR R AL 5K
H b bR R/ N AT A TR E R S e A 2, 5 75 3R
RS 24 o pR G S R e/ N RV Ry 2 A e P o
z, Bl

cpmin (X max(gi(2),0) + X [hy(2) |)
(25)

3) Ak =k + 1, 3T Y FREAS S A H A bR
B2 o R ALY Kriging ALY, 73 515K Al S50
fhirj#E X (23 ) FX (24) 3452 R E1 A5z, AR 3K EL
Hz,

4) 45 2 AE SR RIS R XA N (B 2,0l =0 (24 )
MIZIH 3 4) UK 2, In AREAR s 4R v, 1108 2 BCSE
(14 A bR SR 240 R R S 5 5 IUDKE 2 R 2, )R
AFEAR G, 2308 20 R0 2 LS 0 B AR sRBUE
GIESETEAE(

5)BITHRE2) A YT 2, 5 2 A, W
2 r, =max (0. 5r,,rp.0 )3 75 ) A r, = min (2r,,
T ) 3 FE T o T puin 7351 e KRN B /N4 2 25 [
4T (ATBL . =0.4,r,  =0.001),

6) WS & (26) , Hi g,(1=1,2,3,4)
SSRGS B (T AR AR ek 5ORN 24 B ek R ) (B S80O0T
N ERE & IR/ o At R 1R s SR FIEEES) .
(20) —f(z) I <e (1)1 +107)
1f(z0) —f(z ) 1 <e, (1f(z] )1 +107%)

g(z ) <e (26)
lh(z, ) | <s,

k=k

max

3 fFERIE

ARSI 2 e A BER ] 40SiMnCrMoV , £t £
J2FELR ] EPDM , #3515 F] HTPB/ AP/ AL, 45
WAl 14 5K BB RE R F Bk /B 525 A1 RE. Rk
17 AV, QAR AT 5 3RO L 2 SRRl
g, UGB UE SRR R B 15 4
SHOI R R, S PRI LT S EE R R #h F b IE
i, 5 LB AR S SR R

(1)

n, =z
n., :Z(2>
hy =z
y, =2®
y, =2
hy, =z
y, =2

, =210
d, =z"
Ll =Z<l4)

=709
e, =z"%
r=2cos((y, +v,)/2) /cos( 1y, —y,1/2)
r,=z""cos( (y; +y,)72)/cos( Ly, =y, 1/2)
8 =15+27(5,,.. -15)
8, =15 +z"7 (s, -15)
ag ZZ(”)
dy =d, +268,
ly=L, +d\/k, +26, +1, +1,+1,

(27)

PO R RV IR 1 BT R4

PR LA 2, e As P A H 23 530 9 Je sh LT A
FIAR TARRS S, Hm ¥ h RS HL

®1 BHTERETE
Tab.1 Boundary of design variables
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Tab.2  Definition of design constraints and flight conditions
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Fig.4 Flight parameters corresponding to optimization results
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Fig.5 Optimization results corresponding to different numbers of finocyl wings
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Tab.3 Performance comparison of different methods
RS H b7 pa %L %%@ﬁ %%HTIZI%Z ALFERT/ h
R i IR B
LEEI -626.42 0.03 307 2.60
MP -609.70 0.04 240 2.04
EI -623.98 0.08 500 4.24
GA -623.98 0 14 950 126.63

HIPE 6.7 "I, BE e s S kAU fe, 3
SAO Bk B s, MP 5805 oSt B2 fe R, ik
JEATRA AR AH SO i AR eR B A, RIG
ey RMUREE /N, LEEL FI EL A USR5 GA

SEREE IR — 3, Bl R A KR, HALT MP &
B gs S, b BT B3k i e skt B e i, )5 1
WSk ARG, FE B bR 50 FH R B2 o MP LY
2 i GA B3k BRI AL 45 A by, AEARE I oR 5008
WEGL R, 2978 SAO 53519 30 ~ 60 fi%; A< 3¢ LEEI
SR BB sR AR B 2 T MP B3 (HAR L T
EI S35 8 30800, i T34 T Jm 0 48 2 45 i 3 s
NG R0 TSSO B, R AS AR BE T IR B i 4
R ZE  BAIF T LEET B3 (A 3

4 % b

1) LEEL A BB A ROR A SRM 7 S i1
ARG B S AL R, DA )5 AT &8 i R R A
FEERTE T 12.89% , HLueiH4b il i iR 2 R 44T

2)LEET Sk AL 25 R 5 GA Sk i A 25
SFAH— 2, (EFEI R A P T R EA A S5 1 2%

3)LEEI L HA —E 2R R, HMIL T
EL B8R 1R IsGa

%% Xk

(1]EAh, D, EIRE. W2 ) w7 B K
JRELI]. TRz, 2010, 31(5) : 1259
HUANG Wei, LUO Shibin, WANG Zhenguo. Key techniques and
prospect of near-space hypersonic vehicle [J]. Journal of
Astronautics, 2010, 31(5) : 1259. DOI: 10. 3873/j. issn. 1000 —
1328.2010.05.001

(2] UL, ok, &R, 5. IRIEa R AT SR THRT B A R
PR R AT T]. B K ETHOR, 2014, 37(6) : 737
ZHAO Changjian, CAI Qiang, BU Kuichen, et al. Requirement of
near space vehicle concept design for solid rocket motor
characteristics [ J ]. Journal of Solid Rocket Technology, 2014,
37(6): 737. DOIL:10.7673/j. issn. 1006 —2793.2014.06. 001

[3] SZMELTER J, ORTIZ P. Burning surfaces evolution in solid
propellants; A numerical model[ J]. Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace Engineering,
2007, 221(3) : 429. DOI:10. 1243/09544100JAER0102

[4] WANG Donghui, FEI Yang, HU Fan, et al. An integrated
framework for solid rocket motor grain design optimization [ J].
Proceedings of the Institution of Mechanical Engineers, Part G
Journal of Aerospace Engineering, 2013, 228(7) . 1156. DOI.10.
1177/0954410013486589

[S]FE 3, VR, MBI, BOHE - 383 “AT 8 SR Z =R L
WHFELI]. BURBIMEECAR, 2015, 43(1) : 46
FAN Wenfeng, XU Bo, HAO Yun. Multidisciplinary design
optimization for boost-glide vehicle overall design [ J]. Modern
Defence Technology, 2015, 43 (1): 46. DOI. 10. 3969/j. issn.
1009 -086x.2015.01.008

[6] WANG G G, SHAN S. Review of metamodeling techniques in
support of engineering design optimization[ J]. Journal of Mechanical
Design, 2007, 129(4) : 370. DOI.10. 1115/1.2429697

(7105, XV, WANG G G, 4. JETIHEIREG I SRR«
TTRRE AR () ] U T AR, 2016, 52(14) . 79



5 12 3

RAE, A5 T AR RE D A A T R s SRR -37-

LONG Teng, LIU Jian, WANG G G, et al. Discuss on approximate
optimization strategies using design of computer experiments and
metamodels for flight vehicle design [ J]. Journal of Mechanical
Engineering, 2016, 52(14) ; 79. DOI.10.3901/JME. 2016. 14. 079
[8]JONES D R, SCHONLAU M, WELCH W J. Efficient global
optimization of expensive black-box functions[ J]. Journal of Global
Optimization, 1998, 13 (4 ). 455. DOI. 10. 1023/A.
1008306541147
[9] &k e, Kriging BRSO (LSRR DF R DR [T ] Mtz 2440,
2016, 37(11) : 3197
HAN Zhonghua. Kriging surrogate model and its application to design
optimization; A review of recent progress|[ J]. Acta Aeronautica et
Astronautica Sinica, 2016, 37(11) : 3197. DOI.10.7527/S1000 —
6893.2016. 0083
[10] HAN Zhonghua, GORTZ S. Hierarchical Kriging model for
variable-fidelity surrogate modeling [ J]. AIAA Journal, 2012,
50(9) . 1885. DOI:10.2514/1. J051354
[11]HOLMSTROM K, QUTTINEH N H, EDVALL M M. An adaptive
radial basis algorithm ( ARBF) for expensive black-box mixed-
integer constrained global optimization [ J ]. Optimization and
Engineering, 2008, 9(4) . 311. DOI.10. 1007/s11081 - 008 -
9037 -3
[12] WILLCOX M A, BREWSTER M Q, TANG K C, et al. Solid
rocket motor internal ballistics simulation using three-dimensional
grain burnback [ J ]. Journal of Propulsion and Power, 2007,
23(3).575. DOI:10.2514/1.22971
[13] WILLCOX M A, BREWSTER M Q, TANG K C, et al. Solid
propellant grain design and burnback simulation using a minimum
distance function [ J]. Journal of Propulsion and Power, 2007,
23(2): 465. DOI:10.2514/1.22937
(141 E0h. EARKE Zsipldeit (M. dJbat: E R Tl it
1984
WANG Yuanyou. Solid rocket motor design[ M]. Beijing; National

Defence Industrial Press, 1984

[15] REN Pengfei, WANG Hongbo, ZHOU Gongfeng, et al. Solid
rocket motor propellant grain burnback simulation based on fast
minimum distance function calculation and improved marching
tetrahedron method [ J ]. Chinese Journal of Aeronautics, 2021,
34(4).208. DOI: 10.1016/]j. cja. 2020. 08. 052

[16 ] DARBY C L, HAGER W W, RAO A V. An hp-adaptive
pseudospectral method for solving optimal control problems [ J .
Optimal Control Applications and Methods, 2011, 32 (4) . 476.
DOI:10. 1002/ 0ca. 957

[17 ] PATTERSON M A, HAGER W W, RAO A V. A ph mesh

[

refinement method for optimal control [ J ]. Optimal Control
Applications and Methods, 2015, 36(4). 398. DOI. 10. 1002/
oca. 2114

[18 JLIU Fengjin, HAGER W W, RAO A V. Adaptive mesh refinement
method for optimal control using nonsmoothness detection and mesh
size reduction [ J]. Journal of the Franklin Institute, 2015,
352(10) : 4081. DOI; 10.1016/j. jfranklin. 2015.05. 028

(19J4EMY &, Eutiy, IR 3T 1 0 O ik i e AT
AL AEEME AR5, 2019, 45(11) ¢
2257
REN Pengfei, WANG Hongbo, ZHOU Guofeng. Reentry trajectory
optimization for hypersonic vehicle based on adaptive pseudospectral
method [ J ]. Journal of Beijing University of Aeronautics and
Astronautics, 2019, 45 (11). 2257. DOI: 10. 13700/j. 1001 -
5965.2019.0165

[20]JRYU J S, KIM M S, CHA K J. Kriging interpolation methods in
geostatistics and DACE model[ J]. Journal of Mechanical Science
and Technology, 2002, 16(5) : 619. DOI.10.1007/BF0318481

[21]GOSSANT B. Solid propellant combustion and internal ballistics of
motors| M]. New York: Pergamon, 1993 1

(4B K )



