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Abstract: A solid rocket motor multidisciplinary design and optimization (MDO) model is constructed by
considering coupling relationship between cost of combustor, grain, and nozzle and internal ballistic performance
to maximize the total impulse and minimize the cost simultaneously. Additionally, a Kriging—based multi—objec-
tive adaptive optimization method (KRG-MAOM) is developed to alleviate the computational cost of solid rocket
motor MDO problem. In KRG-MAOM, Kriging surrogates are constructed for both objectives and constraints and
combined with a multi-objective optimization algorithm to obtain a pseudo Pareto set. The newly—added sample

points are then selected from the pseudo Pareto set considering dominance relationship and distribution character-
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istics to improve the optimization convergence speed. The results of benchmarks illustrate that KRG-MAOM out-

performs the competitive algorithms in terms of global convergence and optimization efficiency. Finally, KRG-

MAOM is employed to solve the solid rocket motor MDO problem. The Pareto solutions satisfy all the disciplinary

constraints. Compared to the initial solution, the cost can be saved by 3.36% at the same performance; the perfor-

mance can be improved by 10.93% at the same cost, which demonstrates the reasonability of the constructed

MDO model and the practicality of KRG-MAOM.

Key words: Multi—objective optimization; Multidisciplinary design optimization; Surrogate; Solid rock-

et motor; Multidisciplinary analysis
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Fig.1 DSM of solid rocket motor
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Table 1 Parameters of DSM

Symbol Definition Description
Combustor diameter D , theoretical total impulse I, core radius of grain bore R, and rear radius of grain
x .
1 )
bore R .
Combustor diameter D ., front radius of grain bore R, core radius of grain bore R ., rear radius of grain
2 bore R ,fin length L ,fin height H,, ,and fin inclination angle o, x; denotes design
variables of model i
%, Throat radius R, .,
Rear radius of grain bore R, throat radius R, ,nozzle area ratio &, convergent half angle «, ,, and divergent
¢ half angle B,
» Grain density p,,,;,, propellant specific impulse I;"l':“), combustor material density p,, ellipsoidal ratio m , , al-
1

lowable stress [ o, |, safety factor of combustor cylinder &, , and safety factor of combustor head k ,

P, Fin thickness S ,number of fins N, , characteristic length of grain bore [ L, L,, L5, L, |,and grain density p

2 fin : grain

Combustor temperature 7', universal gas constant R, gas molar mass M, specific heat ratio k, burning rate

comb

p, denotes fixed

p . parameters of
3
coefficient a,, ,and pressure exponent n .
model i
Reference ablation rate r(‘;:l , reference pressure p((nml\’ reference throat radius Rmm“, and empirical parameters
Py
(A B My, ]
Ps Combustor material coefficient f,, grain material coefficient f,,, and grain technological coefficient f,,
Y2 Thickness of combustor 8§,
Yis Combustor mass m__
Burning area A, and free volume V .
Y3 g burn emp ¥ denotes coupling
¥os Grain mass m,,;, variables from
. : . . et model i to model j
N Pressure in combustor p_ . and burning time ¢, J
Y3 Maximum pressure p__,burn rate r,and burning time ¢,
Yas Nozzle mass m
¥, Volumetric loading fraction ¢
Y3 Working time ¢,

Total impulse Iy, average nozzle exit pressure p_ ., nozzle exit diameter D_ , throat—to—port ratio J, average

exit?

Y, denotes output

of model i

Ya thrust F, and maximum thrust F
¥s Cost of solid rocket motor Cyyy,
Table 2 Property of propellant and combustor material Fo A R T B B B R S BRI A G A B Y A R R
Parameter Value 5., 7 U2 0 B T AR5 (10) 57 755
Grain density pmm/( kg/m®) 1.77x10° con
| [ pmn(x) sk de (10)
Propellant specific impulse 7,;77" /(N -s/kg) 2550 0 ) N
Combustor density p_,/(kg/m*) 7.81x10° é;j:.:ﬁit (5) . (7) &KX (10), ﬂﬁ%nﬁg 5N

Insulating material density p_, /(kg/m®) 900 m =m, +m,+ m,o

comb

com J/MPa 1348 222 REERAF AR
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Fig. 2 Geometric characteristic of finocyl grain

Table 3 Values of grain fixed geometric parameters

Parameter Value

Front length of grain bore L,/m 0.10

Front cone length of grain bore L,/m 0.08

Rear cone length of grain bore L,/m 0.12

Rear length of grain hore L,/m 0.15

Fin thickness S, /m 0.10
Number of fins Ny, 8
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B, o — A5 8 TAER K 1,0 P GE B E S 80
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Table 4 Values of internal ballistics fixed parameters
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Parameter Value

Combustor temperature T /K 3600

Universal gas constant R /(J/(kmol-K)) 8314
Gas molar mass M, /(kg/kmol) 30

Specific heat ratio k 1.40

Burning rate coefficient a,,, /(mm/s(MPa)"™) 2.70
Pressure exponent n 0.35

2.2.4 WA A

A5 U 32 A A5 R BN AL TE 13 T S AR B A
BT ER 4> . WAL 2% Sk [ 12,22, BAAR L
FRAE 0 3 s o Horb R, 5 R, A3 9 h b ik o B
9 42 5 U 2o U B B O A2 AR AR SO il
R, =17R,..- R = 1.5R,, .o B HOEER T H
AR I A5 D 2 A% LA B 5K L B A

W% 45 e 9 I B R A T E A0 — R SR I B
FRLSRAT W5 P A I AR A A S 6 55k

2 Er 2
A 1 2 k-1 kot
= 1 Md’ 1
(Alhrnat ) Maz |: k + 1 ( ’ 2 ¢ ):| ( 6)

K DR B AT — AR R R RES
R AR A L IR 2R A R ShHLI HE ) DL KR B
Bl 2 5= (17), (18) 7 .

F=nmug + Ay (Poi = Pam) (17)

Lspy = J - Fdt (18)
0

A m R R AR po 5 P, 70 1 0 A T 55
DL RN RS R

i Aok b4 Rk 6 T B /Bt 52 6 B ORE B4R 5 B 5 B ik
RN S Fron . Medd 19 1 B AR 4 LR 2% 1 aff
(a) LUK BB IR 3 25 (b) F UK B 5K L
kE1.5,

BTl E BT SR F C AR ik Rl e Ak kT AL sl L
Mt A b ik A, B =X (19) s

201017-5



a3k HETW

% LB E BE KA B T A K R s L 2 2 BEBETT I R

2022 4F

Pesic

I 2

Fig. 3 Geometric characteristic of nozzle profile
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Table S Values of nozzle fixed parameters
Parameter Value
C/C composites density/(kg/m®) 14.5 x 10°
C/C composites rate/(mm/s) 0.15
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Reference throat radius R(”":flt/m 0.10
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KRG-MAOM 37 S REAR BN, IR REAR BN,
LA Bz e R TR 3 R Ve B WL 35 60 s o DK
SAL ) 1 ) LA B2 O n, = 8 AR SRR G AR
B (Inverted generational distance, IGD) VE R 141k
PEREIP M 46 b 2, Bodog SCn=(34) R .

z d(x,X)
IGD(X X)) == —— (34)
x|

S X 0 0 T Pareto BT X o £ Al 75
(1 Pareto BT . d (%, X ) /R x 5 Xt ANk Z ] i1 e /)N
BECEE B9 | X% X e A (O BCH . 16D G A5 7
J¥ i Pareto B 1T 1Y 23 A5 P4 55 W SIUPE | 12 (R8N B TG
115 2] 1) Pareto R Wi B 422 T 5L 5 (1) Pareto 1 1Y H 43
A B Ay VA A Y RE Br . 5 Ak
SRR IR T s o

MR P A 25 2R mT A, 5 NSGA-I1 5 i A 1L,
KRG-MAOM 5% f0 Ak Jir i 19 31 55 95 IR B IR 1 90%
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Table 6 Parameters configuration of each algorithm

Algorithm Parameter Value
Npg® 200
KRG-MAOM N, 80
N 10

NSGA-II NP 2000
ParEGO N 200

DL B, 9 HOAR 0% R AT U SO 5 43 A 1% B AR 1) Pareto fif
£ . 5 ParEGO B ¥k M HE , 76 A TR A 353 R 4 1
T ,KRG-MAOM 1 ft. 15 2| i) Pareto fift 45 1) 7 fi P 5
WeSPESR T T 45% L b W] KRG-MAOM 5. B
B A 4 SRy i S o

3 GRS

A7 32 I KRG-MAOM 52 3K fift [ 1k K #i7 % 3h
HLMDO 0] 8,y 3Bt it 55 A 5 0 Stk KRG-
MAOM 532 (1 5 KA Y I8 FH U B N 2k 300 1k, B
RSHEE B 38 R A R A A5 2 [ A KT K& B Pl
PERE 5 BUAS 1 Pareto 1 ¥ (F: 31 79 4N 9E 45 %) in &1 5
PR o

R — 2 A Pareto fit S 5V IR T £ 00 E R,
PEACHT S B b5 bR 29 3 55 A DL R v 742 o % FE
e 8~10 i, Horb VAN AN & T WA Jr 0, P
RE L B BT 7 38 s B AR REAS 45 T 00 4 U7 S8 1, i
AR BT I % o PRALET I RS/ A2 b an &l 6
FIi7R o

R AL 45 SR v] %0, 38 i KRG-MAOM 5375 3K it
13 2] (1Y) Pareto R B R YR &5 F . R ARHLE
B SR ZM R T T 12.56%, fE T 3K 1) 2%
2, [] s IS A AR R R 249 16.71% , fie 28 SE H0 AE N 1
A R HE S, S b4 T 10.93% . HE B, B

Pk b5 Bk o IS E BT I A A R AR
WD 20.15% , [7] B R B DR AS B AR & AL fg L LB 38
B 5 )R T 58 B AR A S KO R R 25 A
6.04% ) , e 24 SR AE AN FEAR PR RE RO AT 42 T, BUAS s 2
2]3.36% .

1.75%10¢ : : : .
= Infeasible solutions ¢ Initial solution

1.70x10°— e Feasible solutions 4 Solution A ]
1.65%10° — o Pareto solutions v Solution B
1.60%10° -

g x X % %

2 1.55%10° e

% 1.50x10° - x,?. o;x _o

“ g Y
1.45%10° ST 1o\ il
1.40x10° T
135%10° — -
1.30%10¢

1.1x10* 1.2x10* 1.3x10* 1.4x10* 1.5x10* 1.6x10°
Total impulse/(kN - s)

Fig.5 Pareto front set of solid rocket motor

FARAF I RO AR HE T, TR ALB Y
WILR J7 AR e e 25 4k N s s B ie 5 3 A
P f BT 24 R 49K T A A% o AR b 9K T T AR Y A2 Ak
B EE . AR IR S N E T B R 5 IR T R
FHECA FITs/IN 38 R T 254 R B0 5. 7 28 A IR AR
FXRMBEIR LM S FEBML SRS T
2.05% 5 6.16% , L T & A HA W L2 g2 &, ik
BRT HEAR B SRA,

i &6 R, R TG T 5 R S HLTE IR W AR
W8] (A5 K 0.5 2453 T /ERT 3s) A R 5 LA K HE
AR MR EERR K . TR AN B, RS T AEY [ H
A VSR TR S - ) A g - R) il £, OF B
1WA i 4 R ARSI R, T RASHEB
B AR 50 S = 29 o] R 5 Hoh 7 58 A AE 20 ~

Table 7 Optimization results of KRG-MAOM,NSGA-IL,and ParEGO (IGD value)

KRG-MAOM(N™ = 200)

NSGA-II(N 2™ = 2000)

ParEGO(N;™ = 200)

Benchmarks - -
Best Mean Std Best Mean Std Best Mean Std
ZDT1 0.0163 0.0273 0.0074 0.6041 0.8483 0.1803 0.0513 0.0945 0.0316
ZDT2 0.0072 0.0087 0.0009 0.9027 1.3994 0.2771 0.0440 0.0864 0.0483
ZDT3 0.1132 0.2300 0.0963 0.4793 0.7625 0.1451 0.2071 0.3818 0.1385
LZ08-F1 0.0350 0.0471 0.0075 0.0409 0.0613 0.0107 0.0692 0.0966 0.0125
Table 8 Comparison of the initial and optimized objectives
Objective Initial solution Optimized solution A Optimized solution B
Total impulse Tg/(N-s) 1.3270x10’ 1.4721x107 1.3816x107
C 1.4478x10° 1.4494x10° 1.3992x10°

SRM

(C.o/Cin/ €., yuan

Total cost

(0.2370/0.8713/0.3394)x 10°

(0.2386/0.9280/0.2827)x10°  (0.2326/0.8954/0.2710)x 10°
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Table 9 Comparison of the initial and optimized constraints

Constraint Range Initial solution Optimized solution A Optimized solution B
Working time Lyunls [55. 60] 55.3829 55.0494 55.0473
Throat to port ratio J < 0.65 0.3265 0.5153 0.4790
Average thrust F/KN [ 250, 300] 231.9548 266.3080 251.0771
Thrust curve deviation (F, — F)KN <30 43.7709 17.4908 15.4933
Nozzle exit pressure p../Pa > 20265 12897.3838 20483.3058 20507.6602

Nozzle exit diameter D /m <D, 0.9600(< 1.30) 0.8953(< 1.32) 0.8631(< 1.30)

Volumetric loading fraction @ > 0.85 0.9398 0.9305 0.9362

Table 10 Comparison of the initial and optimized design variables

Design variable Range Tnitial solution  Optimized solution A Optimized solution B
Combustor diameter comy /M [0.12,0.14] 1.30 1.3212 1.2946
Theoretical total impulse I,/(N-s) [1.2x107,1.6x10] 1.4x10’ 1.5759x107 1.4845x107

Front radius of grain bore R,,./m [0.04,0.08] 0.06 0.0405 0.0403
Core radius of grain bore R, /m [0.10,0.16] 0.13 0.1469 0.1321
Rear radius of grain bore R../m [0.18,0.24] 0.21 0.1801 0.1801

Fin height Hy /m [0.35,0.55] 0.40 0.5499 0.5407

Fin length Ly /m [0.20,0.60] 0.40 0.2001 0.2001
Fin inclination angle g /() [30,60] 45 30.0033 30.0000
Throat radius R jpodm [0.10,0.14] 0.12 0.1296 0.1246
Nozzle area ratio & [12,20] 16 12.0001 12.0000
Convergent half angle a, /(%) [45,55] 50 51.7207 52.7908
Divergent half angle B, (") [12,17] 15 17.0000 16.9998

4 300
—~ A

3%43‘*‘* "

£
= ——Initial solution
g2 —#—Optimized solution A
2 —0—Optimized solution B
&

1

0

0 10 20 30 40 50 60
Time/s

(a) Pressure-time

Thrust/kN

A bAoA eAn A,
- R R R A
W A a0 ok
250 N ALY 2

200 2
/ —Initial solution
150 —#—Optimized solution A-
—o—Optimized solution B
100
50
0
0 10 20 30 40 50 60
Time/s

(b) Thrust-time

Fig. 6 Comparison of pressure-time and thrust-time curves
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&AL MDO B A (1) & B DL K KRG-MAOM B3k 11y
TRRE FHE . SR TE PR UE B R & AR O R
R4 T, AT #0738 AR PR e IR 1y it 7 285 7
TRAETEREAN S TR 06 7 B ATHE R, Wk 507 %€ BAE
H A AR BT

4t

4 &

A SO ST AR B AN A58

(1) A SC42 9 36 T Kriging 18 BT 19 £ H #5
H 3& WA Ak 7 s KRG-MAOM, 5 [ Fr 7] 25 78 4 1 AR
b, 78 4 SR R SIOHE 5 0 A 80RO T AT B

(2) K FH KRG-MAOM 53 X [ 4 k7 & sh HLAE
PO AT R AL SR A AR5 T — 4 2 R &1
Pareto fift 5 , Al LU T & 7 58 e sh AL , 76 [A) 4 e 175 00
N BUAS A 24 3.36% ; 7E [A] BUAS G BT R RE 4R T2
10.93% .

(3) [ i K sh Bl 2 H AR AL 45 2R BB 1 A
SR T [ R JCHT R S LR G B[R] B S E T
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