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Abstract  The transmission frame in launch vehicles is a key structure to transfer the thrust load between the rocket
body and engine. The structural lightweight design can not only ensure the thrust-weight ratio of engine, and improve the

stability of rocket, also provide reference values for the reusable launch vehicles in the future research. Under the moving
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morphable component (MMC)-based framework, this paper proposes an approach for solving lightweight design problem
of transmission frame structures. In this method, structural topology can be described by using a set of morphable
components with explicit geometric information, which renders the optimized layout in terms of a small number of
design variables. By analyzing the characteristics and requirements of transmission frame structures, structural stiffness
maximum under volume constraint is chose as the objective function, and the corresponding problem formulation based
on the MMC explicit topology optimization method can be formulated. Thus, an optimization platform is established to
achieve the lightweight design of transmission frame in practical engineering. Under two different load cases (i.e., the
thrust load is located at zero angle and swing, respectively), the optimized result is that the large wing plate structure
between the middle thrust load area and the connection position of conical structure is constructed to enhance the
structural bending capacity. Compared with the traditional frame structure, the effectiveness of the proposed method in

the lightweight design is proved.

Key words topology optimization, moving morphable components, lightweight design, launch vehicles, transmission

frame structures

515

BEEBARIR . TR« AE=F 21 R R R0 45
A TR B, EAHURFNLEANS T A TR
{17 e e R 3. 38 28 AT TR b e i i T
A, A PR A 1N 25 ) 1) 2 B, BRIk
SE T REIDIRR )R 22 18] R RE T, 0 B R R 22 il s
AT A LB S e B ) e K i e )
SRy, Bz AR RKEPLE .
PR AN 8] L S DA 2% U2, IR R H iR AE R
B — AIE B, LSRR S AR 4 A RS A0 B sy
IR SHHLAE ). AEIE B M Y 5 3 e B A
€ SO0 N, Sk A A vt (n, J8 8K
(1 0 s I 57 AT e S A AL AR D51, e S AL A R A Ak
BV RGP 3T B L R e v 10120
B A LS LA Bl O ) =N LS R A
BEVHUT 2 AIAT LR ARG L R RSP
L LE, b Sk K B ERE D). AR I NG
B KR AL i R 2 1A) 1) S B A,
JEERT A AR UHE T 384 R A5 A7 20 3 22 R AAOE o ok
PEAE I, L SO M 18 B KT R BB 3
bt CR B LHE T LUK, K e B0RE o), A A%
JINLEREE R AE R A BT T A o5 A i PR K

P AMIEALEARAE N I A AL R 4 Fy e AL B
VT FT X BOR T B, MU IR . i TR
PR TR EAOKA MR TRMAEY TS LA
QUSSR AT T8N )z (R, A 228 e i 2 46 B
b G 5 T R IUIC IS ER. S0 A BRI SE B
Ji NG G AL BETE (1 ) R UEHA AN R, L AR

25 5 BT DS A it N H B pR BOM AT RS-, oK
TEAZ X I B A (A4 RE 23 A R D) g A%, HETTTAE A4
BERH I B 5w, H AT, $Ead A EoRAEIZ Bk i
(1) J 350 45 46 R AR AL BT b AT TR 2 2 R
R, TEAR S ¥ (solid isotropic material with penaliza-
tion, SIMP)!'-17) JRIHERL | 58 TAE & S T KL
TR R e g5 M R ML B U8 HRER K FT LA
A BT, B SCPE G ) Bl i B 46 AL
BUHR0L MR 22 B B A M R M B K
W R ENHLEE R I P M2 45 T E B —ARaz 8ok
Fr AR S BRR T R AMEAL ) B i
JiiE, ST BRI A AL, PR 645 kg, R
B KBRS AT 4 2000 7.

YRS B KR o3 S R ek B A H I R Ak
D71 R BR T AR VL Ba s NHE R, (H 1% )7 V208
ARG . IKPERTT, b Eit s S5 CAD/ICAE
R HPLIESE ) B g ] AR TE 4412 (moving
morphable component, MMC) & 5 JI # 4% 25242601
2014 55 e H B — B w UHESE T B3R A A TT
%, 5EERRAMUG T IR, B w2 s,
WA UAE R SR Rk B s
Fe AT MMC HEZE, 2 H T — Rz 8k wift )
BB S5 R I R Al et 7 v, AR fRIE S I L (458
AR ED BT, SEBAL JJHLEE S5 R iR I 2 45 K
BT, X R BT T A AT DR RIS 3K T R B
PFURAEELE . e mis 8Ok & fL JIHLAR I R v, ik
X AKHEAT bRAE RS S AL v DA S ] = A =is
BOKFE A T EE R R X



246 i

2 £t 2022 45 54 &

1 BEAEHEINRERTRIMAL )R i

1.1 RANREIZITEN

& JIWLEEIE K S A4 3% 0 1 o 33 e, G
1 FH BF 57328 330K 7 RSN TRV BEAN B B, A e sl B
TR R s R HE B Bk, AR JIHLEE S R Y
A& LUR LA 2K,

(1) WIBEZESK. A JIHUEEAE Ry A% 3 R S MIAHE ) 3%
oy PR T L ARAAR, T AR A IS BT RS N R B AR
()4 FAHE g, FEI B A &5 kg e vt I % 18 1) 3 B ot
FEbR. AL JIHUEE NI BE A, W2 7632 280K i A5 1)
Wt [E) AT IG5 52 e Bl A2 (1) 4 3 8y T s 41 0 2
i FE A FH 380 357 4 P 38 v %, 3k 1T A R K A A R
HORBRES M. AEAL JIHLAR SR M BT o, IR
T R RE B B 0K i A IR 2 A

(2) i R, AL LB S f vk 0 i R b )
B E ST 20, LA P H RS W T 18 UK i
(132 3 RE ) AT R L. A5 4% D HLAR ot & v, RIS 36
JESE RN EE 23K, 23 B9 INAZ 33K i IR R AR, 3
SAY LB 583G R S LJG TR B 2 HiE B0k Hi
w7 R HEE LL, S0l AR 25 R M. AaAk JIHLAE s Fh 0
Vv Hh, Jo R B e B ms UK W (R IB B ).

(3) Bevh A A SR 32 30T P4 0 T R A A HE
A RSTPALE W e, HAS AT ot 25 57 ik 4% )
BLAR, LT AE X k3 g AN AT 6 v DX 3k, X %A% T HLEE
BUE 2 ) P EE TR A I K

(4) 38 K. U H IR B 6 R SRxE LA 7
Tai ok 7o Bt AT A, Bk R T H TR N A
WA, LeAt JIHUBEFR FMRAG BT IR, AR S A2 7= n T 4%
PEIIAGE 4 I 20 R, FAT B TR X

F I8 3] iRk AE PR M ok Bk 2 R, T
HEAT A5 I i AT
1.2 MMC #HRIMELFEE N

MMC J7 7% ) BA7 8 20 U] Rk A5 B 414k
YE vt a5, W A Eh . e, &
X 78 #5577 LB Es i i A2 Ak, il 1 .

7 MMC HEZLR, SR FH 3R 404 oR £ o, SR AIA
Bt ARG 23 A

¢* (x) >0,
¢*(x) =0,
¢*(x) <0,

if x € Q°
if x € 02 (1)

if x e D\&*

..\

L

1 MMC iRl
Fig. 1 The sketch map of MMC method

A, D RIRTSEL € M BeTH ik, o8 RIR 45846
FEBC VT A7 95 R X, ¢ () 7 1 BN LA B
(R BEAA S5 1 (1) 40 0 ik e 2, B

¢* (x) = max (¢ (x),$2(x), "+, Pne (X)) 2

Forb, ne Fon Bt N AL, ¢i(x),i=1,2,--- ,nc
RN o i A ALPF I A0 M 1 R . MR SRR [28-30],
P A0t pR B 2K AT IR K, BIRKB Hd
AR WY H AR . AR SR 5 T RRCRr b 1 ok &
NN YL R, R N R MR R

X\ y SNEAY
¢,-(x,y,z)=3—(L_ll_) _(L_zz) _(L_&) ®

A
x Rii Ri2 Rz X = Xo;
Y r=| Rai Rn R Y= Yoi “4)
4 R31 R32 Rs;3 Z—20i
[ Ri1 Rz Ri3
Ry1 Ry Rp3 |=
R31 R32 Ras
Ch-Ct —Cp - St Sh
Sq Sp Ct+Cq+ St  —Sq-Sp-Si+cq-¢ct —Sqg-cp | (5)
7—Ca'Sb'Ct+Sa'St Ca'Sb'St‘l‘Sa'Ct CqCp

Hrp

Sq = sina, s = Sinf, s; = siny

(6)

ca= V1=s2,¢p= V1-sp2,¢, = \/l—stz}
i, p i HEMERE AR IS5, AR p =620 X}
T2 3) M @) ', Lii, Loy, Lai F(xoisyoi, z00) 73 1
KR NAAEAE x F7 W), y 7 W Kz J7 [ (12K B A Hp
AR, GnEl 2 fios. 7638 (6) H, a, B Fly 233K R

J yl
X
X'

[

2L,,

_____ S
(x()xa Yois ZOI)

2L,

2 YRR LR
Fig. 2 The geometry description of a three-dimensional structural
component



&1

AR SE TR B AL TE AL (MMC) IS 3K #i A I WL S5 G R B i Al v it 247

HAFH 2RI R O-x—y—z B )5 &6 A bF R

O —x —y -7 INES, FeA O R E 3 PR, AR SCik
WCEL B4R A S M 4L T Ia K i A B2
IEZEE I /R e A7 o

3 AbRARHOR R

Fig. 3 A schematic illustration of the coordinate transformation

13 EANREMR BB

MR _F3dox s Bk Al ST LR SR ) Bt 2R
5 MMC MR ZR [, =24 7 1) L) H A e
BonT e SO WIS KA GRIE S /ME), LR
TN LR, 25 18 B2 AR U L, K L5280
B o g R o3 B R e SR B0 TR AR o B 5
FARAL R T A 5K (BB L) nTRas

find D = [(Dl)T, (D) ,(D”C)T]T,u(D)

minimize C [D,u (D)] = fTu

S.t.
K(D)u(D) = f ™

V(D)KV
DcUp
u=it,onl,

Horh, D' = (x01, 300200 L1is Lais L3iy Sais Sbis S) T 2 718 550
N R . ST P, f, K, u, a,
V WU 53 W KAl LA 2 B AT 254 1)

RUFERE . e LRI S . BRISEH AT,
EEYERCES B SRR L A
AR {7,

AR R AL TR, ) B £ A 7
TR TR, B TS B A T

find D = [(DI)T,.~- (D) ,(D"C)T]T,u(D)

N
minimize C4 [Dyu(D)] = )" w;C;

=1
S.t. ®)

K(D)u;(D) = f;
V(D) V
DcUp
u=u,onl,
Kb, €, uy Mg 3 ORAE S j A TOUER T, &5
R EE . ALAE W N N AN BAT, w; FoR T O K 28 j
AN LB A R 5~ (ASC wj = 1), N &R LI

2 BEAEHERDIRORIE KR

21 EANRHBRTAN

9 DRAEAT BR TG 73 #r &5 L B It 4 512 B T REH
Db, e R IR AT B e R b A S B 45 A 1) 47 3
o AESR MU R T, B BT A R A,
SIRIINIRE R K T AR N

NE
K= pK, ©)
e=1

Forpr, Ko Ron SR BTG I IR B, o, RORER e
AN EATTSEARRARE b 4 I AR 23 2, BIEY

1 & 2
pe =57 2 [Hs(0)] (10)
k=1

Horh, ¢¢ k=1,2,-- \ND Ko e N HITH Bk DY
SU 0 R oR B BB, ND SRR LTI A
i, Hs A Heaviside BRI, A CAEEESLHLI, SR A
IERETE A

1, ifx>6
3(1- 3 1+
Hs(x)= (48)(3_3%3) ( 28), if —6<x<o
g, otherwise
(11)

Fer, e 6 P NEUINIERL, 2399 T4 Heaviside
PR ER O~1 HRU(E 2 T8 DX 5 32 LA B B S 445 A W
BEFR 7 S



g

248 i

4

£t 2022 45 54 &

22 REELSH

FR 4 SCRik [25-26], fE5— LOUEH R, HEH bR
B C RV AS R d (W x0, 0 25) (WS, FT AR R A

aC 10K
% =—u %u =
NE [ND OH (4¢
_%{le%(‘ﬁi) 26(1 d uZKeue} (12)
e=1Lk=1

Horr, w, UK, 53 52678 B0 R R T NI . [R] 24,
X2 THTE LR, INAUE I H bR R 2L Ca 195
BE, w5
N
a& = —Zu}‘?g (13)
UEAR, S FAARB o Bt BOE i N

NE ND 3H5

% WD

(14)

3 EEAEHE PR R

31 RHIgIHERRE

BT PR Ee A, E I Bk HiAR T HLAE 4
MR & . W R RS 3 N84y, W
K 4 BroR, 435 A ar AL B B Ak T B BERT
MY B, Bk

(1) HrAb BB B, R A BT ) LA A2 e X\ ]

gin (geometric model) }

optimization problem

finite element model

> defining objective

function
wfll> defining design constraints|

> establishing finite element
model

» setting

pretreatment stage

boundary ;
parameter settins stage

finite element analysis

sensitivity analysis .
updating

design

optimization analysis (MMA) variables

4 AL JIHURES R AL B R
Fig. 4 Lightweight design process of transmission frame structure

AHRN AT BR TG EA )53 A BR 70 W A%, Tl In 28 far 322 53¢
A, HE MR YE, 52T CAE BRI

(2) A TRBLIY B, A8 4 iy D04k in) &) H bR ki
B, 08 BT, MR B S R TR R AT E A Y 1
MMC WU A, 05 BE I it i AH O il 29 3

(3) SRAMEAEY B, 5 — kA S R
AT AT A R TG o A, IF SR R 3l i £ vk
(method of moving asymptotes, MMA)21 5 5 20 £ 1)
BoE AR B, S5 Ja AR WS A A A T 2 1 4 AR ALAL.
3.2 MiEA

FR Y52 K 5% I WL G R R BR S DL S A oG H2
FIAL B B BORE 43 21046 ) HLER I v v 23 8], H ) LT AR
R 5 Fros. AREAL SIHLEBE Ao 1 S5 ¥ vt
R, AR 0y Ry 2 AN s, BRI IX ek (WL 5
SRy FIA T vk X3 (ILIE] 5 20 el ). 3T
MMC HEZL 4R ML T VI 5, X et 2 R 1 LA
TR 53 A7 BT A%, A DR UE A% ] DAV fff h S Y.
BUE 3 (8] () JLFRTRRAE, JER4 1577532 /N5 sifi
1501352 AN NIRRT, BeAb, 2 8B SL bR 1A
(R AR, 5 AT D LSR5 Ry it et PRt i 3 2 2R

WA AL I WL B &5 M A0 T A2 R s H I 6L 4N
M, A R K& PR 53 0 % KB & E=200 GPa,
THRALE v = 0.3 RIS p = 7850 kg/m? . Tl it 2) #rig 3%
KT TARIRES, AR JIWLAL N AR 2 W Fp g far 000,
R A RS FNFRIFARES. FEIX R TARIRE T, AT
TR A 2 AT IRRE, K AL Ty MLEE 5 HE BodH I e 3 ] 2,

load area

clamped area

K5 AR IHLARE S5 A (FA7: mm)

Fig. 5 Design space for the transmission frame structure (unit: mm)



&1

PHERRAE: TR B r AR TEALIHE (MMC) RIIZ 8K Al LS R i e A e ot

249

HR L T A W 5 o, A8 2 fe YAk Il o #r
, B E B AR AR S 2 0.18. il
SN, BT AL A R Dl P 6 B it o s, 2
AR H 0 384 AR, BETHAR R H U 3456,

LI IR, e LA S Rk 7 Bz, MMC
PEALJE R 45 R SRR Bt (A% T HLAAT R W
ZE0, A GRS AR, L AR 2 1 )
JE TG LA FSCIR G5 AA) 3 A 3 B v T A X
BOMDBE AL B T AR S, 32D 1716
HLZRAERN 1 HE /R R P2 RE D). AR Is AL
FEFR, H bR R SO > b A Ae an i 8 o, Hbs
PRACERT LD PR | 5 T PR R 8.

WA G ISR, SR E CAD #ft, I
LA >4 (9 TREAG 4, 2B R LB AN B 9 s,
Xt Al PR LA A R R AT 07 20 A, AT P A

6 AL IIHAIBI A A AR

Fig. 6 The initial design for the transmission frame structure

(a) AL 1
(a) Top view 1

AR IS

(b) PIALE
(b) Side view

(c) ALK 2
(c) Top view 2

7 AL JIHUAERIIL LSS R

Fig. 7 The optimized structure for the transmission frame structure

g 0.06 <
£ facti i 2
= : — objective function kS
z ] - volume constraint function 40.04 E
e TH i £
g H E
g 10.02 %
2z b e b o
3, :
_8 5 ) X L L -0.02 S

0 20 40 60 80 100
iteration step

K8 PLAbisAl s

Fig. 8 The convergence history of the transmission frame structure

B9 LR AL AL 5 R

Fig. 9 The optimized geometric model of the transmission frame

structure

LRI BRIT T4 R, il 10 s,

A T UE W 24 VAL IS BOK Sl I MRS R v
THIT T AT 0, B R Y 5 SR AR v B (i
11 JroR) WG A A, JSUas v v BB e A T
(A PR T A BT 45 S an 1€ 12 Frow. it 518 10 %L,
TEFAL THURAS T, P48 1) d5e KA A% i 12 43 Sl



250 9 2y

Eitd 2022 45 54 &

3 3.860 mm(fLAL G AL F1 5.209 mm( R 4 % 15
A, nfLLE Wi TN T RAR SR A, itk e A A
(1) AE % il I B S SEAIG T B AR v v R A, L R I
BB T AR R AR TOURET, AT

contour plot
displacement/mm
analysis system
3.860E+00
[ 3.431E+00
3.003E+00
— 2.574E+00

2.145E+00
1.716E+00
1.287E+00

8.579E-01
4.289E-01
0.000E+00
no result
max = 3.860E+00
grids 111615
max = 0.000E+00
grids 106445

(a) ELRE
(a) The zero-angle state

contour plot
displacement/mm
analysis system
3.908E+00
[ 3.474E+00
3.040E+00
— 2.605E+00

2.171E+00
1.737E+00
1.303E+00

8.685E-01
4.342E-01
0.000E+00
no result
max = 3.908E+00
grids 250280
max = 0.000E+00
grids 106445

(b) TR
(b) The swing state

10 Ak /e BERL A FR T

Fig. 10 The finite element analysis of the optimized geometric model

11 A BT EER

Fig. 11 The original design model

contour plot
displacement/mm
analysis system
5.209E+00
[ 4.630E+00
4.052E+00

I 3.473E+00

2.894E+00
2.315E+00
1.736E+00

1.158E+00
5.788E-01
0.000E-+00
no result
max = 5.209E+00
grids 153646
max = 0.000E+00
grids 103588

(a) FALRE
(a) The zero-angle state

contour plot
displacement/mm
analysis system
1.014E+01
[ 9.014E+00
7.887E+00
I 6.760E+00

5.634E+00
4.507E+00
3.380E+00

2.253E+00
1.127E+00
0.000E+00
no result

max = 1.014E+01

grids 139457
max = 0.000E+00
grids 103588
(b) FRIBRE
(b) The swing state

12 JsURBEVHBER 4 FR T

Fig. 12 The finite element analysis of the original design model

I KA A Wi N 43 5 K 3.908 mm (A 4k Jim 4 78y
10.141 mm(J5U4h BT ), Ao Ak 15828 [ A 20 T
JRUE BT W L PR T A R TG B A AT
ARSCEACAR JJWUVER G R v vt T i A R 20 T
AR LT [UE B.

4 2518

ASCHEFL T MMC SR AMEAL BOR RIS B K i
TNV S R e A v R K R, T I X A% g LA
SRR R ROAESR I 20Hr, B2 1 W s A6 H
PRAVATAL) R R £, 75 MMC 4 $MEAGHESE R ¢ 57
T AL WA B BT 0 ) A 5K, O HE S H AR
BRI HSOR 249 T B P R BRSSP IR AR, S 4
T MMC HEZESE AL WL SMEAL B 1
P8, A5 S b TR Iz 3 & ML ALY
CLR LT 00, AT AL A AL BEA LA Ut d i L
PACIEACTRAT AL T HLBL A K LA LAY, R
FIAT IR G A O S0k 23 B, I Jh e v A A0
b AT, BAUE WA SO ik 1A 20

2 £ X #

1 EFE, KAk, iR a05E. UGS Bk s B A R THE R . L
LR (H 9 30), 2020, 37(S2): 59-64 (Wang Wei, Zhang Zhong,
Chen Zhenzhi, et al. Research on measures for launch capacity im-
provement of launch vehicles in active. Aerospace Shanghai
(Chinese & English), 2020, 37(S2): 59-64 (in Chinese))

2 B, WSO, WA s ORI Ak 5 R B HLR a8 B AR %
g ERBUK 2B (T 22 8R), 2021, 54(2): 102-107 (Wu Dan, Chen
Wenjie, Si Xuelong, et al. Research on development trend and key
technologies of large solid rocket motor. Engineering Journal of
Wuhan University, 2021, 54(2): 102-107 (in Chinese))

3 ERGHE, RREHY, A, T 7 A% ) 6 o B 38 380K B 52 B AT
SRR AL, B B R OK 2 4R, 2021, 43(1): 57-65 (Wang
Zhixiang, Ouyang Xing, Wang Bin, et al. Lightweight optimization
of skinned purlin structure in launch vehicle based on sequential ra-



Lo

PR SET BB n AR ALE (MMC) [R38 $ Kk Sl LR SR i) A e Al e vt

251

10

1

—_

12

13

14

15

16

17

dial basis function. Journal of National University of Defense Tech-
nology, 2021, 43(1): 57-65 (in Chinese))

Wang ZX, Lei YJ, Wu ZP, et al. Lightweight design of cylindrical
stiffened shells in launch vehicles by a dual-elite population sequen-
tial approximation optimization approach. Engineering Optimiza-
tion, 2020, 53(6): 984-1004

Degtyarev MA, Shapoval AV, Gusev VV, et al. Structural optimiza-
tion of waffle shell sections in launch vehicles. Strength of Materi-
als, 2019, 51: 223-230

A, T4, TN AR, KA L [ A K 5 R BTSSR Al 1
. SRR 5 TR, 2021(5): 43-48 (Feng Binbin, Yuan Jin,
Hu Xuhui, et al. Lightweight design of solid rocket motor casing
with large aspect ratio. Composites Science and Engineering,
2021(5): 43-48 (in Chinese))

JuEi R, WREAR, KRG, — R 7 & KHET RSB )
3 45 TT %L R, 2020, 26(5): 630-634 (Fan Ruixiang, Yao
Ruijuan, Zhu Zhentao, et al. A new type of thrust transmission struc-
ture of paralleled seven rocket engines. Manned Spaceflight, 2020,
26(5): 630-634 (in Chinese))

Cui ZX, Wang WW, Li SD, et al. Structure optimization of solid
rocket engine vacuum pouring cylinder cover based on response sur-
face. International Journal of Performability Engineering, 2019,

15(2): 475-484
Bouajila W, Shimoda M, Riccius J. Design optimization of a rocket
engine's inner liner with improved response surface methodology.
Engineering Optimization, 2021, 5: 1-17
Mg, TR, KA IR gRis Bk f AL D ARt vt 3 S5
RiZ#EHH K, 2017, 4: 6-9 + 29 (Mei Yong, Feng Shaowei. An op-
timization design for the force transmission path on the high-thrust
strap-on launch vehicle. Missiles and Space Vehicles, 2017, 4: 6-9 +
29 (in Chinese))

EERETE, BRI, SEAE I O HTA MRy B E R et )
Wr 5016, HLBE TR 2%4R, 2019, 55(14): 60-68 (Bi Xiangjun, Chen
Bingquan, Wu Hao, et al. Design, analysis and optimization of lin-
ear bundled separation device for launch vehicle. Journal of Mech-
anical Engineering, 2019, 55(14): 60-68 (in Chinese))

WS, A, TARSE. IR B — 1 (¥ 4 52 M R T 7.
02 224k, 2019, 51(2): 364-370 (Pan Zhongwen, Xing Jianwei,
Wang Lei, et al. Research on whole-spaceeraft vibration isolation
based on parallel load-bearing and damping system. Chinese Journ-
al of Theoretical and Applied Mechanics, 2019, 51(2): 364-370 (in
Chinese))

WiRRR-T-, SRV, BT an 4. R B AR S i AL oo, o R
BEFA, 2019(2): 17-21, 43 (Chen Xianping, Yan Dongyang, Yao
Ruijuan, et al. Optimization design of the rocket structure. Missiles
and Space Vehicles, 2019(2): 17-21, 43 (in Chinese))

R, AL, R AR XU D S LA DA A Bt Ty it
. KT HERE, 2015, 41(4): 55-60 (Huo Shihui, Yuan Junshe, Xu
Xuejun, et al. A rapid optimization design method for frame struc-
ture of double thrust chambers. Journal of Rocket Propulsion, 2015,
41(4): 55-60 (in Chinese))

SN, ki, it CHESE AR K BT R B A R LR 3 B
THIFST. K HERE, 2017, 43(3): 35-41 (Mu Penggang, Li Binchao,
Du Dahua, et al. Preliminary design for composite thrust frame of li-
quid rocket engine. Journal of Rocket Propulsion, 2017, 43(3): 35-
41 (in Chinese))

Bendsee MP. Optimal shape design as a material distribution prob-
lem. Structural Optimization, 1989, 1(4): 193-202

Zhou M, Rozvany GIN. The COC algorithm, part II: topological,
geometrical and generalized shape optimization. Computer Methods

20

2

—_

22

23

24

25

26

27

28

29

30

3

32

in Applied Mechanics and Engineering, 1991, 89: 309-336

TR, E N TR, JE TR MU BOR M b ) s i it
J12%5 254, 2012, 44(3): 528-536 (Niu Fei, Wang Bo, Cheng Geng-
dong. Optimum topology design of structural part for concentration
force transmission, Chinese Journal of Theoretical and Applied
Mechanics, 2012, 44(3): 528-536 (in Chinese)

Mei Y, Liu GQ, Shen ZB. Optimum topology design for the concen-
trated force diffusion structure of strap-on launch vehicle. MATEC
Web, 2017, 139: 00183

FSLI, TR, FOOREE RNB KT S G Eh IR AL
Wik, MK, 2017, 23(2): 168-172 (Wang Lipeng, He Fei, Guo
Wenjie, et al. Dynamic response optimization design of manned
launch vehicle supports for spacecraft. Manned Spaceflight, 2017,
23(2): 168-172 (in Chinese))

Wang J, Zhu JH, Hou J, et al. Lightweight design of a bolt-flange
sealing structure based on topology optimization. Structural and
Multidisciplinary Optimization. 2020, 62: 3413-3428

K, KEE, RFTE LAEMR R EN AT R iy
Bt M. [ AR kS BOR, 2019, 42(6): 679-685 (Liu Liu, Zhang
Leilei, Song Xueyu, et al. Optimization design and analysis of inter-
grated flight structure of composite shell. Journal of Solid Rocket
Technology, 2019, 42(6): 679-685 (in Chinese))

Sigmund O, Petersson J. Numerical instabilities in topology optimiz-
ation: a survey on procedures dealing with checkerboards, mesh-de-
pendencies and local minima. Structural and Multidisciplinary Op-
timization, 1998, 16(1): 68-75

Guo X, Zhang WS, Zhong WL. Doing topology optimization expli-
citly and geometrically-a new moving morphable components based
framework. Journal of Applied Mechanics, 2014, 81(8): 081009
Zhang WS, Yuan J, Zhang J, et al. A new topology optimization ap-
proach based on moving morphable components (MMC) and the er-
satz material model. Structural and Multidisciplinary Optimization,
2016, 53(6): 1243-1260

Zhang WS, Li D, Yuan J, et al. A new three-dimensional topology
optimization method based on moving morphable components
(MMCs). Computational Mechanics, 2017, 59(4): 1-19

G, £/, SRSV, B K ET A B4 AR AT
2F2EAR, 2020, 52(4): 1007-1023 (Yuan Han, Wang Xiaojun, Zhang
Hongjian, et al. Stability analysis of reusable launch vehicle landing
structure. Chinese Journal of Theoretical and Applied Mechanics,
2020, 52(4): 1007-1023 (in Chinese))

Guo X, Zhang WS, Zhang J, et al. Explicit structural topology op-
timization based on moving morphable components (MMC) with
curved skeletons. Computer Methods in Applied Mechanics and En-
gineering, 2016, 310: 711-748

Zhang WS, Zhang J, Guo X. Lagrangian description based topology
optimization-a revival of shape optimization. Journal of Applied
Mechanics Transactions of the Asme, 2016, 83(4): 193

Zhang WS, Song JF, Zhou JH, et al. Topology optimization with
multiple materials via moving morphable component (MMC) meth-
od. International Journal for Numerical Methods in Engineering,
2018, 113(11): 1653-1675

Zhang WS, Zhong WL, Guo X. Explicit layout control in optimal
design of structural systems with multiple embedding components.
Computer Methods in Applied Mechanics and Engineering, 2015,
290:290-313

Svanberg K. The method of moving asymptotes-a new method for
structural optimization. International Journal for Numerical Meth-
ods in Engineering, 1987, 24(2): 359-373


https://doi.org/10.3969/j.issn.1674-5825.2020.05.014
https://doi.org/10.3901/JME.2019.14.060
https://doi.org/10.3969/j.issn.1672-9374.2015.04.009
https://doi.org/10.3969/j.issn.1672-9374.2017.03.007
https://doi.org/10.3969/j.issn.1674-5825.2017.02.005
https://doi.org/10.3969/j.issn.1674-5825.2020.05.014
https://doi.org/10.3901/JME.2019.14.060
https://doi.org/10.3969/j.issn.1672-9374.2015.04.009
https://doi.org/10.3969/j.issn.1672-9374.2017.03.007
https://doi.org/10.3969/j.issn.1674-5825.2017.02.005
https://doi.org/10.3969/j.issn.1674-5825.2020.05.014
https://doi.org/10.3901/JME.2019.14.060
https://doi.org/10.3969/j.issn.1672-9374.2015.04.009
https://doi.org/10.3969/j.issn.1672-9374.2017.03.007
https://doi.org/10.3969/j.issn.1674-5825.2020.05.014
https://doi.org/10.3901/JME.2019.14.060
https://doi.org/10.3969/j.issn.1672-9374.2015.04.009
https://doi.org/10.3969/j.issn.1672-9374.2017.03.007
https://doi.org/10.3969/j.issn.1674-5825.2017.02.005
https://doi.org/10.3969/j.issn.1674-5825.2017.02.005

	引  言
	1 运载火箭传力机架结构拓扑优化问题描述
	1.1 传力机架结构设计要求
	1.2 MMC拓扑优化方法简介
	1.3 传力机架结构优化的问题列式

	2 运载火箭传力机架的数值求解
	2.1 传力机架的有限元分析
	2.2 灵敏度分析

	3 运载火箭传力机架结构轻量化设计
	3.1 优化设计流程
	3.2 测试算例

	4 结论

