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Abstract: In this study, the multidisciplinary design optimization of a space capsule was investigated, with a focus on
structural material and geometric features. Design disciplines, including geometry, aerodynamics, trajectory, heating, and
structure, were considered. To reduce the computational cost, surrogate models were created using the Kriging method,
and multi-disciplinary optimization was performed with the single-level All-At-Once framework and a genetic algorithm.
The single-objective problems included mass minimization, volumetric efficiency maximization, ballistic coefficient
minimization, longitudinal static stability maximization, structural deformation minimization, internal volume
maximization, structural frequency maximization, and structural buckling strength maximization. In addition, a dual-
objective problem was defined to simultaneously optimize the two main objectives, namely mass and structural rigidity.
These results were validated by flight testing of the on native capsule. The results showed that using carbon-epoxy
composite as the shell material was preferable to other materials (6061 aluminum and glass-epoxy composite) in all
structural optimizations. Furthermore, increasing the thickness of the layers by 5% improved the structural rigidity, and
weight reduction of up to 8% was possible without any loss in mechanical performance. These results demonstrate that
by choosing the correct geometry and adjusting the thickness of the layers, a more efficient design for lightweight and
strong composites can be achieved. The proposed framework can be used as a practical guide in the design of future space
capsules, reducing structural weight, increasing stability, and improving their overall performance
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Fig. 1. Suborbital flight profile of the capsule
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Fig. 2 . Parametric geometry of the re-entry capsule
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Table 1. Allowable ranges of the design variables
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Table 5. Constraints of the capsule mass minimization problem
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mass [(d) as a function of major radius and half-
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Fig. 7 . Surrogate models of the aluminum capsule: (a—c) maximum structural deformation [(a) as a function of length and

lateral radius, (b) as a function of major radius and half-cone angle, and (c) as a function of major and minor radii] and (d—f)
surrogate models of total structural mass [(d) as a function of major radius and half-cone angle, (e) as a function of length
and lateral radius, and (f) as a function of major and minor radii]
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Fig. 8 . Surrogate models of the carbon—epoxy composite capsule: (a,b) structural deformation [(a) as a function of length

and lateral radius and (b) as a function of major and minor radii] and (c,d) surrogate models of total mass [(c) as a function
of length and lateral radius and (d) as a function of major and minor radii]
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length and lateral radius and (d) as a function of major and minor radii]
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attack for the eight optimized geometries

Sl o a3l5 o 3ES g Sl i T K
war s bdas e 0L 1) glad J S anp o S ol
IS (Jsb oLl en0lis o8 Lajlopad ol o oS5
Sls JamS Gy S i a by ol i

s SSLal Jsb ol
Static structural analysis of the Fig. 11

optimized capsule for minimum structural
deformation

Lo IS 10 1 Sl slesla (g3l ol 11 S5
(ol odd b slesle S as gileaS Gl &S

Saske IAF LE ol ISE ik ST e e OLES

eelge 3 gl sla By

Clﬁu\duwjﬁpkfduq\fgitéuuwjbﬁg)\fﬁ

Dyt

Jde izman b oo Rl Calis LIEIL S b

s 3 by prens wsls e 2 IS o 12U Sl

S 53t gl Sl S Sl il slan

o SR Y sl GG S o OF 53
Surrogate models of the glass— Fig. 9

epoxy composite capsule: (a,b) structural
deformation [(a) as a function of length and
lateral radius and (b) as a function of major and
minor radii] and (c,d) surrogate models of total
mass [(c) as a function of length and lateral radius

and (d) as a function of major and minor radii]

e s lesbe S5 i Sl w5l sladis 4 S
—aied i b Rl deS gl bl e S
L S s 6 o 35 e odalie as o OLE 5 S 5
by Sor S kB L s s dly S plad 5 S kS
il daly S Jsb bl e ol e sSae
abaly ol osls LIS jace sl L IS e &L Green 3l
i e Sl PS5 1 5l Jole 2l i
—alad Rl Y il Cubhs g s Sl e
aaly Y Cwles b glosla ‘_}i.:ﬁ;dé.\mda OLES oS 5l
e Sl S mB Rl e s S
e 4y a5 500l SlaaY aluad 5o by Seed 4l
oals glesl Ji..: e Y slaas A1l S das e Ol
e gl e 2 S e 1B sl e ies
oS s aind ipelS aY il culbis s s -
.>)l>w)_<nda{\)4i‘>l¢wl>'u,él“}5¢ﬁGUASMsda&l,:,J
A 53 (b e asly e 2 IS b SR Jes
el 58 L as s e QLS Cilise a8 o selS slaasY
Al SIS o e sl
Multidisciplinary Fig. 3 3l eslizel U caslsl >

design optimization matrix of the capsule
considering configuration and structural
disciplines

A



el B $ 2 S el ey

optimized capsule for maximum natural

frequency

f‘)‘b 6LA.9 BE) Jré LSL"ACJL (:L»:: OB ok odalin

S b ot oSl Jlse St @B IFURE L sl s ol bl das e 0L S

(855 e s e Ol ) lesle 68 8 gsluaiy ol Gl
pled Om 03 JMie 0 5VL (3 nl el 58 VYT/YA Buckling analysis results of the Fig. 12
—oSle Glesng aw e S Lol (b laS gdsS gptimized  capsule for maximum  buckling
Coalies S1yls g JpeS 4 8 &S Cundly opl 5 Gpb s resistance
aedis sl B o ol U tn OLSs i 5 S Gl b i oS Sl LS Sl mls 1Y S
Wl 3 yen ol g 20 s el e 0L | LS anslie (o sladit
Jsrﬁd)bw&udmyd)'b%wdb:
(s sl Jald J s i a Sl lesle S0 0n5
ol Ll oS plald o5 s0lS 5 S ml o S o5 s0elS

NG|

3y n odalie prmmen ol YY/PA LIS (o b aniy &
S w3 F) S by e o 53 JHLS a5 sl S
ileS Cglie L 5l o Slias Olgea |y 4l gl

Modal analysis of the Fig. 13 .S . a

N RS SY\ REICE B R g PRT
Table 6. Genetic algorithm parameters

e bk )
Voo Comar )
doe b fos sl Y
e oSy dsl Y
JA o ES f

TS 58 el (Slo3l sl N> Sladis V Jgu
Table 7. Settings of the structural solvers in ANSYS Workbench
o S alas Ol sl Ol ¢ 5 Jeb> 5 5 a3y
YYAAQ VYAeo  (alo F)Quad (K5 oid o 2eS L awdis gl ) (Sl \
YYVVA AN (e P)Quad  (LailsS Cuoglin o iy b avis gl ) 2ilsS Y

VA4O VAVE (ks P)Quad (sl oS e mi b asdkia (s1,) Jls e \x

Sas wlg Kl sladde Cds s A g
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Fig. 10 . Pitching-moment coefficient versus angle of attack for the eight optimized geometries
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Fig. 11 . Static structural analysis of the optimized capsule for minimum structural deformation
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Fig. 12 . Buckling analysis results of the optimized capsule for maximum buckling resistance
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Fig. 13 . Modal analysis of the optimized capsule for maximum natural frequency
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Fig. 14 . Two-objective Pareto front of total mass and structural deformation for the aluminum capsule
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Fig. 16 . Two-objective Pareto front of total mass and structural deformation for the glass—epoxy composite capsule
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