81

A AR SRS (A FR) F3C No. 10-0624
77 % 773 5 (2011-1)

FEaMOsy MEEDRR"
PRAFCHES™, AIPURTT?, BEOHMERS, Wrosed™, JRITERE", AR
Development of Composite Structures for Launch Vehicles
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Ultimate weight reduction and low manufacturing cost are strongly required in the development of next-generation
launch vehicles. It is one of effective methods for these purposes to change structural materials from conventional
aluminum alloys to composites, such as CFRP (Carbon Fiber Reinforced Plastics). Under these situations, we developed
a launch vehicle structure by using CFRP/honeycomb sandwich panels in order to achieve both weight and cost
reduction. FEM (Finite Element Method) simulation was utilized to effectively carry out the structural design. Metallic
structures are applied for the flanges (joining interfaces between the other structures) in general; however, we used
CFRP structures also for the interface flanges for the weight reduction and manufacturing simplicity. The designed
CFRP structure was fabricated and a static load test was conducted considering flight loads during actual launch. The
strain distribution was obtained by FBG (Fiber Bragg Grating) sensors and three-dimensional displacement was
measured by laser tracker as well as normal strain gauges in the limit load test. These measured data were compared
with the FEM simulation results and they show good agreement. We will apply these manufacturing, testing, simulation

and sensing techniques for the future launch vehicle developments.
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Inter-tank adaptor Change to
(Aluminum semi-monocoque) CFRP structure

Fig. 1 LNG propulsion system for space launch vehicle.
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Table 1

unidirectional CFRP laminate used for structural design

Elastic modulus, Poisson's ratio and density of

BEM e T NGO %

Table 2  Elastic modulus, Poisson's ratio and density of

aluminum honeycomb core used for structural design

E; (MPa) 210100 E, (MPa) 1070
E; (MPa) 7200 Eo(MPa) 0.0650
E, (MPa) 7200 E. (MPa) 650
G (MPa) 4300 G, (MPa) 113
Gz (MPa) 4300 G,. (MPa) 204
Grz (MPa) 2500 G4 (MPa) 0.100
Vir 0.314 Veo 0.194
Viz 0314 Vi 0.0996
Vrz 0.340 Vo, 0.00442
Density (kg/m’) 1700 Density (kg/m”) 50.0
#¢ L means fiber direction, 7 means normal direction to fiber $¢ Subscripts correspond to coordinates in Fig. 2. Normal surface
direction and Z means thickness direction. of r direction is honeycomb surface.

Close-up view

#3050

93094.96
#3110

A-A cross section (close-up)

CFRP interface 25 CEFZPOf];lf;;ge
(CFRP thickness changes gradually) j
5 0
@ Sandwich é ! 60ply g
(CFRP 10ply) 7 A1 = -
t=0.84 2150 i 504 N ® CFRP interface
@ Sandwich 25 !
(CFRI(; i};ly) P .................. § § % %\252
e B 252 ), 30 JI%
B-B cross section (close-up) i
i
20ply i
B thickness
Aluminum i ® ) > changes
honeycomb /L) 600 ) = @ Aluminum gradually
core y @ Sandwich = honeycomb core (30~ 10ply)
(CFRP 20ply) t=30
@ CFRP plate t=1.68
(60ply) :
. T—>x 084 30 | 084 L0ply

Fig.2 Design of composite structure for the inter-tank adaptor of launch vehicles.

PLEOFEARZGHEM, FEHRABGRICESE, FEM Z28EMA Lekit a1 7o/, BEHERAX 2 1077, BRiX
130.1kg T, WEROT NV IEEIEDEIE/ ay G L L T L2 EPOREORE(LNEB I TS, 7
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X 2 OREIEIZHR LIEH L72 FEM IZOWTC, A v = %X 3@)is, FEETRER Mises O A0040) %X 3(b)ic
TR SR AT RS B (1 RPEJEE — ) 2K 3(c)l 27" FEM VL (212 ANSYS Ver. 11.0 218 1 L, 255013323949,
FHEHUL 405433 THDH. CFRP BLOT A I N=D 2OWMETFTEOEY £ 1, 2 OFfEE AW, T CIixr
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3180uTH Y, Wﬁ@#ﬁ ﬂbE@MSQ@mmﬁww LR AL TS, ZZTMS I, Hrod
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Close-up view of 4

Maximum strain :
3180u(MS=0.73)

MS=4.87
Number of nodes: 323949
Number of elements: 405433 . (0] | I B [mm]
0 1750 3500 0 0.6 1.2
(a) Mesh distribution. (b) Von Mises strain distribution. (c) 1st buckling mode

(deformation is magnified 100 times).

Fig.3 Mesh distribution and results of FEM simulation for the inter-tank adopter.
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AR OFRFHRFOHERE & (130.1kg/6=21.7kg) & —H L7z, RIS ICHE TIIREGIE 2 O IER A 21TV,
HEARAERICA B RIEELRAE L RN T & 28 L7z BT, JEffr EalBRIC B A 72,

gl gl &
— ~
Interface flange
z
g Outside ofthe specimen
Fig.4 Test specimen for compression test. Fig.5 Specimen and its interface.

3-2 HEBREELEHA

i EEAMIZIE 200 b fkimEmEREE A FH L2, K6 ioffikika Yy b LE-RBEEOEE 27, fEK
IR OB Y F NS 1/6 280 LT /& LIz T, RERFFOEME B 7 VYA Ol 1/6
E LT THHTERICARL M CTREEE L, ERITEED X 5 ICHiEE alfe/e R 0 ¥ — ok ~Ard 57
DIZBRRIDIR B A U TR & A LT,

R1: R5 @ Biaxial strain gauges
(Outside: O1 ~ O7, Inside: 11 ~ 17)

4 B Retroreflectors (R1 ~R7)
(3D displacement measurement)

<+
b
¥ -

— FBG sensors (F1 ~ F3)
(Strain distribution measurement)

R7

Note:
(1) Inside-gauges (I1 ~ 17) are installed just
behind every outside-gauges (O1 ~ O7).
e.g.) I3 gauge is installed just behind O3 gauge.
(2) F2 FBG sensor is installed just behind F1
B i FBG sensor.

Outside of specimen (3) Strain gauges are also installed at both ends of
T_> F1 and F2 sensors.

= s

y

Fig.6 Specimen and load testing machine. Fig.7 Measurement points of strain gauges, FBG sensors, and retroreflectors for laser tracker.
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L= T ok bH3 /kTEZ{MnJr(E'J%ETTO 7o, T ZCIEmE OMIE D AT 5.

W7 7 A NOF I P& LTIE, OFDR 5 FBG (Fiber Bragg Grating) ®-& %\ /=, FBG %, &7 7
AR T PZEPHEFEZ TR L2 b DT, 7 v—T 4 VT TEMA, 7 7 A ROJESTRn L35 &, TR Bragg
S ETE TR DIOHIRLS KH S, EOMOE RO ITEHT 5.
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BB SIE) HAAEERA Liz. OFDR 5T, Fa—F 70 L—YhbORERS Dea AR (B &
FBG ([ZAHT L, SRS DORSHE & FBG 75 Bragg }i%‘zé:@?{%‘u%xz‘é%% CGHHIET A, ZoFsTR L
STFT (Short Time Fourier Transform : GHFHEIREA#AT) #litidZ & C, FBG & HIih~> 78O A40Ai % 1mm LA
TOEN YRR 2 > TR 2 L3 TE 5.

L—F T ol &L, bR Z 7 hAL—FEIH L, ZOGPER L USERA 60N L X —7
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S, AR L—YZ B AG HROYHTAC RN %, R FEuRic L hr D 7 L7 2 E23ETH 28T, ZOHAD
T EEATRTRIHA AN 2R 1 L7z
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2 7T X7 EAMEROFHINLE 2R L0 D83, AEIOZOT R —Y (KF o 01~07) OEHE (3
e LN IZH U EREL TWD. B, 03 OEEIZ B A4 L TW\b. & FBG k/*)‘@?ﬁxﬁnﬂﬁl
FlX30cm TH Y, FBG B HIOTAHANKE L, SABEMEC/ D & TRl S D ZEEIC B IIn - Tk
L, F3idn=h %> KA v FHEZ, Fl, F21Z27 O\ CFRP BEEHR E (X2 D@, 60ply .jrs) \ZRRE LTz,
FBG & I 712X Fl & F3 VRSN TWAR, Fl OEEIZF2 28 & Cu 5. FBG OHIIGEF & o i
ZHBE LTFL & F2 OfifsiZ FBG B I OT A=V 2B Lic. U hr U 7 b2 ZE3AMNE RO AITEE
B L7,

3-3 FEM &4

JEREfT ERRERIZ eV D, IR & [FIARIC FEM it 4 520 L 72. CFRP 3B XU /L I N= a7 OPPET#R
1, 2R L7ZHEY ThD. A vz b BERZX 8 IRT. HAHUE 135971, ZEHEHKIT 173518 THDH. K8
R, TR & OEATEE L VY v RTET /UL L. 3R TGRS G b TR e L,
THH B (e akikd & OBEATH) 13z HEN LIS R LTz T, uftssﬁﬂ%o)r Hiitnf B & A far L7z

Interface for the load

testing machine \

Metal coupling attachment
Number of nodes: 4937
Number of elements: 15178

| | Entiresimulation model
| Numberofnodes: 135971
Number of elements: 173518

Specimen
Numberofnodes: 131034
Number of elements: 158340

Fig. 8 Mesh distributions for compression load test.

— 86 — ©2011 The Japan Society of Mechanical Engineers



BEM B Ty MEEOR % 87

9, 10, 11 IEMEITIC &2 O A0, ZArof, SUBEIEBMITIC &5 | WHEIEE— REZnZiond. &
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WEIZXT D MS 13 1.36 TH Y, FHIRE Y RITNER->TND OO, +37RRRDHER SN TND 2
LR STz,

Mises O FHZDNT, HOET VOMITHER (K9) & ERFRROMITHER (X 3(0b) & &HET 5L, it
Y ET L THEAERIICROROKE L 2o TNDE B0, HAAREROTHAEICE LTI TIGERN D &)
5, WHETF N COHMBI LTHIFNTEDEE2BND. MR LEESEFAD y, z FEOOT
BB LTI, R ETRHOGA E > TEY, BOGFEIZEIVZO L FTIXOTHRI/NEL (ZE LHNED
y FEHE O RE V), WBTREVIL 725, 2EOBIANE LT, 2 HIEER, y FIEE5EE, SE
DEHET O z HEERIER, y HIFEMH L - Thad. 20X 51T, BEY CIIEMROTHEIR SN
TW5., BRE—RE LTIMAIIARS Z EDK 10 M HHEGRTE 5.

FERUZPE LT, SR (R 3(0) TIRARMD Ch o7 | ROBEE— K25, #ae7 L (111 Tt
RARMF O & 72> TRV E— RRRRSTND. L, ERoiv R, S5TT V& bICHRIEAE
HEOFEE & 13722 TWRWD, RE YTl 72 DI ARER T T V2 VW ERBR 2 FEhid 5 Z & 13FIR
Y LEZLND.

Maximum .
strain 3481 C0mpres§1on Tension
(MS=0.58) (gray regions) (gray regions)

X y
[m] ] [u]
0 1750 3500 0 1750 3500 0 1750 3500
Von Mises strain distribution Tensile strain distribution of y-direction =~ Compressive strain distribution of z-direction

Fig. 9 Strain distributions (Von Mises, y-direction and z-direction, deformation is magnified 10 times).

Interface for the load Metal coupling
testing machine

[mm]
0 3.0 6.0 9.0 0 0.6 1.2
Fig. 10 Displacement distribution. (deformation is magnified 10 times). Fig 11. 1stbuckling mode (deformation is magnified 100 times).
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4y direction (Strain gauge)
¢y direction (FEM)
1000 .. .
-4z direction (Strain gauge) A
©-z direction (FEM) / 7 ! ! !
500 R \ﬁ:*d:*ﬂ 6 || ™Measurement
X %7 R
as g B FEM
0 N E st
EX -
£ 500 { \ g 4
s £
£ N\ 4? ' \ g 3
=
-1000 \ )
Vot New | E°
-1500 e
% 1
Outside Inside 0 I -
2000 T S il

01020304050607 11 1213 415 16 17 RI R2 R} R4 R5 R6 R7

Strain Gauge No. Retroreflector No.

Fig. 12 Comparison of strains between simulation and measurements Fig. 13 Comparison of displacements between simulation

(strain gauges). and measurement (laser tracker).
500 ,
| ‘-:‘:‘\
0 [——gr== L 2
S~ - \\
™, z,
-500 AN ;Qf
3 N \ Lo=is 4
£ 1000 A M, B RN
& N N TN
-1500 VA B A
—— FBGsensor | AL/ FBG sensor e
. . — FBG sensor
2000 [ @ Straingauge ®  Strain gauge
----- FEM ---=-FEM S
-2500
-200-150-100 -50 0 50 100 150 200 -200-150-100 -50 0 50 100 150 200 -200-150-100 -50 0 50 100 150 200
Position, mm Position, mm Position, mm
(a) Measurement result of F1 FBG (b) Measurement result of F2 FBG (c) Measurement result of F3 FBG
sensor and strain gauges at both ends sensor and strain gauges at both ends sensor with FEM result.
of F1 sensor with FEM result. of F2 sensor with FEM result.

Fig. 14 Comparison of strains along FBG sensors between simulation and measurement.
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ZHEERNDRHIAOT, 2 FAIZIIZEE A EOTE2R2WVD, y FEIZOW TS EIEERE, WIS oEAnz bz LT
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D, BEREOE7:D RT TEMITRORE L LoTEY, i (EEM) (TEV R3, R4 OENLIT/HE 0.
13\ ZIFEMOMERHEZ R LTy, AT SIRAT « FHIICE S —H L TWAH T L 2GR LT 5.

14 [Z FBG B I K D2 OT HHARE R & FEM Otz <4, Al FBG & o Pl 7oA~ LTk
v, SERIDNS BCEREHRIY HmZ2ESmE L, Bl o iX FBG T30l LTW5S. 75 700 HT
FBG & YDA HHOME L 72 5. X 14(a), (b) (F1, F2, AEAHZEIZN 7 28R) (21X FBG Mgk v #1772
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