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A fixing frame applied with Foam Cored CFRP Sandwich Composite (FCCSC) that replaces SAPH440 steel used in the
fixing frame for hydrogen storage was designed, and its structural safety was evaluated. In the design of the fixing frame,
FCCSC was implemented by PMI foam core, a Bakelite mount, and Carbon Fiber Reinforced Plastics (CFRP) using woven
carbon fiber prepreg. Unlike the steel fixing frame, the FCCSC-applied fixing frame had a cross-section of hollow-
rectangular, and its validity was confirmed through finite element analysis. Structural analysis of the designed FCCSC-
applied fixing frame and steel fixing frame was performed. Under the extreme load condition of 9G acceleration, the steel
fixing frame showed the lowest safety factor of 1.14 based on the yield strength in the opposite direction of gravity. On the
other hand, the FCCSC-applied fixing frame showed a safety factor of 7.6 at the maximum principal stress and 3.15 at the
shear stress. Through this result of structural analysis, it was verified that the FCCSC-applied fixing frame, which was
25.8% lighter than the steel fixing frame, was 1.8 times safer.
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(a) Fixing frame and main frame of hydrogen
storage vessels for vibration test

Hydrogen storage
vessels (48kg)

Upper frame for fixing
vessels (0.42kg)

<

Lower frame for fixing

Direction opposite vessels (2.06kg)

to drive (-Y
il Direction of drive (+Y)

Direction of gravity(-Z)

(b) Define the weight and load direction of the steel
fixing frame used in the analysis

Fig. 1 Fixing frame model and load direction definition of hydrogen
storage vessels
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Table 1 Material properties of SAPH440'°

Young’s Poisson’s  Yield strength Ultimate Elongation
modulus ratio [MPal] strength to break
[GPa] [MPa] [%]
201 0.306 302 440 44
Mass: 0.42kg

SAPH440

44 mm

[B Fixed Support
Thickness: 2.0 mm [BJ Force: 1000 N

(a) Definition for model, boundary condition, and load
condition of upper steel fixing frame

Mass: 0.32kg Mass: 0.32kg

Thickness: 4.6 mm O-type  Thickness: 3.0 mm

U-type
(b) Definition of cross-sectional shape of upper CFRP fixing frame

Fig. 2 Analysis model definition for cross-section design of upper
fixing frame
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Table 2 Material properties of woven carbon fiber prepreg''

Property value Unit
Density 1,420  kg/m’
Young’s modulus X direction 61,340 MPa
Young’s modulus Y direction 61,340  MPa
Young’s modulus Z direction 6,900 MPa
Poisson’s ratio XY 0.04
Elasticity Poisson’s ratio YZ 0.3
Poisson’s ratio XZ 0.3
Shear modulus XY 19,500 MPa Fig. 3 Definition for the FCCSC-applied model of fixing frame for
Shear modulus YZ 2,700 MPa hydrogen storage vessels
Shear modulus XZ 2,700 MPa
Tensile X direction 805 MPa Table 3 Material properties of Bakelite and PMI foam'*"
Tensile Y direction 805 MPa Property Bakelite ~ PMI foam Unit
Tensile Z direction 50 MPa Density 1,400 110 kg/m’
Compressive X direction -509 MPa Young’s modulus 9,600 189 MPa
Stress limits Compressive Y direction -509 MPa Poisson’s ratio 0.3 0.3
Compressive Z direction -170 MPa Tensile ultimate strength 55 6.3 MPa
Shear XY 125 MPa Compressive strength 207 2.5 MPa
Shear YZ 65 MPa
Shear XZ 65 MPa
Tensile X direction 0.0126 Fig. 33} o] MASIQL}. ojuj A= 114 majolo] Heke
Tensile Y direction 0.0126 446 ¢ (CFRP 349, PMI Foam 33, Bakelite Mount 64 g)o] L, &}
Tensile Z direction 0.008 T4 =L 1395g (CFRP 1,100, PMI Foam 89, Bakelite
Compressive X direction -0.0102 Mount 206 g)o]c}.
Strain limits Compressive Y direction -0.0102 03kg Ao ALE Ho|Zalo|ES PMI E9] A REAL
Compressive Z direction -0.012 Table 33} Zt} AAZRAT 515 AL o 22F04 AZ3st
Shear XY 0.022 7 1% ) AT B Uik, Den ARl aht
Shear YZ 0.019 sel= aaot 4 R4S W AESte] 1,166,193/ A}
Shear XZ 0.019 408,180712] 8.4 £Fo 2 HI}I3QT}.
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324,57 Max
3678
41678
047229
0053519
-0.02971
-023307
-1.8284
-14343
11252 Min

(b) Maximum principal
stress of steel fixing frame

221.35 Max
89.538
3622
14652
5.9269
23975
096984
039232
01587
0.064198 Min

(a) Equivalent stress of
steel fixing frame

82.275 Max
10859
14332
018917
0.024967
0.0032953

58515 Max
80211
1.0995
015072
0.020661
0.0028322
-0.0059992
0025573
-010901
-0.46467 Min

(¢) Maximum principal stress of  (d) Maximum principal stress of
U-Type CFRP fixing frame O-Type CFRP fixing frame
Fig. 4 Analysis results of upper fixing frame according to material
and cross-sectional shape

-0.0019847
-0.0070357
-0.024941 <
-0.088417 Min <)

Table 4 Analysis results of upper fixing frame according to material
and cross-sectional shape

Total von-Mises Max. Principal
deformation [mm]  stress [MPa] stress [MPa]
SAPH440 0.266 22135 324.57
CFRP 0.260 80.24 82.28
U-type (2.3%)) (63.7%)]) (74.6%))
CFRP 0.155 57.10 58.52
O-type (41.7%)]) (74.2%)) (82.2%))

Table 5 Results of structural analysis of steel fixing frame

Total von-Mises Safety factor Safety factor
SAPH440 deformation stress (Yield (Ultimate
[mm] [MPa] strength) strength)
+Y 0.045 1124 2.69 3.92
-Y 0.045 1123 2.69 3.92
+Z 0.564 265.6 1.14 1.66
-Z 0.112 236.8 1.28 1.86

ollAt= U-Type 34 17 Zef| e} O-Type A 117 222 9lo]
Zoe

28.9% © v HojFgele ugh o

3.2 2AKNERY| 1A =gj|alo] g
A 1 o) FxeA A= Table 59} Fig. 59} 2t
3 %

=8 Y Y 9 seolMe 4 ZEde] &

AN
Fe)E Bl glo] Tl AT mel Aoz At ol
W2 51717} 33.3% Hfol 2 HolwA] HehHGL 80, Hej57t

] ] [ [ .
g 15 Max 70333 5566 11313 Min
051012 0022358 Min 12667 8 33333 0

(a) Equivalent stress of steel (b) Safety factor of steel
fixing frame fixing frame

26555 Max 11,639

Fig. 5 Analysis results for 9 G acceleration of +Z direction of steel
fixing frame

106.26 Max 60 20 -3.9569 Min 43.476 Max 20 5 -0.78631 Min

(a) Maximum principal stress inthe  (b) Maximum principal stress
direction opposite to gravity (+Z)  in the direction of gravity (-Z)

-8 3 -8
4 -4 -14.995 Min 11.792 Max 4 -4 -13.547 Min

(c) Shear stress in the direction (d) Shear stress in the direction
opposite to gravity (+7) of gravity (-Z)
Fig. 6 Analysis results by load direction of FCCSC-applied fixing
frame

Table 6 Results of structural analysis for FCCSC-applied fixing

frame
CFRP Total deformation Max. Principal Shear stress Safety factor
[mm] stress [MPa] [MPa]  (Shear stress)
+Y 0.053 16.84 4.85 10.31
Y 0.053 16.32 4.71 10.62
+Z 0.453 106.26 15.87 3.15
-Z 0.111 4347 11.79 4.24

282 11%2] o2 Hrh SAPH4409] 3}FE7F%(Yield
Strength) 302 MPaE 7|20 & PAAGE &I 27 S5
Rl +Z oA AY 2 1145 B} AT S =
(Ultimate Strength) 440 MPaE 7|#2.2 SHAASE AFESHH
1.6602 FEAT SHAA S| vl 46% F7IRIct.

FCCSCE 283 14 Ze o] 234 Zi= Table 6 I
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