International Journal of Precision Engineering and Manufacturing (2023) 24:571-583

https://doi.org/10.1007/5s12541-022-00752-w

Online ISSN 2005-4602
Print ISSN 2234-7593

REGULAR PAPER

=

Check for
updates

Composite Layer Design Using Classical Laminate Theory for High

Pressure Hydrogen Vessel (Type 4)

Gunyoung Park’ - Chul Kim?

Received: 28 September 2022 / Revised: 23 November 2022 / Accepted: 24 November 2022 / Published online: 2 February 2023
© The Author(s), under exclusive licence to Korean Society for Precision Engineering 2023

Abstract

As air pollution becomes more severe, the use of clean energy in vehicles is an inevitable requirement and it is leading
the development of automotive industries. Especially, hydrogen-fueled vehicles require safe and lightweight high pressure
storage vessels to carry enough amounts of hydrogen gas. To develop mechanically robust and lightweight high pressure
vessel, it is of significance to establish design and manufacturing process for liners and carbon fiber reinforced plastics lay-
ers. In this study, to design a composite layer in a high pressure hydrogen vessel (Type 4), a calculation method of stress
generated in each ply by applying the CLT (Classical Laminate Theory) is proposed. And based on the calculation method,
we carried out the composite layer design in the hydrogen high pressure vessel (Type 4) that can satisfy the requirement
for lightweightness and designed the thickness and the pattern of the composite layer with more accuracy than the netting

theory and with more rapid than FEA.

Keywords High pressure hydrogen vessel (Type 4) - CLT - Netting analysis - Composite layer

1 Introduction

The emissions from the use of fossil fuels have caused harm-
ful substances, which threaten human health and the earth's
environment, so there is an increase in the demand for clean
and safe energy, and renewable energy needs to be used to
achieve sustainable energy systems [1-5]. Especially in the
public transport necessary for people's lives, a hydrogen
storage pressure vessel is one of important devices for new
energy vehicles. As the air pollution becomes more serious,
safe and lightweight energy storage pressure vessel is inevi-
table requirements for development of the automotive indus-
try [6-10]. A high pressure hydrogen vessel for vehicles is
manufactured as Type 4 reinforcing a composite material on
a plastic liner for light weight, and since the composite mate-
rial supports most of the load by internal pressure, the design
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of a composite layer is the most important part in the high
pressure hydrogen vessel (Type 4) [11, 12]. A composite
layer of the hydrogen high pressure vessel (Type 4) is lami-
nated through repeated arrangements of the helical winding
for reinforcing a dome part and that of the hoop winding for
reinforcing a cylinder part as shown in Fig. 1. In the previous
studies relating to the high pressure hydrogen vessel using
the composite material, Musthak developed the mathemati-
cal modelling for a pressure vessel with design pressure of
50 bar by using the netting analysis to originate variable
thickness on entire structure [13]. Sapre deals with finite
element modelling and analysis (FEM&A) to investigate
mechanical/thermal stresses, strain, and deformation pro-
duced at the ply level of the tank, and the results of FEM&A
are compared with published experimental results [14]. Cho
studied the isotensoid dome design by carrying out a series
of the hydraulic burst tests and the structural analyses for
Type 4 composite cylinders [15].

Alcantar analyzed composite materials of the Type
4 pressure vessel with classical laminate theory and per-
formed the FEA using the results obtained from vessel opti-
mization [16]. Hua’s research focused on reducing the com-
posite weight with modelling assessment of conventional
tanks without doilies that utilize lower cost resin that also
has a low density, and of an alternate tank design [17]. Leh
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(a) Helical winding

(b) Hoop winding

Fig. 1 Schematic of helical winding and hoop winding

presented and qualified an FE model taking into account pro-
gressive damage of the composite structure manufactured by
filament winding and designed for a new optimization pro-
cedure developed specifically [18]. Jois analysed the effect
of different dome geometries on the stress distribution at the
dome cylinder interface [19]. Zhang presented methods for
designing the lay-up and determining the range of internal
pressure of the polymer liner based on the netting theory
and FEA [20].

As described above, most previous studies on high pres-
sure hydrogen vessels have been mainly focused on the
design of the composite layer and the dome shape. The
design of a composite layer is typically performed using the
netting theory, one of the methods to calculate the thick-
ness of composite layers. The netting theory cannot reflect
changes in the laminate angle of each ply, and has limitations
in terms of the accuracy of calculation results since multiple
plies comprising a laminated structure are assumed to be
a single ply. In addition, since continuously changing the
thickness of the composite layer in the dome part cannot be
calculated by the netting theory, there are some limitations
in carrying out the design of the composite layer. To over-
come these problems, design of the pattern and the thickness
of the composite layer is generally performed using finite
element analysis (FEA). However, compared to analyses
assuming that the composite layer is composed of a single
ply, a relatively longer time for an analysis is required since
multiple plies are laminated, and since a number of design
variables, including the laminate angle and pattern, need to
be taken into account, design work also takes a consider-
able time. In order to overcome the limitations of the design
using the netting theory and FEA mentioned above, the CLT
(Classical Laminated Theory) can be used to calculate the
stress generated in each ply. The high pressure hydrogen
vessel (Type 4) consists of a dome part, a cylinder part, and
a junction part connecting the dome part and the cylinder
part. To calculate the stress of each ply in the high pressure

@ Springer KE;E

hydrogen vessel (Type 4), both line loads (N,, Ny) on the
cylinder part and line moment (M) and line loads (N,, N,)
in domes and junction parts should be considered. Because
the line loads and the line moment in the dome parts are
continuously changed at each point and the stress of each ply
is quite difficult to calculate, there is lack of research about
the high pressure hydrogen vessel (Type 4). And, because
the dome parts of the high pressure hydrogen vessel (Type
4) is mainly designed as an isotensoid shape, a fracture of
the composite layer occurs at the junction part except some
cases having defects on a material. So, to design the high
pressure hydrogen vessel (Type 4) using CLT, predicting the
stress of each ply, which needs definition of the line moment
(M) at the junction part, is very important and its configura-
tion is shown in Fig. 2.

In this study, when the internal pressure is applied to the
inner wall, the line loads (N,, N)) in the cylinder part and
the line moment (M) in the junction part are to be defined,
and the stress generated in each ply is calculated. Based on
the above method, the thickness and pattern of the compos-
ite layer are designed with more accuracy than the netting
theory and with more rapid than FEA.

2 Stress Calculation in Composite Layers
Using CLT

2.1 Ply Axis Stress Calculation in a Cylinder Part
of a High Pressure Hydrogen Vessel

When the internal pressure is applied to a high pressure
hydrogen vessel (Type 4), the ply axis stress generated in
a composite layer is obtained by consecutively calculating
the stiffness matrix, the transformed stiffness matrix, the
extensional stiffness matrix, laminate axis strain, laminate
axis stress, and ply axis stress in the order presented here, as
shown in Fig. 3 [21-23]. When internal pressure is applied
to a pressure vessel, there is almost no effect of bending in
the cylinder part, and thus a line load is generated in the
longitudinal direction (NV,) and the hoop direction (Ny), as
shown in Fig. 4. The line load applied to the laminated plate
of the high pressure hydrogen vessel (Type 4) is obtained
by Eq. (1). In Eq. (1), r4 is the distance from the central
axis to the midpoint of the total thickness of the laminated
composite layer of the pressure vessel as shown in Fig. 5.

Pr
N (1
Ny = PrA

To calculate ply axis stress generated in the laminated plate
of a high pressure hydrogen vessel (Type 4), it is necessary to
identify the properties of a composite material, such as the
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Composite layer stress calculation using CLT in a cylinder part
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Fig.2 Configuration of composite layer design for the high pressure hydrogen vessel (Type 4) using CLT

Stiffness matrix Transformed
Ey v12E; 0 stiffness matrix
1=vivp1 1= 0120y ‘ Qy Qp, O
Qj=|_vabr B 0y=0z 0z O
1—viavar 1= 0120 )
612 66.
m
‘ Aap = Z iy Qij
k=1
Laminate axis strain | [al=[4]"" Extensional
‘ stiffness matrix
£x ay; a;z 0 [[Ny
[sy] =la; az O ([N, N Pry Ay Az 0
Yxy 0 0 agllo xT 2 Aep=|A12 Az O
Ny = Pr, 0 0 Ag

¥

Laminate axis stress

Ox @1 @z 0 |rex » (51 m? n? mn Ox
v (=|Qz Q2 O ||& i"Z] = [ n? m? —mn H"y]
Txy 0 0 QgelYxy T —2mn 2mn m? —n2lTxy
m = cosf n=sinb

Ply axis stress

Fig.3 The flow chart for calculation of ply axis stress of the high
pressure hydrogen vessel (Type 4)

modulus of elasticity (£}, E,=E5) and the poisson’s ratio (v,3,
Vi2=V,3), as shown in Table 1, the line loads generated in the
composite layer when internal pressure is applied, and the

\ |
N

Fig.4 Line loads generated in the cylinder part when internal pres-
sure is applied

thickness and laminate angle of the composite material. For
the high pressure hydrogen vessel shown in Fig. 6, the thick-
nesses of the helical layer and hoop layer were calculated using
the netting theory and the FEA, and they were determined
to be 6 mm and 9.3 mm, respectively [24]. In this case, the
laminate angle (a,) in the cylinder part was calculated to be
11.54° by Eq. (2).

o, = sin~! fo o)
: - @
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Fig.5 Schematic of a cylinder part with a composite layer

Table 1 Dimension of a liner for a high pressure hydrogen vessel
(Type 4) adopted in hydrogen automobiles

Property of composite (T700/Epoxy) Design condition of com-

posite
E, (GPa) 137 Py 157.5 MPa
E,=E, (GPa) 9.1 a, 11.54°
Vip = Vi3 0.34 Chelcial 6 mm
Vo3 0.43 thoop 9.3 mm
G,,=G,; (GPa) 471 r, 150 mm
G, (GPa) 3.1 N, 12,414.9 N/mm
o,(MPa) 2539 N, 24,830 N/mm

Fig.6 Dimension of a liner for a high pressure hydrogen vessel (Type
4) adopted in hydrogen automobiles

Based on the conditions given in Table 1, in order to cal-
culate ply axis stress for the high pressure hydrogen vessel
(Type 4) in the order given in Fig. 3, the transformed stiff-
ness matrix (Qj) and the extensional stiffness matrix (A,,)
were first calculated, respectively, as shown in Table 2. In
this case, the total thickness of the composite layer in the
cylinder part is 15.3 mm (tygjic: 6 mm and t;,.,: 9.3 mm).
If the transformed stiffness matrix (Q;) and the extensional
stiffness matrix (A,,) are obtained, the laminate axis strain

(g,) of each ply can be calculated, and the laminate axis
stress (o,) can be determined. Finally, to assess structural
safety for the fiber direction of the composite layer, ply axis
transformation is required using the transformation matrix
[J,] as shown in Eq. (3), and ply axis stress (Maximum prin-
cipal stress: ¢;) was calculated by Eqs. (4). The meanings
of symbols in Eq. (3) are as follows: m = cos €, n = sin 6.

2 2mn

[J1]= 2 m? —mn 3)

—mn mn m? — n?

(o (o
o, ¢ = [11]§ oy )
G¢ Txy

2.2 Verification of Stress Calculations

To verify the calculation results of ply axis stress in Table 3,
the FEA for the hydrogen high pressure vessel (Type 4)
designed using netting theory was conducted, and the FEA
results were compared with the calculation results for the
longitudinal tensile strength (o,) and maximum tensile stress
(c,) of the composite layer in order to assess structure safety.
Figure 7 and Table 4 show the FEA results for the helical
layer and hoop layer of the composite layer calculated using
netting theory (Helical: 6 mm, Hoop: 9.3 mm). The values
of the helical layer (11.54°, — 11.54°) and the hoop layer in
the cylinder part were calculated to be 1755 Mpa, 1751 MPa,
and 2518 MPa, respectively. The errors of the helical layer
(inside, outside) and hoop layer were 0.17%, 0.057%, and
0.7%, respectively, so feasibility of the calculation process
of the stress of the composite layer using CLT was verified.

3 Design of Composite Layers for a High
Pressure Hydrogen Vessel Using the CLT

3.1 Design of Composite Layers in a Cylinder Part

To design a composite layer, for the lamination pattern in
which the helical layer (4, —) and the hoop layer (90°, 90°)
were repeatedly laminated as shown in Fig. 8, the stress gen-
erated in each ply was calculated using Matlab by applying
the calculation process shown in Fig. 2.

More specifically, the stress calculation described above
was carried out by using Matlab so that output variables can
be derived for several input variables, such as burst pressure
(Pp,rst)» the cylinder radius (r,.), the boss radius (r,), thick-
ness per ply (,,), the number of repetition of lamination
(b) and the ply number of hoop layer (hn). Also, the coding
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Table 2 Calculation of the

transformed stiffness and the Laminate angle: 11.54°

extensional stiffness Transformed stiffness coefficient (GPa) 0. 00 0y 016 Ox Os
127.2 7.7 9.6 235 1.6 9.4
Laminate angle: — 11.54°
Transformed stiffness coefficient (GPa) 611 élz 522 51 p @26 @66
127.2 7.7 9.6 -23.5 1.6 9.4
Laminate angle: 90°
Transformed stiffness coefficient (GPa) 611 él ) 622 él p 626 666
9.1 3.1 137 0 0 4.7
Extensional stiffness coefficient (MN/mm) Ay A, Ay A Aqg Ags
848 75 1332 0 0 100

Table 3 Stress calculation of each plies in composite layer designed Table 4 Comparison of stress calculation results between CLT and

by the netting theory FEA
Laminate angle: 11.54° FEA CLT Error
£, . 0.0125 o, 1707 MPa o} 1870 MPa Laminate angle: 11.54 °
Laminate angle: — 11.54 o 1755 MPa o 1870 MPa 6.2%
£, . 0.0125 o, 1707 MPa o} 1870 MPa Laminate angle: -11.54 °
Laminate angle: 90 o, 1751 MPa o 1870 MPa 6.4%
€ 0.0125 o 168.9 MPa o} 2500 MPa . .on ©
* x Laminate angle: 90
o 2518 MPa o, 2500 MPa 1%
Hoop (90°)
Hoop (90°)
Helical (-)
Helical (+)
(a) Inside helical layer :ggg 882
Helical (-)
X Helical ()

[Helical (+), Helical (-), Hoop (90°), Hoop (90°)],,

Fig. 8 A lamination pattern of a composite layer (+, —, 90°, 90°)

Table 5 Stress calculation in 15 repeated lamination patterns

Number of ply 15
Total thickness (mm) 18
Helical layer stress (MPa) 1203
Hoop layer stress (MPa) 2476

(c) Hoop layer

it will be indicated as safe. Regarding the lamination pattern
] o S . . shown in Fig. 8, as the thickness of a composite layer in the
frllge Z Principal stresses distributions of a composite layer in the cyl- cylinder part of Type 4 pressure vessels was minimized, the
part number of laminations that generates stress lower than the
tensile strength of the composite material (2539 MPa) was
was done in such away that when the stress of each ply is  determined to be 15 times (18 mm) as shown in Table 5, and
higher than the tensile strength of the composite material  the stresses in the helical and hoop layers were calculated to
(2539 MPa), it will be indicated as unsafe, and when it is not, be 1203 MPa and 2476 MPa, respectively.
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Table 6 Comparison of stress calculation results using the CLT and
the FEA in 15 repeated lamination patterns

Helical layer Hoop layer
CLT 1203 MPa 2476 MPa
FEA 1196 MPa 2640 MPa
Error 0.06% 6.1%

In the CLT, it is assumed that when line loads is imposed
on the composite layer, the same strain is generated in each
ply, and consequently, the stress generated in the hoop layer is
calculated to be identical in each ply. In the case of the heli-
cal layer, it follows from Eq. (2) that as a ply is closer to the
outside, the laminate angle becomes lower and thus stress
becomes higher. In consideration of this stress distribution,
for the helical layer, the stress of the outside composite layer
where stress is relatively higher was presented.

3.2 Verification of Design Results

Table 6 shows the results of the comparison between CLT cal-
culation results and FEA results for the 15-time repeated lami-
nation pattern. The FEA results for the plies where the highest
stress is generated (Hoop: inside, Helical: outside) among all
plies were compared with CLT calculation results (Hoop layer,
Helical layer). As shown in Table 6, for the helical layer, FEA
results and CLT calculation results were in good agreement
with the error value of 0.06%, but for the hoop layer, there was
some disagreement between the stress values of the two data
with the error value of 6.1%.

Figure 9 show the FEA results for stresses generated in the
innermost and outermost layers of the hoop and helical lay-
ers in the cylinder part. In the case of the helical layer, there
was almost no difference in stress between the inside layer
(1155 MPa) and the outside layer (1196 MPa) with a differ-
ence of 3.4%, but in the hoop layer, there was a significant dif-
ference in stress (16.9%) between the inside layer (2640 MPa)
and the outside layer (2195 MPa). This difference in the stress
distribution can be explained as follows. When the internal
pressure is applied to the inner wall of the high pressure hydro-
gen vessel (Type 4), the hoop-direction load generated in the
cylinder part is mostly sustained by the hoop layer, and the
longitudinal-direction load is mostly supported by a helical
layer. As a result, in the helical layer, there is almost no differ-
ence in stress depending on the difference in thickness, but in
the hoop layer, a ply nearer the outside is subjected to lower
stress.

@ Springer KE;E

(b) Outside layer of hoop

11553 3

(c) Inside layer of helical

(d) Outside layer of helical

Fig. 9 Principal stresses distributions of a composite layer in the cyl-
inder part

3.3 Modified Stress Calculation for Composite
Layers in Cylinder Part

In order to deal with the errors between stress calculation
results by the CLT and FEA, it is necessary to newly estab-
lish the calculation process using CLT. As described above,
in the CLT, it is assumed that constant strain is produced
in each ply, and as a result, each ply in the hoop layer has
the same stress value. Actually, stress generated in the hoop
layer is highest in the innermost ply, and the ply nearer the
outside has a lower stress value. Figure 10 shows that stress
values change depending on the distance from the central
axis of the vessel to the composite layer. The stress values
of the hoop layer calculated by using the CLT can be con-
sidered to actually indicate the stress value at the midpoint
position in the laminated composite layer. Therefore, the
maximum value (inside layer) and minimum value (outside
layer) of stress generated in the hoop layer can be calculated
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Minimum stress

Average stress

Maximum stress

Tout

Fig. 10 Maximum and minimum stress of a composite layer accord-
ing to a distance from the central axis

Table 7 Results of stress calculation using modified the CLT

Helical layer Hoop layer
Number of ply (n) 16
Total thickness (mm) 19.2 mm
CLT 1131 MPa 2475 MPa
FEA 1105 MPa 2513 MPa
Error 2.3% 1.5%

by using the proportional and inversely proportional rela-
tionships of Egs. (5)~(6).

T
. _ p
Ty © Ty, =0, ! Gy = Gy =G, - — 5)
Tip
p
Tout * I, =6, * Oout = Ogut = Op° 6)

The above process was reflected in Matlab coding, and
the results of the comparison between the tensile strength
of a composite material and the stress value of the hoop
layer (inside) are shown in Table 7 and Fig. 11. The total
number of repetitions of the lamination pattern was finally
determined to be 16 times, and the comparison between the
FEA results and CLT calculation results showed that the
error value was 2.3% for the helical layer and 1.5% for the
hoop layer, so the feasibility of the CLT calculation method
described above was confirmed.

Figure 12 shows the FEA results of the stress distribution
in the longitudinal direction of the high pressure hydrogen
vessel with the composite layer repeatedly laminated 16 times.
For the helical layer, the stress distributions of the inside and
outside layers where relatively high stress is generated were
derived, but for the hoop layer, the stress distribution of the
inside layer was represented. Figure 12 shows that while stress
values in the longitudinal direction are almost constant in the

(a) Inside layer of hoop

(b) Outside layer of helical

Fig. 11 Maximum principal stresses of the composite layer generated
from 16 repeat pattern

Dome  Junction part Junction part Dome
_ Part (L) Cylinder part Part (L) 250
Hoop layer (Inside) / 253? MPa 3000
N e T = 2,500
Helical layer (Inside) 2,000

1,500

1,000

SA :
/ Helical layer (Outside) N 500

! - i 0
00 -400  -300 200 -100 0 100 200 300 400 500

4 Maximum principal stress (&

Fig. 12 Maximum principal stresses of hoop and helical composite
layers according to z-direction

| ‘M/ Junction Part ~__ :_
0

M, :

My @ M,
mmm)%

Fig. 13 The line moments generated at junction parts in the high
pressure hydrogen vessel (Type 4)

cylinder part, there is a sharp rise in the stress value in the
dome part and in the junction part. As shown in Fig. 13, in
a pressure vessel, bending stress due to a moment is addi-
tionally generated in the junction part due to stress disconti-
nuity between the dome part and the cylinder part [25, 26],
and the highest stress is generated in the inside helical layer
which receives tensile force compared to the outside ply. This
is generally considered the most common cause of the frac-
ture occurred in Type 4 pressure vessels, and fracture actually
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occurs in the junction part when burst pressure is applied in
fracture testing [18, 27]. Therefore, the theoretical design of
the Type 4 pressure vessel requires the calculation of stress due
to bending in the junction part.

4 Design of Composite Layers in a High
Pressure Hydrogen Vessel Considering
Bending Moments

4.1 Design of Composite Layers in a Cylinder Part
When a composite layer is subjected to simultaneous the bend-

ing and stretching, the stress thereby generated can be calcu-
lated by adding the two results as shown in Eq. (7)

Ox . Si . kx
Oy (= [Qij] &y [tz [Qij] ky (7
0
Xy yxy kxy

The left term of the right-hand side of Eq. (7) can be
obtained through the calculation processes of Fig. 3 explained
earlier, and to calculate the right term, a curvature (k) of the
composite layer needs to be calculated. The line moment
occurring in the composite layer can be determined by multi-
plying the curvature (k) by the bending stiffness as shown in
Eqg. (8), and the bending stiffness matrix (D,) is defined by
Eq. 9). In Eq. (9), z,, is the distance from the midpoint of the
total thickness of a composite layer to the top surface of the
n' ply, and z,, is the distance from the midpoint of the total
thickness of a composite layer to the bottom surface of the n™
ply, as shown in Fig. 14.

Mx kx
M, o= [Daﬁ] ky ®
M,, Kyy
no Z3 _ Z3
ku k1
Duﬁ = . QU<T> (9)
=1

ttotal‘ ]

Therefore, the curvature (k) by the bending moment is
defined by Eq. (10). In Eq. (10), d,, is the inverse of bend-
ing stiffness (D).

kx dll d12 d16 Mx
ky p=|dp dy dyg § M, (10)
kxy d16 d26 d66 Mxy

If the curvature (k) is obtained by Eq. (10), the stress by
bending of the nth ply can be determined by Eq. (11), and
finally, ply axis stress due to bending is calculated by Eq. (4)
explained earlier.

n

Ox _ kx
oy t =2[Q]3 K (11)
S, kxy

4.2 Design of Composite Layers in a Cylinder Part

To calculate the bending stress mentioned above, a cur-
vature (k) needs to be determined by Eq. (10), and to cal-
culate the curvature (k), it is necessary to determine the
value of the line moment (M,)) acting on the junction part
of the composite layer when internal pressure is applied
to the high pressure hydrogen vessel as shown in Fig. 13.
The moment acting on the junction part is generated by
the internal pressure applied to the dome part, and in the
case of the pressure distribution of the dome part, the load
is divided in the x and z directions. In both directions,
the cross-sectional area continuously changes in the lon-
gitudinal direction, and both ends are constrained by the
boss part and the cylinder part, so the dome part can be
assumed as a beam under a linear distribution load, as
shown in Fig. 15. The moments (M,, M,) of the beam
supported at both ends under the linear distribution load
shown in Fig. 15 can be obtained by a fourth-order differ-
ential equation. The linear distributed load (q) of the beam
supported at both ends can be expressed by Eq. (12) and

Distributed load of z-direction

Distributed load of r-direction

Fig. 15 Linear distributed loads of support beams at both ends
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the differential equation is expressed by Eq. (13). Where,
go is maximum intensity of the linear distributed load.

—

9=a7 (12)
d*v X

El— =—-q=qy—
o q %L (13)

The shear force V and the moment M are derived from
the relationship with the intensity q of the linear distrib-
uted load, and they are defined by Eqgs. (14) and (15),
respectively. Where, C, ~C, are integration constants.
Therefore, the moments of the beam supported at both
ends is calculated by Egs. (16) ~(17).

dv 2

X
EI& = —qoi + Cl (14)
2 3
EI% :M:—qog—L+C1x+C2 (15)
XL2
M, = —q‘g—OZ[N mm] (16)

where g, is x-direction maximum intensity, L, is z-direction
length of the dome part under the linear distributed load.

2
_ qO,z Lx

M, 20

[N mm)] (7

where do; is x-direction maximum intensity, L, is z-direction
length of the dome part under the linear distributed load.

Equations (18) ~(19) were obtained by dividing Egs.
(16) ~(17) into circumference (2 - & - r,). Where, M, ; and
M, are the line moments for the distributed load applying
in the x-direction and the z-direction, respectively.

2

qO,xLZ
MZ,L = —m [N mm/mm] (18)
L2
= oz [N mm/mm] (19)

x,L —
40 - -1y

To calculate the line moments (M, ;, M, ;) in the junc-
tion part by Eqgs. (18) ~(19), it is necessary to determine
the value of g,. The value of g, was obtained by mul-
tiplying the circumference of the pressure vessel at the
point where occurs by burst pressure (P, ,.=157.5 MPa)
as shown in Egs. (20) ~(21). Where, r, .., is the cylinder
inner radius, r, is the maximum median radius of dome

part as shown in Fig. 16.

N\Mz,

CMx,L

< Lx=92.25 mmg

1,=120 mm Teinner = 150 mm

L,=120 mm | j«
L

L,=92.25 mm

ro = 30 mm

7 =92.25 mm

Fig. 16 The line moments (M, ;, M, ;) occurred in the junction part
of the high pressure hydrogen pressure vessel (Type 4)

Fig. 17 The line moments generated at the junction part when the
cylinder part unfolded

JQox = 2-m- Iy - Pburst (20)
Yo, = 2.z ¢ inner * Pburst 21
Equations (18) ~(19) can be rewritten as

Eq. (22) ~Eq. (23) by substituting Egs. (20) ~(21) into
Eqgs. (18)~(19), and they were reflected in the curvature
calculation formula of Eq. (10). Where, r, is the distance
from the central axis to the midpoint of the total thickness
of the laminated composite layer.

Pburst : Li Ty
MZ,L = —T [N mm/mm] (22)
Py - LYo I
L= — 5 f‘rAcmner [N mm/mm] (23)

Figure 17 shows the line moments acting on the
unfolded plane of the cylinder part. The occurrence of
bending stress in the hoop layer requires the generation
of moment in the y-direction, but in a pressure vessel, the
moment in the y-direction does not occur when internal
pressure is applied. However, as shown in Fig. 12, it can
be seen that as the stress value was increased even at both
ends of the hoop layers, stress higher than tensile strength
(2539 MPa) was generated. Figure 18 shows the deforma-
tion of the junction part induced by the x-axis line moment
(M, ;). The x-axis line moment (M, ;) causes deflection
in the helical layer, which results in a change in diameter
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Fig. 18 Deformation of the junction part by the x-axis line moment in
the high pressure hydrogen vessel (Type 4)

Fig. 19 Maximum deflection in
a beam supported at both ends

Zs = 48.4mm

of the hoop layer, and this difference in the diameter
increases the stress of the hoop layer in the junction part.

The maximum deflection of a beam supported at both
ends under a linear distribution load occurs at the point
where the slope is 0 as shown in Fig. 19, and the maximum
deflection can be rewritten as Eq. (25) by Eq. (24). In this
case, the point where the maximum deflection occurs was
determined to be z;=48.4 mm by Eq. (26).

x> x? X2
Elv = —qy—— +C, = +C,=— +C C 24
v=—Gpo +Cig + G5 +Cx+ Gy (24)
Jo,z Zg 3 2 L2
Sma":_leEI L__3.L.26+2~L - XZg 25)

L(\/ﬁ—s)

10

s = (26)

If the maximum deflection in a beam supported at both
ends is determined, strain can be calculated by using the
circumference of a junction part obtained through the
diameter difference as shown in Eq. (27). Finally, stress
due to deflection can be calculated by multiplying strain
by the stiffness coefficient in the fiber direction, as shown
in Eq. (28).

@ Springer KE;E

Table 8 Stress calculation considering a bending moment in 16
repeated lamination patterns

Helical layer stress Hoop layer stress

Number of ply 16

Total thickness 19.2 mm

CLT 2330 MPa 2803 MPa
FEA 2163 MPa 2775 MPa
Error 7.2% 1%

s
[2344.9

*f

(a) Inside layer of helical

y

27576 4
[29225

‘ A
26474 4

(b) Outside layer of hoop

Fig.20 Maximum principal stresses of the composite layer consider-
ing bending moment generated from 16 repeat pattern

2nr,, —27r,
2 1 @7

gh =
oop Zﬂ'rcl

Uhoop = El X ehoop (28)

The calculation process of bending stress in the com-
posite layer described above was added to Matlab, and the
results were added together with the stress calculation results
derived by stretching. Table 8 and Fig. 20 shows the calcu-
lation results of stress occurring in the junction part of the
composite layer obtained by considering bending stress for
the 16-time repeated lamination pattern, and these calcula-
tion results were compared with FEA results. The errors
between the CLT and the FEA results were 6.7% in the heli-
cal layer (2318 MPa, 2163 MPa) and 1% in the hoop layer
(2803 MPa, 2775 MPa), so the feasibility of the CLT method
was verified.

4.3 Ply Axis Stress Calculation Results

Based on the CLT method for the high pressure hydrogen
vessel (Type 4) derived in this study, the pattern design of
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a composite layer was conducted. Laminations were per-
formed in the order of the helical layer (+, —) and the hoop
layer (90°, 90°). Stress calculation of a composite layer was
carried out as shown in Fig. 21, increasing the number of
repeated pattern plies, which is satisfied with structural
safety, compared stress of the composite layer with its ten-
sile strength (2539 MPa). As the thickness of the compos-
ite layer in the junction part was minimized, the number
of laminations that generates stress lower than the tensile
strength (2539 MPa) was determined to be 18 times as
shown Table 9. The stress calculation results were compared
with FEA results of Fig. 22, and its result showed that the
error values in the helical and hoop layers were 0.9% and
3.4%, respectively.

5 Conclusion

In the present study, the method to calculate the stress gener-
ated in each ply of composite layers was developed by apply-
ing the CLT to the design of the high pressure hydrogen ves-
sel (Type 4). The developed CLT design method described
above was compared with the FEA results to evaluate the
feasibility of the design method using CLT and its results
are summarized as follows.

Laminate pattern -
repeated N times

v

Stress calculation using
CLT

v

Verification of structural safety

thelical A0d thoop
oy = tensile strength of composite (2,539 MPa)

Hoop layer
gy <2,539 MPa?

Helical layer
oy <2,539 MPa ?

} Yes

Determination of
composite thickness

Fig.21 Flow chart for design of a composite layer using the CLT

Table9 Stress calculation considering a bending moment in 18
repeated lamination patterns

Helical layer stress Hoop layer stress

Number of ply 18

Total thickness 21.6 mm

CLT 1940 MPa 2454 MPa
FEA 1943 MPa 2541 MPa
Error 0.2% 3.4%

1. Based on the developed CLT method, this study also
performed the design of the thickness and a pattern of
the composite layer of the high pressure hydrogen vessel
(Type 4) that can satisfy weight reduction.

2. The method of composite layer design using the CLT
was possible the calculation of stress in the junction
part by applying the line load (N, ;, N, ;) and the line
moment and can embody real repeated pattern of the
composite layer.

3. As the thickness of composite layer in the junction part
was minimized, the number of laminations that gener-
ates stress lower than the tensile strength (2539 MPa)
was determined to be 18 times.

4. The errors between the FEA and the CLT were 0.9%
in the helical layer and 3.4% in the hoop layer, so the
feasibility of the stress calculation method using CLT
was confirmed.

5. Because the CLT design method to develop in the study
can calculate stress of the junction part and embody real
repeated pattern of the composite layer, it is considered
for the CLT design method to be possible in near optimal

(a) Inside layer of helical

(b) Outside layer of hoop

Fig.22 Maximum principal stresses of the composite layer consider-
ing bending moment generated from 16 repeat pattern
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design with more accuracy than the netting theory and
with more rapid than FEA.
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