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Project Summary: 
 
Safe installation and operation of lightweight composite hydrogen storage cylinders are 
of primary concern. Typically, the inner liner of the cylinder is made with a high 
molecular weight polymer or aluminum that serves as a hydrogen gas permeation barrier. 
A filament-wound, carbon/epoxy composite laminate placed over the liner provides the 
desired pressure load bearing capacity. In many current designs, a glass/epoxy layer or 
other material is placed over the carbon/epoxy laminate to provide impact and damage 
resistance. These cylinders also have pressure/thermal relief devices that are activated in 
case of an emergency. The difficulty in accurately analyzing the behavior of a filament 
wound composite storage cylinder derives form the continually varying orientation of the 
fibers. Most of the analysis reported in filament wound composite cylinders is based on 
simplifying assumptions and does not account for complexities like thermo-mechanical 
behavior and highly orthotropic nature of the material. In the present work, a 
comprehensive finite element simulation tool for the design of hydrogen storage cylinder 
system is developed. The structural response of the cylinder is analyzed using laminated 
shell theory accounting for transverse shear deformation and geometric nonlinearity. A 
composite failure model is used to predict the maximum burst pressure. Results for 
various thermo-mechanical loading cases are presented. 
 
Introduction: 
 
Composite high-pressure cylinders (CHC’s) have potential application as hydrogen 
storage systems in automotives and transportation systems due to their light weight, 
simplicity of the storage and low cost for storage and transport of hydrogen gas. 
Typically, a composite high-pressure cylinder is made with a high molecular weight 
polymer or aluminum liner that serves as a hydrogen gas permeation barrier. A filament-
wound, carbon/epoxy composite laminate over-wrapped outside of the liner provides the 
desired pressure load bearing capacity. The cylinder is capable of sustaining pressures of 



5000 psi or higher by taking advantage of high modulus, high strength and low specific 
weight of modern high performance composite. In addition, the maturation of filament 
winding manufacturing process further lowers the price to practical and common usage in 
mass transportation systems. 
 
To design composite high-pressure cylinders with the most possible safety, reliability and 
minimum weight considerations, the behavior of composite structures under various 
mechanical and thermal loadings need to be well understood. Compared to pure 
mechanical loading, fewer studies have been conducted on CHC’s subjected to thermal 
loads and combined thermo-mechanical loads. In the present study, a thermo-mechanical 
finite element model has been developed for the analysis of hydrogen storage cylinders. 
The composite lamina wrap of hydrogen CHC typically consists of helical laminated 
layers and hoop laminated layers. Both these layers along with an aluminum liner are 
considered for the analysis (Figure 1). During service, hydrogen CHC’s unavoidably 
experience various thermal loadings combined with high pressure. To account for 
environmental temperature variation, uniform temperature loadings ranging from 25◦C to 
140◦ C are considered for the analysis. During the gas filling process, the inner 
temperature can increase to around 100 ◦C. Hence, non-uniform thermal loadings have 
also been considered. The variation of material properties with temperature is significant 
for most composites. A temperature dependent material model has been developed and 
implemented in commercial finite element code ABAQUS, using user subroutines. A 
laminated shell theory accounting for out-of-plane shear strains and geometric 
nonlinearity is used for the analysis. 
 
Shear Deformable Shell Theory: 
 
The major loading bearing component of hydrogen storage cylinders is the carbon/epoxy 
composite shell wrapped around the cylinder liner (shown in Figure 2). The composite 
shell experiences not only in-plane deformation but also out-of-plane shear strains. The 
doubly curved shell theory accounting for out of plane shear deformations and geometric 
nonlinearity is used for the analysis of composite hydrogen storage cylinders. 
 
A multilayered doubly curved shell is shown in Figure 3. The curved coordinated system 
{ }1 2, ,ξ ξ ζ is used in space description. The coordinates 1ξ  and 2ξ  specify the position 
on the middle surface, while ζ measures the distance, along the outward normal, from 
the mid-surface to arbitrary point on the shell. The displacement field can be written as: 
 

 o1 2 1 2 1 1 2
1

u(  ,  ,  ) = (1 + )  (  ,  ) +   (  ,  )u
R
ζζ ζξ ξ ξ ξ φ ξ ξ  (1.a) 

 o1 2 1 2 2 1 2
2

v(  ,  ,  ) = (1 + )  (  ,  ) +   (  ,  )v
R
ζζ ζξ ξ ξ ξ φ ξ ξ  (1.b) 

 o1 2 1 2w (  ,  ,  ) =  (  ,  )wζξ ξ ξ ξ  (1.c) 
 
The non-linear strain-displacement relations based on Sanders’s shell theory can be given 
as: 
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In Eq. (3), u and v   are the displacements in the direction of the tangents to the coordinate 
lines 1ξ  and 2ξ , respectively, w  is the displacement in the direction of the outward 
normal and 1φ  and 2φ  are the rotations. 
 
The stress-strain relation, accounting for thermal effects, in the shell coordinates for a k th 
layer can be expressed as: 
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 (4) 

 
where ijQ are the transformed elastic coefficients, T  is the given temperature distribution,  
( )xyyx ααα ,, are the thermal expansion coefficients in the shell coordinates. 
 
The laminate constitutive equations can be obtained by integrating Eq. (4) over the 
thickness, and is written as: 
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where TN  and TM are thermal stress and moment resultants 
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where K is shear correction factor. 
 
Following the standard finite element procedure, the generalized displacements in any 
element are given by 
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where N is the number of nodes in the element and iψ  are the interpolation functions. 
 
Substituting Eq. (7) in Eq. (3), the strains can be expressed as 
 
 1 2 3  ;   ;B B Bε κ γ= Δ = Δ = Δ  (8) 
 
The finite element equation is written as 
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For any given mechanical and temperature loadings, Eq. (9) can be assembled and solved 
to determine displacements and stresses. 
 
Composite Failure Model: 
 
Failure in composites is a complicated phenomenon and usually involves processes such 
as fiber break, matrix cracking, de-bonding of the fiber and matrix, and fiber bulking.  In 
order to relate these failure modes to some evaluable physical quantities (stress, strain or 
energy), a considerable number of failure theories for composite have been proposed. 
However, only the most common and well tested theories are applicable in failure 
prediction. Tsai-Wu failure theory is a simplification of Gol’denblat and Kapnov’s 
generalized failure theory for anisotropic materials. It was originally developed to predict 
the failure of filamentary composite materials and experimentally verified by many 
authors. Tsai-Wu failure criterion is used here for composite failure evaluation. Taking 1 
as fiber direction and 2 and 3 as transverse directions, the Tsai-Wu failure criterion can 
be expressed as: 
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The coefficients in Eq. (10) are defined as: 
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or 
 12 11 22F f F F=    ( 1 1f− ≤ ≤ ) 
 
where, tX and cX  are tensile and compressive stress strength along fiber direction, tY and 

cY  are tensile and compressive stress strength in transverse fiber direction, 23S , 13S  and 

12S are the maximum shear strength in corresponding planes, biaxσ is the equi-biaxial 
stress at failure and f is an experience coefficient.  



Material Properties: 
 
Carbon fiber reinforced composites are widely used as structural materials in lightweight 
hydrogen storage because of their high specific strengths, moduli, and design flexibilities. 
However, mechanical and thermal properties of fiber reinforced composites vary 
significantly with temperature. As the carbon/epoxy laminate carries the pressure loading 
from the hydrogen gas, the effect of temperature on its material properties can not be 
ignored. The moduli and thermal expansion coefficients are dependent on temperature. 
For HFG CU125 carbon/epoxy, the temperature dependent material properties and are 
given by: 
 
 E1= −0.66 T + 128 (GPa) (25°C < T < 140°C) 
 E2 = −0.064 T + 10.67 (GPa) (25°C < T < 140°C) 
 G12 = 0.034 T + 5.39 (GPa) (25°C < T < 140°C) (11) 
  υ12 = −0.0005 T + 0.44 (25°C < T < 140°C) 
  α1= (0.0003  T2 − 0.04  T + 2.09) x 10-6 (30°C < T < 130°C)  
 α2 = (0.0041 T2 − 0.23 T + 32.2) x 10-6 (30°C < T < 130°C)  
 
Furthermore, G13 is taken as G12 and G23 is assumed as 0.7 G12. The ultimate strengths of 
carbon/epoxy do not change much with temperature and are assumed to be constant and 
are listed in Table 1. The material properties for glass/epoxy are listed in Table 2. The 
outer most glass/epoxy layer is only used for protection of the load bearing carbon/epoxy 
lamina. Hence temperature dependent material properties are not used for the glass/epoxy 
layers. Properties of innermost aluminum liner are listed in Table 3.  
 
Numerical Simulation: 
 
The storage cylinder considered for the analysis has an inner diameter inR = 0.44 m and 
outer diameter outR = 0.47 m (Figure 3). The wall consists of innermost liner, 
carbon/epoxy laminate (helical and hoop) and an outermost protection glass/epoxy layer. 
The thickness of the liner is 2.5 mm. The helical and hoop laminates have a total 
thickness of 28 mm and protective glass/epoxy layer is 2 mm thick.  
 
In the present work, the total thickness of helical and hoop laminates do not change, but 
the thickness ratio (thickness of helical laminates over hoop laminates) varies. The 
optimized thickness ratio can be obtained by identifying the maximum burst pressure 
while thickness ratio varies in a range of 0.1 to 2.0. With the combined consideration of 
manufacturing capability and the possible higher burst pressure, the winding angle (the 
angle between fiber and axial direction or direction 3 in helical layer) usually fall in a 
span ranging from 10◦ to 30◦. To cover this range, three cases with different winding 
angles 10◦, 20◦ and 30◦ respectively are considered in this study. The lay up of helical 
lamina is chosen as [θ◦/-θ ◦] 6s (θ=10◦, 20◦ and 30◦). In hoop layer, fiber direction is ideally 
supposed to be 90°. The lamina is oriented as [89◦/-89 ◦] 6s for manufacturing possibility.  
The fiber direction in protection layer is taken as [45◦/-45 ◦] cross ply.  For each case, the 
temperatures for uniform thermal loading are taken as 25◦C, 50◦C, 75◦C, 100◦C, 120◦C 



and 140◦C. For non-uniform temperature loading, the temperature distribution varies 
linearly across the thickness (inner to outer) from 25◦C to 140◦C, 50◦C to 120◦C, and 75◦C 
to 100◦C and inverse. 
 
ABAQUS is a reliable finite element code for solving general solid mechanics, heat 
transfer and fluid problems. It is widely used by the industry as well as researchers for its 
flexibility of implementing user defined subroutine and its powerful nonlinear solver. The 
failure model, the temperature dependent material properties, and fiber orientations are 
implemented in ABAQUS using user subroutines. Taking advantage of symmetry, only 
1/8th of the hydrogen cylinder is modeled and meshed using ABAQUS/CAE as shown in 
Figure 4. The composite shell uses the S4R element which is based on a doubly curved 
shell element accounting for transverse shear deformation. Solid brick element C3D8R is 
used for liner. The model is solved by using ABAQUS/standard solver. The results 
obtained of each case are listed in Tables 4 through 6 and selected results are plotted and 
discussed.  
 
Results and Discussion: 
 
Three different winding orientations of the helical layers 10°, 20° and 30° have been 
considered for the analysis. Also, uniform temperature distribution (cylinder inner 
temperature = cylinder outer temperature), and a variety temperature gradients (cylinder 
inner temperature < outer temperature, cylinder inner temperature > outer temperature) 
have also been considered for the analysis. Burst pressures as a function of thickness ratio 
for these temperature distributions are presented.   
 
Figures 5, 6 and 7 plot the variation of burst pressure as a function of thickness ratio 
(total thickness of helical laminates/total thickness of hoop laminates) for various 
uniform temperature distributions. It can be seen that with increasing temperature the 
burst pressure goes up in each case under uniform thermal loading. In non-uniform 
thermal loading cases (Figures 8 through 13), the burst pressure drops dramatically with 
increasing temperature. This may be explained by observing the failure pattern plotted in 
Figures 14 and 15 for Case 2 (winding angle = 20◦). Figures 14 and 15 plot the failure 
coefficients as a function of the layer number for a thickness ratio of 0.75. In Figure 14, it 
can be seen that with increasing temperature, the failure coefficient of layers (based on 
Tsai-Wu failure) are close together, which means the load is more evenly distributed in 
each layer. This even load distribution contributes to the significant increase in burst 
pressure. For non-uniform thermal loading cases (Figure 15), the failure coefficients for 
the various layers are not close together and have a slope indicating that the applied load 
is not evenly distributed among the layers (some layers have high stress as compared to 
others causing them to fail first). This explains the dramatic drop in burst pressure when 
non-uniform temperature field in applied.     
 
When the cylinder is experiencing uniform thermal loading (Figures 5, 6 and 7), there is a 
peak pressure which can be found in each case. The thickness ratio at the peak pressure is 
approximately 0.5 when the winding angle is 10° and 0.75 in when the winding angle is 
20° and 30°. With increasing winding angle, marginal effect of optimized thickness ratio 



becomes more obvious. The curve around the peak pressure becomes flatter and the 
optimized thickness ratio is over a wider range. Also, under non-uniform thermal loading 
when the inner temperature is lower (Figures 8 through 10) the optimized thickness ratio 
shifts much to the left side. For non-uniform temperature distribution, when the inner 
temperature is higher, there is no obvious peak pressure (Figures 11 through 13). Axial 
loading is mainly sustained by the helical layers. When the inner temperature is higher, 
the axial loading is transferred to the hoop layers because of the higher thermal expansion 
of the helical layers. However, the hoop layers cannot sustain axial loading (as the 
reinforcement is not along the direction of the load) and hence a distinct peak does no 
occur in the curve.  
 
For non uniform thermal loading, when the inner temperature is lower, it can be seen that 
the failure coefficient is higher in the inner layers (Figure 15). Hence, when the inner 
temperature is lower, the inner layers fail first. When the inner temperature is higher, the 
outer layers fail first as the inner thermal strain is higher than the strain in the outer 
layers. The outer layers sustain the majority of mechanical loading causing them to fail 
first. This is also reflected in Figure 15 with outer layers having higher failure 
coefficients.  
 
Conclusions: 
 
A doubly curved shell model that is capable of treating both thick and thin cylindrical 
shells with thermal loading is used for the finite element simulation of composite high 
pressure storage cylinders. Temperature dependent material properties of the load 
carrying carbon/epoxy layer and geometry nonlinearity are also considered in the 
numerical model. Three typical cases have been considered and the analysis is carried out 
by applying uniform/non-uniform thermal loading and high pressure mechanical loading. 
Tsai-Wu failure criterion is employed to predict the burst pressure by checking the failure 
layer by layer. Under uniform thermal loading, a temperature increase significantly 
increases maximum burst pressure. Contrastively, the non-uniform thermal loading can 
cause an uneven load distribution and hence decrease the maximum burst pressure. The 
ratio of thickness of the helical layer to the hoop layer also plays an important role in 
determining the maximum burst pressure and should be selected appropriately based on 
the thermal and mechanical loading conditions. 
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Table 1.  Ultimate strength of carbon/epoxy composite 
Strength t

LF  c
LF  t

TF  c
TF  S

LTF  
MPa 1070 1070 40 170 70 

 
 

Table 2. Mechanical and thermal properties of S-glass/epoxy 

E1 (GPa) E2 (GPa) G12 = G13 
(GPa) G23 (GPa) 12υ  1α (1/◦C) 2α (1/◦C) 

55 16  7.6 5.0 0.28 6.3 ×10-6 32 ×10-6 
Strength t

LF  c
LF  t

TF  c
TF  S

LTF   
MPa 1620 690 40 140 60  

 
 

Table 3.  Mechanical and thermal properties of Aluminum 6061-T6 
Elastic Modulus Poisson’s ratio Yield strength Thermal expansion 

70 GPa 0.33 455 MPa 24.3 ×10-6 
 
 

Table 4.a Burst pressure varying with uniform temperature and thickness ratio (Case 1: 
winding angle 10◦) 

 
 
 

Table 4.b Burst pressure varying with gradient temperature and thickness ratio (Case 1: 
winding angle 10◦) 

 
 
 
 



Table 5.a Burst pressure varying with uniform temperature and thickness ratio (Case 2: 
winding angle 20◦) 

 
Table 5.b Burst pressure varying with gradient temperature and thickness ratio (Case 2: 

winding angle 20◦) 

 
 

Table 6.a Burst pressure varying with uniform temperature and thickness ratio (Case 3: 
winding angle 30◦) 

 
 

Table 6.b Burst pressure varying with gradient temperature and thickness ratio (Case 3: 
winding angle 30◦) 
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Figure 4 Finite element model of hydrogen storage 
cylinder 

Figure 6 Uniform thermal loading (Case 2) Figure 7 Uniform thermal loading (Case 3) 

Figure 8 Gradient thermal loading with lower 
inner temperature (Case 1) 

Figure 5 Uniform thermal loading (Case 1) 

Figure 9 Gradient thermal loading with lower 
inner temperature (Case 2) 
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Figure 11 Gradient thermal loading with higher 
inner temperature (Case 1) 

Figure 12 Gradient thermal loading with higher 
inner temperature (Case 2) 

Figure 10 Gradient thermal loading with lower 
inner temperature (Case 3) 

Figure 13 Gradient thermal loading with higher 
inner temperature (Case 3) 

Figure 14 Failure evaluation (Tai-Wu theory) 
under uniform thermal loading (Case 2) 

Figure 15 Failure evaluation (Tai-Wu theory) 
under non-uniform thermal loading (Case 2) 
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