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Abstract 

In this work, the load sharing ability of metallic liners in type III composite overwrapped 

pressure vessel (COPV) was investigated by means of accurate numerical models based on finite 

element method (FEM) in order to realistically represent the hybrid metal-composite structure. 

The varying thickness of the composite layers, as well as their angles throughout the dome 

surface, were accounted for in the model. The study focused on the influence of the material 

properties and the liner-to-composite thickness ratio on the stress and strain distribution between 

liner and composite at the cylindrical, dome and polar boss regions. Two novel concepts for the 

evaluation of the structural response of a COPV were introduced, namely: (i) the liner stress and 

strain fractions, and (ii) the correlation with liner-to-composite thickness ratio. The results show 

complex overall behavior close to the onset of plasticity of the liner, which is critically 

investigated. A decrease in liner stress fraction was found for higher internal pressure loads since 

the stress field is increasingly dominated by the composite overwrap. Also, the von Mises 

equivalent stress along the longitudinal profile of the structure showed a peak at the dome of the 

liner, whereas for the composite, the peak was at the shoulder region. This was justified 

considering that, at low pressure, the liner operates elastically in compression-tension mode and 

the composite in tension-tension mode. 

 

Keywords: COPV; finite element analysis; liner load share; thickness ratio; filament winding. 
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1. Introduction 

Composite overwrapped pressure vessels (COPV) are amongst the most efficient 

structural concepts for high-pressure storage of fluids. The main applications are portable or 

industrial gas storage tanks and onboard fuel tanks for vehicles, where their weight savings when 

compared with classical metallic solutions may reach 75%1. Due to the very high pressures 

involved and the safety risks associated with the use of COPV, their greater acceptance in several 

markets still depend on an accurate and reliable knowledge of their behavior. 

Pressure vessels have been classified into: fully metallic tank (Type I), metallic liner 

hoop-wrapped with composite (Type II), metallic liner fully overwrapped with composite (Type 

III), polymer-lined composite vessel (Type IV) and linerless composite pressure vessel (Type V). 

Their suitability to a particular application depends upon associated structural responsibility, 

critical weight, load level, stored fluid and cost (manufacturing, transport, installation and 

maintenance) 2. 

The liner of a type III COPV, unlike types IV and V, can effectively share part of the load 

to which the COPV is subjected, having a non-negligible structural contribution to the overall 

response. Type III COPV are typically produced in two separate steps, the manufacturing of the 

liner and the composite overwrapping by filament winding. The composite outer shell can be 

wound following different patterns and layups, allowing tailored designs for each application 

and/or required performance. This is of great importance for the optimum distribution of load 

between the metallic liner and the composite layers. It is common understanding that under 

regular operating conditions, the liner of the COPV should work in the fully elastic regime, but 

COPV mass efficiency suggests using its plasticity. If a thin liner is used, the composite must 

bear most of the load and constrain the liner enough to prevent its plastic deformation. However, 
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technological and economic aspects may drive the choice of liner thickness and composite 

configuration so that an optimized combination is reached3. 

There are usually three main regions in a COPV liner2. The polar boss is the interface 

region with external devices. The dome is a critical section and its geometry strongly influences 

the overall COPV’s performance. The main reasons for this are: (1) the liner typically presents 

thickness variations in this region due to its own manufacturing method (e.g. deep drawing), (2) 

the composite layup over this region is characterized by continuously changing angles in each 

ply and (3) the turnaround end zones of each layer may be designed considerably differently, 

implying very different stiffening profiles. Therefore, the dome region may undergo quite 

different stress levels depending on the implemented design4. And although spherical domes 

maximize the overall strength under static internal pressure5, the need to combine the structural 

contributions of the liner and the composite, as well as the manufacturing feasibility, leads to 

other profiles. In particular, the path of the winding band around the dome is quite complex due 

to changes of relative angles, from the nominal winding angle to 90º at the turnaround zone. 

Further complexity arises from the unlike stiffness between liner and outer composite wrap. 

Son and Chang3 presented three modelling options for a Type III pressure vessel for 

hydrogen storage based on aluminum liner overwrapped by carbon/epoxy composite. A 

laminate-based modelling approach which deals with averaged anisotropic properties (easier and 

faster modelling) but underestimated generated stresses, especially at the dome regions. A ply-

based modelling based on orthotropic ply property to finite shell element, considering the actual 

fiber direction in each layer to predict an accurate stress distribution. And a third approach based 

on a combination of both. The full ply-based model presented more accurate stress distribution at 

the dome regions, which was experimentally validated. Park et al.6 modelled the winding 
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patterns of COPVs for arbitrary surfaces and used these patterns in the finite element analysis 

(FEA). The developed algorithms aimed at finding the optimum winding angle and composite 

thickness. They reported that the difference in winding angle between the first and last plies 

reached 18° near the polar openings. Thus, a complete knowledge of the actual through-the-

thickness change of winding angle is required for precise modeling of stress distributions. 

Metallic liners share the load with the composite shell and this share is essentially 

dependent on the liner material and thickness, and the geometry of the COPV. Several studies in 

the literature7,8 focus on non-load sharing liners overwrapped by composite layers. However, 

depending on the specific case, the load in the liner should be taken into account when assessing 

the COPV in-service behavior for an optimized design. 

In this context, this work investigated the effect of the variation of liner thickness on the 

load sharing ability of aluminum and stainless steel liners for similar COPV geometries. Stress 

and strain were numerically analyzed in all regions of the liner and the composite structure and 

the geometries and specific winding features were accurately modelled in accordance with 

realistic winding possibilities as reported in a previous work of the group9. 

 

2. Finite element structural modelling 

Pressure vessels were modelled using aluminum or stainless steel liners, fully 

overwrapped by a T700 carbon/epoxy towpreg. The used elastic properties of the metallic liners 

and the composite layers are presented in Table 110. 

 

<< Insert Table 1 >> 
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Structural modelling was carried out based on finite element method (FEM) with the 

Abaqus® 6.13 software. Nonlinear geometry was considered in all cases since large and 

unbalanced deformations are expected. The 20-layer composite lay-up used for the COPV was 

comprised of: (i) Layers 1-10: hoop winding (90°), frictionless, overall thickness of 5.0 mm and 

25 mm band width; (ii) Layers 11-20: helical winding (±20°), friction coefficient of 0.2, overall 

thickness of 8.0 mm. The same dome shape and outer dimension (505 mm) of the liner in the 

cylindrical region was used (see Figure 1). 

 

<< Insert Figure 1 >> 

 

The geometry and the model were assumed axisymmetric. This assumption is considered 

valid for winding patterns with sufficiently high number of +ϕ and –ϕ angles, resulting in angle-

ply balanced laminates for all helical patterns. This assumption implies that: i) helical layers are 

treated as symmetric angle-ply laminas (as expected for a filament wound part), ii) no coupling 

between bending and extensional strain occurs, and iii) in-plane shear strains are zero. Thus, the 

helical layers can be modeled as orthotropic layers11. 

Thickness of the liners was varied within 3-7 mm. The liners were meshed with four-

node linear quadrilateral axisymmetric elements of type CAX4R with reduced integration. A 

mesh of 39932 elements and 44910 nodes was used, with eight elements through-the-thickness in 

the cylindrical and dome sections. 

Regarding the composite layers, the changing of winding angle in the dome region of the 

COPV was realistically modelled, with 0.5o increment for each new “split angle slice” until the 

90º value was reached at the turnaround zone (polar boss), following what was verified in the 
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actual manufacturing process. The models were developed using axisymmetric quadratic 

triangular elements of type CAX6 and axisymmetric quadratic quadrilateral elements of type 

CAX8. The composite vessel was split into 50 partitions with 600 elements along the 

longitudinal profile and 4 elements through-the-thickness of each layer, amounting to a mesh of 

25128 elements. Figure 2 displays the mesh of the composite lay-up, where distinct colors 

represent angle changes and the yellow extremity represents the turnaround zone. The over 

thickness built-up near the turnaround zone was also defined based on previous experience when 

manufacturing similar COPV. Therefore, a realistic composite lay-up is claimed herewith. 

 

<< Insert Figure 2 >> 

 

 A convergence study over the structure was made out for detect some mathematical or 

geometric singularity, especially at the connection between the cylindrical region and dome, and 

at the polar boss area. This study was based on realize the same analyzes with different element 

size and mesh density. 

An internal pressure of 70 MPa (700 bar) was applied using 10 equal increments. A 

constrained interaction was defined between the outer surface of the liner and the inner surface 

of the composite lay-up in order to numerically tying them. Perfect bonding between them was 

assumed to prevent buckling of the structure and liner/composite debonding, which are not in the 

scope of this study. Stress and strain in the liner and the composite were analyzed at three points 

of the COPV, middle, dome and edge-regions, as highlighted in Figure 3. These were selected to 

represent the three main regions (cylindrical, dome and polar boss) of the COPV. The average of 
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nine integration points (only for composite elements) is reported for the stress and strain along 

the elements. 

 

<< Insert Figure 3 >> 

 

 The stress-strain constitutive relationship for a generic layer in a composite laminate with 

one plane of symmetry is given by12: 

{
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  (1) 

where 𝜀𝑖𝑖  and 𝛾𝑖𝑗 are the normal and shear strains, 𝜎𝑖𝑖 and 𝜏𝑖𝑗 are the normal and shear stresses, 

respectively and [𝑆] is the compliance matrix. For filament-wound structures, which are typically 

axisymmetric, these relations are better represented using an off-axis cylindrical coordinate 

system (r,θ,z), as shown in Figure 4. 

 

<< Insert Figure 4 >> 

 

 The stress-strain relationship for an orthotropic material on its principal material 

directions are shown in Equation (2)11,12. In addition, [𝑆] is rearranged for an orthotropic 

material, since the shear coupling terms are zero for a ±ϕ laminate. 
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  (2) 

The winding angles in the FW process are characterized by balanced +ϕ and –ϕ wrapping 

paths over the tank. According to Peters13, the layers can be assumed symmetric ±ϕ angle-plies, 

zeroing the bending (𝐵𝑖𝑗) and shear-extension (𝐴16, 𝐴26) terms of the stiffness/compliance matrix 

according to the classical laminate theory. 

In a multi-layered filament-wound pressure vessel each angle-ply layer, with its own 

winding angle, is modelled as orthotropic and its elastic constants are assumed as those of a 

balanced and symmetrical laminate, when is similar to a two-layered laminate with +ϕ and –ϕ 

winding angles amounting the same layer thickness. So, the stress-strain relationship can be 

written in matrix notation using cylindrical coordinates (Figure 4), as follows: 

{𝜀}𝑟,𝜃,𝑧 = [𝑆]{𝜎𝑟,𝜃,𝑧}     (3) 

Considering cylindrical coordinates, Equation 2 may be written in terms of engineering 

constants, as follows: 

{
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=
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  (4) 

where 𝐸𝑖𝑖 and 𝐺𝑖𝑗 are the elastic and shear constants, respectively, and 𝜈𝑖𝑗 is the Poisson’s ratio. 

A homogenization process is required for estimating the nine elastic constants for each 

layer. The stresses in a particular layer (Equation 5), which comprises two composite bands, can 
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be can be transformed from the local direction (subscription ‘l’) to a global direction 

(subscription ‘g’) as shown in Equation (5), using the known transformation matrix [T]. 

{𝜎}𝑔 = [𝑇]{𝜎}𝑙     (5) 

Since each layer is assumed orthotropic, some of the off-diagonal terms can be neglected 

in the homogenization process. This enables approximation of a truly three-dimensional structure 

using a simplified axisymmetric finite element model9,10,11. 

 

3. Results and discussion 

3.1 Stress analysis 

In Figure 5, the variation in stress along the liner thickness observed in both the liner and 

the composite is shown. The composite wrapped aluminum liner displayed the highest stress at 

the midpoint (Figure 5(a)), and the steel-based structures the lowest. This behavior infers an 

overcome stress in the aluminum liner just at a pressure of 70 bar, upon which the composite 

layers start bearing some of the load. However, the steel liner supports more load than the 

composite, inferring that stainless steel liner is normally carrying load in the entire structure and 

prevents the structural safety of the composite part at the same pressure load. 

 

<< Insert Figure 5 >> 

 

Figure 5 also allows analysis of the effect of liner thickness. In all graphs, stress 

decreases for higher liner thickness, for both liner and COPV, which is expected since a thicker 

liner is able to sustain more load for a particular stress level. Figure 5(b) indicates that the 

aluminum liner supports more load than the composite shell at the dome section. This occurs 
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since the stress level at the composite is nearly constant thought the liner thickness, and only at 

this section the liner effectively carries load. In addition, a possible pre-stress from the winding 

process or an autofrettage process could influence in the first cycles, and for this reason were not 

taken into account. At the edge (Figure 5(c)), the overall stress behavior is similar to the mid-

point, but with lower stress level, since the difference between the Liner_alum and 

Compos_wrap_alum in these sections is within 55-118 MPa and 103-271 MPa, respectively. 

The sum of the von Mises equivalent stress at the liner and the composite along the 

structure is also shown in Figure 5. At the midpoint, the total stress shared by the COPV is 

independent of the liner material, differently from what is observed at the two other points. As 

the applied pressure increases, all points present sums independent of the liner material. The von 

Mises equivalent stress was chosen to compare both the liner and the composite since in the 

absence of relevant shear stress in the composite, it is expected to yield similar results to other 

stress criteria. Likewise, Lin et al.14 designed composite pressure vessels for hydrogen storage 

through FEM aiming at minimize the von Mises stress in the metallic liner and composite layers. 

They reported that the thickness is dominant for that, but winding angle is not negligible. 

Figures 6 and 7 show the evolution of stress for higher internal pressure (140 and 350 

bar, respectively). Unlike in the mid and edge points, stress in the liner at the dome region was 

higher than in the composite. This may be justified considering that there are winding angle 

increments of 0.5o at the dome section, which means that the composite loses circumferential 

strength in this section. Because of that, the isotropic liner material becomes increasingly 

responsible for withstanding a greater portion of the load, as shown in Figure 6(b). The stress 

distribution at the edge is complex, because this is a turbulent zone due to the return of the 

winding cycle, achieving high angles, c.a. 90°, and back at the start of another winding cycle. 
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Also, the polar boss is an intrinsic stress concentration region due to local geometrical and 

physical discontinuities, yielding higher stress gradients. This discontinuity also occurs in the 

dome section, but, in this region, the winding angle is closer to the desired one, providing better 

mechanical stability. 

Figure 7 presents the von Mises equivalent stress for a pressure of 350 bar. Stress in the 

composite overwrap is higher than in the liners at the mid- and edge-sections, and lower at the 

dome section. This evidences a decrease in load sharing of the liner along the structure. The liner 

material did not exert significant influence in load sharing and the difference between aluminum 

and steel was below 4%, except at the cylindrical section. It is also interesting to notice that, at 

350 bar, all sums of the stresses are nearly overlapping. 

 

<< Insert Figure 6 >> 

 

<< Insert Figure 7 >> 

 

To enable comparison between different COPV configurations, three simple and novel 

concepts are proposed in this work: the liner stress fraction ( lf ), liner strain fraction ( lf ) and 

the thickness ratio (
rt ) defined as: 

cl

l
lf






+
=     

cl

l

lf





+
=     

c

l
r

t

t
t =   (7) 

where: 𝜎𝑙 and 𝜎𝑐 are the stress at a particular position of the liner and the composite, respectively, 

l and c  are the strain at a particular position of the liner and the composite, respectively, lt  and 

ct  are the thickness of the liner and the composite, respectively. 
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 The variation in liner stress fraction with internal pressure (up to 700 bar) at the selected 

regions is shown in Figure 8. It can be seen that the liner stress fraction decreases with pressure 

for the whole range of thickness ratio studied. It can also be concluded that: i) in the mid-point 

(Figure 8a), the liner stress fraction varies coherently and tends asymptotically to a fraction of 

around 10% for all thickness ratio; ii) the liner material influences load fraction up to a pressure 

of around 210 bar. For higher pressures, yield stress of the liner is reached, and its contribution to 

the structure gradually reduces; iii) for the mid- and dome-point (Figures 8a-b), the liner share 

stress displays a decreasing trend; iv) the stainless steel liner shared a greater portion of the load 

in the structure than the aluminum one; and v) the behavior at the edge-point (Figure 8c) was 

more complex, and a clear trend for the variation in liner stress fraction could not be identified. 

In this case (edge point), stress concentrations and, in particular, plasticity of the liners seem to 

govern the overall contribution. 

 

<< Insert Figure 8 >> 

 

 The stress fraction at the dome point was the highest among the evaluated regions, 

reaching 80% for the Steel_tr = 0.38 and Steel_tr = 0.50 specimens at 70 bar (Figure 8). Here 

again the elasto-plasticity of the isotropic liner and the increase in winding angles of the 

composite contributed to that. These results are in agreement with those of Kabir15, who found 

that incorporation of a liner decreased maximum stress (from 460 to 330 MPa) in a composite 

overwrapped metallic liner structure. For a stiff liner, the load sharing is remarkable, reducing 

observed maximum stress. 
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 For a better understanding of the aforementioned results, Figure 9 shows a plot of the von 

Mises equivalent stress along the length of the vessel with liner thickness of 3 mm under an 

internal pressure of 70 bar. The dome point was selected to coincide with the peak point for the 

liner curve profiles presented in Figure 9. Liner material shows a strong effect on the stress at 

this pressure, and the steel liner yields higher stresses than the aluminum one due to the higher 

stiffness of the steel. Also because of that, stress at the mid-point is lower than at the dome 

section for the aluminum liner, whereas for the stainless steel liner they are similar. Stress in the 

composite shells varies accordingly, being higher when the stress in the liner is lower. 

 

<< Insert Figure 9 >> 

 

 Mention must be given to the geometrical singularity that occurs at the connection 

between the cylindrical-dome regions, coincidentally at the end of the hoop layer, becoming an 

overstress on this point, due to lack of reinforcing layers with nominal angle at this region. A 

convergence study was carried out to check for a possible mathematical singularity in this point, 

but that was not seen, whereas a geometrical singularity plus an overstress were noticed. 

 Load bearing liners are designed to carry one-third to one-half of the overall internal 

pressure load whilst in the elastic regime. An overwrapped pressure vessel exhibits a non-

uniform distribution of stresses and strains owing to a number of factors, including: the 

variations in the liner geometry and its interaction with the composite overwrap, the relative 

stiffness between liner and overwrap, the liner-overwrap interface slip features and infeasible 

curvature variations16. 
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For type III vessels, filament stress–strain behavior is linear elastic until ultimate strain 

and even yonder to bursting. Nevertheless, during pressurization, the metallic liner shows yield 

and plastic flow, as the liner is pushed towards the filaments that try to return (elastically) to their 

original size. Thus, at zero or low pressures the metal is under compression and the filaments are 

in tension. Thus, the metal operates from compression to tension while the filaments operate in a 

tension–tension mode13. 

 

3.2 Strain analysis 

 The strain level of the COPV was evaluated for the same regions and pressure levels 

previously shown. Figure 10 presents the maximum principal strain for different liner thickness 

at a pressure of 70 bar. Figures 10(a)-(b) indicate similar results for the liner (aluminum or steel) 

and the respective composite overwrap. A higher strain for the aluminum based COPV is seen 

due to their lower strain at break. Figure 10(c) also evidences this trend, with higher deformation 

for aluminum liners, but the strain levels were different for the liners and the respective 

composite overwrap since the composite deformed more than the liner. As cited by Park et al.17, 

the internal pressure acting across the polar opening must be fully transferred to the structure 

within the boss flange and therefore the dome–polar boss interface is a highly stressed area. Still 

according to these authors, compression, tensile, bending and moment act simultaneously in the 

polar boss region under biaxial loading. A comprehensive analysis of each region and load case 

might be needed in order to identify (and decouple) the interacting phenomena, which includes 

verification of stress/strain levels in more than a single through-the-thickness point. 

 

<< Insert Figure 10 >> 



16 
 

 

 Figure 11, which shows the estimated strains for a pressure of 140 bar, presented the 

same trend of that for 70 bar, and for higher liner thickness, overall strain decreases in all 

sections of the COPV. The composite shell deformed more than the liner only at the polar boss 

region. And, if this area was reinforced (thicker), the behavior would be the same as the other 

COPV regions. 

 

<< Insert Figure 11 >> 

 

 A slight change in the influence of the liner material is observed for 350 bar (Figure 12). 

The strain levels are generally lower and the stainless steel liner showed slightly higher strain 

than the aluminum-based structures. At the edge region, the behavior was the same as before, i.e. 

higher strain for aluminum based structures, and for the composite layers in relation to the liners. 

 

<< Insert Figure 12 >> 

 

 Figure 13 shows the liner strain fraction, lsf , for the studied regions. For the mid- and 

dome-point, the structures with a thickness ratio of 0.88 and 0.63 share comparatively higher 

strain than the others, even though the range of strain is narrow (50.0-50.3%). The strain fraction 

of the liner at the edge section presented variable results which may be justified considering that 

this is a complex zone. This instability is related to physical and geometrical discontinuities 

resulting in high gradient forces that converge towards a unique region (or even point), which is 
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the connection between the dome and polar boss. Also, this behavior is governed by geometrical 

particularities, such as thickness variations and complex composite layup in this region. 

 

<< Insert Figure 13 >> 

 

 Figure 14 presents a plot of the strain along the axial length of the 3-mm thick COPV at 

70 bar. Strain at the cylindrical region of the COPV is lower than at the other points, being a 

consequence of essentially tensile forces that act on this region. In the dome section, however, 

bending starts to influence the overall behavior and, in the polar boss, many mechanisms act 

simultaneously, with their relative contribution varying at each pressure level. 

Strain continuity at the liner/composite interface must be examined to determine the 

elastic load sharing prior to proof of the vessel, since the stress in the liner is less than biaxial 

yield stress. As the “safe” vessel is loaded up to the initial liner yield point, the strains are 

governed by the pressure strain up to the liner yield strain, where lc  == 18. It is important to 

add that strain in the vessel is controlled by the composite overwrap, which is assumed to remain 

elastic until failure occurs. 

 

<< Insert Figure 14 >> 

 

4. Conclusions 

A numerical study based on FEM aiming at evaluate the load sharing ability of aluminum 

and stainless steel liners in type III COPV was presented. The focus was to analyze the 

stress/strain relationship for different geometrical (liner thickness) and material (aluminum or 
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steel) conditions for various loading scenarios. The results were as expected at load levels in 

which the common expertise allows an intuitive understanding, but a rather complex 

phenomenon was reported for certain load cases. 

The relevance of this theme is consensus among researchers and engineers in this field. 

Type III liner may effectively share the load of the structure in a wide pressure range, decreasing 

for higher internal pressure applied (e.g. 10% of the overall stress for 700 bar, and 80% for 70 

bar). The analyzes provided good understanding of the behavior for different regions of a COPV. 

The observed strain for various thickness ratios were readily interpreted for the cylindrical and 

dome region but, for the polar boss area, different trends were observed due to the simultaneous 

mechanisms that act in that area. The parameter called liner stress fraction, proposed in this 

work, was found to be a practical tool for analyzing the liner contribution in the overall structure. 

However, the liner strain fraction parameter requires a more complex analysis and still demands 

representative experimental testing with strain gages for validation. 
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