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Abstract  

Due to the thick-wall effect, the stress decreases from the inner-most  to the outer-most 

layer in high pressure composite overwrapped pressure vessel (COPV) and results in low 

utilization ratio of fiber strength for outer layers. In this work, an analytical solution for 

the residual stress from winding tension is derived. Based on this analytical solution, a 

design method for winding tension is proposed to mitigate the thick-wall effect. In this 

method, the winding tension is designed to make the residual stress gradually increase 

from inside to outside layers. Thus the total stress, including the residual stress from 

winding tension and the service stress from the inner pressure, is uniformly distributed in 

the thickness direction and eliminates the thick-wall effect. The result of this method is 

validated and compared with other method. It is seen that the new method can produce 

uniform stress distribution and improve the mechanical performance of COPV. 

 

Keywords: Thick-wall effect; Composite overwrapped pressure vessel; Winding tension; 

Residual stress; Hydrogen Storage. 

 
 Corresponding author. E-mail address: 2731752093@qq.com 



 2 

1. Introduction 

Fossil fuel plays an important role in the total volume of energy consumption across 

the World. However, fossil fuel always produces carbon dioxide and other pollutants, 

which are considered to be the causes of warm house effect and environmental problems. 

Hydrogen is seen as an alternative for fossil fuel thanks to its recyclability, zero pollution 

and high energy density. Hydrogen has become a top priority of energy development 

strategy in most countries. Hydrogen fuel cell vehicle (HFCV) is a promising application 

scenario [1]. However, it is easy for hydrogen to leak, explode or even cause catastrophic 

event, so how to safely store hydrogen has become important for the development of 

efficient, safe and low-cost HFCVs [2]. For its excellent performance, composite 

overwrapped pressure vessel (COPV) is the most popular carrier for hydrogen.  

To increase the travelling distance of HFCV, the nominal working pressure of COPV 

increases from 20 MPa to 70 MPa or even more. As the nominal working pressure 

increases, the thickness of composite increases to bear more stress. According to the 

radius-to-thickness ratio, shells can be classified into thin-wall and thick-wall shells. 

When the ratio is larger than 10, it is thin wall. When the ratio is smaller than 10, it is 

thick wall. The mechanical behaviors of thick wall will be different from those of thin 

wall. The most obvious difference is that in thick wall the stress and strain will show 

gradient through thickness. The stress in the composite decreases from the inner-most to 

outer-most layer. It is observed in Roh [3] that the stress in the inner-most layer bears 

30% higher stress than the outer-most layer. According to the failure criterion of 

composite material, the stress state in the inner-most layer  satisfies the fiber failure 

criterion first, while the stress state in the outside layers has not reached the threshold of 

failure, which means that the capacity of the fiber in the outside layers is not utilized to 

full extent, thereby reducing the mechanical performance of composite. To reduce the 
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thick-wall effect, the hoop layers mainly for hoop stress will be placed closer to the liner 

to bear more stress by some manufacturers. By this setting, space between layers is easily 

created in the transitional part from the dome to the cylinder. The space acts as defect and 

decreases the mechanical performance of COPV. Thus for high pressure COPV, the thick-

wall effect through the wall is very important and must be taken into consideration in 

design.  

To have better understanding of the stress distribution through the wall, the 

analytical solution for the stress distribution in COPV is necessary. The elastic solution 

for anisotropic cylinder is given by Lekhnitskii [4]. Based on Lekhnitskii’s solution, Roy 

[5] has presented a simple and efficient design method for thick-wall composite cylinders. 

In their work, micromechanics and macromechanics are integrated by simple relations to 

enable the designers to instantly study the sensitivity of the micromechanical variables on 

the final design. Zu [6] presented a three-dimensional elasticity analysis on multi-layered 

thick-wall COPV. An exact solution to stresses of the metal liner and each anisotropic 

layer is given based on Lekhnitskii’s solution and the generalized plane strain assumption. 

To reduce the weight of COPV, Zu [7] proposed a simplified method for designing 

isotensoid pressure vessels with unequal polar opening, using non-geodesic trajectories. 

An approximate three-dimensional elasticity solution is given for an infinite, thick, 

orthotropic as well as laminated circular cylindrical shell subjected to distributed pinch 

load [8]. An approach based on the exact solution of the three-dimensional problems of 

the theory of elasticity for certain cases is proposed [9]. The problem of thick-wall 

filament wound pipe subjected to outer pressure is solved analytically [10]. The failure 

prediction of different lay-ups and loading conditions is given by the analytical solution. 

The mechanical behaviors of thick-wall filament wound composite tube are studied by 

strength of material, analytical solution, finite element method and experimental 
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measurement [11]. Based on the theory of the three-dimensional thick-wall cylinder 

combined with Hashin failure criterion and damage evolution theory of composite 

materials, an analytical model for the progressive failure analysis of fiber reinforced 

thermoplastic pipes under internal pressure is proposed [12]. In this model the nonlinear 

stress-strain relationship of materials and the change in the winding angle caused by 

deformation are considered.  Jia [13-14] set up a three-dimensional finite element model 

for thick-wall COPV, in which progressive damage constitutive model is adopted to 

predict damage evolution, failure mode and burst pressure. Islam [15] set up a finite 

element model to predict the burst pressure of high pressure COPV. In the model, the 

WCM Plugin is utilized to deal with the winding angle and thickness variation of 

composite layer on the domes. The accuracy of the finite element model is validated by 

analytical solution. Noor [16] studied the effects of variation in the lamination and 

geometric parameters of multi-layered composite cylinders on the accuracy of the static 

responses.   

Previous studies [17] suggested that the quality of the filament wound composite 

cylinder is affected by the processing conditions. The residual stress induced by winding 

tension and curing is an important factor affecting the mechanical behavior of COPV. 

The residual stress can be optimized by winding tension and curing process to improve 

the performance of COPV. The winding tension can affect the volume of fiber, the stress 

distribution in composite and the liner, the burst pressure and fatigue life of COPV [18-

20]. The influences of winding tension on the physical and mechanical properties of glass-

fiber reinforced polymeric composite tube was studied by Mertiny [21]. Based on the 

elastic theory of cylindrical shells and the theory of composite laminates, a prediction 

model for the residual stress of the simplified round composite barrel for rail-gun is 

proposed by Yin [22]. Geng [23] studied the residual stresses induced in fiber pre-stressed 
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composite by both theoretical and numerical methods. Good agreement has been obtained 

between theoretical and numerical results. The results showed that the level of induced 

residual stresses within the composite depends not only on fiber pretension level, but also 

on the composite elastic properties. Kang [24] proposed a reverse derivation method to 

design the winding tension based on the residual stress model of the composite cylinder. 

The simple model of residual stress is established based on the superposition principle. 

The design method of winding tension is to guarantee that the hoop wound cylinder with 

an inner liner has a uniform residual stress. The results indicates that the model can be 

used to estimate the residual stresses and design the winding tension. An analytical model 

[25] is proposed to predict the through-thickness residual stresses and warpage of a 

composite part during the curing process without extensive resin characterization. Kang 

[26] proposed an algorithm to design the winding tension, in which the deformation of 

mandrel, radial and circumferential stresses of winding layers under external pressure are 

obtained through analysis on the basis of anisotropic composite elastic theory and 

isotropic thick-wall cylinder elastic theory. Based on the temperature differential method 

and the element deletion method [27], a model of hollow composite flywheel, which 

could successfully simulate the process of pretension when the composite material is 

wound, is built. After iterative computations, a better pretension design of the carbon fiber 

is provided [28]. A three-dimensional thermo-chemo-mechanical model [29] for the 

curing of the composite shell was established based  on a resin test. The changes of 

temperature, curing degree, residual stress, and strain during the solidification of the 

composite shell were investigated. Han [30] studied the thermal curing residual stresses 

and its resultant distortions on filament-wound egg-shaped pressure-resistant shells under 

different structural parameters.  
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From the above-mentioned works, it is seen that most of the works are related to 

three-dimensional theoretical solution and pretension of COPV. In this work, the thick-

wall effect in COPV is studied first. Then an analytical solution for residual stress 

generated from winding tension is derived. Based on this analytical solution, a new design 

method for the winding tension is proposed. In this new method, the winding tension is 

designed to produce residual stress which can mitigate the stress gradient from the inner-

most to outer-most layers caused by thick-wall effect. Thus a nearly uniform total stress 

distribution through thickness is formed in the composite. Consequently, the outside and 

inside layers bear the same level of stress and reach the failure criterion simultaneously, 

exploiting the strength of all layers to the full extent and improving the mechanical 

performance of COPV.  

The first part of this work is devoted to an introduction. The thick-wall effect in 

COPV is studied in Section 2. The derivation of the analytical solution of the residual 

stress from winding tension is introduced in Section 3. The new design method for the 

winding tension is detailed in Section 4. Section 5 is to validate the new method by 

numerical method. Section 6 is the conclusion. 

2. Thick-wall effect in COPV 

Thick-wall effect becomes more obvious in COPV as the thickness of composite 

increases. In order to design the winding tension to mitigate the thick-wall effect, the 

stress distribution along the thickness direction should be studied first. To get precise 

stress distribution along the thickness direction, a three-dimensional finite element model 

is set up.  

2.1 Three-dimensional finite element model 

In this work, a type III COPV with nominal working pressure 70MPa is studied. 

Thanks to the axisymmetric structure of COPV, a 5 degree of the COPV in the 



 7 

circumferential direction is modeled with cyclic symmetric boundary conditions to save 

time cost of computation, as shown in Fig. 1. In the model, to get more accurate stress 

distribution along thickness direction, several layers of continuum shell elements SC8R 

are used to represent composite, instead of a single layer of conventional shell elements 

S4R . 528 C3D8R elements are used for the liner and 2728 SC8R elements for the 

composite. There are totally 6788 nodes in the model. 20 MPa pressure is applied on the 

inner surface of the COPV. The composite is carbon fiber T700 strengthened epoxy. The 

anisotropic material parameters for composite are listed in Tab. 1. The layup sequence of 

the composite is [902/±16]21/902. The elasto-plastic material parameters of aluminum 

alloy 6061T6 for the liner are shown in Tab. 2.  The total thickness of the outside 

composite is 26.66 mm. Each two layers (±θ) of composite are represented with one layer 

of element in thickness. The thickness of the liner is 8 mm. On the two domes of the 

COPV, there are only helical layers. The fiber angle θ and the thickness of each layer tf 

change as the radius r for different location on the dome varies, and can be predicted by 

Eqs. (1) and (2), according to the netting theory. The local material coordinate system and 

the thickness of layer is defined for each location. 

)/arcsin( 0 rr=  (1) 

 
  fθ

0

0
f

)/arcsin(cos

)/arcsin(cos
t

rrr

RrR
t =  (2) 

In these equations, ro and R are the outer radii of the pole hole and the cylinder part of 

COPV respectively. fθ 0.31t = mm is the thickness of the two layers (±θ) as a whole. The 

material orientation is defined in the local coordinate system for each element. 

2.2 Results and discussion 

By the above three-dimensional finite element model, the stress analysis is 

performed. The fiber stress distribution in the hoop layers is plotted versus the axial 

distance for different layers, in Fig. 2. The vertical axis is the stress σ11 in fiber direction. 
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The horizontal axis is the layer number counting from the inner-most to the outer-most 

layer. It is shown that the stress nearly remains constant for each layer. It is also seen that 

the stress decreases from the inner-most layer to the outer-most layer, which can be 

explained by the thick-wall effect. Also the difference between two neighboring layers 

gradually decreases from outside to inside layers. In order to more obviously show the 

thick-wall effect, the fiber stress in the middle plane of COPV versus the layer number is 

plotted in Fig. 3. From the result, the highest value of the fiber stress 203 MPa comes 

from the inner-most layer, while the lowest value from the outer-most layer is 136 MPa, 

which is only 67% of the highest value and in good agreement with Ref. [11].  

The stress σ22 is plotted in Fig. 4. The values at the middle plane for each layer are 

plotted in Fig. 5. From the figures, It is seen that σ22 is very small compared with the fiber 

stress σ11. This is caused by the fact that the stiffness in the fiber direction is two orders 

higher than in the vertical direction, shown in Tab. 1. Most of the stress in axial direction 

of COPV is taken by the helical layers. The highest value of σ22 is 8.68 MPa, while the 

lowest value is 7.2 MPa or 83% of the highest value. It could be said that the thick-wall 

effect is also observed in σ22. 

From the above analysis, the thick-wall effect is obvious for σ11 and σ22 in hoop 

layers. σ11 in the outer-most hoop layer can be only 67% of the inner-most hoop layer. It 

means that when the fiber failure criterion is satisfied in the inner-most hoop layer, 33% 

of the strength in the outer-most hoop layer is not utilized, which of course will affect the 

burst pressure of COPV. This explains the reason why the increase in the number of layers 

does not result in linear increase of burst pressure of the COPV, when the thickness 

reaches a certain level. 
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3. Analytical solution for residual stress 

To design the winding tension of composite layer, it is very important to clarify the 

relationship between the residual stress and winding tension. In this work, an analytical 

solution for residual stress generated from the winding tension of composite layer is 

derived for Type III COPV. Before the derivation, assumptions are made as follows: 

(1) No friction exists between composite layers, or composite and the mandrel. 

(2) The composite layers are in full and continuous contact. No slide between composite 

layers during winding. 

(3) The effects of the gravity, temperature difference and axial stresses during winding 

are neglected. 

(4) No plastic deformation. During the winding process, the mandrel and the composite 

layer experience linear elastic deformation. Thus the whole model can be considered to 

be a linear system, which makes superposition method applicable. 

(5) The whole model is assumed to be axisymmetric. 

Based on the above assumptions, a simple thick wall cylinder model with a metal 

liner is shown in Fig. 6. In the cylindrical mandrel with the filament winding structure, 

the outer surface of the mandrel and the inner surface of the winding layer comes into 

close contact because of the external pressure caused by the winding tension. The radial 

displacement and stress maintain continuous surface contact. Hence, we establish an 

equation to calculate the stress in the composite layer and the mandrel. The body of the 

mandrel should meet the balanced equation: 

0111 =
−

+
rdr

d rr 
 (3) 

Here  r1 and 1  are the radial and hoop stress in the mandrel.  



 10 

According to the thick wall cylinder theory, the radial displacement and stress in the 

mandrel are as follows: 
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Here ru1 and r1 are the radial displacement and stress in the mandrel. E1 is the elasticity 

modulus, ν1 is the Poisson’s ratio of the mandrel. A and B are real constants, which can 

be determined by the boundary condition 01 =r  on  inner surface r=a and 11 pr −=  on 

outer surface r=b of  the mandrel. 1p  is the pressure on the mandrel outer surface 

generated from the winding layer. Thus we have  
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The radial stiffness of the mandrel K is defined as: 
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For the winding layer, the stress and strain relation was expressed as 
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Here  22 ,r are the radial and circumferential stresses in the winding layer,  22 ,r

being the radial and circumferential strains. 22 ,vv r  are the Poisson’s ratios, 22 , EE r  

being the Young’s modulus in r and   direction. These parameters can be obtained by 

Eq. (8). 
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Here 122211 ,, CCC  are the compliance matrix components for  winding layers and 

can be obtained by Eq. (9). 
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Here  sin,cos == nm . 
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are
 
compliance matrix components. TL EE , are Young’s modulus in longitudinal direction 

and transverse direction respectively. LTG is shear modulus. TL vv , are Poisson’s ratios in 

longitudinal and transverse plane respectively. 

Because of actual deformation, using small deformation theory, the winding layer 

displacement and strain satisfied the following relations: 
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Here ru2 is the radial displacement in the winding layer. Using the above Eqs. (7) and 

(11), we obtained the stress expression in the winding layer: 
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The balance equation should be satisfied, i.e. 
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Substituting Eq. (12) into Eq. (13) yields: 
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The boundary conditions on the inner and outer surface of winding layer are: 
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Here 2p  is the radial pressure generated from winding tension outside. Substituting Eq. 

(16) into Eq. (17) yields: 
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Here 2211 , SKbHSKbH +=−=  and K  is defined in Eq. (6). Substituting Eq. (18) into 

Eq. (16) yields:  
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The remaining hoop stress is concerned with the external pressure and the radius of the 

winding layer. The radial stress produced by the winding tension increased with the 

progress of the winding process, and simultaneously the remaining hoop stress reduced.  
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Here ℎ is thickness of single layer, B is the width of winding tap.  cos)( jw FrT =  is the 

hoop component of winding tension. jF  is the winding tension in the fiber direction.   

is the winding angle. Substituting Eq. (20) into Eq(19) yields: 
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Based on the superposition principal, the residual stress can be calculated as the 

summation of the initial tension and the  reduction of the tension. 
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Substituting Eq. (21) into Eq. (22) yields: 
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To simplify the calculation in Eq. (23), the integration part can be replaced by summation 

as:  
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Eq. (24) can be written in matrix form as: 
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Here i

 2 is the residual hoop stress for ith layer generated from the  winding tension of 

the layers from the ith layer to the nth layer. Here ijd is the coefficient for winding tension 

of the jth layer to the ith layer and can be given in Eq. (26).  
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Here 1−jr  is the inner radius for jth layer. For j=1, brj =−1 . Based on  Eq. (25),  the 

winding tension for each layer can be easily obtained as follows: 
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By Eq. (27), if the residual stress for each layer is known, the winding tension for each 

layer can be easily obtained. 
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4. Design method of winding tension considering thick-wall effect 

From section 2, we can see the thick-wall effect will affect the utilization ratio of the 

fiber strength especially for outside layers. In COPV, the hoop stress is mainly undertaken 

by the hoop layers with the axial stress by the helical layers. In the cylindrical part, the 

hoop stress is twice the axial stress. Thus, the number of hoop layers is approximately 

twice the number of helical layers, thereby covering two thirds of the total fiber volume. 

In this work, the design method of winding tension mainly focuses on the hoop layers 

with an expectation to reduce the fiber usage.  

Usually, uniform residual stress method (URM) is used to design the winding tension. 

In URM, a uniform residual stress is pursued in the design. The later-wounded layer will 

pressurize the pre-wounded layer, thus reducing the residual stress in the pre-wounded 

layer. Therefore, to maintain a uniform residual stress field, the winding tension gradually 

decreases from the inner-most layer to the outer-most layer. With URM, according to the 

superposition principal, the summation of the residual stress from winding tension and 

service stress induced by inner pressure gradually decreases from the inner-most to the 

outer-most layer, resulting in a lower utilization ratio of fiber strength, shown in Fig. 7. 

In the figure, “Inner pressure” denotes the service stress caused by the pressure on the 

inner surface of the COPV. “Residual stress with URM” for the uniform residual stress 

caused by URM. “Total stress with URM” for the sum of the service stress and the 

uniform residual stress.  

In this work, a design method considering thick-wall effect (denoted by TWE) is 

proposed. In TWE, the winding tension is designed to make the total stress caused by 

both winding tension and inner pressure uniform through the thickness direction, shown 

in Fig. 7. In figure 7, “Residual stress with TWE” stands for the residual stress generated 

from TWE. “Total stress with TWE” for the sum of the service stress and the residual 
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stress generated from TWE. Therefore, theoretically the fiber will reach the failure 

threshold simultaneously for all layers, hence greatly improving the mechanical 

performance of the COPV compared with the URM. In figure 7, the sum of the residual 

stress of each layer by TWE is kept equal to that by URM for fairness.  

The main steps for TWE are listed as follows: 

1. Set up the three-dimensional finite element model for the thick-wall COPV. 

2. Calculate the fiber stress for each hoop layer under only inner pressure. 

3. According to the fiber stress distribution through the thickness calculated in Step 2, 

based on superposition method the residual stress from winding tension is obtained so 

that a uniform total stress distribution exists in thickness direction. 

4. Based on the residual stress from winding tension obtained in Step 3, the winding 

tension for each layer is calculated by Eq. (27). 

5. Validation 

To validate the method proposed in this work, TWE is applied to the design of the 

winding tension for high pressure COPV. The geometry of the COPV is the same as in 

Section 2. The fiber stress for each hoop layer is obtained from the three-dimensional 

finite element model, tabulated in Tab. 3. In the table, for hoop layers two layers of 902 

are wounded together. The fiber stress in these two layers is the same. From the table, it 

is seen that from the first layer to the last layer the stress in fiber direction decreases from 

203 MPa to 136 MPa. To adjust this non-uniform distribution, the residual stress from the 

winding tension for each hoop layer is designed as Tab. 4. To prevent the buckling of the 

fiber during winding, the stress should be tensile. A minimum 11 MPa is set for the 

residual stress of the first layer. For other layers, the residual stress is set to keep the sum 

of the stress under inner pressure and residual stress the same as the first layer.  By this 

design, when the inner pressure and winding tension are added together, the total stress 
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for each layer is the same (214 MPa). Other values can also be assigned as the residual 

stress to reach the aim of uniform total stress in the fiber. The residual stress of each layer 

is not unique. After the residual stress is set for each layer, the winding tension for each 

layer should be calculated according to Eq. (27), tabulated in Tab. 5. 

5.1 Simulation 

To simulate the winding tension, the “element birth and death” method and thermal 

expansion [27] are utilized in this work. In the “element birth and death” method, all the 

composite layers are dead in the beginning of the simulation to mimic the status before 

winding. In the numerical method, the death of the element is realized by setting the 

stiffness of the material to be a value close to zero. When the winding process starts, the 

composite elements are activated layer by layer. In the commercial software, the elements 

are activated by changing the stiffness matrix from a nearly zero value to its normal value. 

The winding tension of each layer is simulated by cooling effect, which will shrink 

the layer in the fiber direction. But the inside layers and the liner will prevent the 

shrinkage of the layer. Thus a winding tension is formed in the layer. Induced by different 

winding tension for different layers, the shrinkage of each layer will be different. The 

shrinkage of each layer is calculated by Eq. (28). Here 11

i  is the strain in the fiber 

direction of the ith layer. The strain components in other two directions are set to be zero. 

The thermal coefficients in the fiber direction for each layer is set according to Eq. (29), 

in which 
iT  is the temperature decrease for each layer. The coefficients in other two 

directions are set to be zero. To simplify the simulation, the temperature decrease 
iT  of 

the whole model is set to be the same as -1℃. The thermal expansion coefficient for each 

layer is tabulated in Tab. 6. The uniform -1℃ temperature decease field is applied to the 

model layer by layer and solve the equation. 
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5.2 Results and discussion 

The total stress (the summation of the residual stress induced by winding tension and 

service stress from 20 Mpa inner pressure) in the fiber direction for each hoop layer with 

TWE is plotted and compared with URM in Fig. 9.  In the figure, ‘Total stress with TWE’ 

denotes the total stress with the proposed method considering thick-wall effect, ‘Total 

stress with URM’ for the total stress with URM. From the figure, it can be seen that the 

total stress by the newly proposed method is more uniform than conventional uniform 

residual stress method. The thick-wall effect is obvious in the results by URM. In the new 

method, the stress is nearly uniform for each layer. The stress in the inner-most layer by 

URM is nearly 20% higher than that by TWE. That means the mechanical performance 

of COPV with winding tension designed with TWE will be better than that with URM. It 

is also observed that the total stress is not exactly uniform in each layer as designed with 

TWE. This is caused by the fact that the new method is based on superposition principal, 

for which liner system is required. While in the COPV, the liner is elastic-plastic material 

as shown in Tab. 2.  

From this validation, we can say that by the new method proposed in this work, the 

thick-wall effect is not observed in the total stress.  The new method is effective in the 

elimination of the thick-wall effect, thus improving the mechanical behaviors of 

composite in high pressure COPV.  

6. Conclusion 

Induced by thick-wall effect, the fiber direction stress decreases from inside layers 

to outside layers in high pressure composite overwrapped pressure vessel (COPV). The 
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strength of the fiber in the outside layers is not fully utilized. In this work, a new design 

method for winding tension is proposed to mitigate the thick-wall effect  and improve the 

mechanical performance of COPV. The three-dimensional finite element model of COPV 

is set up to study the thick-wall effect first. The fiber stress distribution caused by inner 

pressure in thickness direction is obtained. An analytical solution for the residual stress 

generated from winding tension is derived. Based on the stress distribution, the residual 

stress by winding tension is designed to eliminate the thick-wall effect. Based on the 

relationship between the residual stress and the winding tension, the winding tension for 

each layer is designed. Finally a finite element model for the winding tension and inner 

pressure is set up to validate the newly proposed method. Some conclusions are drawn as 

follows: 

1. As the thickness of COPV increases, the thick-wall effect becomes more obvious. 

Induced by the thick-wall effect, the strength of the fiber in the outer layers is not fully 

utilized. Thus it is very important to consider the thick-wall effect in the design of COPV. 

2. An analytical solution for the residual stress from winding tension is derived. 

Based on the analytical solution, the winding tension can be easily designed from the 

known residual stress.  

3. The new design method for winding tension is shown to be effective to mitigate 

the thick-wall effect and provide uniform total stress distribution in thickness direction 

compared with other method. Designed by this new method, the mechanical performance 

of COPV will be improved.  
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Fig. 1 The three-dimensional finite element model. 

 

 
Fig. 2 The three-dimensional fiber stress distribution for the hoop layers.  
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Fig. 3 The fiber stress variation through the thickness direction  

 

 
Fig. 4 The three-dimensional σ22 distribution for the hoop layers.  
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Fig. 5 The variation of σ22 through the thickness.  

 
Fig. 6 The cross-section of wingding tension model. 
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Fig. 7 Different winding tension design methods 

 
Fig. 8 The total stress at the middle plane versus the layer number by different methods  
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Tab. 1 Material property of composite 

E11 (MPa) E22(MPa) G12(MPa) G13(MPa) G23(MPa) ʋ12 

134220 8180 4700 4700 2960 0.36 

Tab. 2 Material property of aluminum alloy T6061 

E(MPa) ʋ σs(MPa) σb(MPa) 

70000 0.33 246 324 

 

Tab. 3 The fiber stress for each hoop layer with only inner pressure 

Layer No 1 3 5 7 9 11 13 15 

σ11 (MPa) 203 198 194 190 186 182 178 174 

Layer No 17 19 21 23 25 27 29 31 

σ11 (MPa) 171 167 164 161 158 155 152 150 

Layer No 33 35 37 39 41 43   

σ11 (MPa) 147 145 142 140 138 136   

Tab. 4 The residual stress for each hoop layer after winding 

Layer No 1 3 5 7 9 11 13 15 

σ11 (MPa) 11 16 20 24 28 32 36 40 

Layer No 17 19 21 23 25 27 29 31 

σ11 (MPa) 43 47 50 53 56 59 62 64 

Layer No 33 35 37 39 41 43   

σ11 (MPa) 67 69 72 74 76 78   

Tab. 5 The primary winding tension for each hoop layer 

Layer No 1 3 5 7 9 11 13 15 

F i (N) 258 263 264 267 270 274 278 283 

Layer No 17 19 21 23 25 27 29 31 

F i (N) 284 290 292 295 297 300 304 303 

Layer No 33 35 37 39 41 43   

F i (N) 306 306 310 310 310 311   

Tab. 6 The thermal expansion coefficient in the fiber direction for each hoop layer 

Layer No 1 3 5 7 9 11 13 15 

α11(×10
-4

℃
-1

)  4.13 4.21 4.24 4.28 4.33 4.39 4.47 4.55 

Layer No 17 19 21 23 25 27 29 31 
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α11(×10
-4

℃
-1

) 4.56 4.66 4.69 4.73 4.77 4.82 4.87 4.85 

Layer No 33 35 37 39 41 43   

α11(×10
-4

℃
-1

) 4.92 4.91 4.97 4.97 4.98 4.99   
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