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A B S T R A C T

Pressure vessels used for the storage of hydrogen gas, particularly carbon-fibre reinforced pressure vessels 
(CPVs), must demonstrate sufficient leak tightness. Currently, this is achieved by costly metallic liners which 
come at a weight disadvantage compared to CPVs. Therefore, novel concepts for designing CPVs with low 
permeation characteristics are of high interest for various industrial applications. In this paper, a new concept is 
proposed based on overlapping intersections of metallised polymer films. Manufacturing trials are carried out on 
a laboratory scale to demonstrate the feasibility of a new barrier membrane design that can also be integrated 
into the winding process of CPVs. An efficient analytical model, as well as finite element simulations, are 
compared against experimental findings for the permeation of Helium. The findings indicate significant promise 
for implementing the barrier concept in CPVs, with tests and models demonstrating an over 1000 - fold decrease 
in the permeability of the barrier membrane compared to pure polymer, even when utilizing unoptimized tape 
materials. Reductions by a factor of over 10 000 are possible with material optimisation.

1. Introduction

The storage of hydrogen can be achieved in three forms: in liquid 
form at cryogenic conditions, as a highly pressurised gas or in the form 
of hydrides [1]. Of these three options cryogenic and high-pressure 
storage solutions have already been well established. Particularly 
high-pressure storage of hydrogen is considered to be the most suitable 
form of storage for near future use of hydrogen on a large scale [2].

Carbon fibre-reinforced pressure vessels are deemed a key technol-
ogy for hydrogen storage in both the aerospace and automotive markets 
due to the associated weight savings [2]. One particular problem arising 
from high-pressure storage is the potential for gas leakage through 
diffusion, posing a significant safety concern, as well as introducing 
further application dependant concerns, resulting in functional failure.

Impermeable propellant tanks in the aerospace and automotive in-
dustry, designed for the storage of high-pressure hydrogen, can only be 
realised as fully metallic or as composite overwrap pressure vessels with 
a metallic liner [3,4]. Liner-less fibre-reinforced composites are prone to 
the formation of small cracks under load, which can significantly in-
fluence the leakage of hydrogen [5] and furthermore offer a diffusion 
path through the polymeric matrix system itself. While metallic liners 

are effective, they often come at a significant cost and weight disad-
vantage [6,7].

In this context, polymeric liners have garnered attention as a more 
feasible alternative, particularly for applications involving large tanks, 
scalable tank concepts, or industries with stringent cost and mass con-
siderations [8,9]. However, it is important to note that polymeric liners 
have limitations when it comes to achieving the same level of imper-
meability as metals, a crucial requirement for meeting various technical 
standards [10,11]. Nonetheless, extensive research is being conducted 
to assess the performance of polymers for applications in pressure ves-
sels [12–15]. Despite this, no definitive solution to the elevated 
permeability of polymeric liners has been established, in particular for 
strict leak tightness requirements.

In [16] the permeability of membrane materials loaded with high 
aspect ratio flakes was explored, demonstrating that an increased 
diffusion path and a reduction in the free volume significantly reduces 
the permeability. This was further confirmed in Refs. [17,18]. Similarly, 
in Ref. [19] improved permeability characteristics were achieved using 
nanosheet filler materials. In addition, the permeation characteristics 
based on the random or structured orientation of these nano-fillers were 
investigated. In Ref. [20] multiple approaches to barrier membranes 
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were reviewed based on crack stoppers and a tortuous diffusion path.
In this publication, multilayer films in tape form are investigated as a 

barrier membrane concept for carbon fibre pressure vessels. These tapes 
are to be integrated in a filament winding process to satisfy the 
permeability requirements of pressure vessels.

Instead of incorporating flakes, in this study impermeable layers 
span the entire width of individual tapes, forming a sandwich arrange-
ment of permeable material on the top and bottom, with an imperme-
able layer in the middle. These tapes are to be wrapped in an 
overlapping manner, thereby having a diffusion path that is sufficiently 
long in a thin membrane. These raw materials have already found 
widespread application in the packaging field [21] and have demon-
strated their ability to prevent the permeation of oxygen and water 
vapour [22].

The paper aims to demonstrate the working principle of the approach 
and support it with equations and simulations to predict the perme-
ability of the barrier membrane. Additionally, the paper aims to 
demonstrate the practical applications of low leak rate barrier mem-
brane systems in aerospace and automotive hydrogen pressure vessels. 
Furthermore, we highlight potential optimisation avenues of the barrier 
membrane, presenting opportunities for further refinement and 
enhancement to maximize performance and utility in real-world 
scenarios.

The chosen approach shows significant advantages over conven-
tional plastic liners, such as those used in type IV tanks, and flake loaded 
membranes. The process is aimed at using standard materials and pro-
cesses and should ensure cost-efficient tank production with existing 
production facilities in the future. In addition, the in-situ production of 
the barrier membrane for each individual pressure vessel directly fa-
cilitates flexibility and scalability, allowing seamless adaptation to 
different tank sizes and industrial applications, thus easily meeting 
different requirements. Special expensive moulding tools, such as those 
required for plastic liners, are not needed.

A novel analytical model is constructed to allow fast predictions of 
the permeability and gas diffusion process. This is accompanied by finite 
element simulations to verify the model and to provide a deeper un-
derstanding of the diffusion process. Lastly, experimental tests are per-
formed to validate the model and simulation results.

2. Novel analytical model for permeability prediction of barrier 
membrane

The one-dimensional, steady-state diffusion of gases through a 
membrane, based on a pressure differential, is governed by Fick’s first 
law [23]. There the flux is dependent on the concentration gradient 
across the membrane, where the concentration c of the permeating gas 
in the membrane is expressed in mbar⋅l/mm−3, and the diffusivity D, 
expressed in mm2/s. 

J = P
dc
dx

(1) 

The relation between the concentration and pressure of the gas is 
often assumed to follow Henry’s law, defining a linear relation via the 
solubility of the gas [24]. This gives rise to the steady-state solution for 
the leak rate Q0: 

Q0 = P
Δp
Δx

A (2) 

Here P, expressed in mbar⋅l/s⋅bar−1⋅mm−1, is the permeability, being 
the product of the diffusivity D and solubility S according to Henry’s 
Law, Δp is the pressure difference across the membrane, Δx is the 
membrane thickness, and A is the surface area of the membrane.

In this paper, it is assumed to have a tri-layer layup consisting of two 
permeable outer layers, made of a thermo-plastic polymer, and an 
impermeable middle layer, made of metal. These laminate polymer 

tapes are layered over each other with an overlap ratio R. The aim is to 
explore the gas permeation effects at these overlapping interfaces and to 
determine the feasibility of designing carbon fibre pressure vessels with 
such a barrier layer concept.

Each ’tape’ has a width b, thickness t and a resulting aspect ratio 
A R = b/t. The overlap ratio R defines the level of overlap at the in-
terfaces as a fraction of the total tape width. An idealised arrangement of 
these tapes is shown in Fig. 1. From this arrangement, an induced angle 
α can be determined (Eq. (3)). Under the assumption that the tapes have 
a high aspect ratio, the triangular notches are negligible in size.

The induced angle α is inversely proportional to the overlap ratio R 
and the aspect ratio A R . The true behaviour will likely result in kinking 
of the tapes forming an S shape as opposed to remaining flat, particularly 
for low overlap ratios. However, due to the high aspect ratio of the tapes, 
the idealised and true geometries are sufficiently similar. It should also 
be noted that although all overlap ratios 0 ≤ R ≤ 1 are theoretically 
possible, the edge cases are not of significant interest due to limitations 
arising in the manufacturing process. 

tan(α) =
t

(1 − R)b
= ((1 − R)A R )

−1 (3) 

It is assumed that the flux vector J can be divided into its components 
Jγ and Jξ in the local coordinate system, and are governed by Eq. (1), 
with the membrane thickness being replaced by appropriate diffusion 
paths for each coordinate axis. As the permeating gas passes through the 
entire membrane in either coordinate component, the global boundary 
conditions in the x-direction and hence the difference in concentration 
across the membrane hold, resulting in Eq. (4). 

Jγ = Dγ
Δc
Rb

(4a) 

Jξ = Dξ
Δc
Δx

cos(α) (4b) 

When Henry’s law is substituted to replace the concentration gradient, 
the diffusivity is also replaced by the permeability in the γ and ξ co-
ordinates respectively. The flux in the x-direction is derived by trans-
forming the flux components from the local coordinate system to the 
global system and summing up the components in the x-direction. 

Jx = Jγ sin(α) + Jξ cos(α) (5a) 

= Pγ
Δp
Rb

sin(α) + Pξ
Δp
Δx

cos2(α) (5b) 

The solution for the flux in the x-direction Jx can be equated to the 
mean flux through a homogeneous material. This allows the perme-
ability Px to be derived for the layered tapes. Given that Pγ≫Pξ the 
permeability Px will be dominated by the polymer properties and the 
overlap ratio R. 

Px = Δx
(

Pγ
sin(α)

Rb
+ Pξ

cos2(α)

Δx

)

(6) 

Under the assumption that Pξ is negligible, the mean permeability Px 

Fig. 1. Idealised model of overlapping tapes (boxed in black) with induced 
angle α. Each tape is composed of impermeable metal (grey) and permeable 
polymer (white). The global x-y and local γ-ξ coordinates, inclined at the angle 
α, are shown.
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is at a local maximum when R = 0, where the diffusion path is minimal, 
or R = 1, where the ratio of membrane thickness to diffusion path length 
approaches 1. The minimum is a function of the tape and membrane 
geometries near R≈1/3 for high aspect ratios. However, as the perme-
ability is inversely proportional to the aspect ratio A R , considerable 
reductions in the permeability can be achieved for a wide range of 
overlap ratios. 

Px∝
1

A R

Δx
Rb(1 − R)

2.1. Membrane thickness

Due to the overlapping nature of the tapes, there is also an influence 
on the membrane thickness Δx. 

Δx = b sin(α) + t cos(α) (7) 

As the tapes are rectangular when cut, the triangular notches are 
filled with polymeric material during the consolidation phase. This 
however means that the induced angle α, the tape thickness t and the 
polymer volume fraction νP are not conserved. Consequently, these 
properties must be redetermined with the compression. For this the 
conservation of the polymer and metal phases are used, where variables 
with an asterisk (*) indicate after compression: 

btνP = t*ν*
Pb + (1 − R)bt* 

t(1 − νP) = t*(
1 − ν*

P
)

This gives the new tape thickness t* and polymer fraction ν*
P: 

t* =
t

2 − R 

ν*
P = 1 − (2 − R)(1 − νP)

From here a new induced angle α* can be derived. These new pa-
rameters can be used instead of the unmodified values in the equation 
for Δx. It must however be noted that the compression model only holds 
when νP ≤ 0.5 as otherwise negative values for ν*

P will be predicted. 

Δx* =
t

1 − R

(
t2

b2(R − 1)
2
(R − 2)

2 + 1
)−

1
2

(10a) 

≈ b sin(α) (10b) 

It should be noted that the compaction model is only valid for the 
approximation of the membrane thickness. Due to the complex hydro-
static equilibrium achieved during the consolidation of the tapes, as well 
as the deviation of the overall arrangement of the tapes from the ide-
alised model, the compaction modelling cannot be directly applied to all 
variables. When compaction is applied to all variables the models 
significantly under-predicted the mean permeability Px, while only 
applying compaction to the membrane thickness Δx shows considerably 
better agreement with the experimental findings.

2.2. Permeability coefficients

From Eq. (6) all parameters, aside from the permeability coefficients 
Pγ and Pξ, are known as they arise from the geometry of the tapes.

The permeabilities Pγ and Pξ are determined via mixture rules for 
parallel and series arrangements respectively [25]. For this, the volume 
content νP is used to define the amount of permeable material there is in 
each ’tape’. The permeability of the polymer and metal are denoted by 
PP and PM respectively.

The tapes are manufactured in one of two ways. The first method 
employs vapour deposition to deposit a metal film on the thermoplastic 
polymer. In this process, the metallic layer grows from numerous 

nucleation sites on the polymer film, which then merge into one another. 
At these boundaries, the metallic layer is not perfectly crystalline and as 
such not perfectly impermeable. This was observed by Ref. [26].

Alternatively, a laminating process is used by applying a pure metal 
film to a thermoplastic film using an adhesive. This type of laminated 
film has significantly fewer defects as the metal layer is thicker and 
consists of a homogeneous material. With increasing aluminium thick-
ness flaws become less frequent, until the product is no longer prone to 
pinholing [27]. This critical value is reached after 17μm [27,28].

It is assumed that these flawed boundaries are small in comparison to 
the metal crystals. Furthermore, it is assumed that these flaws are 
randomly and evenly distributed across the impermeable surface of the 
tape. Consequently, the flaw term ϕ must be determined experimentally 
to accurately model the diffusion through the tapes.

If the impermeable layer has no faults Pξ = 0; however, as this layer 
is very thin, flaws cannot be avoided. For this reason, flaws are 
accounted for by introducing the term ϕ, which indicates how much of 
the impermeable layer is incomplete and filled with the permeable 
material. A schematic representation of the flaws is shown in Fig. 2. 

Pγ = νPPP + (1 − νP)PM (11a) 

Pξ =

(
νp

PP
+

1 − νP

(1 − ϕ)PM + ϕPP

)−1

(11b) 

2.3. Multiple layers

The effects of stacking and combining multiple membranes with 
overlapping tapes have also been explored. These angled tapes increase 
the effective diffusion path. The use of multiple layers allows this 
effective diffusion path to be increased even more without increasing the 
barrier membrane thickness significantly. This means multiple layers 
can be used without impacting the volumetric efficiency of a pressure 
vessel employing a barrier membrane manufactured in this way.

The number of layers L and their respective shift ω to the previous 
layer are further parameters available to the engineer for the design and 
optimisation of the barrier layer leakage tightness. Assuming that due to 
the induced angle α there is a defined and predictable path, the influence 
on the mean permeability can be estimated by modifying the diffusion 
path in the γ- direction. 

Px ≈ LΔx
(

Pγ
sin(α)

Rb + (L − 1)bω + Pξ
cos2(α)

LΔx

)

(12) 

This demonstrates that the addition of multiple layers not only in-
creases the total membrane thickness, but also reduces the mean 
permeability of the multi-layer membrane. As such, it is highly benefi-
cial to incorporate multiple layers.

3. Material and method

3.1. Material and experiment

Numerous experiments were performed to accompany the analytical 
and finite element models. All samples were manufactured from a three- 

Fig. 2. Schematic representation of flaw in the impermeable layer (solid). The 
flaw is filled with the permeable material (hatched). These flaws are small in 
comparison to the impermeable crystals and are randomly and evenly distrib-
uted across the tape surface.
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layer material.
For all samples, the polymer phase is polypropylene and the inner 

metallic film is made of EN-AW-1050A aluminium with a purity of 
99.5%. These layers are held together by a thin adhesive film (HMF200), 
which was not modelled in the finite element simulations. The tapes 
were manufactured to have an aluminium thickness of 50μm and a 
polypropylene film with a thickness of 40μm on either side.

Samples were manufactured by manually stacking the tapes with 
width of 10mm and consolidated using an out-of-autoclave process at a 
temperature above the melting temperature of the polymers, exploiting 
the heat sealing capability of the tapes as explored in Ref. [29]. A simple 
vacuum bagging process was used to consolidate the tapes during this 
process. Samples were subsequently cut to size and placed in the 
permeation test stand.

Permeation tests were performed at a sample level by separating two 
volumes with the membranes. In one volume, a set helium pressure is 
applied and in the other, a leak detector detects permeating helium 
using sector mass spectrometry.

For these tests, a rectangular flange was manufactured to explore the 
effects of overlapping tapes. The flange has a rectangular hole with di-
mensions of 40 × 40mm. A pressure difference Δp of 1 bar was used for 
all tests to avoid deforming the thin membranes. At elevated pressures 
the permeability of the polymer may be negatively influenced and must 
therefore be determined at use case conditions before being used in the 
models presented. Despite the potential deterioration of the polymer 
properties the ratio of the membrane permeability and the polymer 
permeability is preserved, as it is purely a consequence of the tape and 
membrane geometry. Thus, the membrane will maintain its efficiency 
over pure polymeric liners. The flange and sample are shown in Fig. 3.

The measurement area for each overlap ratio had to be determined 

specifically as not all tapes inside the total measurement area offer a 
diffusion path. This specific area A* is composed of the number of 
effective diffusion paths n, the width of the RVE w and the width of the 
flange F. 

A* = nwF (13) 

3.2. Finite element models

Two-dimensional finite element models (FEM) were set up in Abaqus 
to compare against the novel analytical model. The finite element 
models solve the diffusion equation which describes the macroscopic 
behaviour of particles. Hence, merely the material properties, namely 
the diffusivity and solubility, have to be defined for the polymer and 
metal. These properties were determined experimentally for the neat 
polymer material. The geometries for the finite element model were 
constructed based on the idealised geometry shown in Fig. 1, thereby 
allowing a simple parametric approach to the modelling of the mem-
brane. Compaction was not included in the modelling as the resulting 
internal arrangement of the materials cannot easily be predicted. A 
representative volume element (RVE) model is used to simulate the 
membrane.

The boundary conditions can be divided into two groups: the 
boundary conditions arising from the intrinsic assumptions of the 
diffusion process applied to the faces of the membrane, and the periodic 
boundaries through the thickness of the membrane at the edges of the 
RVE.

The boundary on the pressure face is defined via Henry’s law (Eq. 
(14)) to determine the concentration at the face based on the pressure of 
the detector gas. Similarly, the concentration of the permeating gas at 
the detector face can be defined via Henry’s law where the pressure is 
zero. 

c = Sp (14) 

Periodic boundary conditions were implemented to ensure that the 
concentrations on the left and right sides of the model remained equal 
for each pair of nodes throughout the thickness. This allows concen-
tration changes occurring on either side to be reflected on the other. By 
applying these periodic boundary conditions, the FEM model can 
simulate the behaviour of the layered tapes with periodicity. Eq. (15)
holds for the left and right edges of the model. 

ci,Left − ci,Right = 0 (15) 

Fig. 3. Representation of diffusion test flange and sample in an exploded view. 
On the bottom flange the measurement area and v-cut for an indium seal are 
visible. Samples and Flanges have holes for fastening bolts.

Fig. 4. Concentration results through the membrane for RVE model. High and 
low concentrations are at the pressure and detector face respectively, which are 
connected by a linear transition between the aluminium tapes, shown in grey. 
Note: figures are to show detail and are not to scale.
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3.2.1. Extracting permeability from FEM simulations
The finite element models (see Fig. 4) show that the concentration 

through the thickness of the membrane is not uniform. Due to the 
impermeable nature of the metallic barriers, the lower section of the 
membrane is almost fully saturated, while a linear decrease in the 
concentration can be observed in the overlapping regions of the tapes. 
From here, the diffusion problem is similar to a point source where the 
concentration spreads out in bands.

The overlapping nature of the tapes results in a non-uniform con-
centration gradient at the boundary, where the concentration cyclically 
spikes where the overlapping tape ends and the gas is free to diffuse 
without obstruction.

The concentration data obtained from the FEM analysis can be uti-
lized in conjunction with Eq. (1) to determine the total leak rate. The 
total leak rate can be determined by integrating the dot product of the 
flux vector J and the normal vector n over the surface of the membrane, 
as shown in Eq. (16). Substituting Eq. (1) yields the surface integral of 
the dot product of the concentration gradient at the membrane bound-
ary and the normal vector multiplied by the diffusivity of the polymer. 

Q =

∫∫

S

J⋅n dS = −D
∫∫

S

∇c⋅n dS (16) 

This may be rearranged to derive the permeability Px for the mem-
brane unit cell, as shown in Eq. (17). 

Px =
1
A

(Δp
Δx

)−1∫∫

S

J⋅n dS (17) 

3.3. Research methodology

Three avenues were pursued to motivate, develop and verify the 
barrier membrane concept. The analytical model was developed to 
indicate the potential of the concept and allow an overall insight into the 
effects of manufacturing parameters. Finite element models were 
developed to understand the diffusion behaviour through individual 
diffusion paths. Lastly experimental tests were carried out to verify the 
model predictions. For this multiple identical samples were manufac-
tured and tested to add statistical significance to experimental findings. 
The leak rate values were converted to the mean permeability Px and 
compared to other model predictions.

4. Results and discussion

4.1. Micrograph analysis

Micrograph sections were made to explore the true layout of the 
tapes and confirm the thickness of each layer. This is exemplified in 
Fig. 5. As demonstrated the true layout of the tapes differs from the 

idealised model. The tapes adopt an elongated S-shaped form, as 
opposed to flat, angled tapes. However, due to the high aspect ratio of 
the tapes and the slight undulations arising from the manufacturing 
process, the overall geometry can still be approximated with the ideal-
ised model. Despite the difference in the assumed shape of tapes in the 
laminate, the total thicknesses are in agreement with one another, as is 
shown in Table 1, however, the compaction in the consolidation phase 
must be taken into account for future developments. This may be 
attributed to the complex hydrostatic equilibrium during the consoli-
dation phase.

The comparison of membrane thickness according to the theoretical 
predictions and the experimental results shown in Table 1, suggests that 
during the consolidation of the membrane, a considerable portion of the 
polymer is squeezed out to fill the triangular notches. This reduces the 
portion of permeable material resulting in a further improvement of the 
permeability.

4.2. Permeation tests

Permeation tests of layered tapes were performed to validate the 
analytical and finite element models. Measurements were run until the 
leak rate had reached a steady state. The diffusion process is demon-
strated in Fig. 6. The flux curves demonstrate that higher overlap ratios 
take longer to reach a steady-state condition, which is in line with the 
theoretical predictions. Contrary to the model predictions, the flux 
values increase with overlap ratios, suggesting that effects at the edges 
of the test samples artificially reduce the leak rate through outer diffu-
sion paths.

A schematic representation of the sample mounted in the diffusion 
flange is shown in Fig. 7. The tape geometry is distorted for clarity. The 
bottom flange holds the test gas, while the top flange is connected to a 
leak detector. Due to the arrangement of the tapes the left most RVEs 
and their associated diffusion paths are exposed on the bottom flange to 
the test gas but redirect the flux away from the detector face into the top 
flange. Similarly, the right-most RVEs entering the detector face are 
blocked on the bottom face by the flange. Therefore, the left and right 

Fig. 5. Micrograph section of membrane manufactured with overlapping tapes at x1000 magnification, demonstrating that individual tapes do not strongly deviate 
from the idealised model. Micrographs of samples with an overlap of R = 0.87 could not be obtained, as samples were plastically deformed after extraction from the 
test flange.

Table 1 
Comparison of membrane thickness estimation with and without compaction 
against experimental data for different levels of overlap R. Repeated measure-
ments were taken with a micrometre and averaged. *An overlap ratio of R = 0.9 
was intended, but could not be achieved during manufacturing.

Overlap Thickness Δx (mm)

R Analytical Compaction Micrograph

0.25 0.303 0.173 0.168
0.50 0.390 0.260 0.275
0.75 0.649 0.520 0.540
0.87* 1.156 1.026 1.026
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RVEs do not contribute to the total leak rate. As such the number of 
diffusion paths in the test flange is influenced by the tape geometry. Due 
to the aforementioned effects, accurately predicting the total area is 
challenging, and even Eq. (13) offers only an estimate.

The analytical model with and without compaction, finite element 
model and experimental results are shown in Fig. 8. Error bars are 

included for the experimental results for both the overlap ratio R and the 
mean permeability Px to indicate the measurement uncertainties. The 
mean permeability is normalised by the permeability of pure polymer 
(polypropylene).

The larger discrepancies for low overlap ratios between the experi-
mental findings and the theoretical predictions can be explained by the 
effect previously discussed where the RVEs at the edges of the test area 
are partially or fully obstructed by the flange.

The analytical model and the finite element models are in consid-
erable agreement with one another. Only at very low overlap ratios R do 
the finite element results depart from the idealised model. However, for 
meaningful overlap ratios that can be realised in a winding process, both 
approaches demonstrate significant reductions in the membrane 
permeability. Additionally, the analytical model is slightly more con-
servative than the finite element predictions. As such the novel analyt-
ical model is validated.

The experimental results align well with analytical predictions with 
compaction. This validates the simplified models created. However, the 
notable discrepancies in the flux and permeability results, particularly 
for low overlap ratios, suggest that larger samples must be manufactured 
and tested such that the artificial leak rate reductions at the edges of the 
sample become negligible.

4.3. Model application and outlook

The performance of this barrier membrane concept may be further 
increased by optimising the materials used. As such the two variables 
that can be modified are the polymer fraction νP and aspect ratio A R . 
The overlap R can be subsequently determined for optimal permeability 
reductions. With a reduction of the polymer fraction from 0.61 (this 
study) to 0.5 the permeability of the barrier membrane is 2960 times 
better than that of pure polymer. Further increasing the aspect ratio 200 
improves the permeability by a factor of 11 850. This is shown in Fig. 9.

5. Conclusion

The models developed in addition to the experimental results suggest 
that a wound barrier membrane with over-lapping tapes lends itself to 
applications in carbon fibre-reinforced pressure vessels. For a single 
layer, the mean permeability may be reduced by several orders of 
magnitude compared to a pure polymer. Furthermore, with the addition 
of multiple layers and the associated reduction in the permeability and 

Fig. 6. Flux over time for all overlap ratios normalised with the estimated area 
A*. Increased overlap ratios demonstrate higher steady-state flux results while 
taking longer to reach a steady state.

Fig. 7. Schematic representation of sample mounted in test flange. The flanges 
are shown in dark grey. The polymer of the sample is represented in light grey 
and the aluminium foil is represented in dark grey. The tape geometry is not to 
scale for simplicity. Red and green arrows represent obstructed and unob-
structed diffusion paths respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 8. Comparison of analytical, finite element and experimental results for 
layered tapes with varying overlap ratio R. Tapes are manufactured with a 
constant width b of 10 mm. Data points represent mean values for test condi-
tions. Error bars for experimental results indicate measurement uncertainties 
arising from the manufacturing process and test equipment.

Fig. 9. Parameter study of barrier membrane concept based on novel analytical 
model with compaction. For each combination of aspect ratio A R and polymer 
fraction νP the overlap ratio R is optimised for minimal permeability.
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increase in membrane thickness, strict impermeability requirements can 
be met for aerospace applications. Through the appropriate selection of 
the tape geometry kinking may be minimised during the winding pro-
cess of the barrier membrane.

The experimental tests performed herein only served as a validation 
of the models. Consequently, the permeability reductions although sig-
nificant did not meet the full potential. There is significant optimisation 
potential in the composition and geometric arrangement of the tapes for 
significant improvements in leak tightness and processability. As was 
noted, the concentration gradient is highly non-uniform across the unit 
cell. It is therefore hypothesized that a crude simplification to the mean 
permeability is only valid for a single layer and that the inclusion of 
further layers with strategic placement can improve the leak rate beyond 
the simple model described herein. This will require further investiga-
tion to explore the effects of multiple layers of overlapping tapes on the 
permeability.

The tapes investigated have a uniform width to be integrated in a 
winding process. Alternatively, the membrane material can be 
segmented into larger sheets, resulting in a more efficient barrier 
membrane structure at the cost of a more intensive manufacturing 
process. Here the permeation model developed in this publication may 
be adapted to model single overlaps instead of a repeated structure.
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