
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/24751

To cite this version :

Abbas TCHARKHTCHI, Stephane VILLALONGA, Nader ZIRAK, Albert LUCAS, Sedigheh
FARZANEH,  MOHAMMADALI SHIRINBAYAN - Optimal dome design for 700bar hydrogen tank
type IV: Hyperelliptic functions and shape factor - Energy Storage - 2023

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/24751
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


R E S E A R CH AR T I C L E

Optimal dome design for 700 bar hydrogen tank type IV:
Hyperelliptic functions and shape factor

Abbas Tcharkhtchi1 | Stéphane Villalonga2 | Nader Zirak1 | Albert Lucas1 |

Sedigheh Farzaneh3 | Mohammadali Shirinbayan1

1Arts et Métiers Institute of Technology,
CNRS, CNAM, PIMM, HESAM
University, Paris, France
2CEA, DAM, Monts, France
3P4TECH, Boissy-Saint-Leger, France

Correspondence
Abbas Tcharkhtchi, Arts et Métiers
Institute of Technology, CNRS, CNAM,
PIMM, HESAM University, 75013 Paris,
France.
Email: abbas.tcharkhtchi@ensam.eu

Abstract

The design of 700-bar composite tanks considering the safety factor imposes

resistance to a bursting pressure greater than 1645 bars remains difficult which

leads to the addition of carbon fibers. On the other hand, the specifications in

terms of mass storage capacity and cost require the quantity of this same fiber

to be limited. Thus, the optimal sizing of the composite remains one of the

major challenges in the development of 700-bar tanks. This study is focused on

an optimum design of dome contours for 700 bar hydrogen tank type IV con-

sidering the geometrical limitations, winding condition, and the feasible direc-

tion. The study is centered on the composite part and is separated into two

parts: a study of the manufacturing process (filament winding) in its funda-

mental aspects and a structural calculation under HyperWorks to check the

mechanical strength of the composite layers and optimize their stacking and

the number to ensure the holding while minimizing the mass and therefore

the cost of the tank.
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1 | INTRODUCTION

Hydrogen is considered the energy sector of tomorrow.
The hydrogen atom is very abundant on Earth in the
form of water. Its molecule is the most energetic:
120 MJ/kg, that is, 2.5 times more than natural gas.1

Hydrogen has an energy content of 39.4 kWh/kg while
coal, depending on its form, oscillates in the range of
7.8 to 8.7 kWh/kg,2 or about 5 times less per unit mass.
It is neither polluting nor toxic and reactions With oxy-
gen only generate water vapor. It is the lightest of the
gases, which is a positive factor concerning safety (high

speed of diffusion in the air). Besides a so-called “con-
fined” situation (imprisoned with air in a closed vol-
ume), considering the different characteristics such as
fuel toxicity, combustion products toxicity, flammable
temperature, explosion energy, and flame emissivity it
can be said that hydrogen shows more fuel combustion
safety compared with natural gas.3,4 It's transport and
storage (under pressure or liquid) are possible. Fuel
cells, which use hydrogen, are the most efficient means
of directly converting chemical energy into electrical
energy.4-7 The development of hydrogen is driven by
three elements8-10:
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• CO2: whatever the hypotheses that we can adopt on
the level of fossil fuel reserves, the most urgent prob-
lem is to do everything possible to reduce greenhouse
gas emissions, and in particular the CO2,

• Energy independence: many countries are showing
their desire to reduce their energy dependence by
diversifying their energy sources and consequently by
using hydrogen and thus improving their geopolitical
situation.

• The inevitable depletion of fossil resources is expected
toward the end of this century and we want to keep them
as raw materials (plastics, etc) rather than burn them.

The main applications are oriented toward the gener-
ation of power for both industrial and residential, espe-
cially for mobile and portable technologies and transport.
The major challenge presented by the use of hydrogen is
storage and particularly in transport where the challenge
is mass/price/resistance optimization.11 This is why this
energy source is currently an essential subject of study.
Much work has been done and is in progress.12

To date, three types of hydrogen storage on board a
vehicle can be envisaged13,14:

• Cryogenic storage in liquid form at 20 K (�253�C)
under 10 bars (1 MPa) makes it possible to achieve
interesting volume and mass densities but requires
tanks with extensive thermal insulation to minimize
evaporation.

• Storage on substrates in absorbed form, in particular
on metal hydrides, has a very attractive volume density
but a very low mass density. In addition, the kinetics,
the temperature, and the cycling pressure remain,
among other things, points that are difficult to control.

• The storage of hyperbaric gas in compressed form (cur-
rently 350 bars, or 35 MPa), finally, makes it possible
to achieve a satisfactory mass density with composite
tanks. The storage volume density remains low: a pres-
sure of 700 bars (70 MPa) is inevitable to make this
technology competitive.

To improve the performance of hyperbaric hydrogen
storage, the researchers mainly play on two fronts: more
efficient structural and internal lining materials for the
tanks and more economical implementation. Hyperbaric
tanks are classified into four categories.15 The “type I”
are completely metallic and the “type II” is metallic with
binding (in principle in fiberglass) on their cylindrical
part.16 The “type III” are made of composite materials
(initially in fiberglass and, increasingly, in carbon fibers)
whose liner is metallic (initially in aluminum, recently in
steel).17 “Type IV” are composite tanks (mainly made of
carbon fibers) whose liner is made of polymer (mainly

thermoplastic of the polyethylene or polyamide type).18

Figure 1 shows the different types of hydrogen tanks.
Among the various hydrogen storage methods, the

CEA is particularly studying gaseous storage under pres-
sure. The studies mainly concern composite and polymer
reservoirs. This type of tank avoids the problems of wear
and weight encountered on metal tanks, which makes
them difficult to integrate into a vehicle. In this study,
the principles of product design are to define the parame-
ters that will use in the modeling of the reservoir. Such
that, time and finally the design of the model itself and
what is attached to it. The main objective of the project
will be to determine the optimum profile of the dome of
the liner of a tank by ensuring that:

• The winding process is industrial (no fiber slippage),
• The fiber is used to the best of its abilities (make the

fiber work as much as possible in its longitudinal axis).
• The tank achieves the performance required by the

application,
• The cost is minimal (and also the mass in the case of

an embedded application).

A first theoretical approach to the mechanics of the
fiber according to the profile (geodesic or not: CLAIR-
AUT curves), on the determination of an optimal profile
can be approached. Depending on the results, the study
of the wind and then the calculation of the behavior
under the load of the tank will make it possible to check
the choices made. The calculation application on a real
object will enhance this study. Finally, the theory related
to the filament winding process in the rest of this study
to determine the parameters of the tank and the winding

FIGURE 1 Different types of hydrogen tanks.
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for the modeling of the winding and the construction of
the model was developed.

2 | ANALYTICAL APPROACH

2.1 | Geodesy path

In filament winding, the fiber must follow a geodesic tra-
jectory. Indeed this type of trajectory avoids the lateral
sliding of the fiber. It is therefore not subjected to shear
stresses which would be harmful because its properties
are extremely weak in the transverse direction. Clairaut
demonstrated a relationship between the radius of a sur-
face and angle of geodesic line that can be drawn on it
which was used in numerical application of this study.
The following proof is based on references.19,20 A geode-
sic line on a surface S any curve Γ inscribed on S such
that, at any point of Γ, Γ, n!¼N

!
, either the normal to the

surface coincides with the normal to the curve (Figure 2).
A curve drawn on a surface S is described by the vec-

tor depending on θ and φ. Let M be a point of the surface

defined such that: OM
!

x θ,φð Þ
y θ,φð Þ
z θ,φð Þ

0
B@

1
CA.

The length of a curve arc is defined by:

L¼
Z

dS¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dx2þdy2þdz2
q

, ð1Þ

dx¼ ∂x
∂θ

�dθþ ∂x
∂φ

�dφ

dy¼ ∂y
∂θ

�dθþ ∂y
∂φ

�dφ

dy¼ ∂z
∂θ

�dθþ ∂z
∂φ

�dφ

8>>>>>>><
>>>>>>>:

: ð2Þ

By developing the expression (1) we obtain the first
fundamental quadratic form:

We put:

ϕ0 ¼ ∂ϕ

∂θ

θ0 ¼ ∂θ

∂ϕ

8>><
>>: :

Therefore can be obtained:

L¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Gþ2Fφ0 þEφ02
q

dθ¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Gθ02þ2Fθ0 þE

q
dφ:

ð4Þ

Let Γ be a curve drawn on a surface of revolution S.
We define:

T
!¼ dOM

!

ds
,

FIGURE 2 Surface parameterization.

L¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂x
∂θ

� �2

þ ∂y
∂θ

� �2

þ ∂z
∂θ

� �2
 !

dθ2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
G

þ2� ∂x
∂θ

∂x
∂φ

þ ∂y
∂θ

∂y
∂φ

þ ∂z
∂θ

∂z
∂φ

� �
dθ �dφ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

F

þ ∂x
∂φ

� �2

þ ∂y
∂φ

� �2

þ ∂z
∂φ

� �2
 !

dφ2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
E

vuuuut :

ð3Þ
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the unit vector tangent to the curve (the fiber).

N
! ¼

dT
!

ds

dT
!

ds

��� ��� , ð5Þ

the unit vector normal to the curve.

Then ∂OM
!

∂θ ^ ∂OM
!

∂ϕ

��� ���¼EG�F2. We put H2 ¼EG�F2.

We also have n
!¼

∂OM
!

∂θ ^ ∂OM
!

∂ϕ

H , the vector normal to the
surface S.

The condition n
!¼N

!
is equivalent at all points to the

following system of differential equations:

Considering a surface of revolution parameterized
according to Figure 3.

The t is the parameter of the parametrized arc Γ. The
surface of revolution is described by:

OM
!

X ¼ r tð Þcosϕ
Y ¼ r tð Þsinϕ
Z¼Z tð Þ

0
B@

1
CA, ð7Þ

∂OM
!

∂ϕ

�r sinϕ

r cosϕ

0

0
B@

1
CA and ∂OM

!

∂t

r0 cosϕ
r0 sinϕ
Z0

0
B@

1
CA.

That is:

E¼ r2,F¼ 0,G¼ r02þZ02: ð8Þ

The first quadratic form is written in the form:

ds2 ¼ r2dφ2|fflffl{zfflffl}
dsp

2

þ r02þZ02
� �

dt2|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
dsm

2

, ð9Þ

tanα¼� dsp
dsm

¼ rdϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02þZ02

p
dt

and cosα¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02þZ02

q
dt
ds
, ð10Þ

sinα¼ r
dϕ
ds

: ð11Þ

In the case of a surface of revolution, the system of
differential equation (5) is simplified:

E
d2φ

ds2
þdE

dt
dφ
ds

dt
ds

¼ 0

�1
2
dE
dt

dφ
ds

� �2

þG
d2t

ds2
þ1
2
dG
dt

dt
ds

� �2

¼ 0

8>>><
>>>:

: ð12Þ

The first equation is integrated as follows:

E
d2φ

ds2
þdE

ds
dφ
ds

¼ 0, d
ds

E
dφ
ds

� �
¼ 0,E

dφ
ds

¼C ð13Þ

where C is a constant, or Edϕ
ds ¼ r2 sinα

r ¼ r sinα.
So from Clairaut relation, on a geodesic line, r sin α is

Clairaut's constant; where α is the winding angle, and r is
radius of dome at the point considered. When r = r0, the
wrap angle is π/2, so we deduce that C = r0. Finally, the
fundamental relationship that will be used to determine
the winding angle used according to the radius where the
fiber passes is as follows:

FIGURE 3 The surface of revolution with different

parameters.

1
2
∂E
∂θ

dθ
ds

� �2

þE
d2θ

ds2
þF

d2φ

ds2
þ ∂F

∂φ
�1
2
∂G
∂θ

� �
dφ
ds

� �2

þ ∂E
∂θ

dθ
ds

dφ
ds

¼ 0

∂F
∂θ

�1
2
∂E
∂φ

� �
dθ
ds

	 
2þF
d2θ

ds2
þG

d2φ

ds2
þ1
2
∂G
∂φ

dφ
ds

� �2

þ ∂G
∂θ

dθ
ds

dφ
ds

¼ 0

8>>><
>>>:

: ð6Þ

4 of 14 TCHARKHTCHI ET AL.

 25784862, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.469 by C

ochrane France, W
iley O

nline L
ibrary on [14/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



r sinα¼ r0: ð14Þ

2.2 | Semi-geodetic trajectories

The geodesic trajectories are able in the case of filament
winding to define the windings which makes it possible
to cover symmetrical surfaces of revolution. In our case,
one end is open and the other is not. It is, therefore, not
possible to cover the entire reservoir with such trajecto-
ries. The semi-geodesic trajectories use friction phenome-
non of the fiber on surface to be able to deviate from the
theoretical curve without there being any sliding of fiber.

The tension in the fiber f
!
t causes a force f

!
x ¼ d f

!
t

ds per
unit area of the mandrel (liner) directed toward the cen-
ter of curvature of the fiber. The resultant force can be

divided into two components: the normal component f
!

n

and the tangential component f
!

b. The coefficient of fric-
tion of the fiber is:

λ¼
f
!

b

��� ���
f
!
n

��� ���¼
f
!

z � B
!

f
!

z �N
! ¼ C

!� B!

�C
!�N!

, ð15Þ

where C
!

is the curvature vector C
!¼ dT

!

ds and B
!

the binor-
mal vector B

!¼ T
!�N!.

Substituting we get:

λ¼
A2r0 sinαþA3r

dα
ds

A2 sin2α� rr00 cos2α
, dα

ds

¼ λ A2sin2α� rr00 cos2α
	 
�A2r0 sinα

A3r
,

with A¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r02

p
.

We have cosα¼ dSm
ds ¼ dZ

ds (see Figure 4), whence:

dα
dZ

¼ λ A2sin2α� rr00 cos2α
	 
� r0A2 sinα

rA2 cosα
: ð16Þ

Therefore, the end of dome angle α for the entire sur-
face can be obtained by integrating this equation from
α = 90�. The thickness in axial direction, by assuming
that values of the volume fraction of fibers and the num-
ber of fibers are constant in a strip section, is:

2πrt � cosα¼ 2πrctc cosαc

t¼ rc cosαc
r cosα

tc
: ð17Þ

where rc and αc are the radius and wrap angle, respec-
tively. Moreover, when the fiber is close to the base dur-
ing winding, that is, α = 90�, which means that t tends to
infinity. The fibers accumulate in this area with each
winding. To avoid this problem, the fiber can be wound
at a different radius, greater than that of the base. Thus
these trajectories use friction at bottom of the tank so that
it is wound entirely. This allows us to remove metal bot-
tom used so far to make the tank symmetrical and
strengthen it, thus make a very significant weight gain.

2.3 | Dome equation

The stresses in a pressure vessel are related to the radius
of curvature of the dome. To define the parameters geom-
etry of the dome should be established. An element of a
surface of revolution is delimited by two meridians and
two parallels infinitely close to each other, as shown in
Figure 5, where, P represents external loading and N is
forces in tank per unit area and Rm, Rp, and Rn are,
respectively, the radii of curvature, at the considered
point, of the meridian, of the parallel, and of the curve
(the fiber). According to Refs. [21-23], in equilibrium con-
dition, we have:

ΣFθ ¼ 0) ∂

∂θ
ρNθð ÞþRm

∂

∂φ
Nφθ

	 
�Rm cosθþPθρRm ¼ 0,

ð18Þ

ΣFφ ¼ 0

) ∂

∂θ
ρNθφ

	 
þRm
∂

∂φ
Nφ

	 
�RmNφθ cos θþPφρRm

¼ 0,

ð19ÞFIGURE 4 The surface of revolution with different

parameters.
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ΣFr ¼ 0)Nθ

Rm
þNφ

Rp
¼ Pr : ð20Þ

The pressure forces are normal to the surface so Pθ
and Pφ are zero. Moreover, the loading is symmetric by
rotation therefore derivative of Nφ compared with φ is
worthless. Thus Equation (4) also gives Nθφ = 0. Accord-
ing to the bibliographical references,23-25 we also have:

Rm ¼� 1þ z02
	 
3

2

z00
and Rp ¼�r

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z02

p
z0

:

We have:

Y ¼ ρ

ρ0
, ka ¼ A

πPρ20
,

A is the external loading of the tank. In our case,
A = 0. We have the following relation from10:

Nφ

Nθ
¼ tan2α¼ 2

Y 2

kaþY 2

� �
� Rp

Rm
ð21Þ

That is:

Nφ

Nθ
¼ 2� Rp

Rm

rz00

z0 1þ z02
	 
¼ 2� tan2α:

ð22Þ

And according to Clairaut's relation, we have:

rz00

z0 1þ z02
	 
¼ 2r2�3r20

r2� r20
: ð23Þ

So the equation of the dome is:

z rð Þ¼�
Z

r3drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2ð Þ r2�a1ð Þ r2�a2ð Þp þC, ð24Þ

where:

a1 ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4r20
1� r20

s
�1

 !

a2 ¼�1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4r20
1� r20

s
þ1

 ! :

We determine the constant C equal to 2.4 � 10�3

thanks to the boundary conditions, namely that z = 0
when r = R. This will be the equation of the dome under
pressure, that is, deformed because it is considered that
the fiber will have to work longitudinally at maximum
stress, that is, at maximum pressure. Moreover, during
winding, the surface on which the fiber is deposited will
be modified by the thickness of the previous layers.

2.4 | Simplified practical method of
building the dome

In practice, to trace profile of the dome, an incremental
method is used. Figure 6 shows the dome configuration.

We have:

cosψ ¼� r
Rp

: ð25Þ

So according to the three previous equations:

FIGURE 5 Loading an elementary surface of the tank.

6 of 14 TCHARKHTCHI ET AL.

 25784862, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.469 by C

ochrane France, W
iley O

nline L
ibrary on [14/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Rm ¼ r
cosψ 2� tan2αð Þ : ð26Þ

Finally:

ψ ¼ΣΔψ
r¼R�ΣΔr
X ¼ΣΔx

Also:

Δr¼Rm �Δψ � sinψ
Δx¼Rm �Δψ � cosψ

We start from

r¼R

ψ ¼ 0

α¼ sin�1 r0
r

� �
8>><
>>: . A value of the increment

ΔΨ is fixed. We recalculate step by step for each increment r, X,
and α.

There is a point of inflection where Rm is undefined,
either for α = 54.7� or r = 1.22 � r0. In design, the outer
radius of the base was chosen greater than the opening
radius of the latter. Figure 7 indicates the Geodesic pro-
files of domes according to the external radius of
the pass.

In the case of our study, the parameters are fixed:

• r0 = 34 mm,
• R = 114 mm.

So, the profile of the dome model shown in Figure 8
is plotted in pink. If we superimpose on this an ellipsoi-
dal dome profile with parameters a = 57 mm and

b = 37 mm, we see that these two profiles are very close
to each other. In the rest of this study, we will use the
ellipse profile for reasons of simplicity. This profile will
also be that of the base which must be continuous with
the liner so as not to create additional stress concentra-
tion zones.

3 | MATHEMATICAL AND
NUMERICAL ANALYSIS

3.1 | Netting analysis

Netting analysis is a method that makes it possible to
determine the optimum winding angle of the tank
according to the stresses to which it is subjected.19,24,26

Considering that the reservoir is wound helically and cir-
cumferentially, the winding must be geodesic or semi-
geodesic (Figure 9).

FIGURE 7 Geodesic profiles of domes according to the

external radius of the pass.

FIGURE 8 Comparison of dome profiles.FIGURE 6 Dome configuration.

TCHARKHTCHI ET AL. 7 of 14

 25784862, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.469 by C

ochrane France, W
iley O

nline L
ibrary on [14/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The development based on the theory of composites27

leads to the result (Δ) of the appendix, which gives:

Nθ ¼ σ1 cos2αþσ2 sin
2α� τ12 sin2α

Nφ ¼ σ1 sin
2αþσ2 cos2α� τ12 sin2α

)
, ð27Þ

and

ε1 ¼ εθ cos2αþ εφ sin
2α

ε2 ¼ εθ sin
2αþ εφ cos2α

γ12 ¼ εφ� εθ
	 


sin2α

9>=
>;: ð28Þ

Moreover, the generalized Hooke's law gives:

ε1

ε2

γ12

8><
>:

9>=
>;¼

1
E1

�ν12
E1

0

�ν21
E2

1
E2

0

0 0
1
G12

2
6666664

3
7777775

σ1

σ2

τ12

8><
>:

9>=
>;: ð29Þ

with E1ν12 ¼E2ν21 , where ν are the Poisson's ratios and
E Young's moduli in the two main directions.

Relations (28) gives:

ε1� ε2þ γ12 cot anα¼ 0: ð30Þ

And (28) gives:

σ1
e1
�σ2
e2
þ τ12
G12

cot an2α¼ 0, ð31Þ

with e1 ¼ E1
1þν12

, e2 ¼ E2
1þν21

:

Then (26) and (30) lead:

σ1 ¼ 1
2c

NθþNφ

	 

1þ2G12

e2
tan22α

� �
þNθ�Nφ

cos2α

� �

σ2 ¼ 1
2c

NθþNφ

	 

1þ2G12

e1
tan22α

� �
�Nθ�Nφ

cos2α

� �

τ12 ¼G12 tan2α
ccos2α

Nφ
sin2α

e1
þ cos2α

e2

� �
�Nθ

cos2α
e1

þ sin2α

e2

� �� �

9>>>>>>>=
>>>>>>>;
,

ð32Þ

with c¼ 1þG12
1
e1
þ 1

e2

� �
tan22α:

In addition, properties of the fiber are used to maxi-
mum when stressed layers of a laminate are aligned with
direction in which stress is maximum. This implies that
stress is maximum in the direction of fiber and shear
stress is zero which is εθ ¼ εΦ equivalent to:

τ12 ¼ 0)Nφ

Nθ
¼ sin2αþke cos2α

cos2αþke sin
2α

, ð33Þ

where,

ke ¼ e2
e1
¼E2 1þν12ð Þ
E1 1þν21ð Þ : ð34Þ

In the case of a laminate and to simplify calculations,
it is considered that the mechanical properties of matrix
are negligible compared with those of fibers in stressed
layers. This is the basic assumption of netting analysis.
Thus, as E1 >> E2, ke = 0 and:

FIGURE 9 Schematic of Geodesic winding.
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Nφ

Nθ
¼ tan2α: ð35Þ

The angle α is the wrap angle. Note that in a pressur-
ized tube P shown below, the circumferential stress on a
generatrix of the tube directed along its cross-section Nϕ

is of the form (Figure 10):
Nϕ ¼ pR

e ¼ 2Nθ, according to the thin tube theory,
with Nθ the stress along the axis of the tube, R the

radius of the tube, and e the thickness of the tube. This
case is the ideal case in which the maximum stress takes
place in the direction of the fibers. The simplifying
assumptions of this theory allow us to determine an ideal
angle for which the maximum stress is in direction of the
fibers, which Nϕ

Nθ
¼ 2¼ tan2α give α= 54.7�.

3.2 | Effect of composite layers thickness

The netting analysis leads to the evaluation of the thick-
ness of the composite layers. We isolate an element of the
winding, that is, a layer formed by two plies oriented at
±α, such that the section is unity. Let Nfα be the stress in
a ply and tfα the thickness of the layer. According to the
static equilibrium equations, in projection on eθ, we have:

FαþF 0
α�NθS¼ 0: ð36Þ

The action of the 90� bend along eθ is not taken into
account since the transverse properties of the fiber are
negligible. S is the section of the fold.

2Nfαtfα1cos2α
2

�pR
2
¼ 0, ð37Þ

where tfα ¼ pR
2Nfα cos2α

.
We project in the same way according to eФ:

FαþF 00
αþF90�NφS¼ 0, ð38Þ

2Nfαtfα1sin
2α

2
þN90tf 901�pR

2
¼ 0, ð39Þ

tf 90 ¼ pR
2Nf 90

2� tan2α
	 


: ð40Þ

For circumferential windings (Figure 11), it is
advised28 to divide the stress in the fiber by the factor
1þNf 90

Ef

� �
, where Ef is the modulus of elasticity of the

fiber. An iterative procedure makes it possible to obtain
the result, for which the correction is quite weak.

3.3 | Effect of number of pleats

In the filament winding process, several (N) fiber coils
can be used in parallel to form a winding strip of width
W. Each coil has a cross-sectional area (CSA), the eigen-
values of which can be found to each fiber from
tfp ¼ N CSAð Þ

W . The fiber thickness of a ply is defined by the
expression.

Then the breaking stress of a fiber in a laminated
composite is lower than that which can be found in a
unidirectional ply. Thus, a coefficient of 70% to 80% will
be applied to the values given by the fiber supplier.
Added to this, the value of this stress is even lower in the
case of the folds because there are interlacings of the
folds and the area of discontinuity of the surface at the

FIGURE 11 Evaluation of the thickness of the composite

layers.

FIGURE 10 The circumferential stress on a generatrix of the

tube directed along its cross-section Nϕ.
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level of the junction between the dome and cylinder
which is a place of concentration of constraints. We have
the following ratio N ruptureα

N rupture90
which is between 75%

and 100%.
The wrap thickness is distributed between 90� and

Wα is chosen so that the tank can be covered with an
integer number of windings and without overlapping.
W90 is chosen so that the wrap angle is closest to the ideal
90�. Vfα and Vf90 are the fiber volume fractions, they
depend on the process. According to Ref. [11], for carbon
fiber, we have volume fractions of the order of 0.50 to
0.55 for the helical winding and 0.60 to 0.65 for the cir-
cumferential winding. We have:

tcα ¼Nα CSAð Þ
W θαVfα

tc90 ¼N90 CSAð Þ
W 90Vf 90

and tcαþ tc90 ¼ ttotal:

In practice, correction coefficients will be assigned to
these thicknesses (1.40 for the helical winding and 1.10
for the circumferential winding) which allow a margin to
be taken. Thus we obtain the number of folds necessary.

3.4 | Geometry of tank

The values of breaking stress of fiber, radii of connectors,
cylinder, and desired volume for the tank, angle of rolling
α, thicknesses of folds and their number, and dome pro-
file were obtained in the previous sections. So, the values
of volume of liner (volume of two domes added to vol-
ume of cylinder) and composite, mass of material (poly-
mer and composites), and volume of the tank can be
calculated.

We size the base whose upper surface in contact with
the composite will be continuous with the liner (the
equation is the same as the liner), which gives us its
mass. This results in volumetric and gravimetric capaci-
ties which must be optimal for the minimum dimensions
and mass of the reservoir. In the case of our study, the
dimensions are imposed in the specifications for the sys-
tem to be integrated into a vehicle. However, the parame-
ters set may not allow the reservoir to be fully optimized.
Indeed there is another ratio R/r0 for which the size of
the tank and the mass of fibers is minimal and thus the
volumetric and gravimetric capacities are maximized.

Figure 12 shows the optimum in terms of mass and
gravimetric and volume capacities are located at the level
of the red dotted line, that is, for a diameter of �150 mm,
therefore, for a 2 L tank.

Furthermore, it should be noted that the profile opti-
mized for winding process is not necessarily optimal

profile from a mechanical point of view. However, the
process and permitted size impose characteristics of
the tank.

4 | MODELING AND STUDY OF
THE TANK

The various principles developed in first part of this
report are used in the design and manufacturing process
of tanks. The various design stages are as follows: the
Cadwind tool is used to determine thicknesses of the
tank, configuration of fibers, and types of winding to be
carried out. From the Cadwind data, we build a CAD
geometry that we use to perform the meshing and the
finite element analysis, then the optimization of the
structure and the geometry.

Cadwind is a filament winding simulation tool. It
allows us to virtually manufacture the composite whose
initial architecture is given by the netting analysis. Cad-
wind calculates a windable architecture with a detailed
description of the angles of all the layers in particular at
the level of the domes.

We want to make a 2 L tank, with a diameter of
114 mm and a single base, in order to reduce the mass,
with an outer diameter of 34 mm opening. The software
makes it possible to select domes geometries that make it
possible to carry out geodesic trajectories, which we wish
to apply to carbon fibers. It also makes it possible to
select the construction of tanks with a single base. The
result is simulation of winding, type of patterns made
and all the parameters useful for manufacturing.

The tank is, therefore, virtually coiled as can be seen
below (Figure 13):

The simulation generates a tank geometry, that is, the
geometry of the mandrel, that is, the liner, and the con-
figuration of the composite layers as well as the winding
parameters. Text files can be used to create the geometry
and the laminate as we will see later.

FIGURE 12 Tank type IV, 700 bar.
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These files are those that interest us in order to carry
out the modeling. Cadwind also provides all the mandrel
rotation speed and displacement parameters for the car-
riage unwinding the fiber and the parameters used
directly in the programming of the tank manufacturing
process.

In the data exported from Cadwind, we extract files
that define the laminates according to r and z as well as
the initial geometry of the mandrel, that is to say the
liner. We enter the profile of the dome point by point in
the Catia sketch, which we smooth. In addition, the base
is defined using a Cosmosworks module. The composite
winding is represented by a shell corresponding to the
outer surface of the liner and base assembly as can be
seen in the images on the following page. The CAD files
will be imported into the finite element software to serve
as support for the mesh (Figure 14).

HyperMesh is a meshing tool of Hyperworks suite, a
tool acquired by ENSAM for this project. Modeling of the
tank has two main objectives: to tend toward an optimi-
zation of the geometry of this one in order to minimize
the mass by allowing respect of specifications in terms of
mechanical resistance and to demonstrate the feasibility
of this modeling under HyperMesh (then the processing
in static study of this model under OptiStruct), and thus
to validate the acquisition of software by the laboratory
for applications to composites in particular.

In the first step, the geometry from Catia files was
imported. The properties of materials including alumi-
num, liner which was in polymer, and composite, are in
Table 1. The loads, namely embedding of base as well as
the pressure of 1645 bars in the tank. As can be seen in
the first part, properties of carbon fibers are different in
the case of circumferential and helical winding (supplier

data), so we define two materials for the layers of differ-
ent natures.

The essential part of the modeling is definition of
properties of composite winding. In reality, the composite
layer is made up of intersecting fibers and we get a kind
of woven texture. Each pattern corresponds to a specific
laminate.

However, for practical reasons it is not possible to
model all the patterns of each layer (of which there are
�30). To model the winding, we will discretize the sur-
face of the reservoir into crowns, to which we assign a
particular laminate. Indeed, in the realization of the
winding there are two aspects which lead to the presence
of different angles according to the radius and the layer

FIGURE 13 The tank coiled.

FIGURE 14 Cad design of the tank.
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where the fiber is located: on the one hand the change of
angle is inherent to the manufacturing process as we saw
it in the first part, with Clairaut's formula relating the
wrap angle to the radius, on the other hand we superim-
pose several layers at different wrap angles in order to
optimize the mechanical strength by minimizing the
quantity fibers, because if the process gives us an angle
that allows us to cover the tank, namely: sin α = r0/r,
that is, α = 17� in our study, layers are produced at other
angles chosen arbitrarily to optimize The reservoir. In
addition, the tank is asymmetrical because it has only
one base, which gives the two domes different laminates.
The treated winding consists of four layers at each of the
following angles: 6�, 10�, 17�, 30�, 49�, and 70�, as well as
a 90� layer on the cylindrical part of the tank at each
change of angle, in order to ensure the resistance of the
tank radially because in this zone, the fibers deposited
helically are difficult to tension correctly. Thus the prepa-
ration work is quite tedious and in the context of the fol-
lowing projects, it would be interesting to set up a tool
which would make it possible to create these files auto-
matically, using a Visual Basic macro for example which
would generate text files of type. Figure 15 shows the

maximum von-Mises stress on the tank with respect to
the different filament-wound composites conditions
(Figure 16).

TABLE 1 Material properties.

Material
E1

(�103) MPa
E2

(�103) MPa ν12
G12

(�103) MPa
G23

(�103) MPa
G13

(�103) MPa
ρ
(g/cm3)

Helical composite layers 140 10 0.26 4.8 3.2 4.8 1.57

Circumferential composite
layers

151 10 0.26 5.3 3.3 5.3 1.6

Aluminum 75 75 0.3 29 29 29 2.8

Polyamide 6 0.7 0.7 0.4 0.7 0.7 0.7 1.15

FIGURE 15 The texture pattern of composite winding.

FIGURE 16 von-Misses stress calculated for the tank:

(A) without filament-wound composites and (B) treated winding

consists.
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5 | CONCLUSIONS

In this study, a IV hydrogen storage tank under high
pressure (700 bar) was investigated, in the sizing of the
composite part of it, which gives the tank its mechanical
characteristics and its resistance to pressure forces. The
resistance of the tank depends on the filament winding of
the fibers around the liner. According to the results, the
calculation of the winding parameters derives from the
differential geometry with regard to the trajectory of the
fibers, and study of the stresses in fibers by application of
principles of mechanics makes it possible to determine
equations of the dome and that netting analysis brings up
winding thicknesses and process limits.

The netting analysis which makes it possible to give
the ideal helical winding angle for which stress is in
direction of the fiber neglects the real stresses in each
layer. Also a theoretical approach of a cylinder with a
bottom effect whereas our case is a cylindrical reservoir
has been applied. In addition, the theory of laminates is
applied to the reservoir, whereas the strips of fibers are
intersected at each winding and the pattern plays a deter-
mining role in the evaluation of the properties of the fiber
(the breaking stress which is lower and the fiber is all the
more weakened as the number of intersections is impor-
tant). To have a model that is the most faithful to reality,
it would be necessary to define each pattern as a stack in
its own right with its own properties. However, these
simplifications are necessary in order to obtain an easily
usable model.

NOMENCLATURE
Abbreviations
CSA cross-sectional area
ENSAM Ecole Nationale Supérieure d'Arts et Métiers

Symbols
L length of a curve arc
S surface
OM

!
a point defined on the surface

T
!

a curve drawn on a surface
N
!

the unit vector tangent to the curve
r
sin α

Clairaut's constant

r radius of dome at the point considered
f
!

t tensile force
C
!

curvature vector
B
!

binormal vector
rc radius angle
αc wrap angle
A external loading of the tank
NФ meridional force

Nθ circumferential force
NФθ shear force
P internal pressure
Rm radii of curvature at the considered point of the

meridian
Rp radii of curvature at the considered point of the

parallel
Rn radii of curvature at the considered point of the

curve
tfp fiber thickness
E Young modulus
G shear modulus

Greek symbols
Γ curve inscribed
θ angle between Z axis and OM

!

Ф angular position
α winding angle
λ coefficient of friction of the fiber
ν Poisson's ratio
ρ density
τ shear stress
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