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Abstract. 1SO 11439 standard considers 4 types of high-pressure cylinders to store natural gas for vehicles
applications. Among them, the type II, metal-lined hoop wrapped cylinder, is the aim of this work. It describes an
analitycal model built to determine optimal thickness of composite reinforcement applied on the liner by filament
winding process, and a numerical model applied to the cylinder. Using design criterion for laminate composites, the
total thickness of the composite layer has been evaluated as a function of winding angle. Different composite materials
have been studied. For numerical analysis, Finite Element Method was employed using a multilayer shell element of
ANSYS - versions 8.1 and 11.0 - the stress state in the metal liner and in each layer of the composite has been studied.
The results are analysed considering the performance of the cylinder under test conditions (30 MPa) and work
conditions (20 MPa) of loading. In a comparative way, the best results occurs to carbon/epoxy composite, wich has the
biggests Young's Modulus and failure strength. In this case the modeled thickness was the smallest among the studied
materials, and it's on accord with dimensional criterion established by shell theory, besides the carbon/epoxy
reinforcerment had smallest difference between numerical and analytical results.
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1. INTRODUCTION

The ISO 11439 standard admits a sort of 4 different cylinders for Natural Vehicular Gas (CNG or NVG) safe
storage. Among them, type 2, metallic steel liner wrapped by spooled long fibers composite — shown in picture 1 — is
the focus of this project, which was accomplished due to a partnership of EEIMVR/UFF and White Martins/CILBRAS.
The composite layer wrapped in the type 2 cylinder reinforces and holds the load due to the inner pressure in the
metallic liner, in such a way that a thinner metallic wall is allowed (about half the thickness) when compared to a type 1
full metallic cylinder. This allows achieving a lightweight cylinder to resist the specified inner pressures.

Metallic Liner

= Composite Reinforcement

Figure 1. Section view of type 2 cylinder as classified by ISO 11439 standard.

The composite, filament and resin materials selection and the filament winding angle over the metallic liner are
extremely important to the cylinder performance, weight and cost. The purpose of this paper is to analyze, compare and
select composite materials used as reinforcement as well as the winding pattern. Therefore it has been used an analytical
model for thickness optimizing as a function of the winding angle for each material. The numerical model was built
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using ANSYS finite elements code to calculate the stress in the metallic liner and composite reinforcement. The results
were analyzed on the basis of the cylinder performance when charged in work and test conditions.

2. METHODOLOGY

In this paper, were evaluated cylinders performances with composite reinforcements in different materials,
thicknesses and winding angles, to a metallic liner made with low alloy steel 41B30H used in pipe manufacturing which
has 4,4 mm thick and internal radius of 162mm. For each model, the methodology described in figure 2 was adopted:

Selection of Evaluation of composite properties in Calculate the minimum
composite materials —————> cylinder preferential directions as a _— reinforcement
to be analyzed winding angle function thickness
Determination of winding Numerical cylinder modeling Evaluation of stresses
angle which optimizes the ——— | by finite elements method —— > obtained by numerical
reinforcement thickness (FEM) simulation

Figure 2. Methodology to build and evaluation of models.

2.1. Materials

The composite materials chosen for this paper are composed by E-glass, aramide (Kevlar) and carbon fiber. In all
cases the matrix was an epoxy resin, and the fiber/matrix ratio was the same (Vf= 60%). Tables 1 show the properties of
composite materials to be evaluated, and table 2 show metallic liner properties, as hardened and tempered.

Table 1. Mechanical ply properties of composite materials (Gay et. al., 2003, Al-Khalil and Soden, 1994].

Properties E glass/Epoxy | Kevlar/Epoxy | Carbon/Epoxy Observation
P (kg/m’) 2080 1350 1530 p = density or especific mass
Ejog (GPa) 45,6 73,8 147 Ejoug= Young’s module in longitudinal direction;
E,uns (GPa) 16,2 5,20 8,12 Equsy = Young’s module in transversal direction;
Vi 0,28 0,44 0,19 Vi, = Poisson’s ratio in layer plan;
G, (GPa) 5,50 2,59 5,52 Gy = Shear modulus in layer plan;
Oiongr (MPa) 1140 1400 2280 Oiongr = Rupture strength in longitudinal direction;
Oiransyg (MPa) 39 30 57 Oiransyr = Rupture strength in transversal direction
Tz (MPa) 89 49 76 Tyg = Shear strength in the layer plan;

Table 2. Mechanical properties of AISI 41B30H steel.

Properties Steel 41B30H Observation

E (GPa) 210 E= Young’s module;
\Y% 0,3 v=Poisson’s ratio;

o, (MPa) 815 o, = Yield strength;

or (MPa) 906 or = Rupture strength
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2.2. Analytical Model of Composite Reinforcement

In order to achieve the composite layer modeling it is necessary to consider a new coordinate system which is
compatible with the membrane stress analysis. The adopted system considers the cylinder preferential orientations —
(R, ¢, Z), where directions are, R: radial, ¢: circumferential and Z: longitudinal — and this is the same one used in the
numerical modeling. Figure 3 shows the orientations for the winding direction (0).

Transversal (t) Longitudinal ()

Z

Figure 3. Cylindrical coordinate system (R, ¢, Z) and fibers orientation related to the cylinder.

The composite properties in new orientation system can be determined by considering the filament winding angle
throughout an analytical model (Gay et al., 2003). An important feature in this model is that not only does it consider
the material Ey,,, and E,,,, effects but it also considers the G, € V, as shown in the equations bellow. In these equations
“s” and “c” are respectively the sin and the cossin of the winding angle (0) of the fiber over the metallic liner.

1
E¢7(6) = 4 4 1 v
S S ey R S M
long E fransv G It E t
1
E:(e) = C4 S4 ) ) 1 v (2)
+ +s5% ¢ —=-2-12
E long transv G It E t

Three models were developed using an unique composite material as a reinforcement in each model. The membrane
stresses were obtained by changing the basic equation for this structure, composed by two different materials (Amorim,
2005). The modeled and adopted equations are listed bellow:

For metallic liner:

p-R

Diiner

B |, ., 3)

E L comp liner
liner

- p-R
ZM e ]t H} )
liner

And for composite reinforcement:

p-R
[E[m”] 't,me, +tmmp (5)

composite

p-R

Zcomposite =
E, ©)
2 - |:[E,W 'tliner +tromp
composite

In order to specify the reinforcement thickness it was used the liner yield fail avoidance criteria. In this way the
maximum metallic liner stress admitted in the critical direction (radial) will be the steel yield stress divided by a project
factor, f,. And p is the internal pressure, R is the radius of the cylinder, teomp and tin, , are the thickness of the composite
and the liner respectively.

o
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Considering:

tcomp + tliner

R = rirmer + f (8)

and defining:

K Fvmasnn
— AISI 41 B30 H (9)
f P ! p ! E liner
One gets the expression for reinforcement thickness:
t — tl .(2Eliner K _1)_2rinner 0
comp 1_ 2 A E . K (1 )

comp

In this paper the project factor (f,) adopted was 1,33. All the analytical modeling steps were developed for angles
between 0° and 90° in 0,5° rate. Therefore it is possible to determine the best winding angle by stress minimizing
criteria, for circumferential stress.

In numerical model, the best angle for each material will be considered by alternating modeling of negative and
positive orientations.

2.3. Numerical model for stress analysis

For the numerical modeling the finite elements code versions 8.1 and 11.0 of ANSYS was adopted in order to
calculate the stresses in the metallic liner and in the composite layers. Considering the composite material features such
as orthotropy and multilayer, the “shell multilayer” element (SHELL99) was chosen, which allows to insert up to 250
different material layers and their respective thickness and winding angles (Mattos, 2008).

Figure 4 shows a detail of the mesh created in one of the models:

SEP Z6 2008
14:49:00

Metallic
liner

Composite
Reinforcement

Figure 4. Numerical model and it’s detail of the mesh showing the steel inner layer (liner) and
the composite layers (reinforcement).

The geometry of numerical model is a reproduction of central portion of reinforced cylinder. Longitudinal stresses
caused by cylinder dome (liner dome) must be considered in numerical model, so it’s was included during model
construction. Table 3 shows the values of these stresses, which was calculated by equation 4, for work and test
conditions (internal pressure).
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Table 3. Longitudinal stresses applied to numerical model, due to metallic dome effect.

Longitudinal Stress applied (MPa)
Material
Work pressure (20 MPa) Test pressure (30 MPa)
E glass/Epoxy 189,67 284,51
Kevlar/Epoxy 191,47 287,20
Carbon/Epoxy 194,55 291,83

The analysis performed by this model has allowed to obtain the equivalent stresses in each layer, which was used to
the fail analysis, quite as in the metallic liner as in composite reinforcement.

3. RESULTS AND DISCUSSION
3.1. Analytical modeling of composite reinforcement layer

The first analysis is about the elastic behavior of the different composites studied. Figure 5 shows the variation of
Young’s module in circumferential direction of cylinder as a function of the winding angle.

160,00

140,00 E glass/epoxy
—=— Kevlar/epoxy

120,00 -
—— Carbon/epoxy

100,00 -

80,00 -

Young's module (GPa)
3
8

40,00 -

20,00 4

0,00 -+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 80 90
Winding angle (degrees)

Figure 5. Young’s module in circumferential direction for the three to composite materials analyzed.

Notice that for the three materials the Young’s module calculated by the equations (1) and (2) reached higher values
compared to the longitudinal fiber direction. Its dues to the fact that it considers the E;,,4, Ejronsv» Gy and v, effects.
The next step is to calculate the composite thickness for each case, using the criteria described in the equation (10).

This equation uses the composite circumferential Young’s module (£ ) as the membrane stresses is critical in this

direction. Figure 6 shows the variation of the total reinforcement layer thickness as a function of the winding angle, for
each composite reinforcement evaluated.
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Figure 6. Reinforcement thickness (mm) x 6 (degrees) to composite materials analyzed.
This thickness analysis allows finding the optimum orientation, i.e., the one which gives the minimum composite

thickness. The table 4 shows the optimum winding angles found for each material and its respective minimum
composite thickness.

Table. 4. Optimum winding angle and the minimum thickness of reinforcement layer.

Material Winding angle(6) Lreinforc. tiotal Raverage Raverage /tiotal
E glass/Epoxy 59° 14,46 mm 18,86 mm 171,43 mm 9,09
Kevlar/Epoxy 74,5° 11,10 mm 15,50 mm 169,75 mm 10,95
Carbon/Epoxy 76,5° 5,47 mm 9,87 mm 166,93 mm 16,91

An important result is the ratio between average radius and total thickness of cylinder (liner + reinforcement). For a
shell structure, this ratio should be higher then 20 (Ugural, 1981). But as it can be seen in table 4, only carbon/epoxy
reinforcement reaches a value close to this. Numerical model was constructed as a shell structure, so the effects of
thickness can be evaluated by comparison between numerical and analytical results for circumferential and longitudinal
stresses, as will be show ahead.

The three materials presented very high values for the thickness in a certain winding angle range, and kevlar/epoxy
reinforcement presented a winding angle range in which no valid solutions were found. These angle ranges exists
because thickness get so big that the membrane theory used in thickness equation is not valid. The progressive increase
in thickness for smaller winding angles characterizes the deviation from membrane structure, and its occurs because for
these angles, the Young’s module in circumferential direction becomes progressive smaller and to keep the strength the
reinforcement layer needs to be thicker.

The elastic properties in optimum winding angle of composites and the thicknesses of reinforcements were used as
input data for numerical model.

3.2. Numerical modeling

Results of stress analysis in the composite reinforcement and metallic liner obtained from numerical simulation are
presented respectively in tables 5 and 6. For the composites, average stress results for work and test conditions are
compared to rupture strength, in order to evaluate how far is the component from rupture. For the liner, both work and
test numerical equivalent stresses (von Mises) are compared with yield stress of AISI 41B30H steel presented on table
2.
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Table 5. Resume of numerical results to stress analysis — Composite reinforcement.

Stress E glass/Epoxy Kevlar/Epoxy Carbon/Epoxy

Gircumt (WOrk) 63,50 MPa 120,17 MPa 245,41 MPa

Gircumt (test) 95,25 MPa 180,26 MPa 368,11 MPa

Geircumf (Rupture strength) 144,75 MPa 158,20 MPa 413,37 MPa
Gircumf work/RUpture strength. 0,43 0,76 0,59

Glongitudinal (WOTK) 11,32 MPa 9,35 MPa 12,73 MPa

Glongitudinal (t€SY) 16,98 MPa 14,03 MPa 19,09 MPa

Glongitudina (RUpture strength) 73,01 MPa 33,01 MPa 61,06 MPa
Glongitud work /RUpture strength. 0,15 0,28 0,21

Oishear (WOTK) 18,97 MPa 27,96 MPa 50,47 MPa

Gshear (test) 28,45 MPa 41,93 MPa 75,71 MPa

Oghear (Rupture strength) 43,47 MPa 127,00 MPa 104,98 MPa
Gihear work /RUpture strength. 0,44 0,22 0,48

Table 6. Resume of numerical results to stress analysis — Metallic liner.

Stress Linerg gjass/epoxy Linergeyiarepoxy Linercarbon/epoxy
Geircumferential (WOTK) 498,26 MPa 403,74 MPa 394,25 MPa
Gcircumferential (t€St) 747,36 MPa 601,11 MPa 591,38 MPa
Glongitudinal (WOTK) 362,73 MPa 296,36 MPa 201,63 MPa
Olongitudinal (t€SL) 544,10 MPa 441,54 MPa 302,45 MPa
Gequivalent work (Méx selante) 494,42 MPa 392,95 MPa 378,57 MPa
Gequivalent test (MAX selante) 741,62 MPa 589,42 MPa 567,86 MPa
Oquivalent work /Oy ATSI 41B30H- 0,60 0,48 0,46
Gquivalent test /Oy AISI 41B30H 0,90 0,72 0,69

Comparing results for stresses for work and test conditions can be seen that is a difference about 50% between the
numerical values. These results indicate that numerical model (with its specific approximation methods) is
representative from real situation, therefore reflect the difference between work and test pressures.

Values of rupture strength presented on table 5 for circumferential and longitudinal directions, and for shear plane
were obtained by application of specifics equations for properties rotation. It can be noted, although circumferential
stress on test condition for kevlar/epoxy reinforcement is an exception, in other cases none of the composites reaches its
respective rupture strength in any layer that make’s up the reinforcement, then keeping itself in the elastic behavior for
both conditions of pressurization.

Orthotropic behavior of composite reinforcement had generated different ratios between longitudinal and
circumferential for each analyzed composite. These results show the effects of difference on properties in orthotropic
directions. As show on table 1, carbon reinforcement has the biggest difference between orthotropic properties, which
was observed for numerical stresses results.

The maximum equivalent stresses obtained on simulations were, as shown in table 6, all smaller than the value of
yield stress of the metal liner is made. Thus, according to von Mises criterion, the yield stress is not achieved, either in
conditions of work (p = 20 MPa) or test (p = 30 MPa) for all composite materials studied. The analysis of the ratios of
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equivalent stress to yield stress, for three composite materials, showed that carbon/epoxy has the best performance,
because it is the reinforcement that provides the lowest levels of equivalent stresses on liner.

Also, it can be observed in table 6 that the values of stresses acting on liner are much larger than those for composite
reinforcements. Comparing the values for circumferential stresses on tables 5 and 6, one can see that the difference in
stress level in the liner and in the composite is more pronounced for E glass/epoxy reinforcement, followed by
kevlar/epoxy and then carbon/epoxy. This difference is an indicative of how stresses are distributed between liner and
reinforcement. For carbon/epoxy, which has the higher Young modulus the composite is responsible for supporting a
significant portion of circumferential stresses. Reinforcements with lower modulus, mainly Eglass/epoxy, despite its
largest thickness induces higher stress in liner.

Table 7 presents a comparison between the numerical and analytical results for stress in the liner for the three
composite materials. From these results it can be note two points. The first one is the differences between the numerical
and calculated stress by means of the membrane equations (3) and (4). The second one comes from the membrane
theory statement by which Giongitudina = 0,5. Ocircumferential - From table 7 one can see that carbon/epoxy composite
material is the one which shows the least difference between numerical and analytical results and approaches the
membrane condition of Giengitudinal = 0,5. Ocircumferential - BOth this two effects can be attributed to the deviation from the
membrane condition as thickness of the composite reinforcement increases (see Ryyerage /tiotal 1n table 4) .

Table 7 — Stresses in metallic liner: analytical and numerical results.

ANALYTICAL RESULTS
Stress Linerg gass/epoxy Linergeytarsepoxy Linercarbonfepoxy
Geircumferential (WOTK) 379,35 MPa 382,93 MPa 389,11 MPa
Geircumferential (t€St) 569,02 MPa 574,40 MPa 583,66 MPa
Glongitudinal (WOTK) 189,67 MPa 191,47 MPa 194,55 MPa
Olongitudinal (t€St) 284,51 MPa 287,20 MPa 291,83 MPa
NUMERICAL RESULTS
Stress Linerg gass/epoxy Linergeyiarepoxy Linercyrbon/epoxy
Geireumferential (WOTK) 498,26 MPa 403,74 MPa 394,25 MPa
Geireumferential (t€St) 747,36 MPa 601,11 MPa 591,38 MPa
Glongitudinal (WOTK) 362,73 MPa 296,36 MPa 201,63 MPa
Glongitudinal (t€St) 544,10 MPa 441,54 MPa 302,45 MPa
STRESSES RATIOS — NUMERICAL RESULTS
Ratio Linerg gass/epoxy Linergeyiarepoxy Linercymbon/epoxy
Glongit / Ocircumt (WOTK) 0,728 0,734 0,511
Glongit / Ocircumt (t€SL) 0,728 0,734 0,511
NUMERICAL / ANALYTICAL DIFFERENCES (%)
Stress Liner giass/epoxy Linergeyiariepoxy Linercarbonsepoxy
Geircumferential (WOTK) +31,3% +5,43% +1,32%
Geircumferential (t€St) +31,3% +4,65% +1,32%
Glongitudinal (WOTK) +91,2% +54,8% +3,64%
Glongitudinal (t€ST) +91,2% +53,73% +3,64%

As a first analysis can notice a big difference between the stresses calculated by membrane theory for kevlar/epoxy
and E glass/epoxy reinforcements, when compared with the results obtained numerically, and same not happens to
carbon/epoxy .
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Another important point is that for membrane theory (equations 3 to 6), the proportion between the longitudinal and
circumferential stresses in this kind of structure is 50% (Giongit = 0,5 * Oircums). However, the results in third part of table
7 again show that to E glass/epoxy and kevlar/epoxy this ratio is not achieved by numerical results, but only to
carbon/epoxy reinforcement. This material, as shown in table 4, has the smaller thickness and is nearest of geometric
condition for membrane structure (thin wall). When coated with any of the other two composites, that have thicker
reinforcements, the stresses relationship exceeds the theory expectation, but despite the differences in mechanical
properties and thicknesses, the stresses ratio were very close to E glass/epoxy and kevlar/epoxy. This result shows a
possible similarity between structural behavior in these cases.

The fourth part of table 10 reinforces the view that carbon/epoxy is the reinforcement closer of membrane structure,
cause as can be seen the differences between the numerical and analytical results obtained with carbon/epoxy are lower.
Whereas the basis of analytical calculations was the theory of thin-walled shells, and more specifically, the membrane
stresses, and that in numerical evaluation this condition is not directly imposed to the model, is consistent for the cases
where thickness was higher (E glass and kevlar) there is a more pronounced difference between numerical and
analytical results.

It should also take into account that classical membrane theory does not consider the properties of material that
composes the shell, only internal pressure and dimensional features (shell thickness). Also, it was developed for
isotropic materials. This study evaluates multilayer and multi material shells. The modeled membrane stresses
(equations 3 to 6) include Young modulus of materials that make up the different portions of NVG cylinder. For the
steel liner isotropic material there is an unique elastic property. But for orthotropic reinforcement is necessary introduce
some new considerations as the use of circumferential Young modulus of composite, given the larger stress level for
this direction, which is critical to crack growth in liner. When ratio between modulus of the reinforcement and the liner
becomes closer of the unit, analytical modeled equations tend to basic membrane theory. So, as carbon (Eicums
=155095,1 MPa by equation 1 and figure 5) being the closest to steel (E= 210000 MPa, as table 2) one can see a better
performance with respect to membrane theory.

In numerical model the efforts resulting from internal pressure are shared between two materials with diversified
mechanical characteristics, and the behavior will be displayed different. Solid continuity is a condition for multilayer
shells, so there is consequently an influence of one material on the other. As the carbon/epoxy modulus is higher and
therefore approach the modulus of the steel, this composite material contributes to a better sharing of loads with the
liner.

4. CONCLUSIONS

- The observation of behavior of curves, thickness x winding angle, for the three tested composites shows a strong
influence of difference between longitudinal and tranverse properties for these materials. The bigger is the difference in
orthotropic properties, the more pronounced is the gradual change on thickness.

- With respect to evaluated composite materials, can be concluded that the carbon/epoxy offers a better range of
properties and advantages, and it’s because it reaches the condition of the membrane stress state, supports higher
stresses levels when compared to the other options, beyond provides the greatest reduction of cylinder weight in relation
to cylinder type I - fully metallic.

- Due to properties much lower than those of steel, the composites kevlar/epoxy and E glass/epoxy demand a total
thickness of the reinforcement layer large when compared to the thickness of the metallic liner. Together, these
thicknesses distancing the component of the dimensional requirement for structures such as thin-walled shell, which
characterized this type of pressure vessel.
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