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Filament-wound pressure vessels represent the proper choice to obtain good
mechanical properties and lightweight. The pressure vessel geometry is generally
cylindrical and the wall is composed of a ‘liner’ and a ‘shell.” The liner holds the
gas and guards the shell from chemical attacks. The filament-wound shell aims to
withstand the hydrostatic load of pressure gas. The shell design has to be defined in
observance of both fibers stratification methodology and design structural criteria.
For years, pressure vessel design primarily focused on mass; space saving features
during pressure vessel design was usually a secondary concern unless specifically
required by the customer. Now, more emphasis have being assigned to design light
weight pressure vessels that also maximizes use of available space for industry find-
ing such as space on a spacecraft, as well as mass, is at premium. For this reason, it
is very important to optimize together the index of performance and packaging of
gas storage system. This work aims to develop a parametric method to optimize the
index of performance as a function of one or more pressure vessels; in this way, it
is possible to optimize also the packaging of the gas storage system.

keywords: composite material; pressure vessel; filament winding; performance
index; packaging

1. Introduction

The fibers reinforced plastic is used more and more for the manufacturing of compo-
nents that need high mechanical performances and lightweight. An example is given by
the composite pressure vessels for gas storage which are much lighter than comparable
all-metal pressure vessels for development of unmanned aerial vehicle (UAV). UAV is
a solar-powered, ultra lightweight, high-altitude, long duration flying wing. During the
day, the aircraft is powered by solar energy, and at night it is to be powered by a
unique fuel cell system. This system requires lightweight pressure vessels containing
both the hydrogen and oxygen constituents of the fuel cell. Another potential wide-
spread application for composite pressure vessels is the automotive industry where the
need to reduce emissions promotes the conversion to compressed natural gas fuelled
vehicles worldwide; natural gas or hydrogen as the energy supply in automobiles for
air quality improvements and reduce global warning.[1,2] Although composite pressure
vessels appear to be simple structures, they are among the most difficult to design and
manufacture. Filament-wound pressure vessels represent the proper choice to obtain
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good mechanical properties and lightweight.[3-22] The pressure vessel geometry is
generally cylindrical and the wall is composed of a ‘liner’ and a ‘shell.” The liner holds
the gas and guards the shell from chemical attacks. The filament-wound shell aims to
withstand the hydrostatic load of pressure gas. The shell design has to be defined in
observance of both fibers stratification methodology and design structural criteria. For
years, pressure vessel design primarily focused on mass. Space saving features during
pressure vessel design has been usually a secondary concern unless specifically required
by the customer. Now more emphasis has been assigned to design lightweight pressure
vessels that also maximizes use of available space for industry finding such as space
on a spacecraft, as well as mass, is at premium. A very important parameter characteriz-
ing performance and lightweight of pressure vessels is the Index-of-Performance calcu-
lated as [, = p - v/(m - g) (m), where the p, v, m, and g are, respectively, the pressure,
the volume, the mass, and the acceleration of gravity. Higher the /,, more performing
is the pressure vessel.[23—26] For this reason, it is very important to optimize together
the index of performance and packaging of gas storage system. This work aims to
develop a parametric method to optimize the index of performance as a function of one
or more pressure vessels; in this way it is possible to optimize also the packaging of
the gas storage system.

2. Design of filament-wound pressure vessel

In this work, a pressurized tank has been considered. It is made of a cylindrical section,
height 4, and two caps on endings, the internal volume is called v; the geometry is
shown in Figure 1. The structural part (shell) is constituted in composite material, the
inner surface of all laminates consist of a protective layer. The protective layer can be
either a single protective layer or a chemical resistant layer or a thermoplastic lining.
The type of protective layer can be selected on the basis of the ability to prevent, or

(a) (b)

Polar Boss

Cap

Helical
Winding

Hoop
Winding

Cylinder

Tho +the(p€q) -l

Figure 1. (a) Filament-wound pressure vessel; (b) Cross-section of pressure vessel.
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limit to an acceptable level, chemical attack on the laminate. In order to do this, it can
be chemically resistant to the service conditions, allow limited diffusion of service flu-
ids and shall not suffer environmental stress cracking. The liner may be applied to the
mandrel prior to the start of the winding operation; in this paper, a polymeric liner with
constant thickness has been considered. The shell is constituted by two kinds of wind-
ings: ‘helical winding’ and ‘hoop winding’ shown in Figure 1. The helical winding
involves both the cylindrical and cap area while the hoop winding involve the cylindri-
cal area only. At the end of the tank, a polar boss helps the structural strength in that
area and allows the connection with the system.

The pressure vessels are manufactured by winding of a tape impregnated by resin
on a mandrel with sufficient rigidity and dimensional stability to resist the winding load
and the compressive loads which occur during the cure cycle. In this work, a vessel
design has been carried out starting from the caps features (helical winding) and then
to the cylindrical area (helical and hoop winding).

2.1. Caps: outline meridian definition

The caps geometry has been defined through the meridian outline that has to be cor-
rectly calculated as function of stress caused by vessel internal pressure. Generally,
stress on caps caused by pressure (p) is bore by helical winding only (Figure 2) for
which an isotensoidal condition has been considered (for every single tow a constant
force F has been considered). The contribution of these windings in the axial direction
(axe z) can be described by the following equation:

Ay =F - njcosocos ff (1)

were Aris total axial force while 7y, is the number of tows wound with a helical wind-
ing and Fcos a-cos S is the force that supports a single tow (see Figure 3). Carrying out
the axial balance with the internal pressure force p, we have:

"~ Meridian

Figure 2. Axial symmetric surface described by polar coordinates, with: a, tow angle respect to
the meridian; J, angle between meridian and parallel; ¢ and p, polar system coordinates (angle
and distance).
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(a) (b)

Parallel <-------- CLEETEERERE > ——————1 “+----f---—--

Meridian

' Inner cap profile
i

]

: z(p)

Figure 3. Forces induced by tow in axial direction in a cap point (views of a plan that is
tangent to the meridian): (a) plan frontal view; (b) plan lateral view.

—F - njecosocos f = prp® x 1076

From which, substituting the following equation:

Z'(Y
cosﬁ:(—)7 Z:i, Y =—

1 +Z/(y)2 Po Po

We get the equation of the outline cap derivative:

Y3

Z(Y) = -

va?Y?cos?a — Y©

Fn,
a=—""x10°
P - Py

@)

)

4)

where the following terms have been made dimensionless compared with po' (see
Figure 4) such that the work can be independent from the minimum dimensions of

shell radius.

0.0

-1.0 9

-2.0 1

-3.0 1

Figure 4. Example of cap meridian outline: (a) Z vs. Y (with ¢=1/25); (b) Z' vs. Y (with

g=1/25).
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The geodesic trajectories connect two arbitrary points on a continuous surface by
means of the shortest possible way. Due to this characteristics property, geodesic paths
lead to the most stable and economical technique for covering filament-wound struc-
tures.[16] In this work, such tow path kinds has been considered; this means that the
math equation characterizing the tow path is the Cliraut [16] one:

1
a(p) = arcsin <@> — oY) = arcsin <—> %)
0 Y
That replaced in (4) it makes:
Y3

Z(pY) =~ (6)

that is defined in the interval:
Y € {Yuin, qu} = pc {pmimpeq} (7

where the subscript eq and min are, respectively, stands for equator, and minimum
allowable p for (6), and:

pmin(q> = \/6 : peq(q)7 peq(q) = & 1= qz and q = pizlin <1 (8)
Vayl-q [

From (6)—(8) the meridian outline (see Figure 4(a) and (b)) for p € {ppin, peq} is:

Y
Z(p.Y) =/ AELIS ©)

While the meridian outline for p € {p,, Pmin yiS approximate with a straight path
(we explain this later in this paper §2.2). The approximation about this zone is very
low. With (8), can be easily estimated that p.;./po>1, and for a typical values of
q < 1/16, pmin/po <1.025 that is very close to 1.

2.2. Caps zone: mass and inner volume
Estimating the geometry of the meridian outline, and then the geometry of the cap, the
mass of the cap has been evaluated that derives: (i) from the distribution of composite
part thickness; (ii) from the liner quantity on the vessel internal surface (constant thick-
ness); and (iii) from the polar boss mass.

Regarding the shell thickness, the tow angular variation (a, Figure 2) on the cap
surface has been considered; the basic equation is:

(p+5cos(g)) Ont= nhe% (10)

2 os(ar)
where s is the cross-section area of a single tow; ¢ is the shell thickness (function of
the radius p) and ¢ is the angle of the normal to the meridian outline internal to the
radial direction, as shown in Figure 6(a). Lastly ;. has been obtained by combining
Equation (3) with the following equation:

-/

with  ¢(q,p) = arctan(Z'|Y:A> —|—g
Po

(11)
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This equation has been obtained from: (i) the axial balance characterized form the
Equation (2); (ii) the geodetic conditions (Equation (5)); and (iii) the condition to the
equator where f=r/2 (Figure 3).[16] After rewriting the (10) relatively to ¢ and making
it dimensionless compared to p, has been obtained:

. \/p2 n cos(&) - npe ~s] (12)

7 - cos(a)

1
the(l’a‘]apo,ﬂ) = COS(S)

The Equation (12) yields fair prediction for the shell thickness at a distance from the
polar hole and fails to describe it in the close vicinity of the hole. Moreover, as tow
approach the polar hole, angle a goes close to 90° and the shell thickness becomes
infinitely high (Figures 5 and 6(b)).[14] For these reasons, the thickness in the interval
p={po, p'} con has been corrected with a constant thickness “the. max » Where p' s
equal to 5% of the interval Ap=p,,—po as it is shown in the work of Vasiliev [14].
The area refined by p={p,, p'} is crossed only by a portion of the whole tow number
nyand the winding type is almost circular (hoop winding).

The tow crossing number in the interval p={po, p'} has been calculated through
the following equation:

Me(P Po) = % for p={pg,p"} (13)

where Ag is the variation of the angular variable of the cylindrical coordinates defined
in Figure 2 [17]:

P /po
N a: (14)
LS e@ -

The thickness has been considered constant and calculated as following (Figure 6(b)):

*

M 'SP .
the,max(p7 pO) = ;l)e*io fOI' p= {p07p } (15)
Parallel Beginning of a

z single tow winding

End of a single
tow winding

Wound tow
trajectory

Meridian

Figure 5. Example of tow winding on cap.
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(a) (b) ]

T l Inner profile

€ External profile

Revised section (by revised thickness)

Figure 6. (a) Cap shell portion, with: #, shell thickness; i and e, internal and external meridian
outline; (b) thickness correction close to polar hole.

In this way, the Equation (12) has been considered valid in the interval {p", Peqy While
the (15) in the interval { po, p*}. Known the meridian outline and the thickness distribu-
tion it was possible to evaluate the cap external outline as follow:

Phee(P: s Pos p) = p + 1 - cos(e) , t = themax(Ps po)  for p € {l,p"}
) with *
Zhee (P95 Pos p) = 2(p) + 1 - sin(e) t=the(p:q,p0,p) for pe{p” pe}
(16)
In Figure 6(b), the surface included in the internal outline i and the external e repre-
sents the meridian section of composite shell. The volume of the caps area made of

composite material has been calculated through the integral on domain Q,, delimited
by external and internal surface of the cap (see Figure 7):

cap

Figure 7. Meridian outline discretization of the cap.
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vC,cap(pa%po) :///Q dxdydz VC,innerfcap(pvqapo) :///Q dxdydz (17)

cap inner—cap

Therefore, the relation allowing to evaluate shell mass (only helical winding) of the
two caps is:
mC,cap(pvqapo) :Z'VC,cap 'dC (18)

Similarly has been proceeded for the definition of the equations related to: (i) liner vol-
ume in the cap, hypothesizing a constant thickness #; and (ii) volume gas storage in
Caps Viuper-cap- Through the liner volume has been calculated its mass m; ., multiplying
it for the density of the material which it is made. The polar boss mass is (Figure 8):

Myp =27 Apy - peg X 1077 ~dyy =21 - Sm. x 1077 - djy (19)

where Sm., and d,, are, respectively, the static moment of meridian section and the den-
sity of metallic material that makes the polar boss.

2.3. Cylinder zone: mass and inner volume

Similarly to the caps area, also for the cylindrical area mass is function of quantity of
composite and liner that makes the vessel wall, and it is function: (i) of helical winding
thickness (equal to helical stratification thickness at cap equator); (ii) of hoop winding
thickness; (iii) of liner thickness (constant and equal to s;); and (iv) of cylindrical zone
height.

Composite quantity in the hoop direction is function of stress that such zone has to
withstand; relation used is the following [17]:

tan? (o,
Fo=Fype+Fopo = Ohe* the + Oho * thy = FGM + Oho * tho
: Fy tan?(a,,
with  3,(p, 4, py) = W (1 - %) (20)

Figure 8. Description of Polar Boss, with: Ay, cross-section area of polar boss; CG, cross-
section center of gravity of polar boss; pcg, radius of CG.
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with:

Nho - F
Oho =

, Fy=p-pe x 1075, 1)

Tho
where n,, e t;, are, respectively, layers number per length unit and hoop winding thick-
ness; the subscript ¢ indicate the circumferential direction. Combining together the (20)
and the (21) the equation of coils number has been obtained:

. tan® (o ' i
}’lho(pa q, :00) = I’lf|: ‘ ! 2 (1 - = éa q)):| with ea <&>7
" Peg 22)

F
a=—"1 106
TP Po

Therefore, the hoop zone thickness is:

thn'h:nho'h'atitho(pv‘bpo):nho'at (23)
For height & the fluid whole volume stored inside the vessel (v) has been considered,
the relation obtained is the following:
V — Vinner— cq
h(P7q7007V):—2p>< 109 (24)
Tc(peq - tL)

Then through solids subtraction, the composite material volume of the shell and liner
volume has been evaluated the (helical + hoop winding):

2
Ve (P4, Pos V) = Veho + Vehe = Th [(peq + to + the) —pﬁq] (25)
tho
“—
Py

t

Liner

/N

™

Hoop Winding

NN

Helical Winding

Liner

SIS
Qi rzzz2

Figure 9. Description of cylinder zone wall.
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Y

P
and
packaging

Optimal

p, v, . (Polar Boss) g, n. vessels d ;
Configuration

Input Design

Output

Figure 10. Flow chart for the definition of pressure vessels optimal configuration.

2
VL,cy<p7q7p05v> = mh {pgq - (peq - IL) ] (26)
After the shell and the liner mass has been possible to calculate (Figure 9):

mC,cy(p7 q, Po> V) =VCyey * dC (27)
mL,cy(pvq, Po> V) = VL dr

3. Performance index optimization

Equations listed in the previous paragraphs allow to calculate height, volume, mass,

and in particular the ‘performance index’ of a configuration with one or more tanks in

relation to the variables p, g, po € v, according the logical flow reported in Figure 10.
The equation that defines the performance index is:

vep .
]p(p7 q; Pos V) = ) xwith mtut| p=const :f(qv pO) (28)
Mg
v=const

considering the Equation (8) the diameter on equator is:

1
Deg =2 proin - \[ (29)
q

and it is possible replacing g with D, in (28):

vV-p .
) with mtot| p=const :.f(Deqa Po) (30)

Ip(paDeq7p07v) = M@
0

v=const

Once the vessel pressure p has been defined, it is possible to optimize the ‘performance
index’ minimizing o, =My e, + Moy + 2 (Mpegp + Moy + Myp) and maximiz-
ing the storage gas volume v. To better understand the potential of analytical models
below are some numerical examples; the parameters and the variables used are
reported, respectively, in Tables 1 and 2.

In Figure 11, the I, vs. v with D, -isocurve are shown, while in Figure 12 I, vs. hr
with D, -isocurve and Vessel Number (NV) isocurve are shown. The ‘Vessel Number’
is the number of vessel necessary to storage 12.8 m* of gas, therefore the isocurve rela-
tive to Vessel Number equal to ‘4’ is the isocurve of vessels with volume 12.8/4 m® =
3.2m’, and all equal between them. About this approach, there is a very interesting
consideration between /,, and the system storage that was made by combining a defined
vessel number. That is the performance index of a pressure vessel combination is the
same of the single vessel included in the combination. The relations (29) and (30) give:
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Table 1. Parameters used for the examples of Figures 12-16.
Parameters Value Parameters Value
de (kg/m®) 1600 f;, (mm) 1
d; (kg/m® 960 F (N)
dM (kg/m ) 2700 <: st fut — 15();)->5<().7> 420
Sm, 1.5%x107¢ s", is the tensile strength
y, is the safety coefficient
s (mm?) 0.7 p (Pa) 3x10°
Table 2. Variables used for the examples of Figures 11-17.
Variables Value
Figure 11 D, (mm) 400 +2800
(Equation (30)) Vessels Number (-) 1+256
(v (m?) (0.05+12.8)
po (mm) 100
Figure 12 D, (mm) 400 +2800
(Equation (30)) v (m®) 0.03+10
po (mm) 100
Figures 13-17 1/25 and 1/100
(Equation (28)) v (m®) 0.01+10.42
po (mm) 10+300
(v:-NV)-p v-p
IPNV = = = Ip(m (31)

(mtol 'NV) -8 B Mot~ &

where NV, I, and I, ,

more vessels and the performance index of a single pressure vessel.

13000

2000
1600
12000 d 1200
&
800
[
11000
] 600
./
10000
D 400
'g‘ eq h=o0
= 9000 o/
o
~ /
8000
L]
7000
6000
Ll
h=0m
5000 T
0.01 0.10 1.00 10.00

v [m?]

Figure 11. I, vs. v with D,,-isocurve (mm).

are, respectively, the performance index of a combination of
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24005000
12500
11500
10500
— 400
E
~> 9500 2
8
64
8500 [o4] Vessels Number
7500
256
6500 T T
100 1000 10000 100000

hy [mm]

Figure 12. I, vs. hy with D,-isocurve (mm) and Vessel Number isocurve in order to storage
12.8m*

(a) (b)

10000 10000 ; ;
160 \
\\ q=1/25 ~_  4=1/100
N 80
v ™~
\ 40
1000 1000
g s 20
g g
5120 1024 =
< Dgo 25603 = 10
640 1\
100 \-320-4 100
\ | 160
80
40 1280 2560 5120 10240
20/ 640 H ‘
320
10
10 t 10 L “
0 50 100 150 200 250 300 350 0 20 40 60 8 100 120 140 160

Po [mm] Po [mm]

Figure 13. Cylinder Height (h (mm)) vs. po, (mm) with v-isocurve (107> m?) for: (a) ¢=1/25
and (b) ¢ =1/100.

(a) (b)

10000 ; 10000
10240 j;‘ 0240 s=t
5120 12
v
2560 2560 N v
1280 \\\\ 1250 \\ \\7

— 640 >__/ h=0m _ 64( [T~ — h=0m
g \ 320 \ = W\ o | o
E E 1000

1000 P 160
S R S
40
50 q=1/25 ¢=1/100

100 100
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140 160

Po [mm] Po [mm]

Figure 14.  Total Height (TH (mm)) vs. py, (mm) with v-isocurve (107> m?) for: (a) g=1/25
and (b) ¢ =1/100.
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Figures 13—17 show the example of some graphs related to interaction among 1,
my,; and v, with ¢ =1/25 ¢ ¢=1/100.

As anticipated in the introduction, the aim of this work is to develop a method to
optimize the performance index ‘IP’ for a dual purpose: (1) minimization of the weight,
through the use of a single tank; (2) optimization of pressure vessels packaging consid-
ering the usable volume of the gas storage system (e.g. inside an aircraft aeronautical).

(a)

(b)

1000 ‘ ‘ 1000 ‘
\RV\_—A\/-—WZ“”’- h=0m \\hv”i — 10240 ——L h=0m
KM o= - v

100 5120 100 —"5120
Et ] 2560 ~ 2560
_ T T w0 — R 1280
2 T 0 2 T
s 10 320 s 1 — 320
160 160
g Pa==Ezs q=1/25 g LA g=1/100
PRI 1 J20.
7 w7
0.1 01
0 50 100 150 200 250 300 0 25 50 75 100 125 150 175
Po [mm] Po [mm]
. . . 3 3
Figure 15. Mass vs. pg (mm), with v-isocurve (107~ m”) for: (a) ¢ =1/25 and (b) ¢ =1/100.
10 . 10 _
T 1210 == ; 1.2.10¢ h=0m
(a) H L110° I, ;i h=0m (b) H L1-10 N e
1o L] ; 110 P
1
0.1 9:10* 0.1
& B 9-10
£ E l o
> o0t 7l qg=1/25 = oo 710 q=1/100
Ly 6-10° Vﬁ-l@
5-10° 510"
0.001 0.001
\/4 100 4100
0.0001 ‘ 0.0001
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150
Po [mm] Po [mm]
Figure 16.  Volume vs. py, with I,-isocurve for: (a) ¢ =1/25 and (b) g = 1/100.
(a) (b)
14000 ‘ ‘ 14000 T
L= -
13000 L w‘ 13000 — 1’10;1_31
v Vo
12000 = | \'\ 10240 12000 = eom
11000 5120 h=0'm /
y 4 yam 2560
y A8l 2560 11000 280
10000 a0 | 1280 ‘ V 640
E 9000 —7—%—— i i = 10000 / 320
~* 8000 80 - 9000 / at
7000 1— 49 g=1/25 /7/80 q=1/100
2 8000 40
6000 | f 10 ,/720
5000 7000 '~
T 10
4000 6000 }
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140
P, [mm] Py [mm]

Figure 17. I, vs. po (mm), with v-isocurve (1072 m?®) for: (a) ¢=1/25 and (b) ¢ =1/100.
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14000

L 00

13000 a
. ] 10240 |
————5120___ h=0m

12000 1 b

11000 1 ¢ ;
>

10000 320

2560

I

1280

Ip [m]

9000 + N 74t 80‘

8000

7000 ~

0 20 40 60 80 100 120 140

Po [mm]

Figure 18. 1, vs. po (mm), with v-isocurve (107> m?) for ¢ = 1/100.

The graphs shown in Figures 11-17 represent a flexible tool that makes the design/
selection of the storage system (with one or more tanks) as a function of ‘performance
index’ and of packaging necessity. In Figures 18 and 19, an example of design of the
storage system for a fixed volume of 640 x 107> m? is shown; in particular, the trend of

a) Ip=10900m b) Ip=10900m ¢) Ip=9700m
Peq=620mm, pe=62mm Peq=360mm, p=36mm Peq=200mm, p=20mm
h=0, ht=800mm h=1500, ht=1800mm h=4900, ht=5000mm

d) Ip=9700m ¢) Ip=9700m

Peg=620mm p,=38mm, h=0, ht=500mm Peq=240mm, pp=24mm, h=650, ht=9500mm

Figure 19. Example of volume gas storage with different geometric configuration.
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IP as a function of variation of the geometric and number tanks. Of all possible combi-
nations have been defined five points indicated ‘a, b, c, d, e’: the points ‘a, b, ¢’ are
relative to configurations with a single vessel with constant volume (640 x 107> m?)
and different geometry while the points ‘d, e’ relate to configurations with four vessels
with a single volume equal to (640 x 1073/4)=160 x 10> m>. It may be noted further
that ‘a’ and ‘b’ have the same IP but a different geometry; similar considerations can
be extended to the all points that represent specific configurations.

4. Conclusions

This work aims to develop an analytics method allowing to optimize the ‘index of per-
formance’ as a function of the structural/geometrical parameters and of the gas storage
system/volume by the packaging of pressure vessels.

In particular, the performance index optimization ‘IP’ can be achieved by the use of
a single tank, minimizing the weight, or by optimizing of the number/geometry of more
pressure vessels considering the usable volume of the gas storage system (e.g. inside
an aircraft acronautical).

The examples in the paper show the high flexibility of the developed model that
allows to achieve an optimum configuration as a function of the constraints imposed in
terms of IP or packaging. In Figure 18, it is possible to evaluate the flexibility and
potential of the model, in fact, defined a total volume of storage (equal to 640 m?) it is
possible to determine different solutions aimed at optimizing IP or the packaging: the
points ‘a, b, ¢’ are related to configurations with a single tank with different geometries
and values of IP while the points ‘d, e’ are related to four configurations with equal
‘IP’ but different geometries.

In conclusion, the use of this parametric method allow to optimize the index of per-
formance as a function of one or more pressure vessels in order to optimize the needs/
requirements of mass and/or packaging of the gas storage system.

Nomenclature
Original parameter Normalized parameter Description
I, (mm) Index of performance
d (kgm ™) Density
p (Pa) Vessel pressure
F(N) a Force that supports a single tow
p (mm) Y Shell radius
0 min (Mm) Ymin~ 1 Minimum shell radius
Ppc (mm) Radius of polar boss gravity
center
q = r%lin ezq
z(p) (mm) Z(Y) Meridian profile
Z'(Y) Meridian profile derivative
o (°) Helical winding angle
p©) Angle between the axial
direction and the tangent of
inner cap meridian profile
o (®) Angle of cylindrical reference

system
t (mm) Shell thickness
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m (kg) Mass of pressure vessel

g (ms ") Gravity acceleration

v (m®) V Storage gas volume

Fo (Nmil) =P Peqy x 1076

P (mm) Minimum radius of shell

A Fraction of p, (opening of polar

boss)

h (mm) Height of cylinder area

n(-) n, Number of tows

s (mm?) Tow section

App (mm?) Cross-section area of polar boss

Sm, (mm?) Static moment of meridian
section (in respect to z axis)

Subscript

he, ho Helical, hoop winding eq Related to equator

C,L,M Composite, liner, metal
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Note
1. Shell minimum diameter, close to polar boss.
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