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A survey of recent advances on fiber reinforced plastic pressure vessels
is presented. It covers the matrices and reinforcing fibers, vessel
compositions, fabrications and structural! analysis. Some specification
and qualification requirements from different user and certifying agencies,
are also included. - :
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INTRODUCTION

* The utilization of composite materials has progressed significantly
over the past two decades, this is due to the fact that composite

materials have high stiffness and strength, low density, damage

v

tolerance and good fatigue response characteristics, good corrosion
resistance in hostile environments, and ease of fabrication. A
comparison between the'specific strength (strength density) of

various composites and métals are shown in Table 1 and Figure 1.

The unique propeftfés of composite materials have led to fheir use
inpressure yessels; replacing convéntional metallic construction

in many applications.

[}
'

In the aerospace industry, composite material pressure vessels have

.

been used in making oxygen tanks to meet weight objectives for long

_range aircraft [1] . ‘

N

‘K light weight)fireman's breathing system cylinders have been eval-
v a

-yated by the fire department of New York, Los Angeles and Houston

with excellent results [2J.

-~

Mountain climbers have found that using light weight composite

n

. ! . 1
cylinders is a major step forward in their carreer. Fiber reinforced

plastic chemical resistance tanks have started taking their place in

>

various chemical industries where highly corrosive fluids and gases

} ,negd to be étored [3J .
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‘ This report descrjbes the materials which are usged in making these
’ ‘ - » - Q
; vessels, the fabrication techniques and also the structural
. T oo analysis for the calculation of stress and strain for design.
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MATERIALS M . | K

The characteristics of a fibrous composite are influenced by the

properties of the fibers and the matrix (or binder) as well as by
the nature of the interfacial bond between them. In the following
paragraphs the most common polymeric matrix materials, fiber;, and

composite systems are described.

Polymeric Materices

The matrix 'g:..;as several functions‘: -
1. Acts as a bridge to hold the fibers in place.
2. Protects the filaments from damage by abrasion and chemical
attack.
3. Transmits stresses.
‘There are two basic. t)ypes of polymers, the thermoplastics and the
thermosets. For fiber reinfarced plastic vessels thermosets are

usually used [h] .
L}

-—- Thermosets develop a well bonded three dimensional molecular structure

upon curing. The conditions necessary to effect cure and the charact-

v

eristics of the uncured resin can be varied by changing the basic

formuiation.

A
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Moreover, some thermosets éan be held in a partlalTy cured condit-
ion for prolonged periods o time. This inherent Flexibility

makes the thermosets ideally suited to use as matrix materials’
for the continuous fiber composites used in vessels.Of the
thermosets, polyesters, epoxies and ﬁgﬁyimidés aré perhaps the most

widely used in FRP (fiber reinforced plastic) composites [6] .

Polyester Resins

Polyester resins have the ability fo cure or harden at room temp-
erature under no pressure or low pressure when catalyzed. This
characteristic allows.the polyester resin to Se used inexpensively

in making vessels for the chemical processing industry. However
these resins have the problem of large shrinkage during the curing
process and rglativély poorer chemical resistance as compared to

the epoxy resins. Polyester resins are therefore restriéted to
commercial vessels and they gave way to epoxy resins in more critical

applications [k] .

Epoxies

Usually each epoxy contains the base resin, a curing agent, and in
certain cases, a filler or thixotropic addition. Diluents, additives
used to reduce the viscosity of the resin in the uncured state, are

undesirable since they reduce both fatigue 1ife and heat resistance

of the cured resin. Processibility and properties of cured epOXy e



material are highly dependent on the type of hardener used to cure
it. The curing reaction as the resin passes from the (A stage)
through a partially cured state in which the epoxy exists as a

thermoplastitc (B stage) to final cure which is irreversible.
\\

However, by congrolling the temperature, one may maintain the resin
in the B stage for prolonged periods of ttme. This flexibility
makes possible the use of-''prepregs'' (pre-impregnated) fibers

or fabrics in composite fabrication. The epoxies have superidry
chemical resistance; good adhesion to most substrates, very low
water absorption and cure shrinkage, good electrical properties,
and high strength as compared to polyester resins. Epoxy resins
are among the most important of the matrix materials used in fiber

reinforced vessels containing high pressure [h].

Y

Polyimides .

The polyimides are a special group of aromatic polymers designed

to function at temperatures in excess of 260°C. Reaction of the
startiﬁg consﬁituent;‘ at low temperature produces high molecular

weight polyamic acids which require a period of 30 minutes to as ’
much as 4 hours for the formation to be completed. |f application

is not anticipated within"a few hours the material must be kept in
solution, sealed and refrigerated to prevent degradation. In fin;l

product form, the polyamic acid must be cured by heat treatment for




2.2

¢

a period of 5 to 16 hours at elevated temperatures to produce the
polyimide. A new type of pol§imidé which circumyents some of the
shortcomings of the condensation curing systems has recently been

developed and is commercially available as an advanced formulatiox

i
under the name of P13N. The PI3N differs from conventional .
polyimide resin systems in that, during final molding at 320°C the

§
reaction simultaneously fuses the plies together to form a coherent\

compact, void-free (void content of less than 2 vol%) product [b].

Reinforcing Fibers

.
1

The fiber is the backbone of an advanced reinforced’pléséic,composite. Lo

%
+ Q0

It carries the load and imparts stiffness to the structure. S-Glass,
Carbon and Keviar 49 fibers are the most widely used reinforcing

fiber material in the application of composite pressure vessels.

The strength, modulus and density of the more common fibers used

in reinforced plastics are shown in Table 2. Among these S-Glass,
o ‘

Carbon fiber and Keviar 49 fiber are usually used in high pressure

vessels.

$-Glass .

4

S-Glass was developed as a commercially’ fiberizable glass wiihﬁﬁlgh’
strength and elastic modulus and good retention of strength at
high temperatures. The density of S-Glass gibers is 2.5 g/Cm3

Young's modulis of as drawn S-Glass fibers at room temperature Is

v




86 x 106 N/cm2 and thermally compact S-Glass fibers have an

elastic modulus of 9.3xl06 N/cm2 at room temperature. The

3

avérage tensile strength of virgin S-Glass fibers is hs50x10 N/cm?

4
»

stressed tdltheir ultimate strength, S-Glass fibers have an s
average elongation of'5.3 pe}cent. The strength of S-Glass

fibers Is retained well with temperature although at 540°¢

plastic yielding of the -fiber begins. QThe~strain, annealing

and softening points of S-Glass are 760, %l? and 970°¢, its

coefficient of thermal expansion near room temperature is 2.9

4
x 10 6 C l.
o

Significant damage can occur to S-Glass roving
stored at temperatures above 0°C unless the material is

maintained under very low humidity conditions, in which case '

temperatures up to 25°C appear satisfactory [b] .

b

Carbon Fiber

Most carbon fibers are provided by thermal decomposition of an

~

orgapic precursor, usually rayon or polyacrylonitrile (PAN)
although some are made from extruded pitch. Since the precursors
are in multifiber strands, so are the carbon fibers produced

from them. Commercially available forms are staples(rélati;ely
short length ), as well as fibers and specialty materials like
kints and felts. The final mechanical properties of carbon

fibers are controlled by the processing parameters. The fiber
’ 1
4

.

) U e e



\ B g

’,pLdulus increases with heat’treatme t temperatuyre from 1200 to

4 ZSOOQC, whereas strength‘;eaches a’ maximum over temperature range
of 1400 to 1700°C, thus it is impossible to obtain ultra high
strength and modulus in the same fiber. n addition to bare
fibers, producers sél) carhon fibers ﬁhat are treated to provide

-

more effective bonding with matrix materials, and thereby yield

improved interlaminar shear strengths in composites. Typical

properties of ‘carbon fiber are shown in Table 3 [“].

PRD - 49 Fiber (Kevl&rl ”~

PRD-49 is a high strength, intérmedlatg modulus organic fiber
with excellent potential for_reinforcemen% of polymeric materials.
As is noted in table 4 two versigns of PRD-49 are now available.
The type |1l form is normally preferred as a reinforcement while
type lV.form is an important potential tire cord material expected
to be competitive with steel wire. These fibers have very good
handleablility, for example, strength retention after weaving

is 90 percent of the virgin yarn strength. The fibers are
nonmelting and are about equal to Nomex nylon in flammability
resistance (limiting oxygen index of 0.29). The fibers possess
moderate temperature resistance. The tensile strength arops

about 30 percent after(550 hours exposure to zuo°c in air.

PRD-49 is also quite resistant to most acids, bases and solvents.

EN
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The fibers do, under certain conditions, pick up moisture, with

an accompanying length change [h].

Fiber/Matrix Properties Combined

The properties of a fibrous composite depend not only on the

[ 7

identities and‘relative quantities of the fiber anq;ﬁésin used,
+ F "'4,/. )
bit also on the way how the combination is made,fﬁable 5 shows

4 A

the differences obtained by different combinations of short or

long fibers with resins. |In addition, a unidirectional composite,

‘one in which all fibers are aligned in parallel, has the highest

strength and stiffness in the fiber direction for a given fiber/
matrix system. Typical unidirectional properties for the more
important composites are compared in Table 6. However, as shown

in Figure 2, such a composite will have rather poor properties

if stressed at some angle oblique to the fiber direction. A 0/90
or crogsplied laminate has half of the fibers aligned in one
direction and half at 90 degrees. The stress angle versus strength
profile for such a laminate is also shown in Figure 2. By adding
still more fiber directions; e+g.in a 0/+45/90 or 0/160 degrees

laminate, a pseudoisotropic.profile can be achieved.

The properties of £ and S-glass composites are compared in Table 7.

The S-glass produces composites that are superior in all respects. .
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Because carbon fibers are available in such wide variety, there
. {
s a broad spectrum of attainable composite properties. Table §
lists some typical composite properties for the various .types of
carbon fibers in epoxy [5] Data for two polyimide matrix systems
are included for comparison. The carbon/polyimide composites are
lower in strength than comparable carbon/epoxies. Some properties
of Kevlar PRD-49/ePoxy composites are summarized in Table 9.
The low compressive strength indicates that the greatest potential
for PRO-49 lies in its use in structures loaded in pure tension :
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such as pressure vessels LSJ .
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" TAELE | MATERIAL SPECIFIC STRENGTHS. :
ol (7],
MATERTAL SPECIFIC ¢
: STHENGTH ®m X 10
R.A.E. C.F.R.P. TYPE 1 i 7. 04
R.A.E. C.F.R.P. TVFE 2 8.94
mom CCFOR.PO 758 10.07

HERCULES C.F.R.P. ETS 9.60
DT PONT PRD. 49 (KEVLAR) 8.69
BORON R.P. R 6.78
SCOTCHPLY G.F.R.P. TYPE 1002 8.15
R.A.E. G.F.R.P.- . ' h 6.76
3.M. G.F.R.P. 3M - XP2155 6.75
AL ALLOY 2L.63 | 1.65
AL ALLOY DTD 5074 ' 1.99 ]
MG ALLOY DD 5031 ‘ RN,
MAR AGEDIG STEEL . 2.72
. ” ) A\
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TABLE 2 PROPERTIES OF THE MORE COMMON FIBERS
USED IN REINFORCED PLASTILS [z.

T

" Modulus,
Tensile Strength, . Density
Materidl (Nem= x 103 (Nlem22106) o gfemd)
E Glass 345 . - 12 2.55
" S Glass T a0 B YR 250
PRB-49-111 275 5 13 1.45
Boron + 275-310 3841 .24
Carbon ' , 103-330' 69-62 . 1419
Steel Wire ' 206-512 20 7.7-7.8
° t
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TABLE 3 TYPICAL PROPERTIES OF CARBON FIBERS [6 ]

.

Tensue Modulus, Density.
Vendor . Tensile Strength, '
(Trade Name) Grade Precursor{a) N/em2 x 103 N/er®R x 106 g/em? Form

Union Carbide T-28 R ' i2s 17 l‘ 43 2 ply yam
(Thorneh) . T-40 R 172 28 1 56 2'ply yamn

T-50 : " R : 207 35 . 165 2 ply yam

N T-75 R 252 . 52 of 82 2l yam
S, T-400 P 310 21 1.78 1 ply yam~

Hitco HMG- 28 R 103 Y 1.5 yam

HMG-40 R 172 28 o () yarn
HMG-50 R . 207 - 35 18 yam °
- B ’:, i : )

Celanese |7 GY-70 P 207 52, 19 -
(CeJion) ’ '

Hercules/Courtaulds A p R 269 : 21 18 10 000 tow
(Grafil) HM(b) P t 207 - 38 1 88 -+ 10,000 tow
(Magnamite) HT(b P 244 28 172, 1‘9_000 tow

Great Lakes T |4 « M 19 N 176 150,000 tow
(Fortafil) &T P 24) W 1,78 50,000 tow

T P 276 . 3/ 179 --
o-T P 290 a1 19 50.000 tow

Whittaker/Morgamite | P ’ N b P 4] 20 10 000 tow

, (Modmor) 1 P - 276 - 28 1 76 10,000 tow

Polycarbon A P 207 2 175 ¢ fow

T P 231 . 28 17% tow
M P )207 ) 41 ,l 90 tow

Kureha Corbus T 51172 2.7-26 16-1.7 -

Tokai T-S P 189 48 © 20 --
{Thermalon) ’

Stackpole 30 ) P 275-324 21 _ 160,000 tow
tPanex) , . ¢

Nippon, C.L» L s8 e L, 18 . -

Sigri P 148-245 19-48 1.8-20 --
“tSigrafihy

{a) R= Ragyon P» ‘Polvlcwlonln.le L, Lignin
Saurce Mpnutacturers’ Literature

HM S and HT-§

"\

(b) Surface-trested versions also available under Designations
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" TABLE 4 PROPERTIES QF PRD49 FIBERS [6]

! Type 11l , Type IV

D;lmucr
- 0.1 mm 0l mm

Denuty ‘ .
. ¢ 145g/cm3 1 45 grem?

.Tensiie Strengt -
276 » 103 N/c:xp2 29¢ » 103 Nfem?

Tensile Mom{lus : .
' 13 x 106 N/fem? §.3 x 106 Nfcm?

Stress-Strain Curves Linear . . Non-Linear
+ Elongatipn 2.09 3.3%2

Moisture Regain ‘ 1.8% 4.07
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TABLE 5 TYPICAL COMPOSITE EFFICIENCIES ATTAINED
IN REINFORCED PLASTICS
Total Fiber
Content Flong (¥ Composite
, (by volume) Nicm-x 103 Efficiencytd?
Fiber Configuration Fiber Lengtt vy Ftheor! Frestfc} %
Fiiament-wound Continuous “0, 214 124 $8.0
unidirectionaly
Cross Laminated Continuous 0 48 136 50.0 6.8
Fibers X ]
[YYITY AV
. or
Cloth Laminated (5 M{"‘ Continuous
o L Sass 045 136 296 216
M3t Laminated — Conunuous 048 136 394 29.0
Fibers .
210 ). .
Chopped Fiber RRDE DA ‘ Non<ontinuous on 418 10.3 247
Sysiems (random) k5 °fY !
Glass Flake s Non-<continuous 070 1141 13.8 121
Composites s } R
T T
{8) Fiong = Utimare tensie strength in direction of greatsit tiber content liongitudinal], I there 15 one
(o} Theoreucal strength based On “Ruie of Mixtures™
. Feheor ™ VISt + 11 V4IEm
where
$+ = 400 1275.8) k31 IN/em2 x 103} — typical baror of carbon fibet strength .
S € 1016 93 kni(N/em2 x 103 = typical ropn strangth <
(€) Fyggt ® typical axperimenta! strength values -
2 (d) Compotite etticuncy = IF 1gy/F theor) 2 100 .
N * a. ;N N v ) '
. . . I N
‘ . < o K . ’
- 4
v S : :
. o D e o
. A T ’
., : ° ’ - v . ' "y
. . . - o) . o i B ‘ \ " |
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TABLE & TYRICAL LONGITUDINAL{8) PROPERTIES OF 5
UNIDIRECTIONAL REINFORCED-PLASTIC COMPOSITES, [GJ

Ultimate ' Tensile Modutus Ulumate )
Tensiie Strength Compressive Slrenglh
Fiber Matrix N/cm2 x 103 N/imZ x 106 Niemd x 10 ’
E glass Epoxy 103-172 4-5 5 60
S glass Epoxy 172-200 6.6 138
PRD-49 Epoxy 144 . 8BS 28-41
Boron Epoxy 124-144 21-22 275.303
Boron Polyimide 117-131 ~21-21 .4 -- ¥
Carbon(b) Epoxy ©41-138 12:21 41-138
v 3 . .
Carbonfe) Polyimide 124-144 16", 120
Stec! Epoxy 206-293 . 10-18 -
{a) paraliel to the fiber dirsction ) )
{b) various fibers . .
(¢l Modmor ! oniy s B
14 - -
o
[
p
’ * »
¢
[ ) -

W e s e -
¢ . -
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TABLE 7 COMPARISON OF E- AND S-GLASS/EPOXY(8) _ ‘
- ROOM TEMPERATURE PROPERTIES AT 0° STRESS ANGLE 4] y
Laminate Construction < /
Unidirectional (0°) Cross Plied (0/90°)
* Property E glass S glass E glass S glass/
Flexural Strength 114 121 827 796.5
-~ N/em2x 103 5.
- Flexural Modulus . 36 40 24 2.6
N/em2 x 106
Tensile Strength, - 1o’ " 13s 52 58
N/em?2 x 103 ©
“Tensile Modulus 39 44 26 29
' N/em= x 106 , '
Compression Strength 62 69 52 57
N/em? x )03
) Fiver content - 1 65 volume pe
- > Ll
* ’ %
. (
. : .
M .. ﬁf n
1 ° ' : ' ‘
J
' L]
fq .
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TABLE 8 TYPICAL TENSILE PROPERTIES OF CALFI;BTN."BER

!

COMPOSITES AT ROOM TEMPERATURES

Laminate Ultimate Modulus,
, Fiber Onentation, Tensile Strength
_l_)escnpuon Matnx degrees N/em2 x l(J5 N/em2 x 106
HT Epoxy 0 130 14
d 0 1.7 0.80
0/x%5 . 79.0 9.00
HM Epoxy ' 720 17
. 4.7 0.80
5 15 1.7
0/90 37 10.0
A Epoxy 0 v 16 13.6
GY-70 Epoxy 0 62 9
90 2 . 060
Fortafil 5Y Polyimide 0 63 ' 16.3(2)
, 90 ' 2.0 -
HMG-50 Polyimide 0 450 . 17.8
90 1.8 . - - .
{a) In fiexure
3 .
Coe .
S oae VIR

. va
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) TABLE

9

PROPERTIES OF PRDAS/EPOXY LAMINATES |4 ]

Density

Interlamunar Shear Strength,
dry

5

Interlaminar Shear Strength,
after 3'day water boil

Tensile Strength
Tensile Modulus
Charpy Impact Strength

(transversé (o fibers)

Fmgue Strength,
107 cycles

1000 h: Rupture Strength
at Room Temperature

Compressive Strength(a)

1.38 g/cm3

6200 N/em3

§510 N/cm2

165 N/em2x 103
1.5 166 Niem?2

P60 joules/cm?2
14N,cmZx 103
124 Njem? x 103

'

2034 N:em2 x 103

(a) Datas for composites containing Type | fiber,
current Type 111 procuction tiper.

»
the isboratory version of the
AN
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3.1 Vessel Composition o ©

o ;

° <

v

‘Filament wound composite vessels utilizing high strength-to-

density and‘modulus-to-denéity ratio materials offer significant

b3

< M
weight savings over, conventional all-metal pressure vessels for

.containm;nt of .high pfessure gases and fluids. .

v

The structural efficiencies of the all metal pressure vessels e

range from 0.7 to 1.5 x Iok meters based on a pressure vessel
: 3

‘performance factor (PbV/w) where P, is the burst pressure, V is

o

b

the contained volume, and W is the vessel weight. In comparisons
filament wound (FW) composite pressure vessels are capable of yielding
performance factor values ranging from 2.0 to 3.0 x IO“ meters

when made using advanced fiber/resin composites and equipped with
.metallic liners. FW composite pressure vessels can therefore

provide greater structural efficiencies (hence lower weight) than

all metallic pressure vessels of similar volume and pressure rating.
This desirable characteristic derives from the high strength of

the continuous fibers, Figure 3 [6].

[
*

.Composite pressure vessels for high performance applications are
designed to load the fibers fn the composite overwrap to high stress
levels (ranging from 60 to 70 percent of fiber ultimate strength).
However, high fiber stress levels result in significant elongations

of the composite (0.5 to 2.0 percent) and extensive crazing or




‘26" ¢ . 'n ) v ., s )

¢

cracking of the resin matrix between the fibers.

12

‘Resin crazing generally becomes significant atka composite stress
between about 10 to 40 percent of ultimate fiber strength®which’
is considerably lower than the operating stress of high performanceL
composite pressuré vessels. The résin matrix craze paths can'join

‘to provide a leak path shown schematica@ly in ?igure 3. for q;is
reason apart from the High strength filament winding layer, an
internal liner must then be provided .to prevent leakage of the '
conéained fluidvor gas‘u The basic composition of a high pressure
vessel therefore consists of a high strength filament winding
layer plus an impermeable liner. The filament winaing layer

consists of continuous fibers and resin as discussed earlier.

)
o

The liner must be both chemically compatible with and impermeable

o
4

to the contained fluid or gas. The liner also must be capable of
straining or elongating with the composite durin§ pressurization
and of returning to a stable -and non-buck led position after pressure

is reduced in the vessel, Three classes of liners used are: ‘-

Elastomeric - For near ambient temperature applications where some .

>

permeability is permissible.

2

Thin Metal - Bonded to the overwrap - the lightest weight

vessel, buﬁ cyclic life limited.



3.1.1

-7 . L ‘

P

Load Sharing Metal.- Thick metal linér is uséd, shares in

o

supporting structural load.

Elastomeric Lined Composite Pressure Vessels

Conventional low pressure composite pressure vessels (3.5‘|7 N/sz)
generally operate af fiber stress levels of 10 peréent or less -
of ﬁ'ﬁer ultimate strengths. " Such low pressure structures do not
need to be eguippedtwith special liners because of the«resulgant
low elongation levels. A resin rich gel coat applied to the B

internal surface of the composite vessel serves as an impermeable

liner to contain fluid or gas.

An example of thé elastomeric liner vessel is the filament wound
kevlar 49/epoxy composite pressure vessel (shown in Figure 4)
which hgs been developed by Lawrence Livermore:Laboratory (LLL)
under National Aeronautics and Space\Administration (NASA) and
Energy Research and Development Administration (ERDA) interagency
agfepment. Development test resulgs for this vessel are shown

in Table f0 (6] .

v

Thin Metal Lined Composite Pressure Vessel

In applications where a light weight vessel design is qesired and

'
N

elastomeric liners are unacceptable {cryogenic temperature and/o?\
\

high pressure gas service) a light weight liner must be used.

4 e s e

\

"

™,
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The thin liner concept utilizes tHe high strength composite over-
wrap as the primary load carrying element of the structure. A
metal liner of the minimum thickness and weight is used as a
leakage barrier. The liner contributes negligible weight and
load carrying capability.

’

.

The choice of a suitable metallic liner material, is difficult

in cases where the vessel must be designed for high cyclic»lifel

*The thin metal liners are subjected to severe plaiaic straining

during pressure cycling, as shown in Figure 5. The liner must
be capable of withstanding both high plastic tensile and compressive
strains while providing a reasonable cyclic life. Because the liner

is forced into compression upon depressurization of the vessel, .

the liner must be well bonded to the inside wall of the composite

.overwrap in order to prevent the formation of wrinkles and disbonded

areas which can result in leakage during subsequent pressure cycles. .
2.

The liner material must have the capability of being readily

processed and welded into impermeable liner assgmbliés. An

example of the aluminum liner ;essel is shown in Figures 6, 7 and 8.

The thin metal lined composite pressure vessel concept has been

extensively evaluated in various programs. The results and success

s N
of. these programs have depended greatly upon the selection of

=



)

suitable compgsite overwrbp and liner materTa1;. .

x
y

Ideally, the composfte overwrap shoula be made from light weight,
5. . ! '

high modulus fibers and the liners should be made from low to

medium modulus, high yield strength (high elastic strain capab-

ility) metal foils. Table 11 shows compérison in the extensib-

ility of various vessel overwrap and’ liner materials.

t
-

The strength-to-density versus the moQulus-to;deniity ratios for

a number of the advanced fibers are shown in Figure 1 [6] .

The advanced fibers have s[gnificanély higher madulus-to-density
ratios than do’S-gIasF fibers and hévexggnerally provided the bes4
apbroach for fabrication of light weight, high cyclic life, thin
metal lined composite pressure vessels. Development test results

2

for some thin metgljic lined vessels are shown in Tabies 12 and 13.

. A comparison between different metallic vessel and metallic lined

vessel with filament-would overwrap are shown in Figure 9 and fo.

[
a

Composite Pressure Vessels With Load Sharing Liners

c

The load sharing liner concept utjilizes a relatively thick metal
liper to contain the pressurized fluid or"gas and to suppBrt from
one third to one half of the internal pre-sure load of the vessel.

4
The remainder of the load is carried by the composite overwrap.

.
. .
.
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Ao . a .
The Eomposite pressure vessels with load sharing liners are

» -

intermediate in weight saving performance .between thin metal/bonded,

. . N J » : .
“yliner composite vessels and homogeneous metal vessels, and do not

|

between the metal shell and Bverwrap. , 4

require a bond '

For Ve%sel§ with load sharing liners, the f}lament sireég strain
curve is linearly elastic out sg the .proof Ftraiﬁ ana even
beyond to burst: HoweveT,‘dﬁ‘rha‘first ﬁressurization (proof) «
cycle of“tﬁé vessel the metal liner is.prastically strained

while the composite overwrap is strained elastically.

-

£

4
.

*As shown in Figure %1, the metal 'stress strain curve shows yield

i

: g ¢ ,
and plastic flow. Since this initial (proof) pressure cycle

u -

plastically deforms or 'sizes" the ltiner, it is referred to as

the "'sizing' or ”aqtofrettage”'cycle. As the vessel proof

pressure is released, the liner, which has taken a permanent
plastic set, is forced into compression by the filaments trying
o T

to return elastically to their original size. Thus, at zero .,
. ' ‘ : ‘ . " Ry
pressure after proof, the metal is in compression and the : .

\

- filament in tension.

.
1
v

4 . - *
From that time on, the metal operates elastically froﬁkcomp-

ression to ‘tension while the filaments operate in a tension -

*

L d
mode when operating pressure is applied to the vessel.

. >

PR

-t g€



The overwrapped load sharing liner concept has proven to be

\

an efficient design for attainment of significant weight

savings . (40 percent) over the best all titanium pressure vessel

design used in aerospace applications {GJ -
. ' . /

vA(Kevlar L9/epoxy céﬁposite pressqrefvessel eéuipped wﬁth a

cryoférmed 301 stainless steel load bearina liner achieved a
PbV/w'of 2.1 x IOh meters compared to'1.5 x”loh meters for a
titanium pressure ﬁessgls of ;imilér shape, contained volumé

.and pressure rating of 2000 N/Cm2“[6ji‘

The ,Joad sharing lined composite ves§ef§ concept is currently
utilized for high pressure gas containment vessels on the shuttle

Qéz%rjbter, escape chute inflétion ﬁressure vessels on some commer-
cial aircraft and for fire fighter's and s;ber diver's air

breathing pressure vessels,

3.2 Pressure Vessels Fabrications

"3.2.1 Filament Winding Layer

«

Pressure vessels are normally fabricated by the fi-lament
winding method. This method owes its origins to the textile
industry and consists of winding continuous high strength/

stiffness resin impregnated, or resin soaked fiber around a




-32..

shaped mafdrel, to some pre-specified winding pattern. Fiber
windings and mandrel are subsequthly autoclaved to cure the
resin system, where upon the mandrel is removed to yield a

high strength fiber composite shell.
\

The method is particularly suited to the manufacture of
axisymmetric structure such as pressure ;essels. A signif-
icant ;dvantage of this method lie$ in the fact that it can
be almost entirely automated and should thereby eliminate

many of the manufacturing induced material inconsistencies

] N
that seem to plague 'hand laid' fiber composite components.

Types of filament winding machine are many and varied but
they basically fall into two categories which will be called
'helical winding' aﬁd 'polar winding' machines. The former
simulqte the action ?f the lathe with the mandrel in a horiz-
ontal position. The mandrel totates and the fiber dispensing
head traverses back and forth along its Ienéth dispénsing
fibers at a helix angle dependent upon the ratio between
traversing and rotational velocities. A variant of this type
of machine 19cates the mandrel in a vertical axis, whfch
reduces mandrel body'forces and give; better results when

winding large and heavy components. In the polar winding

machines the fiber dispensing head is located at the end of a

.
~
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' rotating arm, which passes ovér the forward and aft poles of
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the mandrel, while the mandrel itself rotates. This type of

machine proves to be more efficient in the &inding of end . S
closures and has obvious advantages where it is required to
lay fibers at a helix angle approximating.to the longitu&inal

¢ ' axis of the mandrel. ' L

o

Both types of machine possess a’facility for 'the application

of fibers in a girdumferential, or hoop direction. °

3:2.2 Liner Fabrication .

.

e

Aluminum liners for composite cylinders can be fabricated by
impact extrusion. This is a two step process. First is an
impaﬁi to make an open cup, and second is an impact on the open

end Of the cup to clpse it and form the boss.
&

Deep Draw and Spin

This is a multi-step operation with intermediate anneals. . The
final step is spin closing without a mandrel. “Although more
> expensive than impact extrusion, this process permits thin wall
"liners with close tolerances on thicknesses. Normallyvaluminum

liners 6061 or 645) are heat treated to the T6 condition and

. 4
then machined to shape the boss and provide threads for the

valve. {!

o
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\ residual stresses due to thermal expansion mismatch between
: \

\

Overwrap . :

The liner is completely filament wound with fibers in resin

using interspersed helical and hoop patterns as previously

described.

After overwrapping, a polyurethane coating of the desired
color is applied to the cylinder and it Is cured in an oven

at about 150°C. , /,

> .

One problem area in the fabrication of composite structures is ’ N

»

the composite and’ the tooling. Cost reduction is becoming a

. \

major concern in fabrication of structures, hence, it is des-

irable to eliminate all unnecessary steps. There is growing

interest in using techniques -as microwave and ultraviolet
\

‘curing which is expected to shorten cure cycles [2] .
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: Fig.4-Design of the 10.2 cm diameter {6]

composite pressure vessel.
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ALUMINUM LINER
STRESS-STRAIN CURVE ~

- 36 -

STRESS
-~ 5-GLASS/EPOXY COMPOSITE
STRESS-STRAIN
»
> ,~SECOND PRESSURIZATION

/~INITIAL PRESSURIZATION

PRESSURIZING
SECOND CYCLE

DEPRES SURIZED

FIRST CYCLE~ /!

l Tl

VESSEL STRAIN

—DEPRESSURIZING
SECOND CYCLE

"-PRESSURIZING THIRD .
CYCLE, AND ETC.

Figure 5 - Typical stress-strain plot for a filament-wound glass fiver /epoxy
composite pressure vessel equipped with an adhesively-bonded thin

aluminum tiner, [6
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-Fig.6-Liner designs for 20.3 cm

diameter cylindrical composite
pressure vessels. (6] :
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Figurg 7 - Liner designs for 20 3cm diameter sph
vessels. [6]
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METAL LINER / *~ FILAMENT 6VERWRAP_

(FIRST .
CYCLE) ~,

1
/ |

.

"= METAL LINER (ALL CYCLES
| SUBSEQUENT TO FIRST)

\L

]
| " oPERATING STRAIN

~

- PROOF STRAIN
STRAIN

N
- e ————— DM

STRESS

" OPERATING STRAIN RANGE

)’ s

"\ STRAIN AT ZERO PRESSURE AFTER FIRST CYCLE

Figure 1 1- Typical stress-strain plot for a filament-wou nd S-glass fiber/epoxy
composite pressure vessel equipped with a metallic load-bearing liner, 6] e -
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Table ]0 Test Results of Rubber- Lined 10.2 Diameter Kevlar 49/Epoxy Composite Pressure Veasels [6]

4 -

2

Controt* L/D ‘rabos d/D ratioe ' Dome contours
' ) o2 3 4 s 3 L R
‘vessel design ' ! A . ’
Tome contour In-plane | ln-plane In- plane ln-pla.’he‘ In-plase | Helical | Hemisphencal
Boss /diameter, ¢/D 0.2 023 o o100 ® § 0,37 o o -
«  Lengin/diameter, L/D 1. 38 2.0C 3 00 138 138 1218 1,38
i stngle- evcle bypst pressure,” Py .
P Mean, o 10 N[M . 186 178 171 1727 1191 171 61,
i faldre locallond 17THATF BH~IK SH-2h 9 "TH-uh SH-fh 1P (equatcr)
! Caf‘q;::me moculus at failure : : .
st Nym? . Y .
’ Longtudinal 331 338 359 345 3145 34,8 348
t Hoop “ {565 53.8 455 579 57,92 56.5 51.7
' Rupture stran, % - ’ ' -
Axal 17 1.6 | 1.8 t 7 1.7 s [
‘ Haoor 20 20 1.5 20 3¢ 18 07
! wene of composite, Kin 005 -|007 0.10 005 005 005 605 -
5 Valume of vessels, lo-sml 094 14 2.2 092 092 093 1.1
popgv/w, atf em - 4.0 38, 39 39 .0 6 14
i composite, mean
| Fider conmeny by volume % 61 5 66 7 . 68 1 68 ( 6.7 65 9 65 3
Density 15 KG /3 14 ° 14 16 14 le 1u Y
i Vease! thickness, <M g.08 008 008’ 008 0.08 0.08 eoe
' Lonpitudinal wandang 0.03 0.03 uo3 0.03 003 003 003
HOOD wisang 00Ss ags 00S 005 005 005 0.0%
! Calcaated hiber hoop 2944 (2889 {2668 |2986 |23se {2758 [s02’
! faslure siress )ONmMmean ' R .

ASundard 10 7ML ameter model vesses

bOne vessel oply,
ETestet at ambiers tempsrature

ch:mnal falure locatidns are (1) H for hoop, K for knuckle, and F for {itting thu¢ 2M and 1K indicate
twn vessels fauled v hoop and one 1r knuckle, Note - the pumber precec.s; the letier tndicates the number

of veaseys tested

ks
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. Table | Enemlblliry of Vessel and Liner Materials [6]
Matenals ) Maximum elastic strain, ‘pe cent® | &
' ’ Test temperature
(o)

- 250 ¢ L2537 C —
S-glass epoxy ¢ 3.5 s s \
Keviar 49 {epoxy 2.5 N/A
Thoruél-Special graphute/epoxy 1.7 R{A
Thornel 40 graphite/epoxy 1.6 N/A }
Elastomers ! ) 700 0
Aluminum (maximum elastic . .07 . .1

strain)
Titanium (6A1-4V), annealed - 6 " N/A
¢+ (maxamum elagtic strain) . *
S p
*Based on fracture strain. o .
N e »
at 1 ‘
i
A
i
« » ¢ N ;‘ R
. * -0"
b “
2 o -
. -
) P
2 \
4
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Table 1 2 Test Results of Cylindrical Aluminum- Lined® 20-3(.-“Dumgter
Kevlar 49/ Epoxy- Composite Pressure Vessels

4

{Test temperature, 2 SOC)

Vessel test results “
Vessel number . P-WM3 | po1as | p-1a7 | Pera9 | P11r | Poaso
volume, 15’ e e 922
Single cycle burst pressure, Niws (1634 [147  [1w0 171 j152 f1w2
Failure location H H F H F H
PV/W, 10° e composne |36 138 6 I ! 4o -
Composite data . )
Total wall thickness, «m 01y o1y [0.1n 01% (014 JOlw
Longitudinal wrap, €My 061 051 0.61 061 061 061
Hoop wrap, CiWA 086 386 |0.86 086 | 086 |086
Weight, KRG 038 0.36 (037 036 | 035 |03
Fiber content, vol & . 765 699 (686°] 7u3 {713 [637 )
Calculated fiber stress, o Nln\z
. Hoop wrap ’ 2436 2530|2447 | 295 | 28271258
Axal 2978 122820266 | 2364} 2317 2213 .
20 030-Inch thick ner N
bH for Eoop. F for inting,
' o
Tatle 13 Test Results of Spherical & 3 vDiameter Kevlar 49 Epoxs
Composite Pressure Vessels | '
Vessel properties ® A
Liner Aluminum (0,08 )] Alurinum 1808 )| Rubber®
Boss type Large double Srcal! single Small single
Number of vessels 10 [ 4
. Volulme, n‘xa -- 4,07 .
Composite wall thickness, <t [ g 2 2° 021 022
at equator )
Composite weight, Ké, 035 034 0.36
Fiber content, vol. & 699 679 681
Test data
Single cycie burst pressure, 2875 bia9s ¢ ISuu
mean, ksi
PyV/W. 10 cm 34 Cu2 Wl
composite, mean .
SRubber liner over perforated aluminum,
bStrcxm.h contribution of liner not considered in calculations,
®Data corrected for lner strength cootribution. . - .
A
ﬂ
a M ’
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Laminate Theory

4

Laminates suited to pressure vessel structure will usually require

bidirectional strength, necessitating at least two orientations

of fibre layup (two fiber system). It is likely however, that a
multitude of differing fibre winds will satisfy any given design
criterion and means of identifying and quantifying these design

variations form the main topic of this section.

Limitations as to the number of varying fibre orientations allowed

i@ any given design must be specified. The more fibre orientat-

. ions that are introduced, the more complicated and expensive will

be thézﬁanufacturing.process and it is thought that a three fibre
o .
system provides the right compromise between variability of design

and ease of production. N

|
The th?éé fibre system will.compr{se~'angle ply', i.e. fibres
orientated alternately'at plus and minus 8° to a reference Jirect-
ion and ‘hoop' or 'circumferentia[' ply, which is all aligned in

the hoop direction. Figure 12a shows filament winding patterns.

The complete structural configuration can be identified by two
design variables, namely (R) and (8), in which (R) specified the
percentage of total laminate thickness committed to angle ply and

(8) the angle, (plus and minus alternately) of angle ply [7] .
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Q

. .
A layup specified by R = 0.4 and 8 = 20° would therefore
comprise 20% of its thickness oriented at 200, 20% at

-20° and 60% hoop (8 = 90°).
Figure 12b illustrates the layup of the example.

Vessel Coordinate System

The cylindrical shell structure is described by an orthogonal
(x, y; z) curvilinear axis system, so that z = 0 defines a
reference surfaﬁe within the shell thickness and x and vy
align with axial and circumferential directions respectively
to complete a right handed system (see Figure 13). [8]

1

Laminate Elastic Constant Prediction

In general the only measured material properties available
to the designer are those referring to the unidiri;fional

layer.

Structural laminates are however (as implied above) normally
composed of a number of unidirectional layers, whose fibres

'
are orientated at differing angles relative to a given reference
direct%on. Eacﬁ laminate will therefore possess different

overall elastic constants depending on the particular stacking

sequence employed and methods must be readily available for

-— 4 — A A——y T



obtaining these elastic constants from constituent upidirectional

data. Yo

This section is primarily concerneq‘with éhe membrane analysis

of thin laminates. The only elastic constants of-relevance in
this section are therefore those referring to the plane of the

.

laminate.

Material Coordinate System

Al

"The upidirectional lamina is identif?éd by an orthogonal (1,
2, 3) axis 'system so that direction (1) aligns with the fibres
and directions (2) and!(3) are at right angles to the fibres,
forming a right handed system, (see Figure 1h4a). The (1, 2,'

3) axis system is transformed to the global (x, y, z) axis

system via a rotation (8) about the (3, z) axis (see Figure 14b).

~
Unidirectional Stress - Strain Relationships |9, 10]

¥

Assuming orthotropic symmetry and transverse isotropy.
~

Generalized Hooke's Law

{f .it-is assumed that the rela;ibnship between stresses and
strains is linear, then the following equations must exist to

describe the behaviour of an anisotropic material.
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Fxlx rsxx
:€zzg 1 S21
1€33 =1 S31
§Y13’ Sy
§Y23(.' Ss1
Y2 ‘Lsex
Sy

-50_

Si12 Si4
S22 5#3
Si2/ Sas
Sv2 Sus
Ss2 é53
Se2 Sks

Where the matrix [s_],is_

matrix.

Sy Sis Sm-—1 011

S2u  Szs Sy, "1 022

Siuv S35 Sig :033 (1)
Syy  Sus Sqeg ?Tl3 ‘

Ssy  Sss Sssf gfza

Seu  Ses SGEJ 5712

termed the material compliance

H

[SJ is symmetrical and therefore 21 independent elastic

constants are required to describe the fully anisotropic

material.

Orthotropic Symmetry

AN

If a material possesses three mutually perpendicular:planes

of elastic symmetry then it is said to be orthotropic and

equations (1) are modified to the following.

- N
Cllg S11 S12 513 O 0 0 011
1
€22 Si2 S22 S23 O 0 0 | 22 ;
s
€33/ = |S13 Sz3z S33 O 0 0 ! 033 (2) -
i T
€13 0 0 0 Suy O 0 i Tys ‘
; .
823\ 0. 0 0 ‘ 555 0 i. T23
€12 0 0 0 0 0 See| . Ty2
L N
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?

[S]\is still symmetric and therefore materials posssessing

orth&%ropic symmetry only require the definition of 9 inde-

pendent elastic constants.

Transverse |sotropy '"“*--.__~_.‘~

If an addition to orthotropic symmetry a material contains a

plane where its elastic relationships are constant in all
direct{ons then this material is termed 'transversely

isotropic'. 1f the 2, z plane is the plane of isotropy then

equati (2 ) becomes:
! . o .
€11 Sy S12 S;2 O 0 0 o1
€22 Si2 S22 S23° 0 0 0 J22
€33 S12 Si2 S22 O 0 0 J33 3)
€13 0 0 0 Slih' 0 0 d;1 ‘
€23 ‘ 0. 0 Sss 0 T2
Elz . LE 0 0 0 0 S“.- 012.

Sss is no longer independent and is related to S22 and $;;
so that now only 5 independent constants are required to

describe the material.

ok Bty 04 e b el e v
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Then the stress strain relationships for a unidirectional

.

layer become: (
-
€ = a - (o) - g
11 ETT A 11 Hi12 22 Hi2 3{]
. 3
€23 ='%;; “u12E22 O11 + 022 = H23 O23 (4)
| - En . ' i
’ /
. 7
— 1 ™ ° <
, €33 === | =l12B22 Oy =~ Uzz OT23 + T332
Ezp | —==%
e Eu
Ezz .
= T2y /
Y23 23 ,2(1 + U23)
. Yia = T31/6,2 o
Yiz = T12/0;2

Or in matrix form

lehas = Eﬂ%za lokss - (5)

Where [S]%23 is termed the local compliance matrix, the

suffix (L) signifying 'layer?

-
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"Axis Rotation

g

[

%

The stress vectorlcl,zs and strain vector'ellza can be
referred to the (x, y, z) axis system via the following

relationships: -

n

[T] !ﬁl}l&‘ Co .

(717l L,

‘ElXYZ

lc‘xzs

Where the suffix 'T' denotes transpose and the rotation

matrix [T] is that conductive to a rotation (8) labout the

3 axis
m  n? 0 /K 0 mn 1
3 4 ] \

nt 'm 0 0 0 -mn
[T}zl o o 1 o o 0
0 0 -0 m -n 0

0 0 0 n m -0.

-2mn 2mn 0 0 0 (m%-n?)

e N d ’

. A
.Where m = cos8 n = sind

From (5) and (6) ‘ -

[

s a_t e
e L
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¥
: .
L Lo b T\L L ot
lelay, = [0S (007 goly,
or | ' :
L L L
R lel'xyz = [SnyZ lo'xyz \ (7)
Where [S]hyz is the global compliance matrix for the layer
From (7)
b L L .
'clxyz - [C]xyz lElxyz (8)
Where [c];yz :([s])':yz)‘1 is the global material stiffness

matrix for the layer. !

Lamina Stress Resultant

L, From Eq. (8) the stress resultants acting in a single layer
must be given by: .
oL L L : : :

Where e, is the thickness of' the Jayer

Laminate Stresses

From Eq.(9) the average laminate stresses must be given by:

[
1

. K , . =
TS I L B
-Io xyz i:x {< ‘ L/T> [C]xyz ‘.etyz ‘ (10)
where {K) is the total number of layers in the laminate and

(T) is the total laminate thickness. The suffix Lt refers

to total laminate preperties.

it g1 s
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Let laminate and'lamina strains be equal, then

P
2

xyz xyz .

and eq. (10) becomas

o

Lt

Holeyz - Ce] let;z

where .

2

LY

{B] ) g:l QL/T>[C];VZ ‘ |

In Plane Elastic Constants

From eq.(12)

|€ ,L(;z =,[A-] lcol_x;z . ’ ?:' : .

where A} =L=[B]'1 ‘

o
.
¥’
1
oo
s H
0 .
‘ >
B v
3
[
’ ¥
.o ‘
s .
)
R . §
: 7 :
- °
. N < 0
: s
a o v,
N e
H '
B e .
5 a
(O £
h 3
¢ «
'
s s ,
0 o
5o N . Y
- -
- “y d
: . W ? °
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- s " e e e
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The stress-strain relationships for the assémbled laminate

0

will be of the following form: - ,

1 - S

Eux “ Exx l_oxx ‘ My Oy T Mxz ?zz A

ez == [-n o +0 - o]

yy ~ Eyy [ Hyx Oxx T %y Wz %2z (14)

= _I.. -1t - ) 7

€22 7 Eg2 [ Fax Ixx T May 'ny+czz
= ‘l" G . .o

sz Yz / Yz . ¢

Ixe © Txz /ze
= 1t |6 :

YXY Xy / Xy

‘o
o

Comparing equations (13) with equations (14) yields the foll-

owing expressions for the elastic constants of the assembled

“laminate in the plane of the laminate..

- 1 ., = 1 »

Exx /Ay, ‘Eyy /A2

My ° Aya/An Hox = Az /Az2 (15)
o : .

ny = /Ass
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Transverse Shear Moduli

The condition of constant laminate - lamina strain (Eq.(11)
N ) N
is only realistic for the in plane strains €x’ © ' tand
) s s

.

o,
ny and the following expressions can therefore only b

regarded as approximations to the transverse shear moduli.

«
>

Once more'coﬁparing equations (13) with equations (14)

)

> ,
1/ 1 .
. G = /Ay, G = /Ass (16 . .
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Examble for the Derivation of 'Elastic.
Constants for Angle Plied Laminate)

a
]

rFollowing is a derivation of the elastic constants for an angle

plied block of a carbon fiber reinforced pI;stic (C.F.R.P.) Typée I

material which its unidirectional fiber properties are shown in Table-

Py

A

14, As the fibre angle q&y be varied from t0°, (i.e. all
.. ' v

fibres(align in the 'X' direction) to £90° (i.e. all fibres

aligned in the 'Y' direction),using eqhation 15 the results

of this analysis are plotted in Figure 15.and 16 which

-

respectively show thé variation with ply anile (#8) of the °

three Yoqu's moduli and the six Poisson's ratios.

’

N -, “

The moduli plot, Figyp5 15, shows that the out~of plane Young's
° o

modulus‘Ez, is 'ndependent of fijbre oriengatfon, which is as °
‘s ) < N
expected as this is always.a transverse property and' as such
A v i
must be primarily resin dependent. ., .

in plane moduli-Ex and Ey decrease and increase respectively as

‘

the angle of ply is incrgase‘ rom +0°.

[

Thé’ploﬁ‘of Poisson's ra;{;s Figire 16 shows that effective in

. plane Poisson's ratios “xy and uyx can exceed 2.0 for angle .

- *

plied laminates. This is,mo¥é a feature of geometry than of
. g @

. . v . L
pure elasticity and is best appreciated by considering. the analogy

, 0
v . N

-g\ -

-
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of a four bar chain (see Figure 17). It can be seen from this
figure that when such a mechanism is sheared to a' fairly acute
- v ' )

afigle, a small extension of its longitudinal axis (x) can
. - ' w ~
result in a significantly magnified contraction of its trans-

L]
verse axis (y). ) .

~

Laminate Strength Prediction .
L“ v ) “ i x
" = -

In the previous section it was shown how the process of lam-

ination facilitates the assembly of a virtually untimited range

-

of physically differing materials.from the same unidirectional

fibre - matrix building block. The' range of possible ma%kiiil
: - ' )
variants is so large, as to make the é€xperimental’'collation v

o o

of strength data on assembled laminates completely impraé\icable.

Methods similar to those used for elastic constants prediction
mist therefore be made available,,whereby the strength of an

. 4
assembled laminate can-be assessed from the measured strendth

cd

data of a single constituent layer. . ‘

-
z

.EXperimental strength data are best related to uniaxial sttfess’

.
- .

systems, -such as those-resplting from the simple fénsife. L

compressive and shear testing of a unidirectional layer. In
service however, layers will undoubtedly be subjected-to sim- ,
. .

ultaneousty applied tongitudinal, transverse and shear stresses.

<

Qs



. The method of laminate strength prediction must therefore be

capable of 'relating this complex multi axial state of stress

to the simple uniaxially measured strength data. ’

v

Failure Criterion ' y o

{

Numerous failure criteria have been suggested 'for application

to filamentary materials, including minimum and maximum stress

theo‘ies and even statistical theories based on probability

theory. Most researchers in this field however agfeed

o

that distortional energy theories give the most encouraging

resul ts [IO, ll] afd such a theory originated by Tsai [10] and

modi Fied.by Hill [11] will be used in this study. This method N

basically consists of equating the\energy'of distortion of a

§
block of material subjected to & multiple stress system, to

the ehergy required to cause yielding, or fdilure in a simple

o

tensile test.
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Generalising the Von Mises yield criterion for isotropic
materials to include the effects of anisotropy, Hill (15)
assumed a quadratic in the stress components, i.e. ’

L4

2 2 2 -
(G + H) ol t (F + H) o;,+ (F+G) oj,- 2Ho,, 260, ,0

C2, 11733

- 2F0,,0,; + 2LTS, + zn%ia + 2NTE, =1 ‘ (17)

Where F, G, H, L, M, N are material anisotropic coefficients.

-

Let the only non zero stress acting be the limiting shear,
stress'T,, i.e. (T1,,)L, then from (17)

{
M=~

12°L
similarly
T
(e, (L

2M =

-Let the only non zero stress acting be the limiting value of
the direct stress o i.e., (011) , then ’

1 L '

S+ H = —ory— (18)
'L « ) R
similarly
B L .
F + H =y ——————— : :
(g2 ) ' (19) .

22 L .

and

1 .
F+G= 7;3:7:——- (20) /

soiving (18), (19) and (20) simultanecusly for F, G and H'yields:

i . ’ -
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/
M - 1 . 21 _ 21 -
z
o (o
(011) ( . )L \s )L
) : : .
26 = — - — - — (2D
O‘
(ou),_ ‘ (c”)L ( 22)L
2F = ! s ! - 21 )
‘ ol o
( 2:)‘_ ( 3;)L ( 11/)L
' Substituting for H, G, F, N, M, L in (17) and assuming
transverse isotropy vyields: ) . ‘
’ e
o? o? o? o o - 5z oy
DS W A ¥ M 33 -3} 22 S 13 33
2 ‘2 2 2 2
o, o 0
.(011)1- ( zz)h Scaa)L ( 11)\- ( 11)1-
7 2 N
- 2 - — c o + —2 - N
2 2 22,133 2 2
‘ T T
(022)'_ (cn)L_ ( )L ( L
G . ,
b o— » (22)
2
T
N ( 12)L '
Fo_r two dimensional elasticity i.e. thin laminated plates
~ o - T - T = 0 and (22) reduces to .
REE 13 23 .
2 2 2 N ‘
o o - g o . ST - 1
1 + 22 0t 1122 0+ 1z ’
2 2 2 2 .
o o g T .
,g 11’k ( 22)L ( 11)1- . ( 12)1- \
. ¢ . \ ) \
and introducing a strength factor SF g
. Gz . 0’2 g g Tz 1 ' '
(g &y, v 22 7 33120 + 12 = (23)
: T2 D2 Y 2 2 2
o - o T . (SF ¢
( 11)L (02‘2)L ( 11)L ( 1z)L ) ( )
W

Provided unidire'ctioﬁaﬁ stre\?gth data is'knovﬁn the fa'iluLe

criterli'un (equation 23)éhen permits a layer by layer sgrength

9
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evaluation to highlight the weakest layer and ideqﬁify stress,

!

levels at the initiation of faiture. Layer failures are indicated

when the strength or reserve factor (SF) falls below unity.

Layer Stresses

Equations (22) and (23) refer exclusively to the unidirectional
Iayérqénd therefore, restricting disCugsions to the two dimen-
sional case, the laminate stress system S cy; Tx; must be

t(ansformed to the local coordinate sysyem of individual layers

before any strength assessments can be made:

From equation (13)

v ¢ £l
i &

eie " el T (Al e

-

L .
Multiplying both sides of (2b) by [C. xyz yields

-

T.1t L L ", Lttt
Lcj xyz zel§yz ¢ Xyz ;AJ;‘ i xyz

Therefore from equation (8)

T é .
To bt 10 |alss - o (25)
9 xyz % ‘:C_} xyz LA] Tixyz e .

-7 7
Multiplying both sides of (25) by T . yields
T L - STr L [ . Lt
- T.. A

LT_ 'q xyz ‘T; LC; xyz [ _sc' xyz
‘therefore from equation (6)

I - =1Lt ' - I
: = T c. A!c (26)
boj12s . § P £ zxvz :
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The layer stre;s relationships (eqdation 26) allow the eval-
uation of stressés in the principal material directions
(1, 2, 3) at each layer when the assembled laminate is
subjected to orthogonal direct stress o O and shear
stress Txy' So these relationships are dependent on the
applied stress system (Gx’ g, T y ) and the fiber system

y X
(laminate layup) which in turn dependent on the design variables

~

(R) and (8). There are two stress systems applied to pressure

‘vessels, the uni-axial tension, as may be experienced when

there is pressurization with no longitudinal restraint such as
pipe lines, and the second applied stress system of prime import-
ance in this survey is the bi-directional stress system of

cylindrical pressure vessels of the form shown in figure 12.
w

Design consideratios

The most common fiber systems in pressure vessels are the two
and three fiber systems. For stress analysis there are also two

[}

diffarent approachés. To verify the structural integrity of
camposicé pressure vessels the contiquum'ana]ysis approache gives
resin strain as well as fiber strains and includes both fibers and
rasin strength data in the laminate failufe criterion. The other
aporoach is the netting analysis which icnores al’l resin effacts
50 the struczure is assumed sound until the aC:ua\ braaking

s¢rain of rhe fibers is reachea. .

Q [
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The following sections show the differences between two and
‘three,fiber systems and the derivation of elastic constant

and strength characteristic for both systems.

Some useful relationships are derived for both two afd three

/

fiber systems by applying the bi-directional stress system
(the applied stress system in cylindrical pressure vessels).
Also the differences between continuum and netting analysis
are expléined followed by an example of a cylindrical pressure
vessél (bi-directional applied stress system) using a t&o-
fiber system to clarify the‘difference; be tweeéen éontinuum

¢

and netting analysis.

Three Fibre System

Three fiber system will comprise fibers orientated at plus
and minus 8° to a reference direction 'angle ply' and fibers

aligned in the circumferential direction ‘hoop ply'.

|

Elastic Constant Characteristics

Employing the design variables (R) and (8) it is possible to

specify the elastic constant characteristics in plane moduli

E s Eyvand ny over the'whole design space R = 0.0 to 1.0 and

o

8 =0 to 900 by using equations 15. Such information ‘can be

-

P ad
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organised in the form as shown in' figurés 19-21 for the carbon
fiber reinforced plastic material which its unidrectional'fizer

properties are shown in table 14,

Strength Characteristics

In figures 22-24. strength characteristics are exhibited over
the whole spectrum of 'in plane' applied stresses. Wwhile the
étructurai laminate is held constant using the design variables
(R) and (8) this philosophy can be reversed so that the applied
gﬁggss system remains constant whilst the actual laminate is
varied. As it has been shown before the layer st}es; relatidn-

ships (equation 26) are depéndipt on the applied stress system

and the laminate lay up. So with the applied stress system

i

.held constant layer strength factors and subsequent laminate
\

strength, based on the weakest layer, are therefore gglculable
from the failure criterion (equation 23) for any selective
values of (R) and (8). If (R) and (8) are allowed ta vary

sequentially through the design space (i.e.‘R =0 to 1.0,

8 =0 to 900) strength data can be collated to cover all possible

three fiber designs.

>4
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This process could easily be programmed to facilitate the
production of strength design charts for any specific applied

e stress system. Such a program is developed in ref. [IQ).

1

4,2.2 Two Fiber System

"The two fiber system configuration can be accomplished by
having the design variable (R) set at unity which implieslthat
all the material in the cross section in angle plied at 6
degree. Which may be considered as a specific case of three
fib;r system. So the elastic constant and strength character-
istics can be determined from figures 19-21 and 22-24 respect-

viely for a carbon fiber reinforced plastic which its unidirect-

L)
ional material properties as shown in table 14,

4L.2.3 Bi-Directional Stress System

The applied stress system of the 2/1 ratio is the, typical system

of cylindrical pressure vessels of the form shown in Figure 13,

,

For this bi-directional stress system a laminate comprising at

.

least two fiber orientations is required and the following

useful relationships can be derived from netting analysis.

o

Considering first a two fiber system comprising a balanced

N Q
helical angle ply with layers orientated at pius and minus 8°

)
to the hoop direction of the vessel.



[

>

From equilibrium:

PR 2
Hoop stress = % s g, €056

_P_g‘

Longitudinal stress = UL = 7t = 0 sinze

Where 03 Is the layer stress in the direction of fibers’

Therefore from (27)

Sh . N .
. OL =2 = Tan28

From which 8 = 35.3o

For the three fiber system defined by (R) and (8).

Where 6 = 0 refers to the hoop direction

% = (1 -R) %%h + R oy, cos28

oL = RGl, sin2g

(27)

(28)

(29)

Where Oth is the stress in the direction of fibers for the hoop
layers and O1ia is the stress in the direction of fiber for the

angle plies.
If J1h = O1a and oh/oL =2

equation (29) reduces to:

] -R = 7 $in26 - Cos28

R
a ®

(30)



From (27) and (28) . o ’ -

¢

g, = Oh/2 = g, Sin2 (35.28) n -ﬁ‘ . ,. '

L
Therefore
) GL = ch/z = 0‘-333401 . ' L . ' . | '(3])
A randotn solutign to (30). is 8 = “:‘709
- ; R-= 0.3775
and from {29)
G = oh/z = 0.3775 01 Sin?70 z D.333hor (32)

" g

It can bé‘seen that relationships (31) .and (32) are identical
. and it can therefore be concluded that provided fiber stresses
“in‘all layers are equal, the two and three fiber system designs

are of equal merit from a.strenqth and hence weiéht point of view.

Relation;hip (32) was however derived fr;m a random solution to
Eq. (30) and an infinite number of su;h solutions are therefore
possifle offering an infinite number of éiffering designs of
equal strength merit for the three fiber.system, whilst only

one solution exists for the two fiber system. (This is an

13
¥
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‘important observation as it opens up poséibil?ties of optimising

the fiber layup to satisfy manufacturing constraints, or per-

haps specific overall structure stiffness requirements).-

Strength chart conducive to this stress system is shown in

i

Figu}e 25, — a

Continuum - Netting Analysis

4

Continuum Analysis

Continuum theory assumes that the load reacted in a fiber/

:

matrix composite is carried by both the fibers and resins

simultaniously. So F§¥ design based on continuum analysis,
. . : s

‘laminate strengths are predicted from a yield type failure

criterion (equation 23) involving the evaluation of the local

stress system at a given layer and the measuréd longitudinal,

transverse and shear (longitudinal - transverse plane) strengths

.

~

of the uni-directional composite.

Since laminate strengths must depend on the applied stress

t

system, it is possible to produce strength charts in terms of -

the design variables for specific load cases: . - -

© ’

13
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" For the stress, system of a simple pressure vessel, i.e. where.the

v

biaxial stress ratio (hoop to longitudinal) is 2. O strength data

are plotted in Figure 23, 24 for the same (R) & (a) comblnations.
For these figures the dependent variable is:-chaosen as the allow- ~

able hoop stress, wﬁich from simple calculations allows the”’

2

~composite is carried by the fibers and thereforé the oniy

~
v

". N ., ‘A . i . N
pressure vessel wall thickness to be evaluated for any specific

design, where the interhal preasure is known, v

o

Netting Analysis . - <

N .

©

Netting theory assumes thét all'load reacted in a fiber matrix

.

« »

strength. parameter of lmportance is that refeirred to the line

a’t 4 v t

of actzon of the fnbers“
v
In producing netting anal?sis‘strength charts, the allowable

. .

' . ' ' . 7y
material strength parageters used are.therefore those listed in

-of the load.

LY 0
v
- ] - N

Table 14 for ﬁpngituﬂinal tension. ’

a (3 o
«
.

-,
“ - , h b N

For the pressure Vessel load’ case where & bi-axial .stress ratio .

\

>

of 2.0 is applied to the laminates, netting aﬁalysis results .

are a little more complex. Slnce stress is applled in two

1
diréctions the angle plled layers cah now carry a proportidn B\ .

~ 1

e ey - 3



L}
»
L
13
v
o
L
!
v &
/'\\

I Strength data .are: glotted in f‘lgure 25. e s

-

) ¢ \ .
Strendths and stiffnesses in directions' at rig‘h\t angles to,
F'S ~

PR

°

1 .
‘
~plikd/layers must. th

s he . \
the fibers must still be zero and the loads carried by the angle ‘Y
/Zfore satisfy the strict geometry relat-
. . . . R ' ¢ - y
2 tonshéb. There must also be a strain*’compatib,’lity be tween al‘l

laxe/rs in %he laminate and for a three fiber system there are

»

therefore sufficient equations to give solgfions to ~stres‘se§‘- in
-y -

each layer, for dhy‘combi,/n?ion of the dasign \'zari‘ables (R) and » .
. Ce ) L
- ] :
(8) . .For any given .v!ﬂue'of the.cross ply ratio (R),. there wi)l
) o ’ - ’
be a unique value of thé angle ply angle (8), to give,constant
B 4 .

, ..
i [ .
stress in the fiber$s of all layers in thenlaminate. Designs

N

- .

and therefore since (R) can be chosen as any value between 0.0 \ : -

and 1.0, fher)wi]l be an infinite number of op’timum designs.
0y é , *

The allowable hoop stress (based on total shetl thickness) is ¢

therefore directly related to the overall structure weight,‘ and R

-
C . % .

- the highér‘ this parametet:, the ljghter will be the final design.

'l-; f . .
’ L ¥ . . -

i »

-
<

\ .
“An interegting design case is, that where (R) is set at unity,
3 L]
é

]

L}
which implies that all the material in the cross section'is

corss plied (i.e. .two fibre systam).’ .For this case when,

" . Al

o /o is 2.0, the only cross ply angle satisfying netting analysis
L} / &

requiremsnts/s appr!xim tely 68.= ‘t35.3°,t0 the hoop'dir;ltion,
¥ » )

» as it has been derived befpre. ‘ . .

specified in such a manner can be shown to be of minimum wey ght ‘. .

’ N .
N f . » 4 . \ ¥
\ , w - . . - _ . ( AN
. . ' ¢ v , R
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. - .. . P e
. . 4.2 4,{ Netting ~ Continuum Strengtthomparisdhs s ’ . -

o i . . . R B
For the applied stress sYstem considpred,.it can be seen from
. L

< » -
‘\N~ > figures 24 and 25 that the:? are significant differences between
. # ‘

. The reason for these

netting and continuum analysis results. Since, with netting, K

analysis all resin effects are ignored, titere can be no pred-
: L S - v
LictIOn of resin failure and the stru€ture is assumed pound

v )
unfil the' actual breaking strain of the fibers is‘reached-(lggas). o
) . ‘ . - p
+ ) . .
Continuum analysis on the other hand, senses resin strain, .as
) > ’ ‘ .
o well as fiber strains apd includes both fibers and resin strength

- data in the'laminate failure criterion. Calculation procedurese

v of gtrength'and stiffness Jsiqg netting an qbntinuum analysis _
. . s
7 - are Shi:? i% a flow chart in Figure 26 LZ] oL

- VA
. “‘Ei‘/the pressure vessel load case large differences.:>b apparent
- ( o -' I . . . ' . .
: | . between netting -and continuum analysi$ results. Taking the

, design for the two fiber‘system, (R = 1.0) from'Figure 24 and’
¢ .1‘ - ' ¥ . '

. 25, gives a maximum failing stress of approximately 2172Mn/m2 o

. v . . v VR

‘for continuum analysis and 1270 Mn/m? for netting a%alysis, @e.
| ‘ N -~ ‘\ R .

3

LI
R ]

* v the ;ont?nqudf%nalygjs'strengthcpredicfion is almost a factor
¢ ) ’ ., (3 . _' « .
of six lower than the netting strength prediction.

'

> - -

§

-

]

drastic differenges in results‘can be best

’ .

. © L}
T e -« appreciated in considering a simple example. ' o ‘v
.
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.For the pressure vessel illustrated above, let .the stress in

the (x) direction ox be 34.5 MN/m? and that in the (y)
~direction Oy be 69 MN/m2 and let the design be a two fiber

system in 3M G.F.R.P., at approximately Sozbvolume fraction

B

Since the example is a two fiber system, the only possible ply"
- orientation”for netting analyscs |s 54, I indicated in the

above skétch. . B -
- .o ¢ ’
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For netting analysis using equation 27

g, = Sy = 69 » 103.8 MN/m?

1
sin®54.7 0.665

where 0] is the stress in the direction of the fibres.

From Table 14 the mdximum longitudinal tensile stress for this
material is 1904 HN/mz.

J

. .8
Therefore the maximum allowable hoop stress is

-

1094 2
69 x m = 1270 MN/m
2

For ipput stress components Ox = 34.5 MN/m ay = 69 MN/m2 and
using the continuum anaﬁysis {equation 26) the stress systems

in the 1, t plane are:

o

Layers at + 54° .9 = 85.6’ﬁN/m2, g, = 17.83 MN/mZ,
o, T, 2 o712 MN/m? -~ \
"Layers at - 54° a ‘ = 85.6 MN/mz, g, = 17.82 MN/mz, N
t 7.2 Min .

) It . .
{

For continuum analysis the structural strength is specified from

— . . L . .
7the 'Hill' criterion i.e. by using equation 23

»n

Q Q2 R s

2 .
(3 L0008

Ir"
N—
3
1Y
-

(2]

|
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From Table 14.foF 34 G.F.R.P.

Q = 1904.0 MN/m2, ‘R = 62.1 MN/m%, S = 68.2 MN/m’

1 /856 )2 (8.6 x17.82  N17.82\%  [7.12Y2
7 2 ‘ a
F \‘90“'04 1904 , 63.2) \ 2/ ,
15 = 0.00202 - 0.00042 + 0.0822 + 0.0109
- \
R Y N P . /
F * !

* components of the Hill criterion causing the di fference between
L .

. The maximum al lowable hodp stres's is

a

69.0 x 3.1z 214 MN/m?
From the above it can be seerf that the first term of the left

hand side of the Hill criterion is equivalent to netting

analysis. : ’ﬁ%

i.el o ’
LI - L L
Q“ForF’ g, ’ :

. 2 )

The results show that g, from continuum analysis, is of similar

]

‘
' <

magnitude to the simple netting analysid velue and therefore the

‘ ' g, g . '
the two results ( neglecting small term It ) are: - ‘
a 2
* Q N
=
. , :
¥ -
-
@ . )
‘ "
-
]
. . v
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E]
’ *
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These two parameters refer prihari|§ to the\strength'bf the resin
and since their magn}tude in the Hill relationship is larger

fhan the fipre term :]/Q.Zii is likely that resin failure is the

limiting factor in comtinuum analysis results. By definition the

»' -
transverse stress ct and the shear stress T]t, are zero for netting

analysis and therefore no checks for resin failure can be made.
. t

.

As ‘indicated previously netting analysis is therefore predicting

an upper bound to the laminate strength, i.e. the point where

fibre rupture must occur, but gives no information dn the state

of the resin. "Continuum analysis on the other hand, predicts the
’ /3 |

point where failure of any naturg, takes place, cluding resin

faidure, which depending on the material may occur at stress

v

levels far lower than those necessary to cause fibre rupture. In

practice time dependence and non linearity of resin properties

may also affect results. The material chosen for the above example
‘is a glass fibre reinforced composite and it must be pointed out
that differences between netting and continuum analysis are not

as spectacular for the stiffem composites, i.e. Carbon, Boron.

.
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Specifications and standards

'

For over sixty years, the commercial transportation of compressed

gas has pbeen restricted.by ﬁhe Depart of Transportation (DOT) to

l .A
shipment in all al cylinders, principally steel. As a
p /}e’t ylinde P pally

practica[/matter, commerciald compressed gas supply sources will
not charge cylinders that do not have a DOT authorization.
Thus, DOT authorization is essential for commercialization of

composite pressure vessels technology.

PR =
The effort required to obtain the DOT authorization is an inter-

esting case study of the d[fficultieé‘ﬂ'ﬁblved in commercializing

aerospace materiafds and process technology. The government
“aerospace tanks'' normally controlled by military specificat-

ions backed up bi advanced analytical techniques and composite
e

technology. However, on the other hand the commercial ''compressed
]

gas cylinders'' backed with proven mechanical engfneering practices

-

going back to ‘the 1930's. .

Since the ''proven mechanical engineering practices'' control the

issuance of the necessary DOT approvals, it was necessary to

3

establish specifications for the composite materials and

v

processes in terms that would assure DOT that cylinder fabricated «

v 3

of the materials would be as safe as the customary heavy steel
p . , “
ones. .




There are codes and standards set \forth by different agencies
andh government organizations to establish these specifications.
Some af t:heseh‘requirements may be found in American Society

of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code
Section 10 Uniteci States Department of Transport .(DOT)
Excemption DOT-E-8162 and Miljt:ary Standard for Fiber Reinoforc_.ed
Plastics Pressure Vessel MIL-T-25363 |[fef. 14, 15, 16 |.

7 . | -?.'.

~

-
.
-
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Orthotropic b \- Isotropic

¢ Figure 123 Filament winding patterns h |

'\\ /
t
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R/2 R/2
(1- R~ .

Fliament Widding Pattern -
\\ FPigure 12b Specified by R = 0.4 and 8 = 200 13! ’
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Advinced filament wound pressure vessels are the ;es&lt of
applying aerospace materials and processes to manufacture f
useful commercial products. The transfer of technology has
been.successfu! by carefully retaining the essential para-
meters of the tecg%ology while modifying those that cause

high costs characteristic of the aerospace industry. Thus,
advanced technology but lower cost commercial composite pressure
vessels are now availa le for military/aerospace applications.
As it has been discussed earlier there are different matrices

and reinforcing fibers commonly used in fiber reinforced

"plastic pressure vessels, different vessel compositions and
fabrication techniques, also there are twg different phil-
osophy in analytical analysis in verifying the structural

integrity of FRP pressure vessels.

yewever, there is still further work to be done to encourage
more usage of fiber reinforced plastics pressure vessels in
our daily life. Because of the lack of a complete design

) A
code, reliable design should be based on thorcugh stress

analysis and costly tests, thus engineering costs for FRP

equipment is higher than for analogous steel‘.equipment.



A comprehensive design code should be formulatéd and adopted
’ by users and fabricators. It should providé a step by step
d:;ign précedure. This will reduce engineering costs, and
reduce misunderstanding between fabricators and purchasers.
Fabrication techniques a;e not standardized s? that here is
]arqe variability in mechanical properties of ®the laminates

in equipment. This variability must be accounted for in

design.

'
-

Improvement of design methods would be accelerated, if creep
data on common FRP laminates were available. Reliability
will be improved by better non destructive proof test methods,

such as acoustic emission.

v

Improvements 'in filament wound pressure véssels will result

from the application of new materials and fabrica{ion process

innévations in the form of high modulus, high strength leamentsz
. lighter weight metal Iiner,'studies of advanced bonding systems,

novel fabrication techniques such as adhesive bonding of liner

segments, and new welding methods.

More studies needed to better define the safe fatigue life of
vessels by studing the crack propagation characteristics as

well as their behaviour under cycling loads also elasticity

»

<
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analysns of stress concentrations caused by openangs

vibrations, ?uclklng and thermal- elastﬂlty should be

.

investigated,

Y
«

The added knowledge of the structural behaviour of ‘FRP
pressure vessels will provide a better basis of:design and
manufacturing processes. : Lo

¢

Fiber reinforced plastics pressure vessels without doubt

wil) offer the choice of a major step forward in terms of

weight reduction and safe operation and one can foresee their

increasing utilization in-our daily life,

-

A , 0 . v

t

- e e w4 ot §




.

of
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