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Buckling
of Glass-Reinforced Plastic Filament-Wound
Pressure Vessels . )
Under Hydrostatic External Pressure

.Paul Ouelletfe

[}

" In the wake of developments in the aerospace, aviation,

and automotive fields, industry in general has discovered

the advantages'that composité structures can provide. One
of the earlier users of composite shells was the taﬁk and
pressure vessel fabricaﬁing industry.' A, widelyl used
composite in: this, sector is plastic reinforced with glass
fibers becau;e of its combination of strength, corrosion

resistance, and cost competitiveness. Along wéth increasing

use has come the incentive to establish norms for the design

of these structures. It is £he pdrpose of the present work
to - ;xamine some: design -rules and guidelines " for
glass-reinforced plastic filament-wound cylindrical shells
subjecfed to hydrostatic external pressure tending to
produce buckling. Experiheptal results are obtained on 4
tubes about 0.9 m long: with a fadius of about 0.14 m. Twd
of these tubes have cérrosion barriers while the others have

only the filament-wound structural layers. The experimental

results include an imperfection survey on the tubes (which

!
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were produced with bonncrcin techniques and eqhipnent),‘and

_buckling pressure. Three procedures for predicting the

i

" buckling pressure 'are ‘selected for comparison with the

observations. These ~ate: an analysis first presented by
Cheng an@ﬁao‘in 1963, the French étandard.J,n# an ASME Draft

Propoaalﬂ‘ The latter 'two are simpler, Eht all virtually

}equire computer codiﬁq‘in practice. The Proposal gives the

most .conservative design ptpsluéo. while ‘the other two allow
for higher pressures, i.e. the possibility of a less
expensive product. IE is interestinq that“tn!\g}tinate

collaqué pressurei are abOuE three times higher than- the

’ideatif;ed buckling breasures.‘btodidinQ'aﬁ'added margin of

safety with these structures. . o,
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S .7, .Ir1.0 INTRODUCTION e

r . "{b) What was done about it

Y " | g‘ b&

(c) What was learned?™[1]* P o ' .

s - ‘ !

- . *

- This thesis will attempt to follow this simple and
4 .. . '

elegant outline of what an engineering document should

answer. Thus, thfee different seCtions will deal with these

a -

three ‘queries. .
- *

3

5

- The pmesent section w1ll expose the answer to the fxrst

thy
questlon and outline the motxvatxon for asking it. In doxng

A

AN

- A\\\éo, the literature on the topic will be discussed brigfly, ‘

. l“‘é d the’ relevant work done by others willé be’bzoﬁght

ether’ {Q form the base upon- ’ which . the’ present

in estxqﬁt&on will bulld
N\
AN n
: \E" . FE
. The second- section '~ will be concerned with the
N ' ‘ ! ;}l
experlmental teghnlques ‘and analytlcal approaches used td
oo . ‘
' try to answer ‘question (b) above. \
- \w- /\ . ) ) . ‘ ' . . " )
' The - th1rd and "’ fxnal sectlon wxll examine the results
flowing from the work descrxbed in. the second section. The
Lo e * Numbers in brackets designate References at the end
- of thls thesis. ‘ L ,

»
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. knowledge sgained in the course of the study will. be
. discussed with the aim of assessing practical ‘applications.

The shortcomings of tHe work will be mentioned in the hope

. N
that future efforts will benefit therefro . ,

v
'

b

I.1.1 "What is the question?"

" e

— % The work undertaken here tries to answer the quesﬁibn:

. Among the buckling design procedures available,

"y which one(s) give(s) tesults combining both ease.
'of application and . good agreement with
experimental data for the 1locads and materials
which concern us here? ' '

»

This question'ggn‘conven§ently be divided into three parts.

DS

<

N
1

Part 1. Buckling design proéedures may be simply

”

expressed in a few equations, or they may,requiré relatively
complex ‘and extensive computations best handled by a digital

'computer ~_ The latter case may inclyde complex codes which

".:{tequire much sophisticated ;howledge of. computer
analysis and . shgll' behgvior."[Z] Obviously, "“ease of
application" and "good agreement with ‘expergmental data"”
‘will mean different things to Qifferent people. " It is hoped

that readers will be able to come to a tacit consensus on

A

what good agreéhent” should mean after having read this

Introduction. As for "ease of application", readers " should

keeq in mind that* those for whom these results might be

»

.
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useful may-, at best, héve, access to small  personal

computers. The necessity for greater sophistication should

___—thus be understood %o imply "difficulty of applicationp.

.

L

Part 2. The procedures will only apply to hydrostatic

o

buckling . loads. These are loads which are uniform over the

entire surface of the vessel., Such a vessel would be
N L

subjected . to a pressure difference, with the external

pressuré being greater than the internal pressure._ v«

N . . '

Part 3. The materials of which our test structures

. °

_are  made are a specific class. of composxte - The

“~

‘rexnfdrcement is continuous glass rovxng and the ' matrix “in

which it s 1mbedded is plastic.’ The she115=are made by:a

.

process called filament winding’, More will be saiq on_ this

subject in Section- II. (The 1ntereseed reader wxll find -

much 1nformatlon ,on mater1als .and fabrzcatlon méthods 1n

%

5

[31.) Havxng deflned the questlon. Exggre 1 ’will.help

situate this work in"the broader ' field ° of Stabiliiy
’ EE S
v .

Analysis. - - [ -

i

- R - -
\ ~

R ‘ Lt o .e . LA . . ..
The purpose of this thesis then'ls to brlefly oconsider

the work done over the last one’'hundred- thxrty years, . but
more partlculaxly over the last twenty-flve to thlrty yeavs
e

when compositg sheLls started to .be used in varxous*

P

applicationg. The Information thus gathered will be used to

address‘the specific technlcal problem of ,fllamenﬁ-waund

- i}
L]
Y




STABILITY ANALYSIS

|

LINEAR £LASTIC STABILITY ANALYSIS

COLURS | SHELLS . PLATES
’ -
CYLINDRICAL SHELLS
ISOTROPIC SHELLS GENERALLY ANISOTROPIC °  ORTHOTROPIC
SHELLS . .. SHELLS

AXIAL BENDING PRESSURE TORSION  COMBINED
LOADING ~ LOADING _LOADING LOADING  LOADING

| Iy ~ :

{ =~ ~ . . - ¢

~

— )
TENSION  COMPRESSION

UNIFORM EXTERNAL HYDROSTATIC UNIFORM EXTERNAL LATEhAL

PRESENT TESTS

*
Ed s

“Figure 1. The situation of th? ;"Jresent tépic in the broad %1e1d
' - of Stability Analysis . .




glass fiber reinforced plastic vessels subjected to

hydostatic pressure buckling loads.

I.1.2 Motivation for the question

When alfaericator.must supply a pressure vessel to ‘sn
eed—user, _he usually must comply with certain
specifications. In some easas, the end-user will refer to
srandards which are voluntary iﬁdustrysstandards or which
may be legal'requrrements. In either case, the designer has
geidelines to determine “ﬁhe parameterSFOf the vessel: In

. the absence of such standerds, the partxes must ‘reach an

agreement on the approprlate desxgn, a process whlch can

cause delays and mlsunderstandxngs.‘ .

The design of Ellamentgwound composxte pressure vessels

agalnst buckling, faxlure is one instance where standards do .

“not exxst in North America. ASME Section X on Fiberglass

Relnforced Plastxc Pressure Vessels [4], Part G-121(c)

specxfxcally excludes v...vessels having an “interpal or

.external operatlng pressure not exceedlng 15 psxq ({100 kPa):

‘with no limitation on-size." thle art;cle D -3 specxfxes

"mandatory' rules for quallfyan vessels under eiternal”\

pressure, no ﬁormulas are provxded for deSzgne A'desién can’

rd

\only be- quallfﬁed by testing’ one vessel‘to destryction
| 8Ly

according to a.specxfxed loading ichedule. When only . one

] . l‘. v
\ ’ L / \
. ' ' ~
. ! ® !

C = § = . ST "l



vesgel- is required by the’ énd*hsgk, _this ' becomes ‘an

expensive proposition.

. . . .
: , : '

There 'is‘ a draft‘ propdsai which has- just been

circulated to meybecs of Subcommxttéel X on FRP Vessels, -

This is not yet a standard. It was developed by the
Reinforced Thermoset - Plastxc Commlttee of the ASME and it
covers containers, 1nclud1ng those made by filament—wxndan,.
at _up to full vacuum. This propesal will be considered in

Y

Section I1.2.2.1.°

. British Standard BS 4994 1913. 'Vessels aﬁdl Tanks in

"Réinforced Plastice [51, deals specifxcally with glass-mat
and woven roving rexnforcements, but not with fxlamg{\fwoqu
,structuxes. The desxgn method requires that the materia;
gxtengibiliiy\be known for all layers, and only values qu/
.chopped. strand ' mat and woven roving cloth ére gtandardié;&‘
in Table 2 of the code. External preésutes:up to 1.0 ’p?;s
aaie considered in the standard, which is thus sufficient for
‘ cpnditions~ up . to’ fullj‘vqéuum. Because filament~wop£d
. gﬁtggials are not ssecifica}ly ldcludeé; thi% standard will
. not be used here.’ Fhrthermore, no Aékplicié equations for
critical pressure are given, sxnce the procedure 'is based on
a tty-and~check 1te?at1ve method.

N

There is -a French standard which deals with

-t
N

filament-wound ‘vessels subjected to buckling loads, viz.

.
. . - § -

v v ve RAME SIS



. . ' oo . " 5
Code de'constguction des appareils cniudronnes en 'piaséique

armé (6], which was published in Decehber 1976 Article

3.11 is specifxcally directed to cases of vessels under |

external pressure ‘or vacuum, and it gives deslgn formulas.

This Stendard will be considered in Section II 2.2.2. .
d - v

Since an appropria cod has not .yet been adopted by

.the ASHE, more data would be seful. -In a review article of

\
1981, the authoz d wrxte on the bucklxng of composite

shells : "Additzon;T\\gbservations “of experiments and

measurement [of Qeometric imperfections] on practical

~ structures are required ...."[TT™>~ g
.
¥ . .
I.2,1 Literature Survey -. «

°

I.2.1,1 General . o

[

According to (8], the fitst experiments in tube:

e

buckling were reported by Ws Fairbeirn in 1858, subsequent

to "... the g:/lt increase in‘\\the number of

boller-explosiqna IR The theory of elastxcity, developed
after 1820, was applied ’tp shells for the first time in
1874.(9] After some experimentel\}nyestigations sy qilly,lzn
196@, Lorenz and. Timoshehko . 1nde§endent1y analfzed sheifs

under uniform axial compressxon arounda%;910 flo, 11] The

, classical cr1t1ca1 huckllng stress formula (or éhl! loading

'
A B .
L v
. . 0, .

,
P s -
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_case resulted froﬁ this work. In‘1911, Lotrenz 1nv¢sgigated'
the buckling. of ,cyiindgjcal‘%?héils under unifp}qt%§§e:al
prgssuré.[ll]Aby 1914, wugn Mises and Southwell reported on
the problem of thin shells buckling under axial compression
and lateral pressure.{10,11]) In 1929, Von Mises published
results for thin shells bucklingﬁuhder combinations of axial
compression and lateralf'p:eq'ﬁteé, and he presented a

N

' formula for calculating the e¢ritical pressure in the case of

‘a closed shell undet uniform- external pressure. Thi
formula gave reasonably a;éurate predictions for thin

' |
vessels buckling within their elastic domain.[1ll]
- X

After the mid 1920'£,, experiments rwe{ek performed  on
shells much thinner than had previously been uséd. As a .
result, investigators'founq'very large discrepancies between
predicted critical loads and actual %uckling loads. 1In
1932, Fligge analyzed thin shells and htook “into
cénsidera£ion~ thé actual pfe-buckling shape due to end
constraints and incluaed idealfzed axiflnand circumferential
shape imper ction patterﬁs.[lﬂ] At the same time, Donnell
wa; doing wofE\in which he used assumed shidpe imperfections -
. and large defYection . the;}y. These attempts sucqeeded‘ih?
"closing the gap somewhat between theo?y ‘and expe;iments.
These and many other investigations have shown that shells
under axial compression are very sensitive to Qhape
;mp&tfeciions. +thickness variations, bohndafy condjtions,

and loading meéhods.[lZ] (Indeed, Fairbairn, one hundred and

Ca_- e




thirty yéars ago, had reported on the difference in boiler
tubes made with lap jgints~ versus tubes made with butt
joints which were 50% stroéger.[sl)

'

.. For th; case of lateral pfgfsure, Donnell, in 1956
{13]), published results tending to explain the lessér
sensitivity ~of this load 'case (which experimenters had
already discovered). -‘Twelve years later, a paper was
Published showing  that, for values of 2 (ﬁatdorf's
parameser) between 100 and 1000, the hydrostatic iiy loaéed
cylinder ig intermediate in imperfection sensjtivity between
,the axially loaded and laterally preséurized cylinder}ykﬂT““'

*
I1.2.1.2 Anisotropic Shells

The first reference found to. shellg of anisotropic
materials dates from 1924, by Shtaerman, in which specially
orthotropic shells of revolution undetb;axisymmetric .static
"loads were analyzed.[15] There is a relatively large body of
Soviet work on this subject, dating from the 1930's"on. The
' reader who can consult these publications in‘Russian~shou1d
see the review argécle by/Ambartsumian.{16] In 1932, Flﬁggeq
treated an anisogropic shell problem using small-deflection
theory.{17]- During the 1940's, workers -at the Forest
Products Lab . (USA) performed experimental and theoretical

studies of thin plywood shells subjected to vgrious buckling

' loads.[18] Starting in the 1950's, filament-wound shell

_ g
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structures were used as rocket motor casings. Since the

aerospace industries were the %irst to use polyher composite
structures extensively, and since the shells they made were
subjected mostly to axial compression due to rocket thrust
and accelerations, it is not surprikiné that most of the
work duriﬁg this period considered (buckling in axial
compression. Concurrently, several theoretical treatments
of orthotropic shells subjected to buckling were
ﬁroducgd.[lel Among these, one used Flﬁgge‘s linear analysis
for' the !!se of orthotropic cylindgrsfunder various loadings

and. simple supports.{19] In 1963, two papers were published
e

by the same co-autﬁors.(zo,zll They gave the analysis for

a

general laminated anisotropic shells under combined loadings

and’ for four simple and fouyr clamped énd cénditions.
Flugge's linear analysis was adopted, with a procedure due
t§ Donnell for satisfying the boundary conditions. Others
have used Donnell's shell equations.{22] These two types

(Flugge “and Donhell) were compared in (23] and negligible

. differences were reported for the system studied. In [24],

the results of {21] are éompared with reéults obtained using’

~

Donnell's equilibrium equations with a solution methéd due

to Batdorf. Again, for the plywood, three layer shells

considered, good agreement for simply supported bounda;y‘

conditions was found, especially-fbr length-to-radius ratios

less than 20. 1In [25], an analysis very much like that in

(20] was done in which four simple support and four. clamped -

support conditions were considered; although the shell was

- 10 - +

-

Fiz



N

: 4 R 4
restricted to orthotropic behaviour. Buckling loads were

included in a 1968 repor devoted to mechanical behavior of

,some‘filament-wound cylinders.[26] The ratio of experimental

critical lateral pressure to the predicted value varied from

,O.JQﬂtoIO.Qﬂsgér the orthotropic boron-epoxy and glass-epoxy

systems test®d. A review report from 1981 -evaluates the
L

' statg—of—the-art .in buckling of composite structures.(27]

_ Plates and shells are treated. The main conclusichs are: a)

transverse shear effects are importaﬁt for—large ratios of

Ey1/Ep», and at high temperatures; b),differéncés 'in tensile

and compressive moduli have little effect. on critical loads

for praétical materials; c)' the well known non-linear

stress-strain . behaviour in shear of composite materials
seems to have little effect except perhaps = at high -

temperatures; d)} coupling between extension and bendiﬁg

should not be neglecied for geheral lamjipate constructjons.
. P

) ll - ’ . //




_ be addressed individually. .

© I "/

' 17.1-0 EXPERIMENTAL PROGRAM

An giperimental program was designed to o generate so‘me
data for comparison with various predictive methods which
will be described in Section II.2. The program consisted of
four phases: lfirst: the fabrication of the tabes using
materials and practices common to suppliers of good quality

pressure vessels to the chemical and pulp-and-paer

T
industries; second, the inspection of the tUubes™ and the

-

recording of *initial imperfections; third, the testing of

the tubes to desttuctién; fourth, cutting samples from the

4

failed tubes to determine glass content and to verify the

wall construction ang\thickneéé, These four phgﬁés will now

p—
[ 4

IT.1.1 Fabrication of the Tubes -

3 a
A

3
!

~ . 7 3
Four polymer composite tubes were made for the
experimental program by CPF Dualam Ltd. They were made with
/ .
materials typically used _in many pressure vessel
. B 4 .

applications. The polymer matrix is a vinyl ester marketed

by Dow Chemical Canada Ltd. under the ‘name Derakane 411.

Useful mechanical and physical properties are given in Table

1. The resin is activated and cured with 1% MEK Peroxide

{max.) and 0.2 to 0.3% Cobalt Naphthenate. _ The
reinforcement consisted of glas§ roying sypplied by
Fiberglas Canada under the. designation E-Cr roving.

A s
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TABLE 1. Some mechanical and physical properties of the resin.

b

JTensile Modulus, Shegr Modulys, | Poisson's |, Specific

E (GPa) G "{GPa) Ratio,v . | Gravity
Dow Derakane

411 3.45 * 1.28 ** : 0.35 *** { 1.13

*Manufacturer's data.
** G = E/[2(1+v)]
*** Approximate value assumed.

I -~
TABLE 2. Some mechanical and physical properties of the glass.

. Tensile Modulus, | Shear Modulus, | Poisson's | Specifi
. J E. (GPa)~ G (GPa) Ratio, v Gravity

b
4!

c

. v
Fiberglas Can. ’
E-Cr roving 77.2* 30.9%* 0.25%* 2.72*

Y 3
*From: Rosenow, M.W.K., "Wind Angle Ef%ects on Glass Reinfefeed”
Polyester Filament Wound Pipe", Thesis (Fiberglag” Canada.)
** G = E/(2(1+v))
R

X" ) ‘

\[ | .
. ) Q%BLE 3. Some mechanical properties of rigid PVC pipe.
' ~
. Tensile Modulus, | Shear Modulus, Po?;son
q E (GPa) .1 6 (GPa) Ratio, v
Harvel Co. 1
PVC pipe 2.76* 1.00%* 0.3§*** '
" "#pSTM D 1784-65T, Type 1, Grade 1 pipe.
G o= E/(2(1+))
*hk , Handbook of PVC Pipe Design and Construction, Un1 Bell

Plastic Pipe Assoc., Dallas, 1977.

\
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Applicable mechanical and physiéal properties are given in
Table 2. .;yo of the tubeijhad a poly-vinyl Shloride (PVC)
liner which * is often used to protect the structural layers
of a wvessel against corrosive contents; The PVC was
supplied ?h the, form of extruded pipe by Harvel Plastics.
Applicable mechanical properties are given in Table 3. Note

that all three constituents above are considered isotropic.

°

a
a

The tubes were made using the process of 'wet'
filament-winding. This consists of winding continuous

lengths of glass roving in the form of a band.abatit 100 mm

*wide unto a rgtating mandrel. The band is made up of many

individual fbv'ngs each pﬁlled from its own spool. °‘The

rovinga are dipped into a bath of prepared resin and are

‘then' gathered into a band. The band and resin bath are

carried back and forth along the tube length on a trolley.
As;*the band is laid on the rotating mandrel it forms a

helix. The relative speeds of mandrel rotation and trolley

fee are édjusted to give the required winding angle (which
' £
is

Aressed with respect to the tube axis). The tube
" \

thickness is controlled by the total number of passes of the

trolley. When the winding process is finished, the tube is

cured on its mandrel ([at ambient conditions in this case).

N

All four tubes were prepared on PV(C pipes which served

ds the mandrels. For two of the tubes, & release film was*
. ) ¥
put on the pipe before winding so that the tube could be

o
-
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‘outer surface eaéh about ‘10 mm long. Lined tube 2 had two

L ., ‘
\ ' 3 ' LT~ .

taken off the PVC pipe. For the other two, no .release -film

was ‘'used; on curing, the PVC pipe became consolidated fzig/.
' \

the structure as the corrosi;% liner.

(]

After curing, the tubes were cut to, length and flanges

’

were built up at the ends. The flanges were of glass mat

and woven roving construction, '#hile the covers ere of

glass mat; both were impregnated with the same resin used

for the winding process. ‘
- . | '\ £

\

II.1.2 Inspection of the Tubes ~ ’ .

4

This second phase of the experimental program ‘can be

divided into two parts: first, the tubes were v&sually’

. inspected for gross damage, delamipations, and surface

flaws, and measures of winding angles and wall thickness

were made; second, the ini;ial outer surface imperfections

were recorded: : . '
part 1. ! No gross damage or delaminations ‘were
observed. Lined tube 1 had two shallpw - scratches on its ¢

§

K : 4 P - L
inclusions of what appeared to be thread-like maferial ‘rat
- "

two locations near the outqr‘surface. Some surface flaws

were found on the inside surface of unlined tubes 3 and 4,

The flaws were ‘priented in the direction of the

reinforcement. Presumably, these were due to air bubbles

S . ‘

»

“v



s

-

’

tfapped during winding operations. ‘ \'

[ ] ~

e .
. Winding angles can most accurately be measured after

.the tube has been tested, and‘ctaéking and ruptured rovings

" are evident. However, to check if ‘destruction could affect.

the measured angles, tube 2 was measured before and after,

o

destruction. Both ‘measurgs were the same when -the helical

crack ‘pattern was _taken to resent the winding angle.
N .

Thereafter, tﬁe cracking patterh‘\produced by testing to

failure was used to determine the‘gngleé for all tubes.

Wall thickness measureéments were made using a Polygauge

.

Model "C" thickness sensor. ;ts'functioning is based on the

non-gggnetic property '©f  the composite. The sensor was

calibtatéd on a virtually flat blate (radius of curvature of

900 mm) cut out from a previously burst vessel. . The sensor

v

readings Qefe compafed 66 micrometer readings.\‘The sensor
readings were ,f;om 0.986 to 1.018 of the —-micrometer
readings. (See Appendix 1 for calibration data.)
‘pohs;dering ﬁh; nbn-u;}?armlty nogmally encountered in the

Kl

wall thickness &F such »structures, this accuracy is

considgred sufficient, The sensor thickness values were

corrected for fhe'Eﬁrqnture of the tubes. Table 4 lists the

Y w .
informgtion gathered on the four tubes,
- . * i
. . . -
Part 2. As mentioned in the first section, initial

shape imperfecfion of fabricated shell structures has beefi
, t: " I d \
\
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TABLE 4. Geometric data on four tubes.

<urvature.

L

~ 6.4%, 4.4% for tubes 1,2,3,4, respectively.
2. Sybtract 0.7mm from-sensor readings to comp

One filament wopund 1ayer is about 0.5mm thick.

3.
" 4. Measured at th
5

end of the tube.

. Excluding f]anges which were about 20mm thlck

e
"u,) ,
Iad

PR

Tube 1 Tube 2 Tube 3 Tube 4

Uncorrected total ' '
thickness ' (mm) 6.5 6.4 3.5 3.4
Corrected. total '
thickness, t2 (mm) 5.8 5.7 2.8 2.7
PVC liner . ,
thickness,t, {mm) 4.76 4.76 N.A. N.A.
Filament winding .

| thickness, (t-t,)(mm) | 1-04 0.54 2.8 . | 2.7
Number of filament ‘ -
wound layers ‘! 2 2 6 6
Winding angle 4 i
(degree) 54 63 54 63
Mean inside radius, o ’
Ry * (mm) 133 133 137 136
Radius to mid-surface, t
(R=R;+(t/2)) (mm‘ 136 136 138 137
Tube Tength * (mm) 864 864 876 | 868
1. Measured at mid-length; 4 readingﬁ: C.0.V. = 3.3%, 2.Zi,7

éﬁsate for tube




‘identified as one of the principal reasons £or  the’

4 4
< H

» t

aisérgpanqy between experimentai and -predicted critical
loads., While this effect is most serious for -axial e
‘compression, it was decided that some data .on the

~imperfection patterns produced- by a- filament-winding

éechpique might proye‘usefdl. This is e5pecia}iy,so. since
no such Enformation seems td have yet been published. L

: Aécordihgly;.a setjup was_| repared gsrng a )latﬁe‘ to
mounﬁ.wthe»tubes. Eigure 2 shows a top'view of the‘rig'yiﬁh
thésin;trUpeﬁtaiion shown in block form. One end af the
tuée is’ héid in a 3—jaQ chuck. A flat meta] plate in the
shape of a truncated cone slipé ~pg;tially 1nto: the ~,c.)ther’

end. A center hole in the plate accepts the live center of

_the lathe tajl-stock. The end plate is positioned

perpendiculdr to the lathe bed, anhd the live center is
}ocked, helding the tube in q%nominally axial position with
respect to the lathe spindile. A\rptary potentiometer is

fixed to the spindle to measure circumferential position. A

linear , potentiometer is fixed” in the tool holder and

measures radial displacement due to surface imperfections.

The rotary pot drives the X-axis of an X-¥ recorder while

thg linear pot drives the Y-axis. (See Appendices 2 and 3

A . -
- for calibration data on the rotary and linear

potentiometers, respectively.)
(i ‘

- Eight circumferential scans and eight axial scans were

'

»

¢
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. 2 5 recordbd f6r ‘each tube.‘ Figure 3. shous the developed

surface of-a tube- wzthout the flanges and the traces of the

r scanss“ ,Continuous  matched readout of circumferential

"poeition-vsa-radial displhcement' was possible " for scans

. eround\ the'tubes. However, for scans along the tube length

v 1.no transducer was avellable 4Eor‘ a readOut of the ax1al )
- pcsxtxon, -and the tool holder could.not be Lndependently fed
longitudinally at a- known constant speed Axxal scans were
generated by settlng the recorder x-axis to time, and
manually feeding the tool holder with its aeteched linear
pot along the length of the tube. This method can only give
an approxzmate correlation between axial posxtion and radlal
dlsplacement, alth@ugh the ;relative eadial displacement .

magnitudes are correct. o o S : ":ak
Afteerhe instruments were suitably caltbreted,"the
“ scans were recorded, and they are shown 1h Fiqures 4 to 11.
The c1rcumferent1al scans of tube 3 and tube 4 show a clear
i pattern, This was less evident for tube 1, and not at all
evident for tube 2. Therefore a spectral analysis was made
to see if petterne could- be extracted from the

circumferential scans‘of these two tubes,

The set—ug of Figure 2 was used, except that the output

from the radial éot was directed to an FFT analyzer while

the tubes were rotated at a nominal 30 rpmcon the lathe. As

a check. on the method, scan 5 from tube 3, and scan 3 from

_Zq‘_ o ’ . .

é
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'concentrat;\ba the highest peaks.

-

~tube 4 were recdrded since these give a clear imperfection

pattern. “Figure 12 shows the result for the former and

Fiqure 13 shows the result for the latter. Both have

_principal peaks at . 64.5 cycles .per minute (CPM),

corresponding 'co!'l two wave-lengths around the circumference.
Comparison with Figures 8, and alO confirm the proéedﬁ;gi
Accordingly, a complete set of circumferential scans were
recorded on tubes 1 and 2. The results are displayed in
Fiqures 14 and 15. Since .the pattern with the 'la‘rit

1

'amplitude is ,by far the most important [28], we may

3

The first peak at 31.5 CPM is probably due to the fact
AL

that the ‘tubes are not -perfectly axial with respect to the
.‘)-

t 4

'

lathé spindle. The second peak at 64.5 CPM representi two
waves per revolution of the tubes, and this correspo
an elliptical shape. These are seen to be the major

patterns in tube 1, and indeed we can make out the two waves

in Figure 4, in retrospect. Tube 2 shows i;:) clearly

‘predominant pattern” ‘from Figure 6, and the spectrum of

Figure 15 shows that, apart from the peak at 31.S}CPM, there

are only relatively low peaks at 64.5 CPM, 129 CPM, and 258

’

CPM represénting an elliptical shape, a four-lobe pattern,

and an eiggh-lmbe pattern, respectively.’
a \ )
Figures {1 to 11 can be used to determine the size of

the imperfections, as well as the general shape patterns,

ds to’

.
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and these data are brought together in Table 5.

I1.1.3 B?ckling Tést oﬁ ﬁhe Tubes
Each tube was instrumented with three strain gage
roséttés at its mid-length about'120° apart (see Figure 3).
Each rosette had thtee‘gagas positioned as shown in Figure
\15, which also gives theigage numbering scheme used for all
the tubes. The gages were MM type CEA-:G-ZSOUR-IZO,“Qqnded

with M-Bond 200 adhesive to the outside surface,

*

)

The first tube tested was unlined ~tube 3:- It was
decided to test this tube first by pulling vacuum only. In
oéder to do this, one of the covers was<ariilea and Eapped.
Eo acceRt the line from’a vacuum pump. The.ﬁuﬁe‘was stood
on end and the set-up was made as shown in Figure 17. The

linear .pot used in the imperfection measurements was set to

measure end deflection as vacuum was applied to the tube. A
he o3

differential pressure transducer was used to drive the

Y-axis of an X-Y recorder while the linear pot drove the

X-axis. (See Appendix 4 for pressure transducer calibration
daté.) The nine strain gages and the pressure transducer
were also monitored with a data logger. (See Appendix 5 for

data lécgerwgtzain recording verifieationm.y —~ - - T

The test started with the vent valve open to atmosphere

and followed the sequence: turn on and zero the’

_35..
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Table 5. In'lt)'au'l Imperfections of the tubes.

Tube 4

Tube 1 | - Tube 2 Tube 3
Imperfection . . . »
. 2 major: __ Imajor: 2 {major: 2
Pattern (circum. |MaJOr: o ) )
wave-1ength) minor: 6 miﬂor.ZQﬂ,B minor: __ |minor: __
Max. circum. ’ .
Imperfection 2.1 1.9 5.5 6.1
Envelope, by (qm) : .
Max. relative .
Circum. imp. Q.36 0.33 1.96 2.26
Enve1ope,(Aa/t) \ )
Max. axi&] .
‘| Imperfection .1 1.5 ___ 2.4 2.4
Envelope, A6 (mm) .
'Ma%, relative _
Axial imp. 0.19 0.26 0.86 0.89
Envelope;(AB/t)‘ , ‘
¢
- 36 -
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0° gage (axial)

4

3

L

45° gage
nfi."'
" TUBE AXIS
'90° gage
_ (hoop)
_,-‘“'N‘ — Py
. Y TUBE CIRCUMFERENCE
Rosette position* | Axial gage ¥ | 45° gage # | Hoop' gage #
. 2ex 3 -
¢ . : Lo
4 Sex 6
3 - 7 gw* 9
* See Figure 3 for position on developed cylinder..
. ** These gages were ‘disconnected for tests in the pressure chamber.
“ N » - . - r ' h ~ !
N Figure 16. Position and number1n§ scheme of strain gage rosettes.

‘.. 37 -
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Vacuum pump

Vent valve

A

Pressure "
transducer Mminear
. potentiometer

»

X-Y Recorder

\—S§Zm

rosette

T

Data logger

L

Figure 17. -Tube 3 set up for vacuum testing.

e
)
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instrumentation; turn on the vacuum pump; close the vent
valve slowly, applying the vacuum to the tube. Vacuum was
pulled to about 95 kPa, and no buckling was evident. The
plot of end deflection vs vacuum, and strain vs vacuum are
seen to be approximately linear in Fiqures 18 and 19,
respectively. The initial vertical plateau in Figure 18 and
the initial horizontal plateau in 19 are due to the
inappropriate method of applying the vacuum, and so the data
in tpese two figures should only be used qualitatively,
indicating the linearity of strains and end 'deflection under

vacuum, and that no buckling is evident.

o, To increase the external hydrostatic pressure it was

3
necessary to place the. tube in a steel pressure chamber.

This required that gome changes be made in the
instrumentation \of thé .ﬁubes. Firstg‘the end deflection
could no longer be measured. Sebond,tonl;\sii sérain gages
could gé monitored. | Al} the 45° gages wége disconnected, .
but the ‘same gage numbering scheme ;wés retained.
Unfortunately visual observation_, was no longer possible.
Fiqgure 20 is a reproduction'of the set-up which was used
thereafter; it shows the'ﬁressure chamber with its door open
and thg data logger.
\\,

Tube 3 was now put in the pressure chamber with its

contained air at q&gg&pﬂi?ic pressure, and the drilled and

'tapped’'hole in one of its covers was stoppered with a brass

\
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. ' ' F1gure 20 A1l four tubeg were tested to destructxon
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plug. A}r-from a ug}lity line at 8.8 atmospheres was slowly
let into the” chamber. Strains and §ressuRe were cecorded
‘with the data logger. At i,ﬁEt external pressure of 250 kPa
the test was stopped, the pressure réleased,y and “®he tube

, \
examined for damage. Thg results of this second run an tube

-

3 are shown in Figure 21. the residual strains are small’

- nd theré was no visible damage.

7 [

destruction. Failure was suddeﬁ and catastrophlc. roducxn
a loud explosive noise. Eailure was accompanied by a suddem

pressure drop and by the destfuction of strain _gages. - The,
. »

plotted data from the fin rupnbn.tube 3 is shown ifi Figure

.22, o 4

dnlined tube 4,was tested to destruction in a 'single

-
-

run, and the results are displayed in Figure§23.

’ <

3 i

Tubés 1 and 2 had liners, an&)the necessary buckling:’

‘pressure was expected to be hxgher than for tubes 3 and 4.-

A

' To prevent, posszble leaks' to the iiside of the tubes
conditions were upchanged. ‘Each tube  was te§ted to
destructidn in a single’ run; 'The data are plotted 1in
Figures 2 and 25.° ) ' ‘ v

, , o

. " K11 #he abové testing was done at ab'o‘dt 21° C.' and 30%

. -
Al '
. » R - - » -
v .
. o o

Once more the same tube- was pressurized, thxs time to/’

tacky- tape was used to seal ‘the end closures. All other '

——t
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relative humidity. The printout of the reduced data for all
buckling tes;flis given in Appendix 6.

F:;;?Ps 26 to 30 are reproductions showing the effect
of pressurizing the four tubes to destruction. Each tube is
shown from the 'front' and from the 'back', in Figures 27 to

30. Figure 26 shows tube 1 after failure. Most of the PBVC

liner has shattered, and both flange-and-cover sets have

been blown from the shell. The close-up shows that the.

force of the implosion was sufficient to tear the strain

<
gage rosettes from the tubes.

Figures 27 and 2B show tubes 1 and 2, respectively.
The dark patches are due to islands of PVC liner which are

still adherent 1inside the tubes. The cracking and

‘delamination are extensive around the whole tube. Note that

there is little or no cracking in the areas where the PVC

liner 1is still present. (It 1is from these areas that

»

samples of the tubes were cut out to determine the

weight-ffaction of glass 1in the wall, and where thickness

was checked using a micrometer.) The flange-and-cover sets
are not completely sepérated from tube 2. “
Unlined tubes 3 and 4 are shown in figures 29 and 30.

In both "cases, the most serious damage occured on

"diametrically opposed generators of the nominally

L4

cylindrical form, In tube 3 these two principal lines are

- 49 -




“

 Figure 26.

)

.

[y

Top: tube { after failure; note sna%zé:;E\gvc.
Bottom:, tube 1 showing gages torn off. ' .

. »
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N

at about the 90° and 270°:positidns. In tubé 4 they are J

¢ . approximately at. the 1I35° and 315° positions. These

locations closely match the ends of the major axes of the

initial elliptical form @&s can be seen from Figures 8 and

»

“ -
N

IT.1.4 Testing of Tube Samples
. » .

“n
R

After the four tubes were tested, one rectangular |,

sample was cut/from each of the tube -walls:‘" The damples

et awr

}
were taken from areas showing the least amount of cracking
and delamination. Thickness measurements wgie taken on the\\\
. 2 ‘ j v

samples with a micrometer. The r§5u1t§’a;e close to those

determined with the thickness, sensor and given in Table 4. }
Note however that there is considerable variation in
thickness compared to a metallic vessel madqxfrom plate. At

pfesent, more uniformity -s not feasible for commercial

structures, and the yaluéé of fable 4 will be used in all

;:Tﬁhlations..

" v

A

Each tube samMple was cut into smaller pieces, the aim  °*
' ' . LN 4
being to'determine the amount of reinforcement present, 'gnd

the lay-up sequence "in the léfjpﬁzéd wall. . Both factors

have an important effect on stiffness and deformation
“behaviour of the shell wall, and both can be found by using
a "burn of " test. - (See Appendix 7 for details.) This

consists: of weighing & piece of the laminate, heating to

t

= 55 =

«

..
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e

600° C., maintaining. the temperature for about 30 minutes,

and weighing' the- material deft behind., Tth heat is
' ' st

sufficient to decompose andﬂerGé of £ the“{esin, léaving
only the glass. KnoWwing the densities. of the résin éndvthe ‘
reinforcement (Tables 1 t6'3), the volume fraction of glass

can be “calculated. Three samples ffom each tube were

'tesQed,(and the averad% fractions are shown -in Tab%g 6.

a2

«y



Table 6. Amount of Reinforcement in Tdbes

c. Tube -1 Tube 2 ] Tube 3 | Tube 4
Wt. of laminate (g)] 8.1678 | 6.1432 | 3.3138 | 3.5883
: - §91298. | 5.3059 | 4:6765 | 3.2674
4,9379 | 4.6039 | 4.3142 | 3.5837
Iwt. of PVC  (g) 6.1774 4.4925 | N.A. NA.
‘ : 4.0005 | 4.0808 | N.A. N.A.
3.7665 | 3.5372 N.A. N.A. .
Wt. of glass (g) | 1.2408 | 1.1465 | 2.1337.] 2.5389
: , “ ] 0.7298 ] 0.8577 | 2.9945 | 2.3205
‘| 0.7068 0.7635 | 2.7827 | 2.5678
No. of glass Cyers 2 2 6
. 2 2 6
2 2 .6
{wt.-fraction 0.62 6.69 0.7
0.65 0.70 0.7
0.60 0.72 0.72
Vol.-fraction. 0.40 0.48 0.50
o 0.44 0.49 0.50
0.38 0.52 .52
Average vol.-frac. 0.41 0.50 0.51

Note. : ‘i’he weight of PVC was defermined by measuring the volume -
of the PVC layer, and using a specific gravity value of 1.4,



' .+ 1I.2.0 DESIGN PROCEDURES-

. ‘ .
» 3 N N

‘In‘this sub=section several méthods of determining the
o . Y

ciitical p:essure \Eob thin cylindrical shells will be

+ \ ‘,l -

examined. The aim is’ to assess which,is most approprlate in

.

wview of the expgrxmental results obtalped. This judgement,

4

however, will be-postponed until the final section.

-

. The first procedure is the.most complex and complete of

' \ - - .
these methodgg, It will be considered before. the others.

because this will ‘present' an opportunlty to sketch .the

analysxs of generally anlsotropxc lamlnated cylindrical thln

shells subjected to buckling loads. Also, some of the

-'details in the analysis will be required in using the other

a

l

methods. =\ _ L

¥ .

II.2.1 Present Design PPocedure °. ' .

N

Thus, we now consider the’ analysxs presented in 1963 by

e,

Cheng and Ho [20]i These workers considered cylindrical

~shells made of laminated anlsotroplc materlals, sub]ect to

A

axial compr9551on, lateral pressure, and torsxonl loaés, or

combinations thereof. . Their analysis st based\\ on
A L . ’ y

second-order shell theory assumpbions, viz., i) the shell

Kl

wall is thin compared to the shell mid-surface radius, il)
displacements are small compared to thé shell tHickness
Dol _ ~E

, ~. . . .
iii) transverse or thickness shear strains and thicknéss

_58-
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normal ‘strains are negligibly small compared to in=plane

strains.

The procedure is identical to that required for

[

Tisotropic shell  analysis exéept that the stress-strain.

relations are in a more general form. {Details on these

relations can be found in a number of texts, for example

(29%.) Since Cheng and Ho. conciéely give the requisite

~equations, only some points will be detailed here.

‘

7

, . . ’
The most general form of the stress-strain relations is
¢ ,

given by generalized Hooke's Law (asguﬁlng linear elastic

behaviour):

campmony p— — e e T

P"l-1 3 Cu Crz C13 Cia Cis Cie €1 - -
% CnCaz CnCu C25C26 | | €2 -
! o3 } _ | Co1 Ca2 Cx:3 Ca Cxs Ca6 <€3 ? {1)
T4 Cat Ce2 Caz Caa Cas Cag L Y K_
o5 Cs1 Csz Cs3 Cse Css Cse €g | T ,
| % ” | Car Ce2 Csj! Cos Ces Cg €6 ]

where [C] is the elastic - stiffness matrix, - --
G are engineering étrgss components, and
§ are engineering-strain components.

s

Consideration of the strain energy in a conservative

‘material system has shown that tHe elastic stiffness matrix ‘

¥

- 59 -
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g .
must be symmetric, i.e., Cy; = Cj,. Thus, the 36 constants

in (1) are reduced to 21.

importance do not have the general anisotropy described by

(1). Some are o}thotropic, some are isotropic in \5geir

materials. 1In our case, all the materials

have

Material layers of technological

plane of lamipation, while others are conventional isotropic

properties

which can be given by a subset of the constants in (1l):

v
n

—

Ci1 Crz C13
C12 C22 C23
Ciz Cx C33q
0

0 0
0 0
0 0
Casgr O
0 Css
0 0

0
0
0
0
0

Ces |

€

\e

™

€

’)

N
5

6

-

where we-have applied Cjj = Cj in the notation.

Using the first assumption (i.e., 0,4

third assumption (i.e.,

€

reduced
analysis:-

91 ou Q2 O

99 = |Q2 Q2 O

6 0 0 Qe
where the Q trix . is the

€5

modu

-60_

lus

0),

(3)

the

matrix

0) and the

system is

or reduced

g
to the two-dimensional form used for the thin shell

(e




’3

stiffness matrix for ogr specially ?rthotropic layers."A
material is said to be specially orthotropic when its
principal material directions coincide with the natural
directions of the structure in which it 1is incorporated.
For example, the unidirectional fibers may be aligned with
the hoop direction or the axial direct?on in a shell. For
filamedt—woupd shells, howéver, this is not usually the case
since the fibers make an angle © with the shell axis.
Because the equilibrium equations will be expressed in the
natural coordinate systeﬁ of the shell (where x is the axial
direction, y is the circumferential direction, and z is the
direction normal to the mid-shrface and pqsitive outward),

£ N
(3) must Bﬁ transformed from the material directions '1-2'

to the shell 'x-y' system (Figure 17). Transformation gives

__ - ]
Ox Q11 Quz  Qis € x
°y' = Q12 Q22 - Q2 €y T (4)
0 xy _é—l6 62-6 6—66 € Xﬂ

where the Q matrix is the transformed modulu matrix.

v

Note that strains can be given in terms of stresioas

- 1 T 7

€x Su Sz S 0 x
ST |Sz2 Sa Sm| e, ()
€ xy Ste 5;6 Se6 Oxy' N
[ 1 L]
Y
- 61 -
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where [S] = ([Q]! ..
We can see that (5) may'be used to relate these transformed e
reduced ‘compliance coefficients ?aj to the familiar

engineering constants, viz.,

Ex = ~S—l-1'cx + 52 Oy b -S_fs Oxy - (6)

In a uniaxial tensile test in the x-direction,

£

Y o

Oy =0, =0 . {(7)
Thus, Ex = 'gﬁ a, . o (8)
But, €Ex = 0y / Ey . (9)
Therefore, E, = Sy°! . (10) )

Other 'such relations can be found for different engineering

constants.

By definition, the stress ' resultants for the

shell theory being used are:

h/2 ’ nh/2

Ny = IO,[1+(z/a)]dz : My = ] Oy[l+(z/a)]zdz . E
-h/2 w2 ‘
. h/2 h/2 . o
-~ Ny = o, dz , My = [-0, 2z dz '
B 2 j-h/Z’ ‘ y {Jvz y | f(ll)“
n/2 N2 '
Nyy= f O xyli+(z/a))dz , -Myy= O yyll+(z/a)]}zdz
-h/2 . /2 ,
N2 ¢ N2
Np=.[ Op dz v Mp= [ Oy z dz
-h/2 ! /2 .

where a is the radius to the mid-gurface,

Ll

and h is the shell thickness.

[}

- 62 -




.As given in (1l1), these gquantities result from integration

-
over the full thickness of the shell wall. For.homoge7eous

shells, this presents no problem since, whgg‘ (4) is
substitu;ed into (il), thela_mattix is not a function of the
z-coordinate. In the case of a Héterogeneous laminated
stru;turé with either varying winding angles, or varying
mateiials. or bqth. the procedure is modified. First, _the
integraticnx(}s carried out over the thickness of each layer
separately, then the results are summed over the whole
thickness. I.e., -

n vppér 2

-«

Ny = L / o,[1+(z/a)]dz, and so on, (12)
k=l lower 2

where k refers to a particular layer,
n refers to the total number of layers,
' and the limits of integration are from the bottom

to the top of layer k. o

The strain-displacement relations dre those developed
by Fl&gge [{17] in terms of mid-surface displaceménts.. The
stress resultants may then be expressed in terms of the

material  properties, the lamination structure (i.e.,

position, thickness, and oriengigion of the varicus layers),

mid-surface displacements, and shell geometry. The

equilibrium of a differential element may be expressed in

terms of the stress resultants,  and the external loads.

‘Finqily then, the equilibrium equations are given in terms
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1

of material properties, lamination structure, mid-surface
displécements u, v, w, shell geometry, and external loads.

,(wé note in passing that Cheng and Ho use a different set of

sign conventions from Flugge, and thi esults in
differences in signs of certain terms in their eéquilibrium

equations.)

3

Since the displacements are in terms of differentials

\ “ *
of the space coordinates, we have a system of three

[y

differential equations of fourth order. Cheng and Ho assume

a displacement field

u = U sin(({ Ax/a) + ny]
v = V sin[( Ax/a) + ny] ) (13)
w = W cos[( Ax/a) + ny]

‘wbere Yy ié the circumferential coordinate {denoted
by 8 in Cheng and Ho)
A o= mvwa/L
L is the shell length,
m is an inteéral number of axial half-waves,
n is an integ;;l number of hoop waves,
and U, V, W are unknown constants. <
Upon substituting the displacements into the equilibrium
'gquations, the trigonometric terms can be eliminated and
theré remains a set of three homogeneous algebrajc equations
in U, V, W. These equations are: J | ]

W
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(?11’“012"2“,’\‘13'“2%) (F12) (Fpa* xqp)*

(F12) (Fz- Yqz-2n) qy-n’q1)  (Fz-2 2qy-nqy)

(F13* A q1) (Fz3-2 A q3-nqq) (Fi3- A %q7-2n Agy-nZg, )

Vy = 0 ’ (14)

ElE <o -

. . where the F's are functions of miterial properties
lamination structure, shell geometry, X, and d,
gy is the externdl radial presgBure loading factor,

gz is the axial lgaQing factgr,

q3 is the torsional loading factor.
Non-trivial solutions exist if and only if the determinant
Y

of the coefficient matrix equals zero.

Thus\far ve have followed the analysis of Cheng and Ho.
Now we particularize it to our ‘specific problem. Ofl the
three ‘external loadings_considéted by these authors, we drop
the torsion factbr gs in (14). Since we are concerned with

hydrostﬁtic external pressure, the loading factors q; and qz.

are uniquely related. Viz., by definition,.

-

qQ = Pa/Ag oo (15)
and qz = P/Ap . J (16)
Also, 9, = pa/h } \ . C1)

(]

S,= 2maP/2Tah = P/h . ° (18)

A
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But, O, =20, . (19)
Therefore, P = pa/2 . ’ (20)
Y N

Substituting (20) into (16),

q2 = pa/2Az o . (21)
Thus, comparing (15) and (21), v
q1 = 2qQ2 . (22)
In the abové,. p is external lateral pressure,
: P is axial load,
" n z : '
‘and , Ap= | | Qzz dz . : ‘

»~

=1 Yower 2

If we ‘now expand th;\\determinant, the characteristic
equation. is in terms of the F's, n, A, and q;. The object
then is to.determine the root q; which is the least positive
real root that satisfies the characteristic eguation. Th%s
can be done by performing itetagions on .m, n, and qi.
-First, we set m =w1 {i.e., assume one half-wave in, the ax;ai
direction --- this is always the. actual deformation for
external hydrost;gic pressure), and n = 2 (i.e., assume two
waves in the citCumferentiéﬁ direction --- this is the least
physically meaningful value for n). With these parameters
set, we iterate on qp starting at zero and continuing until
the value of thé‘charactefistic equation changes sign (i.e.;,
a "foot" has been. bracketed). If the differeénce beQQeen the
last trial value of qi and-the”chrent trial value of qp is
less than or equ#l to 1% of the ;:??ent ‘value, these last

two values of q; are averaged, and the result is taken as a




Mk

———

-

> 3

) . . w®
root of the characteristi¢ equation, and recorded as a

possible solution for the critical value of qi1- The
k]

-

procedure continues with higher integral values of n up to a

user-defined upper 1limit. of all the possible‘solutions
: + : . .
found, the least value of gq; is chosen as the critical

loading factor, and the critical pressure is calculated as

v

Per = Qi(min.)Az2/a . " (23)

Since manual computations are not practical, a program

was coded. in subset FORTRAN 77 for use on personal

a ~

computers. The program requires about 72 kbytes in

executable form and can be run on 1l6-bit machines ~rlmning

-

MS-DOS 2.0 or higher witlgput modification. The program
works in interogative mode, the user supplying data on -

material properties,* shell ‘geometry, and lamination
e - .

structure as required; it can produce output’ on ' the
terminal, and in report -form for later printout. The
listing of the program appears as Appehdix 8, 'and the

reports for the four tubes tested are shown in Appendix 9.

The calculated. critical external pressures are: .

Tube 1 Tube 2 Tube 3 . Tube ¢
Computer- Program:
Critical External
Hydrostatic “
Pressure (kPa) , 317 . 305 134 173

1
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Before we consider other methods of finding the
Gritical pressure, some remarks on the analyéisp and ou?
specific implementation are in order. The simplifications
due to the effective assumption of the Love-Kirchhoff
hypotheses and small deférmations have already been
meﬁtionéd. FurtherTgfe, the assumed displacement field will
nof completely satisfy any of the traditional shell béundary'
EOnditions. This, the soluéion'having been determined from
the characteristic Equatidn without imposing bouﬁdary
conditions canonly be approximate iness the shell is
infinitely 1long. Withiﬁ the body of thé’pfbgram, the user
can choose tB calculate laminate proﬁe;ties from the basic

properties ng,ﬁhe constituents of the composite layers.
This will introduce app;oximati&ns into £he material
prgPerties used in the solution. (See [29i; chapter 9, on
micromechanics of composi;é materials. It, is perhqu not
superfluous -to -mention the "variability in mechanical

properties which can occur as a result of differences in

.workmanship énd'curing methods in these structures.)

.

Since the' minimum root is- found by ite?ation, its

+

accuracy is limited by the criterion of 1% difference

imposed in the computer alg‘or'i(:l'un;‘F This resolution is

considered eonsistent with genegai'requirements.and speed of

execution. Some extreme casesll%ere "run to determine

approximate solution times:

- B ) / .
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’ D]
Case 1) a short, thin , stiff tube; time = 18 s ., -
Case 2) a short, thick, stiff tube: time = 16 s .

“ t »
Case 3) a short, thin , flexible tube: time =°13 s ,

Case 4) a short, thick, flexible tube: time = 18 s .

Case 5) a long , thin , stiff tube: time = 14 s ,

Case 6) a long , thick, stiff  tube: time = 13 s

Case 7) a.long , thin , flexible tube: time = 12 s

e

Case 8) a long , thick, flexibie tube: time = 17 s . A

_Jyfshort tube is one with L/a = 0.5.

v 0

A long tube is one with L/a = 10. .
thin tube is one with h/a = 0.01, ) .
thick tube is one with h/a = 0.1. . ' . L

stiff tube is made  of graphite/resin with 8= +/- 80 ,

> » » »

flexible tube is made of glass/resin with 6= +/- 20

3

The times given above were obtained using ap 8087 arithmetic

' co-processor.’ Without this optional chip, the same

solutions required 7 to 10 minutes each. ,

As already mentioned, no boundary conditions were

.. imposed when solving for critical pressure. In order to get

an idea of the effect of this neglect, results from the
computer solution were compared with curves published in

[21]. The latter paper shows that ghe effect depends on

lamination ° structure, boundary. conditions, . and
length-to-radius ratib. The .effect is most sérious SEr
e s
- 69 .-~
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generally. anisotropic layups, for hinged boundary
. . ; e

N

conditions, and small {L/a) ratios.” For these cases, they
P4 R LY [

‘report the ratid of criticai.pressure without B.C{ to that
with B.C. is about 1.7 at (L/a)=1, about 1.3 at (L/a}=10,

and 1 at _(L/a)=100. Results from the present computer

.

/

program were compared to results for B.C. . S51 plotted in

\ L (21]. "This c¢omparison gives ratios of our computed \ﬁ‘sults
Ly : ’ [ '

, N without B.C. -to‘Elotﬁed values with BgC. of about 1.7 at
d\. . " ‘ ' 3 ’
e o ﬂi {L/a)=1l, to about ‘1.2 at (L/a)=30. _ Thus, }he - present

4

! '
» .

(21]: For isotropic and orthotropic'cases,,the agreement is

- i

.gftqinv‘about 54. . Similar agreemeht was obtained in

b e -comﬁarisons made with (25} for orthotropic¢ shells, and with
) . IS ' .

y < .. {30] for 1sotropic shells. :

.
. - ‘ € -
. . .
R . . . .
. ) ) . - ‘K_ s
‘ " 1\
. “ 1 v
- : N N

. " . . . e . °
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X Ce « 11.2.2 Two Code Procedures
A Lo : S :
of R .', .. ’ . i . . ' . : ‘ R
. “ N \' ’ " ' ) - ‘
‘. e In the ‘'Introduction, we mentiored
A . N T .8 ¢ '
' circulated,by the RTP Committee of the ASME and a French
i ® . i .

a draft proposal

) k‘b *"," Standard.. ThéSe are applicable to containers which may

. . .' experience up to- flull vacuum.” The procedures will‘f be
¢ . - . ' ~L ‘. ’ ]

L . 3. N . .

, outlined in  the following two subsecticons using our four

o . ; . . ‘ . . . - S
~tubes as test{ygses. o ' ’

e

' L] -

I
4

program 1mp1emented,qives solutions comparable to those in
. & | ‘



-

;’
‘ - . . + ¥ ’Q
II.2.2.1 RTP Draft Proposal No. 5 . . - ' a
This documént ,, [personal communication] 1s not a
, l s ‘ . - ) ‘ ' \,
standard, but has been submitted for consideration to
Subcommittee X of .the ASME on fiber reinforced plastic
vessels. The proposal éxves two options for designing: Aj ’ .
design by.flﬂf&, and B)'design by stress analysis. Since :
buckling s not mentionec in Manda;ory Appendix M-9 whjch
“ .. 4 \‘
'describgsu‘the method by stress analys:s, we wiil only,
consider design by,rules as given 1in subpart " 3a, %rtiqle
. =310, There, cyl&ndr;cal sﬁe;lé subjected - tc ,external ‘
pressire aré dealt with. The procedure :s as follows. '
. Compute.dthe vaiues < L/Dy - : . ) o R
. 4 .- ' s c - > - s 2 «
and : 1.73(Dy/ )12 -
If the latter .s ‘less than the former;” calculate
Pa = 2.6(E/F)(Dw/L)(t/DO)2'5 . - .
If not, calculaté . ‘ © )
1 ' ' e
Pa = (2. G(E/F)(t/D?)ZS}/{ L/Do) 0. 45(t/Do) !
The symbols have the followlnq meanlnqs e _
Dy = outside dlameter (in.)
E = the lower bf hoop tensile hodq}us and axial Lot

v ( tensilgmodulus (psi)

F = safety factor = S :,- . o
L .= length bfrcyllnder (in. )y
o tx Z wall thickness (in.) \“’ . . N
fj ‘ pa = allowable external pressurg¢ (ési) S~ ;:i; l \
. . (, (" . R ' ’ \
’ ‘- "71‘ -
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For our -structures, the axial modulus 1is the lower.

Therefore, E = E.\“', The method of calculating E,)®™ s

shown -1n Appendix 10. The values for the four tubes tested

E ]

N . ¥ .
sare presented below in Table 7. /

+
s

TABLE 7. Cririca. Pressures Using RTP Draft Proposal No.5

Tube > Tube 2 Tube 3-  Tube 4
Dg (1n.) 10.929 10.921 121.008 10.921
Lofin.) 33.016 34.016 34.488 34.173
Y fin.) 0.228 0.224 0..10 0..06 ~
E (psy) 530 700 568 400 1183 200 . 450 000
Pa (psi) '5.692 5.838 1.989 - . 2,269
S5pa (pPsSi)  28B.46 29.19 3,945 11.34
Sps (KPA) 196 - 2q1 68.6 .78.2  *

ot

o

We can see that the procedure is relat.ve.y s:mp.e and

does not requlre lcng calculations.. The equation for
A v ' 4

critical pressure 1s a specialdization of an equa-.cn which
oy y »

was develioped at the U.S. Experimental Mcde. Bas:n, which
‘ ¢

s itself a simpiified form of a ?élatxcn published by von
stes.[Bl} This equation in 1ts original context refers to
isotropic shells. The draft proposal merely chooses ghé
leijf? of the axial and hoop modul: in -place of the
isotropic. modulus, and ‘Maintains the assumption® of a-
Poisson's ratio of 0.3. Flgdre 31 $hows the comparison oE‘

experi;eqtal~ data and the prediction for isotropic shells.

The authors of (31] point out that “...experimental points

lﬁe above the theoretical line..." for the thinner vessels.

-r
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This is said to be due to the fact that the data represent

‘ultimate collapsing pressure while the curve represents

The determination of the hoop and axial laminate modul.

18 to be made experimentally using ASTM D 1599/ as per Part

)‘_“
7 of the proposali. This involves testing .fample tubes to

3

) - [
destruction ,under internal pressure. In the present case,

v

these moduli were calculated as-shown in Appendix 10. This

part of the procedure is perhaps the most tedious and
P

1

error-prone, but :t can easily be coded so that a computer

rd
Sr- even some programmable calculators can be used.

[ 4

11.2.2.2 French Standard (6]

. w
This standard * was published in December 1976 by the

&

Commission Chaudrzonnerie Genie ChimiquS;du Syndicat General.

de l'Industfie du Plastique Arme. It deals with thermoset
i§§ins reinforced with glass, including éontainers made by
filament winding. _The problem of cylinders buckling under
external pressure or vacuum is addressed in article 3.11.
The procedure is ‘similar to the P;evious tne, and it is

outliﬁed below.

< :
First, calculate ‘L/R ’
and ' 2.5(E/E, )4 (R/0)VZ L Co 7

If the former is greater than or equal to the latter,

- -

1 .
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“then calculate Per '= 3E,i/R3. Lo E
Otherwise, Per = 0.83Es(t/R)5/2(R/I;) .
- The s&mbols‘have the following meaning:
L= cylindér length
R = cylinder radius

t = wall thickness

Y = 2nd moment of area of shell wall ‘ )
r Ex = axial modulus‘ . ‘ . ‘.'

Ey = hoop mbdulusy ‘ Y

pmtx critical pre;sure o

and E; is given as
By = nY/B (E/E,)M4/(1-0.1(Ey/E,) )

with T o= flexuralimodulus in hoop direction -
‘ tensile modulus in hoop dirégtion

P E

We have no experihental-data for the flexural modulus -

of the ‘tube walls. However, previous testing of similar
materials (32] indicates that a\value of 80% of the ‘tensile

modulus is not uhreasonabiz. We will pse‘this value in the

%

u

calculations. The results for ths four tubes are given below

in Table 8. - '
]

[
w
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TABLE 8. Critical Pressures Using French Standard

Tube 1 Tube 2 Tube 3 Tube .4
R * (mm) . _ 136 136 . 138 137 .
L (mm) 864 | 864 876 868
t (ram) 5.8 5.7 2.8 2.7
E, (kPa) 3.66 E6 .3.92 E6 8.16 E6 .20.0 E6
Ey- (kPa) 3.99 E6 4.81 E6 10.1 E6 15.6 E6
r 0.80 . 0.80 -/ 0.80 0.80
E¢ (kPa) 3.72 E6 4.38 E6 9.29 EB 12.6 E6
Per (kPa) | 183 206 71.2 90.0

* We take R to be the mid-surface radius..

‘We point o&@g that, unlike the American proposal, a safety

factor of 3 is recommended for buckling i article 3.12.C.

o,

11.2.3 Miscellaneous Design Methods

» ’ . Ve

i

In this subséction, three methods are cited for
determiqing the critical ptesé&te for thin isotropi? shells,
qqdlue briefly d}scuss methods . for orthotropic shells.
{More than 190 design ﬁ%thods/equatténs are given in [33)

for isotropic and orthotropic circular cylindrical shells

s o
under various loadings and with different boundary

conditions. Most of the orthotropic cases deal with shells
‘that "have ring and/or - longitudinal’ stiffeners. In some
q' . . . -~ . .
cases, the predictions are compared with experimental
iy i

+

results.)
7

Since we have already used the de;:;2 equation from the

U.S. Experimental Model Basin. in Section II.2.2.1, and

since it is «<onsidered to give acceptable results for
\ . -

\
[
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lSOétOplC shells, we cite the following three cases for
refe;énce only. One metﬁoqg'qives the critical pressure
explicitly but requires 1iteration on the number of

. ) R
circumferential » lobes formed to find the minimum pressure
134]. Another gives a critical pressure formula which
requires graphzcal’ évaluatlon of one of the equaticn’s
ccnsganté.135? The third éives the critical design pressure
tn a simple equétion.(3§} Before pr?ceedlng to orthotropic
cases, we want’to point out that there are sources which
suggest =-he, ugse of methods developed Edr 1sotr9pic materials
in  the design of reinforced plastic structures, In
parc:icuz.ar, such a design curves for hyd{osta;ic external

. - L e
pressure 1s shown :n Flgure 32. For eu;poses of comparison,

the predicted «critical pressures for our tubes were

calculated using the axial modulus in the design- equation as

we did above. The following results were obtained:

. ~
Tube 1 :.criticai pressure = 234 kPa .
- Tube 2 : critical pressure = 251 kPa .
.' Tube 3 : critical pressure = 98.7 kPa . -
Tube 4 : critical pressure = 121 " kPa .

" Note that these . curves were devéloped for isotropic
materials, though they are recommended for composite shells
in referencJ [37) cited for Figqure 32.

I

One of the earliest analysis of orthotropic cylindrical

¢

ﬂ"
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shells subjected to buckling loads was done by Hess.[19] In
his paper, Flugge's differential equations are used and
assumed disélaqeméqﬁ functions  corresponding to simply
supported ends are borrowed from T;moshenko. The
\equilibrium equatxbns are formulateééand the characteristic

determinant solved tc find the minimum load parameters by

varying the wave numbers in the axial and circumferential,

directions. Thus, the method 1is ¢similar to the one we
implemented except that the shell is neither heterogeneous

(laminated) nor generally ,anisotropic. Hess goes on to

- . -~ . .t *
simplify the equations, and produces families of curves for

! N~

a few material- properties and shell .geometries. Using these -

© .

curves, critical lcading parameters in the axial and lateral
dxréctxon; can‘bg calculated, and ; linear interaction pilot
made. }f thé agtual loaa values a}e below the interaction
curve (which is cdnsidered éonsefvative),fthen the structure
is deemed safe. Hess' method requires the production of
design curves which necessitates the Qolution of numerous
and long equations. For "this réasbn. and because of the
resttiction‘ to- orthotropic shells it was not thouéht usefui
to implement the procedure. Hess claims very good agreemeq;
with experimental results op isotropic shells (no data being
abai&aﬁle on , orthotropic shells), but the procedure

described above also gives good agreement for the isotropic

!

case (page 35 above).

)

We have already briefly mentioned the work of Lei and._

1

' \ -

\ .
e \



-implemented.

“

o

Cheng.(25] The method is that of Cheng and Ho (20} except

that the develépement is for orthotropic shells. The

present analytical results are very close to those of Lei’

and Cheng for the orthotropic cases compéred {page 35

"above). : "

4
~ K ‘
hid > . - _f\
Since .the computationali effort 1s almost the same, and

shell buckling is semsitive to generally anisotropic

constructions, t was decided thdt the more eneral .
% 9

formulation taken from,6 Cheng and Ho (20] should be



//}ijETBqDISCUSSION AND CONCLUSION ‘

In this final section, .the expérimental results are
examined and compared to the three specific methods of
calculating critical pressure detailed in Section II. The

i . .

v

conclusion is developed on the basis of this.comparison, and
. ¢

some comments are made on the problems encountered in the

testing and the interpretation of the data.

III.1.1' Data Interpretation

Es

i

The data "is shown i% Appendix 6 and consist of

strain-pressure values collecij@hduring the test runs on the

T~

N . .
four tubes. All tubes were tak®n to collapse in a single

run except tube 3 on which three runs' were made before
destruction,. The data 1is plotted in Figures 19 and 21 to

I

25. In these plots the curves are numbered to correspbnd to

thé scheme described in Figure 16.
\

When strain gages’ are used in buckling tests it ié
usual to take the load value where strain reversal occurs as

the critical 1locad. This is done because buckling causes a
l;rge chénge in the shaée of the shell which can cause
mor91EE~less sudden reversal in the strajn. It 1% tpought,
howeve;?&that in the present case where the\absolute strains

attained are less than 0.3%‘another criterion should also bhe

considered, viz. large deviations from lineaWity. Because

- 81 -
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o

we are ‘operating in the linear elastbc region of these

-~

materials {38], such, deviations: are considered to result

" From- instability:. There are at',leasﬁ_ six strain gages

bonded to each tube (9 in the case of the first test run on
tube 3) . Since Ehe shell may become unstable at one

location before others, we must take the lowest pressure

where evidence of ~ instability appears to be the buckling

pressure. Since we do not have full-field monitorinb of the

tubesl\(which would be Dbest), there is a possibility that

-

instability may -occur at an uninstrumentqg location at a

-

pressdre lower than that 1identified 'as the Ibuckling

.

pressure.

-

There is a slight further, complication in that some

'

5}?§;né show some minor fluctuations at low pressures. The

"strain reversals" which appear in this yﬁ:-pressure region

are not considgred to be due to .instability for our
purposes, but rather drift in the gages. For verification
of the negl;gible character of these "reversals", enlarged
plots are shown iq Figygres 33 to 36. The fact that these

low-pressure "reversals" are follocwed by single major

-
.

reversals before collapse is an indication that the former

o

features are not pertinent.

B} o

v

With these considerations in _mind, the-following values

are established as the experimental buckling pressures for

‘ 4
the four tubes tested:

’ . &+

-2
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148 kPa.

Tube 1l:Experimental buckling pressure

v

Tube 2: o ’ " = 460 kPa
Tube 3: d "« = 86 kpa
Tube 4: " " = 58 kPa

The buckling pressures are marked on Figures 33 to 36.

i

A perfectly cylindrical tube would be expected to give

compressive strains .in both axial and <circumferential

directions during pressurization. Looking at tﬁe results
from tube 2 in Figure 25, we see this is the case for the
tube showing the least imperfection amplitudes combined with
the most cyiindrical form. .In the'case of the other three

tubes, which hédya clearly elliptical form, the signs of the
strains depend on a combination of position of the gages on
the imperfect surface, on bending of the, éube during

pressurization, along with tﬂe expected compressive strains.

k4

"\

7

As mentioned previously, three runs were made on tube
3 before it collapsed on the third run. We should point

N
out that despite the non-linear strain-ptessure behaviour,

.the strains on the second run returned almost to zero (see

inset in Fiqure. 21), and after a longer time at =zero
ptessure the values would no doubt have been even closer to
zero. Thud, ﬁhe elastic régime seéms not’ to have been
exceeded. Furthermore, ' the final collapse pressQre is 2.8
timeg higher than the buckling.pregsure ‘established above,

»
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giving a 'margin of safety to this tube. It should be
cautioned, however, that the final. collapse pfess'ur,e ﬁ
slightly 1lower than the maximum pressure attained in the
second run, and damage, ihvisible to the unaided eye, may

[

have been incurred during the penultimate pressurization.
III.1.2 Comparison of Results

The comparison of the predicted and experimental
buckling pressures are tabulated below in Table 9.

4

v

TABLE 9. Experimental vs Calculated ?ressuies,(kpa)

v

EXPERIMENTAL  PRESENT RTP DRAFT FRENCH
RESULT METHOD PROPOSAL STANDARDf
¥
Tube 1 148 . 317 (0.47)* 196 (0.76) .183 (0.8l)
Tube 2 460 , 305 (1.51) 201 (2.29) - 206 (2.23)
Tube 3 86 134 (0.64) 68.6 (1.25) 71.2 (1.21)
Tube 4 58 ' 173 (0.34) 78.2 (0.74) 90.0 (0.64) =~

* Number in parentheses is ratio (Experiment/?rediction)"

The experimentally determined buckling pressure for
tube 2 is 1.51 to 2.59 times gréater than the prediction,
Recall that this tube did not have an elliptical shape.
Futthefmpre, it has relatively §ma11 imperfections compared
to tubes 3 and 4 (seepTable 5). Since the critical presgure
also corresponds to an elliptical ~shape according to
analysis by the present method (see Appendix 9), tube 2 may
be’ said to be the least imperfect of the structures tested.

- 88 - : . {
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Thus, that the ratio of experimental to calculated pressure
is highest might have been expected. However, that the

ratio is greater than 1.0 is unexpected. Re-examining "the

~

-data shows no great difference between tubes 1 and 2, except

in the shape 6and winding angle. The large ratios of

pressures must therefore be attributed to the small number
of locations gaged. In other words, it is thought that, had

many more gages been used, a much lower instaBility pressure

.might have been detected. Note that the present ‘method of

calculation gives the closgét prediction. Pressure ratios
larger than 1.0 for tube 3 also are given by the Proposal
and the Standard, but not by the present method.

t

Tubes 3 and 4, with winding angles(of 54° and 63°
respectively, have unexpected buckling pressures with
respect to each other; i.e,, tube 4 should exhibit‘a higher
buckling'pressu;e than tube 3, but the reverse is observed.
The major contributing factor is cohsidered to be the largef
relative circumferential imperfections of tube 4 as shown in

Table 5.

hY

°

From Table 9 .we seé that the RTP Draft Proposal No. -5
and the French Standard are more conservative than the
bresent method, and the former two give similar'results for
the structures tested, If we incorporate the recommended
safety factors of 5 for the Proposal and 3 for the Skandard,

gnd a reduction factor of 5 for the present method (based on

-89 -

>

Yoy



RN
4
1

of 1.7 due to neglect of boundary conditions --- as

a factor
4dxscussed on page 69 gbove---, and a factor of 3 based on,
the lowest ratio of O 34 shown in Table 9), the followxn?

‘table results. - /

TABLE 10 Experimental vs Design Pressures (kPa) /;
. /

'EXPERIMENTAL  PRESENT RTP DRAFT , Fnszxca

RESULT METHOD PROPOSAL STANDARD
‘Fube 1 148 63 (2.3)* 39 {3.8) 61/(2 4)
Tube 2 460 61-(7.5) 40 (11.5) . 69,(6.7)
Tube 3 86 27 (3.2) 14 (6.1) 24 (3.6)
Tube 4 58 35 (1.7) 16 (3.6) . . /ao (1.9)

* Number in paréntheses is the tatio‘(Experimént/?ésiqn)

The RTP Draft Proposal No. § gives the most #onsbrvativé
design pressures. The French Standard anq the present

method give very similar results and both/ provxde some

/o %

safety dargin., A ' ]

. -
LI . /
i . v
1
’

1

‘ I1I1.1.3 Conclusion //

. ‘, : : ; ) //

I {1 Tw;s the purpose of this thé,&a to determine which
analysis or set of tules was most apg;opriate to predict. the
buckllng pressure of composite tub7b made by -the process of
£1lament winding. . The procedute oﬂopted must be. easy to use
for designers of glass-fiber rei7forced equipment working.in
Asmall and medxumdszze companx#s. It must also provide
designers‘ and users thp cénfxdenoe in the strucéures

1

. . 1 0y / -.
fabricated.” These considei7ﬁions led to the gelection of

A




¢
¥

three specific procedures ehich were compired to one andther
. . ' :

.and to the results of teggs bn‘structures typical‘ of those

R

used in the chemical processing industry, though smaller in

size.- The tests included 1mper£ect10n survey as well as

’ °

determinatxon of buckllng pressures. ' - o

All three procedures’ give design pressureﬁwwhich are

lower than the experxmental bucklxng pressures. The ASME

RTP Draft Proposal No. K glves the most conservatxve desxgn

pressure with values ranging from 3.6 to 11.5 timea less

'than the observed buckling pressures. The present method,

which is an implementation -of an anﬁlysis by Cheng and Ho
{20}, and the French Standard give very similar résults, the
comparable factors rangiug’from 1.7 to 7.5.

(The reader is' cautioned that the factor of 5 used to
calculate the design pressure from the predicted pressure
using the present method does not necessarily mean that a
structure can withstand a butkling pressure  five times
greater than the design pressure, as  the ' present data
shows!) . ‘ '

. .
. w
L3 -

As can be seen in Figures 8 and 10, and Figures 29 and

30, the principal areas of damage occur at -the lines of

maximum curvature ofcthe.ellipticslly shaped tubes 3 and 4.

Tubes 1 and 2 which did not have such pronounced

imperfections show more w1despread damage in_Fiqures 27 and.

28. Imperfections are larger than those reported for steel

shells. It4 is- encouragind to note then that acceptable

~design pressures can still, ' be arr;ved at, and that the

ultimate collapse pressure 1is hxgher than. the buckling

-91-
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pressure. in eath .case.

. SRR

! v

;

Il

In general then, the French Standard can be ‘said to

1

‘meet the criteria of “"ease of application" and "good

-agreement with experiment” to ‘a greater extent than the’

other two procedures invgstigated.. The analytical proceduré
. ~ ) oo ' . A
implemented here is more ‘complex to formulate and solve, but

once coded, it gives results- comparable. to the French

.Stahdard, and it offers the advantage that' it . can be -

improved to account for boundary ,conditions, as well as
shape iﬁperfections. The ASME Draft Proposal‘.No.‘ 5 is

ﬁractically as complicated as the French Standard and gives

‘more conservative design pressures. It musgt ibe cautioned

that fatigue and creep are not included in the present work,
although the designer of reinforced plastic structures must

always consider these complications in practice. <

It must be remembe}ed that only four tubes were tested
in thié'study, and each:tube was Qifferent in some respect
from the“otzéig. Clearly, the results must bé used with
prudence in the ' -absence of a 1iargen data - base. More
extensive tesging mi uncover ° typical "shapes and
imperfection amplitudes Agr the filament winding process.»
This statisticalv-information would then be -used to }mpose,

more appropriate knock-down factors in.designing..

« 0y N
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Appendix 1.

Calibration of Thickness SensoF
’ N !

“ B

-~

b . Instrument} Polygauge Model "C" Thickness Sensor (ser. no. 290)

- ’ R.C.
L6J 4Z5.

Es

of ~900mm) ;
winding in Derakane

construction:

1.

i‘ Procedure: Thickness measurements with the two systems were
red. The results are tabulated below.

>

Maybee Ltd. E\P 0. Box 40s Oakville, 0ntar1o.

" Stanflard: M1tutoyo Comb1n1ke 0-1 inch mwcrometer, resolution
0.07mm.

Spec imen: Qut-out from bursi cylindrical pressure vessel (radius
PVC liner/glass mat/filament

3

readout

Polygauge

Correspondin
thick. * (mmg

Micrometer

reading(

A

)

—&-

Ratio (éau e/
micromgter

o ( 1390

o 1296 .
‘ : » 1347
L | 1365

13.7
11
12.
13

B .
™~

13.6%
11.56
12.47
'13.09

o

1.002
0.986
1.018
1.008

FY Lo \ . ’

Notes: 1.

: ‘ cON
_ I * From Table No. 1 supplied with instrument.

The instrument had to be recalibrated often becauSe

2. The thickness correction for a tube of‘rad1us 900mm

is negligible.

fgg ' considerable drift was noticed.
) .
&

R
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Conclussion: Correctde asuremékts taken with the gauge are
considered’ sufficiently accurate for the present
study.
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Appendix 2. Calibration of Ropéry Potentiometer

Instrument: Teg-turn potentiometer (manufacturer unknown)

-

Standard: Hardinge dividing head (ser. no. D216) with
resolution of one degree.

Accessorfes: Fluke 8010A D.M.M. (ser. no. 2945016)

4

Dynascan 1650 power source set to "B tracks “A~100%".

Procedure: The dividing head was uséﬁ to input a-known angular
displacement to the pot. The output.of the pot. was
recorded as a function of the input. Three tests

were cdnducted with the pot. powered by voltages of

50, 25, and 10 volts, respectively. A1l measurements
were started with the pot. at approximate mid-range. .

Results are tabulated

below.

Input | Test T (50 v in) Test 2 (25%v in)| Test 3 (10 v in)
"1 (degree)| Pot. output (volts)| Pot. output (v) |Pot. output (v)
0 -1.744 -1.278 . -0.558
o -1.732. . ; .
P2 -1.113
3 -1.699
4 -1.690 .
5 |~ -1.673 |
6 |° -1.663
L7 -1.648 .
8 -1.634 .
9 ~.620”
10 -1.606
15 -}.iss
20 -1.466 ,
3 .| -1.330 >
4 | . -1.190
50 -1.054 i
75 0.2 \ :
. 90 -0.501 4.653 -0.308
N -(.486 !
92’ -0.473 S
93 -0.458 > .
94 -0.445
95 -0.431 ,
96, "0-4]8 ’ s
97 -0,406 N
98 -0.390 " .
99 -0.379 '
100 -0.362
120 -0.093
150 0.323 S
180 0.744 -0.035 -0.061

- 98 -
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. &
220 . 1.300
221 1.316
222 1.328 a
© 223 1.344 </
224 1.357
225 1.372
226 1.386 Y
227 1.398
228 1.415
229 1.427
230 1.442
260 1.855
300 2,
30 | zfgz\
320 [ 2.68
330 2.82
340 2.96
350 3.10 .
351 3.1
352 3.13
353 3.14 \
354 3.16
~ 355 3.17
356 - 3.19
357 3.20
358 3.2
359 3.23 : .
360 3.24 1.213 0.439
20 | 0.593 0.190

The results were analyzed usjng a 1inear least-squares fit
giving the following sensitivities for the three tests,

" respectively: 0.01385, 0.00692, 0.00277 volts/degree; all

linear correlation coefficients were better than.0.99999.

The Potentiometer characteristic was determined by dividing
- the sensitivity in a test by the voltage input to the pot.

for that test, and then taking the arithmetic average.
The three characteristics obtained were, in order,
0.00028, 0.00028, 0. 00028 volt output per degree per volt

1nput

Conclusion The characteristic of\ the rotary potentiometer
is_0.00028 volt output per degree rotation per
volt input to the pot.

-~
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Appendix 3. Calibration of Linear Potentiometer

Instrument: Penny & Giles Eype LCP Conductive plastic
potentiometer (ser. no. B22SA4K)

Standard: Starrett micrometer gage, resolution = 0.001 inch.
Accessories: Fluke 8010A D.M.M. (ser. no. 2945016)
. Dynascan 1650 power sourge set at "B tracks A 100%".

Procedure: The same procedure was used as described in the
previous appendix, except that input was linear
displacement generated by the micrometer gage.

Again, three different input voltages to the pot. .
were used in the tests; they were 25, 10, and 5 volts,

S

The sensitivities were, in order, 6.32416, 2.53419, and
1.27552 volts per inch; the Tinear corre]at1on coefficients
were better than 0. 9997

. "respectively. All measurements were started with the
69“‘ pot. at mid-range approximately. Results are tabu]ated
} below. ) .
Input Test. 1 (25 v .in) | Test 2 (10 v in) | Test 3 (5 v in)
(}n?Bo Pot. output (v) |]Pot. putput (v) | Pot. output (v)
0 -0.699 -0.319 -0.195%
10 -0.633 -0.296 ~0.184
25 -0.538 -0.257 -0.165%
50 -0.382 -0.194 -0.133
75 -0.234 -0.133 -0.103
100 -0.076 -0.070 -0.072 .
150 0.232 0.052 -0.010
200 0.549 0.181 0.056
250 0.876 0.312 0.121
300 1.214 . 0.444 0.189

(&3

The characteristics were determined as, in order,”0.253,
0.253, and 0.25% volts per 1nch per volt input, the average
peing 0.254.

Conclusion: The characteristic of the linear potentiometer
is 0.254 volt output per inch d1sp1acement per
“volt input to the pot

oy

4
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Appendix 4. Calibration of the Pressure Transducer ,

| . |

i

Instrument: Pace differential pressure transducer; model KP 1%

!

«(ser. no. 150338) with 25 psi and 100 psi membranes;
Dynasciences Transducer Indicator, model CD25 (ser.

. 150565) with span set to 2.80 and 2 51. respectively,
1n the two tests conducted.

u?

Standard: Merriam U-Tube Mercury manometer 36" rangé, model

10 AA 25 WM, USG 0-100 psi standard pressure gage.

Accessories: Fluke data logger, model 2280A (ser. no. 3220035)

with High Performance A/D converter, model -161-
and Voltage input connector, model -176.
Vacuum pump.

Procedure: Calibration for vacuum testing --- The pressure

transducer with the 25 psi membrane installed and the
U-Tube manometer were subjected to the same vacuum.
The manometer readings and corresponding voltage
readings from the data logger were used to determine
the sensitivity as 10.24 cm Hg per volt for the
transducer. Once established, the sensitivity was used
to program the data logger, and the data logger values

. were then compared to the manometer readings. Typical

comparative results are:

Manometer (cm Hg); 74.3,60.4,49.6,40.0,30.8,19.8,10.0
Data logger{cm Hg); 74.3,60.2,49.4,39.5,30.4,19.5, 9.9

Thus the largest % difference was -1.5%.
The final programmed expression was scaled to give

“Gutput in kPa, and it is:

Vacuum(kPa) = -10.24[ (current voltage)-(initial voltage)]
. x[101 4 kPa/atm./(76 cm Hg/atm.)]

, Ca11bration for pressure chamber testing --- The same

procedure was used, except that the stiffer 100 psi

. membrane was installed in the transducer and a

standard USG pressure ga% ‘replaced the manometer.
The pressure source'was a utility line at 8.8 atm.
After regulating, the pressure was lead tc the gage
and the transducer, and the readings were related,
giving a sensitivity of 12.13 psi per volt.

The final progrannwd expression with conversion to

‘kPa was:

\pressure(kPa)= 83.66[ (current voltage)-(initial voltage)]*

Conclusion: Pressures were accurately given by the data logger.
_ *.Errors were of the magnitude given above.
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Appendix 5. Data logger strain recording verification

Inst;ument: Fluke data logger, model 2280A {ser. no. 3220035)
with High Performance A/D converter, model -161,
and Transducer Excitation module, model -164/AA.

Standard: The strain gage used was an MM type CEA-06-250UW-120
bonded with M-200 adhesive. A three-wire quarter-bridge
configuration was used in the calibration as well as in
the tests. The gage was bonded to an aluminium cantilever
beam which could be given known end-deflections in a
Photolastic Calibrator, model 010-B. The gage was connected
to a Vishay Strain Indicator, model P-350 AK (ser. no. 023051).

Procedure: The data logger was programmed for strain gage recording,
and its readings compared to the Vishay -readings for
various deflections of the beam. Several comparison

runs were made, and typical results are given below.

Calibrater position : 25, 50, 75,100,,50,200,250,300,350
Strain Indicator (ne): 104,183,258,334,486,636,784,934,1084
Data logger (ne)  :,106,183,259,336,489,641,794,945,1096

-

. Conclusion: The data logger strain readings were acceptable.
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Appendix b. Reduced strain-pressure datd $or four tubps,

DATA FOR TEST ON TUBE 3 UNDER VACUUM ONLY (RUN N - : ‘ 1‘;;
NUMBER OF GABES = ] .
NUMBER DF DATA POINTS = 117 '

)

THE PRESSURE VALUES./IN kPa, FOLLOW:

22,09 23.B6 24,72  26.86 29.56 32:04 34,30 3&.4)
38.40  40.32 42,17 43.95 45,67 . 47.34 - 48,9  50.53
$2.05 53.50 5%&92 56,32 -87.48  59.03 " 40.31 -41.%8
62,76 63.93 65,06 66,12, 67.16 68,16 69.13  70.06
70,94 71,79 72,41 73,41 74,17 7491 75,83 76,32
77,02 77.47 78,29  78.87 79.38  79.95 80,47 81,00
81.49 81.98 82,43 82.87 83.29- 83.72 84.13 84,50
BA.88 85,23 85.58 - BS.91 84,22 86,49 .84.78 87,08
87.34 87.61 B7.88 - BB.12 B8.35° 88.39 88.82 B89.02°
£9.29 B9.50 89,70 89.87 90,04 90.22 ' 90.38 90,5%
90,70 90,87  91.01  91.13 91,30 91.43 . 91.39 91,74
91.87 92,00 92.11 92,18 92,29 92,40 92,50 92,40

92,70 92,79 92,89  92.98 93.07  93.17 93.2% 93.33
93.42 93,50 93.57  93.85 93.72 93.80 93.Bs 93,94
94.00 94,07 94,72, 94,74 94,79

.BAGE # 1 (MICROSTRAIN):

-6, -9, -10, =13, -18,  -21. =25,  -29,
=31, -34, | -35, - -39, -40, -43, | -4bs -48,
l‘;ll : -52- '55; -561 ;590 o "60. to "'61‘ '63- '

' -h5, -47. -48. -49, . =72, -72. =75, -7,
“75- '77- '79. . -BO. . 'all. ‘B!o ,'921‘ ,'953
-g%,. -8%.  -88, -89, . -89, -90. ° -89, =90,
-91, -92,  ~§2, -93, -98, -8%, - -98, -95,
-9%5, =98,  ~%. -100,  -97, -98. ' -98., . -99.
-100. . -987 -99. . =100,  -101, -100.  -101.  -10f.

-101, -102. -162. ~102. " ~102,  -102. ~-101.: ~-102, °

101, =103, -101, _ =103, ~103. -i01, <102, ' . ~103,
-104, - -t02. ~103. - =103,," =104, -~104, ~ -103, ~103,

-103,  -104.  -104, -103, = =103, -103. -102. -103.. .

104, -103. - -164,  r10S.  -105. -104, -103. , -104,
=105, -105. .. -103,  -103.  -103, .

=53, -%6. -348. -60. -62. ~b4, -b4. ~bb.
'690 “70..’; "71. '7‘- A ‘76. ‘76- ‘73. '30.
=82, -B1. -82, -B4, ~86, ~Bé. -83. -88,
-89, -90. -91, -92, > -91, -93. -92. -94.
-93. -94, -96. -97. -59. ~-97.. ~-100, -101,

-

e F i T



N

-100. =101,

102, -102,
-1047 -105..
-105.  -107.
107, -106.
=107, -108.
-109,  -108.

-109. -108.

-6I : -11.
~3b. =40,
-58| ¥ -61'

. =18, _s\nTb,
'ab:lﬂ#xgg%gy
'93. - .

-98. r98.°
=103, . -103.
=105, ~106,
=107, =107,
-108.  -107.
-110.  -112.
-110: -110.
’lfo- -111.
-109. -109,

. o
8. 1L,

AL 3,
70. 3w
97, 99.
118, 120,
135, 136y
149. . -152.
160, 181,
169, 171,
177. 178
184, 184,
187. 188,
192, 194,
196. 196,
199. 199,

2. 3.

9. 10,
19, < 23,
3. 32i
4, A2,
50. 30.
57. 59,

-100,°

BRGE ' # 3 (MICROSTRAIN);

GAGE % 4 (MICROSTRAIN):

_GABE # 3 (MICROSTRAIN) s

103, -103.
-166., _ ~106.
-106. =106,
-107. b.
-108. (-108."
-108. -109,
« -108. -107.
'13- 7 '19-
-43, -45.
-64, -b6,
-77. . =80,
-8, -90.
-95, -97.
-508, ~={02
-103. ~-10%.
-106. =106,
-106, -107.
-107. -108.
-108. -109.
-110, =111,
-110. =110,
-110. =109,
14, 18.
49, 53,
77. 80.
102. 104,
123. 128,
138, 139.
153, 154,
163, 164,
171, 172,
179, 180,
184, 184,
190. 189,
. 192, 192,
196, 197.
" 204, 208,
3. 5.
12, 15,
23. 23.
33, 38,
43, 44,
510 51
9, 60,

-104-

-101.

\

-101,
-103,
-106.
-107.
-108.
-107.
-107,
-109.

-

23,

5s.

83.
107,
127,
142,
1585,
165,
173,
180,
184,

‘91- N

195,
197.

204,

6.
13,
24,

38,
15,

53.
o,

-101.°
-103.
-103.,
-103.
-109.°
~108.
-110.

b
" 16}
2é.
36,
45, -
53,
* 50,

“02}
-108,
-106)
-107.
-107.
~106,
~107.

1.
18.

t 27-

3.
‘7.
54,
6.

-102.
<108,
- 106,
-108,
-108.
-109,
~109.

-33.
-36.
-72.
-B4.
-92.
-99.
-102.
=104,
~108.
-1071
-111,
-110.
-1100
111,

36.
bb.
94,

114, |

133,
148,
159,
169,
174,
183,
1850‘
192.

198,
N196,

.-
_19‘0
29,

80,

49,
- 58,
s,



‘ R T
—~
Y
62, 84, 63. 4, 67, 65, 68, 68, o
y T 6B g, 70, . 70, 70, 71, 70, 72,
: 72, 72. 74, 72, 75, 74, 75, g,
. - 76, 76, 6. 77, 76, 73, 78, .78, B
“ , 7. 800 gal 7. B0 g 1, “<urs
' . 2. , g9, 82. B2, 82, 82, 81, 82,
80, - g3, es, B4, BN, s, 85, 87,
.o 81, 84, g, 90, 98,

BAGE ¢ 4 (MICROSTRAIN),

ﬁ e e L BSCIRTt Y S19. g,
‘ A EALTINE 7 M =30, .3,
e JEARRE T R 35 .38, e ~36.  .3p,
A 7 A -39, .39, BACE F,
A I PR 42, L4,
SR T 420 -y g A3 Ly,
43 gy, 42, .43, 42, 43, 43, .4y,
ALY F N, SPOZINET N 42, .y,
IO A ST PR 42, .y,
{ DA LI P 4L L,
% R T AL 3] ML L 41,
T AL e, gy NN
e g I T 2. o)
A F IR SRR L N “39. .3,
AT T =36, .37, \

e

" BAGE # 7 (HICROSTR“!N)

5. 9. 10, . gy, 18, 22, 23. 29,
3. 35.. 39, Al a4, - 48, %0, 55,
: . 87, 59, 61, b4, 4. 70, 72, 74.
‘ ' 8. gy, 8. s, gy 90, 92, &:5.,
98, 98, 101, 103, 103, jps, 107, 108,
e 114, 112, 15, qys, S Y TS 120, 1o,
1. s, 126, a9, 128, g2q. 130, 130, '
132, 33/ 135, 138 136, 37, 138, 139,
139, 141, 1 a3, M3 L 4y e, 4,
186, U7, " 148, 147, 149, 189, 151, 151,
151, 152, 134, sy, 154, ° ys3, 158, " ysu,
138, ey, 158, .18, . 138, 140, 180, . yxp,
156, g4, 155, 2%::. 162, 441, 158, 42
‘ 164, 183, 165, R L NPy 166, © 147,
186, 146, 170, 79, . 171, ‘ '

4

GABE 4 g (HICROSTRA!N)

-5, 9. 1", 15, 18. | 23, 25, 28,

3, 3, 0. a2 49, e g,

| s, 82, 83.  e5, 4 .78, 770 gy,

TS 8, 8. 93 gy 97. 9.0 103,

~ B [ ol H2o e, 4y 19, 120,

123, 128, 127, 128, 129, 35, 135, |3s
137, 138, . j42] 43, . 143, 143, 144, 148,

-105:



.

L ¢4

158,
165,

171, .

177,
181,
< 1Be.

%BBv

.GABE- # 9 (MICROSTRAIN)

3.
24,
1.
73,

. 74,
111,
127,
139,
149,
157.
163,
189,
173,
177.
178.

149,
159- ‘

168,
172,
T 177,
181.
185.

¢ ’ 13&0

1 3
oo

28.
- 52,
78,
98.
{15.
129.
140,
149,
158.
164,
" 170,
173.
177.
180.

152,
160,
166,
173.
177.
182.
187,
194,

8.
3.
55.
78.
. 98. -
17,
131,
142,
151,
198,
164,
169,
174,
177,
185,

. 153,
160.
‘187,
174/
17%.
181,
188,
194,

i1,
34

5B8: .

82,
101,
118,
132,
143.
152,
138,
166,
171,
174,
178,
186,

{54,
11,
148,
174, °
178,
181, -
187.
194.

12,

38.

61,

84.
104,
119,
134,
144,
133.
160,
164,
169,
172,
178.
183,

154,
163+
168,
175,
181,
184,
188,

17,
39,
" o4,
8b.,
106.
122.
135,
144,
154,
161,
187,
!710
’ t7b'
178.

DATA FOR TEST DN TUBE 3, LDADING AND UNLOADING

NUMBER OF BABES =

b

NUMBER OF DATA POINTS =

87

THE PRESSURE VALUES, IN kPa, FOLLOW:

0.02
' B85.51
178.62
214,11
247.04
117.21
37.49
5.38
0,42

BAGE ¥

-0,
-B1.
~147.
-128.
-10,
-712.

Sll‘
97.34
185.75
220.06
242,07
103.74
31.29

3.71

0.37

12.41
109,04
191,18
225.81
228.33

91.43

25.79

2,47
0.32

§ (WICROSTRAIN):

-2,
-91.
~144,
-118.
"60

-57F

135,

"t -12.
-102.
-145,
~108b,
-100.

-44,

‘20.

-106-

24.13
120,61
194,94
231.30
207. 41

80.18

20.98

1.58

B

-24,
-112.,
~143,

=91,
-128.

-32.
24,

36,59 49,05
132,14 143,70
198.28 201.43
237.16 242.81
185.72 166,51
£9.88 60,51 -
16.75 13011
1.02 0.70
-3b. -47,
-121, =130,
-141,  ~139,
=70, =49,
-129, -ii8.
-22. -13.
25, 28,

156.
164,
72,
176.
180,
181,
189,

s,

43,
b7,
88,

109.

124,

135.

146,

154,

162.

168,

gt

175,

180.

(RUN 2}

61.34
155.34

205.8%

248.48
148.20
52.02
10.01
0.33

-59.

¢ =137.
=136,
2.
-102.
-3.

« 29,

156,
168,
171,
177,
184,
184,
1%0,

22.
43,
1.
90.
11,
126.
138,
147,
156.
163:
169,
172.
176.
179.

73.49
166,94
209.9%

249.99

131,95
44,33
7.44

0. 484

.70.
-143.
'133-

20. .

-87.

e

30.

-

}/,f._



GABE # I (MICROSTRAIN)

Il

0.
=it
~101,

36,
454,
-71'

27,

60.

52.

32.

27,

-4,
-122.
-BJ.
79.
336.
-58.
35,
40.
50.

32.
27.

-e

GABE & & (NICROSTRAIN):

P -1 q,
183, 198,
859, '613.
© - 862, o1s,
L1500, 1348,
247, 202
1 21,

20, -22.

=22, -22.

GABE # & (MICROSTRAIN)

1.
'-520

93,

307,
8o8,
-12,

29.

50,

44,

GAGE # 7 (MICROSTRAIN)

0.

126,
470,
744,
1308.
213,

- 30.
~-15.
-21.

5.
133.
si8.
808.

1170.
174,

16.

232, -

¢

655!
1016,
1067,

164,

11,

-23.

-13.
-46.
155,
431,
421,
_81
38.
50.
42,

13.
184.
357,
B79.
920.
143.

12,
-19.
-21.

- BAGE # 9 (MICROSTRAIN):

0,

9.

-107-

31, -

-36.,
-136.
-52.
188.
0.
-29,
47,
59,

35.
270.
686.

111,
793.
131,

3.

=23,

24,
217,
584,
963,
680,

118,

.20I '

18,

31,

=53,
-139.
-40,
264,
-b6.
-17.
a1,
58,

55,
MLE
713.

13222,
S98.
103,

-4,

-24.

196'
602,
3.

e

A,
49,

30.

=71
-138.
-27.
361,
~88.
-4.
54,

. 57,

79.
363,
741,

1338.
471,

81.

-9.
~24,

2135,
7150
37,
10.
.47,
48.

37..

298,
434,
1184,
403,
1.
-6,

~-21.

30,

16,
244,
866,

b,

16,

49,

47;

77.
347,
649,

1342,

322, ¢

33,
-10.
-211

71,

132.
884,
819,
1643,
303.
45,
=17,

=23,

»

-510
‘9.

¢ 27307

918,
-7.
23.
49,
‘6'

© 101,
v 404,
704,
1811,
261,
42,
. -13.
-21,

'97.

-t



[

* .

127,
875,

! 1160,
2154,
L207,

41,

17,

11.

DATA FOR TEST.ON TUBE 530 FAILURE (RUN 3

NUMBER OF GABES = ;
. NUMBER OF DATA PDINTS = —

- 163,
- 738.
1280.
1885,
162,
36,
-1k
11.

205,
826.
1415.
1408,
130.
3.
4.
.-

6t

253,
¥13.
1570.
931.
104,

28,

‘?

-

A

o

310,
916,
1752.
-1
B4Y
24,
13.

-

12

THE PRESSURE VALUES, IN kPa, FOLLOW:

0.01

B.92

35,77

186.81 209.86 228,39

) BABE # | (MICROSTRAIN):

- 0"
‘140#.

-7-
~116.

-3,
~50,

BAGE # 3 (MICROSTRAIN):

0.
-49.

* GABE # 4 (MICROSTRAIN):

)b,
667.

"13! 51\1

82.

13.
927,

-51.
314,

+

56,
1282,

BABE # & (MICROSTRAIN);

0.
188,

/ -8.

' 3b0,

-31.
b33,

b1.37
242,65

=53,

70,

~-B2,

689, -

108,
1776,

-44,
1072,

GAGE 4 7 (MICROSTRAIN):

0.
570.

‘10.
801,

42,
1119,

GAGE # 9 (MICROSTRAIN) :

1.
83e.

B.
1276,

37.
1859,

83.
15370,

80.
2662,

v

87.09

-79.

'109.

172,

-46,

137.

143,

" DATAFOR TEST ON TUBE { TO FAILURE

NUMBER OF .GABES =

6

© -108-

Ps

-

378.
960,
1974,
474,
69'
22.
12.

112,96

e103.

~124,

207.

Py}

4S9,  €57,.
1023. 1088,
2256, 2359,
250, 267,
57. 48.
20' 19' -
2. 12
138.53., 163,15
N —
-123.  ~13B.
~126.  ~106. ,j
158, 490
-2, 60.
297. M3,
390?%%‘574.

3



¥

A

NUMBER OF DATA PDINTS =

0.00
115.2!4
244, 1
370.02
478.89

1.28
131,69

259. 58

385.13
491.60

nk. 73
148.30
275.17
399.83
504,28

GABE # | (MICROSTRAIN):

0. .
._qg,‘
~206,

T =433,
1092,

-1,
~106.
=223,
~479.

-1295.

-19.
-116.
-247.
=331,

-1608.

GABE # 3 (MICROSTRAIN):

~ -1.

=333,

-683,
-1058.
-1534,

=3
-380.
-72%9.
-1110.
~1629.

-56.
-426.
~774.

-1162,
-17335,

GAGE ¢ 4 (MICROSTRAIN)!

-1,
-30.
-23.

",

“Q§§ 392.

-1.
~30.
-18.

b4,

527, «

-3.
-27.
-13.

. 87.
763.

GAGE # 6 (MICROSTRAIN) !

—L.
-355,
4717,
-1031.

. -1125,"

-5.
-403,
~757.

~10563.
-1067.

-56.
-4351.
~798.

-1094.
-928.

BAGE # 7 "(MICROSTRAIN):

0.
9'

55,

164,
520.

GAGE & 9 (MICROSTRATN):

ot

-1,
-293,

0.
13.
63,

188.
634,

-5,
-329.

=3,
i8.
72,
213,
812.

'51-
-348.

-109~

35

N
TKE PRQSSURE VALUES, IN kPa, FOLLOW:

34,39
164.78
290.87
414,22

’35-'

-130.
-267.
-392.

-1091
_4701

-~818.
-1216.

-11.
~30.

-9.
114,

-110.
-498.
-839.
1116,

0,
22.
B3,

247,

'-9ﬁu

~400.

by

.

50.50,
181,03
306,73

~ 427.89

4

-49,
~144,
-292.
=660,

-156.
=513,

~BbA,

- =17,
-30.
~3.
147,

"1&0!‘
~543,

, -879.
-1136..

-2,
27.
95,

283.

“-140,

-436.

66.49
197.10
322.64
441,01

=200,
-560.

-910.
-1330.

~20.
-30.
' b,
188.

-209,
-394.
-919.
-1148,

!
34,
110,
326 "

-179!
1‘68-

B2.61
212,93
338. 47
453.65

-259.
-434:
-959.
-1155.

t.
40,
125,
378,

-220.
-4991

98.83

228.%6
154.3
466,23

-80.
~-193,
-390.
-948%,

-2900
-543,
-1007.

"1455'

-307.
'b76|

-995,°

~1149,

3.
48,
143,
437.

-253.
-529.

<,



'f R
=540,  -5B7. -b1b. -643. -b&G. =693, 1 =71b.
-782. =765, =773, -777.  -773.  -783. . -742.
-5%9,  -552.  -3bb. ' o
DATA FOR TEST ON TUBE ZiTO FAILURE [
., NUMBER DF GABES = & ‘ \
NUMBER OF DATA POINTS = 36

THE PRESSURE VALUES, IN kPa, FOLLOW:

0,28

16,41
131,08 147,34 163.38
256,35 271.98 287,79
381,04 395,58 409,31
487.35 500.22 513,08
BABE # 1 (MICRDSTRAIN) @
i, -18. -39.
-107.  ~120.  -134,
-173.  -~1B1.  ~-190,
« =244, -1t -259.
-286. =283, =271,
GAGE # 3 (MICROSTRAIN):
0. -42, -89,
-330.  ~370, -40
-619.  -4%2,  -487.
-897, =930,  -941.
-1150, ~-11B9. -1232.
GAGE ® 4 (MICRGSTRAIN):
. b . -6, -11,
- -3, ”—67.{;5 -71.
-89. 93, -96.
-117.‘1 ~120, | /=122,
-122. 7 -115.  -101,
qQEf # & (MICROSTRAIN):
1. -32. b6,
-2650 -2751 -3241
-480.  -505.  -532.
-474,  -695.  -T12.
-796.  -7B1.

-793.

GAGE & 7 (MICRDSTRAIN):

1- '19. B -39-
-139. \-155. -189.

c =110~

3.1

4%.39
179.19
303.71
422.54
325.39

-133,
~44¢,
-725,
~991.
-127%,

'231
-72.
~100.
-124,
-bd,

-102,
=351,
-597.
-730.
=707.

-52,
“185.

81.86 98,21

65.63
194,83 210,26 225,52
319,75 335,69 351,23
435.50 448,43 461,42
-68., . -78. =BT
-147.  -154, -158,
209, -218, -227,
-fe9.  -275. , =280,
s -2, -212,
-dg2.  -317.  -352.
-760. -795, -830.
-1020. -1051. -1082,
:> .
-34, -85,  -52,
-75.  -78.  -82.
104,  -109. =111,
- 126, 126,
-136,  -170.  -204,
-378,  -404, -428,
-582. -607. -630,
=746,  -760. -773.
=71, -89,  -105,
-197,

=212,

*

”226-

~736,
=707,

X

114,62

240,54
366,37
474,38

-293.
-58s.
-B885.
-1113.

_-59,
-85.
-114,
-125,

-235I .

-434,
-652.
-765.

-121.,
=241,

PR T, B

1w

P



R X

. e \ );
-258,  -273.  -288.  -302. -321.. =335, -350. -3&b6.
e -279.  -395. %09, -323, -436., -450. -443. -47B,
~492.  -506. -515.  -506.
GAGE ® 9 (MICRDSTRAIN : ) J )
0. -41, -85,  -124.  -145. -205, -241, -278.
-316,  -I50. -@BL.  -417.  -451,  -486. -518, -§52.
. ~-585. -&19.  -652. '-aBé. -720. . -754. -786. -'BiB.
-848, -878. -9046. -932, -958. -984. -1008. -1033,
- 4 ~1055. =-1072, ~-1078. ~-1032,
r : _DATA FOR TEST ON TUBE 4 TO FAILURE
NUMBER OF GABES = b ,
NUMEER OF DATA POINTS = 41
+ THE PRESSUKRE VALUES, IN kPa,Q.LDN:
0.01 1,15 7.22 14,09  20.51 26.76 32.92° 39.0&
45.21 51,40 57.62 3.8B6 70.314 76,43 82,75 B%.02
~ 95.26 101.40 107.50 113.56. 119.63 125.60 131,57 137.51
N : 143.38 149,24 155,09 161,01 166.96 172.96 179.04 185,09
I 191,21 197.39 203.62 209,86 216,06 222.20° 22B.27 234.28
- | 240.23 .
¢ / * GAGE # 1 (MICROSTRAIN): R
‘ -ﬁw-,»¢f~~tl 0. 5. -13. -25. ', -38. -47, _ -57, -87.
=77, -Bb. -9,  -105. o3-114. . -123.. =134, :-143,
) . '-1511 61- "169- -i79l -185- -196l '-20’45 -2120
1 . -212- '227- ‘236- -2451 ‘?n -2520 -2691 a.a279'
-2BBI -297n -3051 '319- - El -3491 - '370- -400.
-456u
\ A A o
. GAGE # 3 (MYCROSTRAIN):
-
2 3. Y. F -3, -B. -10, -13, -15.  -17.
< -19, _ -20, -21, -20. -19, -19, -17. -15,
-Y3. -10, -7 -2, 3. 9, 17, 24,
32. 82 S1..0 N\ b2, 74, 88, 105,  120. |
- 1. el 187, )214, 246, 281, 324, 373,
439, : .
. GAGE # 4 (MICROSTRAIN):
4 . N -
“ 0. -1, -2, -5, -6. -5. -5, -4,
~ ' -51‘ -3| 0. ‘1- l- 3- 5. 7-
7. ¢ B, 10, 10, 1, 13, 13 13,
14, 13, 13, 3. 12, 11, 7. 3.
'2- -9- '16. -280 -44| -bSn ' -931 '1350.
{ -202. : ‘ .
l -
’ ~11tc
\4) * ']
. T E} v — - ——
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GAGE # 9 (MICROSTRAIN):

1. -2, -1y, -24, ~3b. -46, -57. -68.
¢ =78, -89, -89,  -110..( -121. -131. -143, -154,
-1670 --1801 °192- -205o’> _2170 ~230. -247n -261t

-277. -2921 -3100 -330' ?3500 -3710 -3981 "21-
~-450, -482, -518, -557. =605, ~bbl, ~727. -8l4,
-948l ' '

’ - -
GABE # 7 (MICROSTRAIN): L
—_— . -’ .
0. 0. 3, - 9, 14, 20, 26. 34,
42, 52. 82. 72. 76, - 98, 113. 130.

146, 164. 184, 205. 227. 251. 7. 305,
337. 370, 407, - 446, 450, 540, 593, 633.
727, BoS. 902, 1014, 1145, 1305, 1306, 1776,
2243, .

‘ "jEAGE % 9 (MICROSTRAIN):

. - o. 3. 7. 1. 15. 20.” 26.
¥ Y ¥ N 54, b4, 76, 90. . 108S. 122.
139, 158, 179, 201, © 227. 253. 283. 315,
349, 386. 428, 474, 523, 582,  44s, 719.
BO4, . .B96. 100B. 1139, 1294, . 1480. 1713, 2021,

3

)
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Appe_ndix 7. Procedure for Fiber Percent Determination

~
-

g 0b1ect tq detenmne the amount of glass reinforcement in the resin
matrix con'pos1te

Equipment: giass <conta1'ners (Pyrex)

Y

oy
Procedure:

. precision scale---Sauter,model/11 (ser. no. 12105),

calibrated with Ohaus standard weights.
furnace---Thermolyne, type 1400, model F-A1415M (ser. no.
124530) .

The.glass containers are heated to about™250° C., remved
from -the furnace and placed in a desiccatoXk to cool to
room temperature. The containers are then welghed.

- The specimens are we1ghed at room temperature. The

volume of PVC liner is measured, and its weight is

calculated using a specific gravity- value of 1.4.

The specimens are put in separate containers and the

containers are p]ased in the furnace. The temperature is

then raised to 600" C. and maintained for about 30 minutes,
or until no ash res1due is evident.

CAUTION: If material‘is placed in-a hot furnace, it my
ignite; if the temperature goes much above 600° C.
the containers and/or reinforcing glass may
disgort or melt..

The containers are.allowed to cool in the desiccator. The

weight of reinforcement is found by weighing the’ container

plus its contents, and subtracting the previously measured
weight of the container.

» The weight-fraction of reinforcement is then

(we1ght of reinforcement)/ {(weight of spec.)-(weight of PVC)}

"Note:

‘ The volume-fraction may then be determined from

f = wf/ {W + (]-N )/P + pf(V )}

where. Ve = volume-fraction of f1\er\
We = weight-fraction 6\f fiber
density of. fiber
density of matrix
volume-fraction of voids, if available.

Pf
pm

Vv

"~ The void vo]unfé’-fractwn was taken as zero in all

calculations.

The PVC layer could not be burned off completely It left
ash which was removed using 70% nitric acid and water.

- M3 - , .
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Appendix B, Listing o/ConputerxProgran

BUCKLINE OF -
COMPOSITE PRESSURE VESSELS -

v F
¢

DRIGIN: CONCORDIA UNIVERSITY
MECHANICAL ENGINEERING.DEPT.
COMFOSITE MATERIALS RESEARCH GROUP
1455 de MAISONNEUVE O. :
MONTREAL, RUEBEC H3B- 1MB . '

‘DATE WRITTEN: B4.09.17

DATE OF LAST REVISION: 85.03.31

\

THIS. PROBRAM CALCULATES THE CRITICAL EXTERNAL PRESSURE FOR
RIGHT CIRCULAR CYLINDRICAL SHELLS SUBJECTED TO BUCKLINE LDADS.

* TWO LOADING CASES ARE CONSIDERED: .
1. HYDKOSTATIC EXTERNAL PRESSURE
2. UNIFORM LATERAL ¢ OR RADIAL ) EXTERNAL PRESSURE.

THé SHELL, WALL TONSTRUCTION MAY VARY FROM SINBLE~-LAYER °
HOMDEENEOUS ISOTROPIC-TO ANISOTROPIC LAMINATED, OR ANY.
CUHBfNATION OF SHCH LAYERS (A HAXIHUH 0F 101 LAYERS 1§ ALLOUED).

ALL CALCULATIONS REFER TO THE GEDHETRIC MIDDLE* SURFACE OF THE -
" SHELL. )
. ’ q ‘

THE PROCEDURE USED FOLLOWS THAT OF CHENG, S., AND HO, B.P.C.,
"STABILITY OF HETEROGENEOUS AEOLOTROPIC CYLINDRICAL SHELLS
UNDER COMBINED 'LOADING*®, AIAR .J.,;¥OL. !, NO. 4, 1953, .
PP, B92-898, WHERE THE RELATxnnhKEfussn THE LOADING PARAMETERS
01 AND 02 15 TAKEN AS:

1. HYDROSTYATIC CASE . & 02=Q1/2

2. LAT. PRESSURE CASE : 02=0-
WITH NO TORSIONAL LOADING PRESENT.

NO BOUNDARY CDNDITIONSVARE IMPOSED ON THE SHELL.

THE CHARACTERISTIC POLYNOMIAL IN G1 IS SOLVED FOR
THE MINIMUM POGSITIVE REAL ROOT. (SEE EQ. 1% OF'REF.{h

THO SOLUTION PATHS ARE'AVAILABLE. THE FIRST PATH WILL
. , . J
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FIND THE SINGLE CKITICAL PRESSURE FOK A KNOWN VESSEL
WALL CONSTRUCTION. )
THE SECOND FATH WILL FIND THE "N" CRITICAL PRESSURES
FOR A VESZEL WITH A SINGLE INTERNAL CORROSION BARRIER
LAYER AND “N" FAIKS OF FILAMENT WINDING LAYERS ("N"
CAN BE AS MANY AS S0). ALL THE F.W, LAYERS WILL HAVE
THE SAME +/- WINDING ANBLE,
THE FORMER 1S CALLED A “SINGLE SOLUTION* RUN.
THE LATTER 1S CALLED A “MULTI-SOLUTION" RUN.

THE FROBRAM RUNS IN INTEROBATIVE MODE, THE USER
ANSWERING QUESTIONS FROM THE TERMINAL,

RESULTS OF ANY RUN CANlBE QUTPUT IN REPORT FORM 70
FILE "BUCKREF.DAT* WHICH THE USER CAN PRINT DUT.

L L T T R T T R e T T T
oy

THE MAIN PROGRAM PERMITS CHODSING A soLuton PATH

AND THE NUMBER OF LAYER PAIRS IN THE CASE OF A

“MULTI-SOLUTION" RUN.

OO0 0O OO0 0O00000 0

FROBRAK BUCKLING

C -~
REAL CRF(50) )
REAL NUMLAY(50) ,
INTEGER REPEAT
CHARACTER#1 ANSWER,MORE RQNS“

c

WRITE (¢,4400)
WRITE (#,4410).
WRITE (%,4420) N
WRITE (#,8421),
WRITE (#,4422)
WRITE (#,4423) ~
WRITE (#,4428) )
WRITE(+,4440) ’ -
WKITE (#,4450) ‘
WRITE (#,%) * ° d
WRITE (e, &) * .
WRITE (%, (1x,A\} ") "PROGRAM INFO.?(Y=YES/N=ND) '
READ |(#, "(A)") Aususk .
4 IF((ANSWER .E@. "Y') .OR. (ANSMER .sp. v
$ CALL INFOI i .
S OWRITE(%, %) * ' :
WRITE (#,#) * - .
10 MORE = 'N°
D0 20, K=1,50
CRP(K)
" NUMLAY (K) Afo o
20 CONTINUE
WRITE (#," (1x,A\) ") A "MULTI-SOLUTION RUN*? (Y/N)'
READ (#, (A)') ANSWER
IF( (ANSWER .EQ. 'N’) .OK. (ANSWER .E@. 'n’)) THEN

'

¢
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NLAY = | .
G0 10 100 - '
ENDIF _ , :
WRITE(#, (1x,A\) ") 'NO. OF LW, LAYER PAIRS (50 AT MOST)?
READ (#,%) NLAY .
100 CALL ONE (MDRE,REPEAT,NLAY,CRP, NUHLAY)
IF ({MORE .ED. 'Y') .OR. (MORE .EQ. "y')) THEN
REPEAT = 1§ ’ ~
‘ GD TO 10
*  ENDIF . , .
4400 FORMAT(///7/7,30%, "BUCKLING OF ")
4410 FORMAT(22X, COMPOSITE PRESSURE VESSELS)
 4820°FORMAT(///,5%, ORIBIN: CONCORDIA UNIVERSITY')
R 4421 FORMAT(13X, MECHANICAL ENGINEERING DEPT.')
4422 FORMAT(13X, COMPOSITE MATERIALS RESEARCH GROUP )
4423 FDRHAT(l’X, 1455 de MAISONNEUVE 0.°)
4424 FORMAT(ISX, MONTREAL, GUEBEC H36 IMB')
4440 FORHAT(//,SX,'DATE WRITTEN: 84.09.17")
4450 FORMAT(//,5%, 'DATE OF LAST REVISION: B85.04.16°)

END
c . .
T Y Y E Y Yy Y Y Ry Y Y Y R N YRRy YRy YL Y
c ! : “+
C THIS SUBRDUTINE*ACCEFTS USER INPUT OF MATERIAL PROPERTIES
C AND GEOMETRIC DATA, ' ’ 2
c }T PERFORMS SOME CALCULATIDNS, AND CALLS SUEROUTINES.
i C IT ALSO GENHYRATES OUTPUT,
C
. SUBROUTINE ONELMORE ,REPEAT NLAY,CRP,NUMLAY)
C .

REAL CRP (NLAY) '
REAL NUMLAY (NLAY) o
INTEGER REPEAT,CRCWN,CRAHNN
REAL VF (101
NTEBER IM(101)
< REAL 2(102) ,EM(101) EF(101),C(101) ,BM(101) ,BF (101)_
REAL ALL(101),TT(101) ,EE1(101),EE2(101),66(101) ,CCP(101)
" REAL ON(3,3),A(3,3),B(3, 3),0(3,3),8(3,3) ,F(3,3),0N1(3,3)
CHARACTER®#40 UNITS, TITLE
CHARACTER®1 MORE , ANSHER , RANS
DATA P1/3.141592654/

[

10 CONTINUE
C > -
c

~

DO 5400, LAYPR=1,; NLAY

- - AF ((NLAY.GT.1) . AND, (LAYPR.GT. 1)) THEN ‘
' IL = LAYPR#2 + 1 , . -
e IN =2 .
IM(1)= 1 ‘
M2y IL- 1 ot X
6O TO 350 -
ELSE LF ( (NLAY.GT. 1) .AND. (LAYPR,EQ.1) ) THEN

ro——— e oo S e %y mtus i ] e et e 2 ———




o000 o00

L =3 -
IN =2 S . e
IM(1)e | ’ ‘

2= 2 : , B
NRITE (¢ ) ° sekr NON  wewe’

WRITE(x,%) PROCEED AS FOR A CABE WITH ONE CORROSION BARRIER’
WRITE (%, %) ' INSIDE, AND ONE FAIR OF F,W. LAYERS- OUTSIDE."’ )

60 TO 50 .
ELSE . _ T,
“ CONTINUE :
ENDIF )
WRITE (¢, &) '~ ' ) *

"WRITE(#, (1%,A\) ") "HOW MANY LAMINA IN THE WALL (10§ MAX,)?"
READ (#,#) |L s
WRITE(#,  (1X,A\) ") ‘HOW MANY DIFFERENT LAMINA MATERIALS 7°
READ (#,#) IN '

WRITE (%, #) ° °

WRITE(#,#) 'LIST ND. OF LAYERS IN EACH’ﬁATERIAL BROUF IN DRDER'
WRITE(#,%) STARTING FROM THE INSIDE.

WRITEis,#) 'FOR EXAMPLE, IF THERE ARE 9% LAYERS AND 3 HATER]ALS
WRITE(#,#) "IN 4 MATERIAL GROUPS A5 FDLLOWS (STARTING INSIDE),
WRITE(¥ %) §=-HLU/2-F.W./2-W.R./4=F,W., THEN INPUT’

' HRITE(#.!)'HILL BE: 1,2,2,4."

WRITE (e, #) — >
READ (#,%) (IM(I),ls=f IN)

© 50 WRITE(#,#)

WRITE(#,#) 'TALCULATE LAMINA PROPERTIES FROM FIBER’
WRITE(#, '(XX AN) “) 'AND MATRIX PROPERTIES’ (Y/N}'

READ (%, ' (A)’'). ANSWER

IF ((ANSWER ,E@. "N’) .OR. (ANSWER .EQ. 'n’)) 60 TD 200

THE LAHIN&E PROPERTIES ARE CALCULATED FRDM FIBER AND MATRIX DATA

FOR LAMINAE WITH CONTINUOUS, UNIDIRECTIONAL REINFORCEMENT,

##% NOTE THAT FIBERS ARE ASSUMED 1O BE ISTROPIC. ###

THE FIBER VOLUME-FRACTION MAY BE OPTIONALLY CALCULATED.
WRITE(#,#) D0 YOU WANT FIBER VOL.-FRAC, CALCULATED FROM"
WRITE(#,#) 'RESULTS OF A FIBER WT.-FRAC. DETERMINATION'
WRITE(s, ' ({x,AN) ") "TEST? (Y/N}'

READ (#; "(R) ") ANEMWER
IF ( (ANSWER .EQ. “Y') .OR. (ANSWER .EQ.'y')) CALL VOLFRA

WRITE(#,#) 'CONSTITUENTS'' PROPERTIES MUST BE INPUT FOR EACH®
WRITE(#,#) MATERIAL STARTING INSIDE. USING THE EXAMPLE ABOVE, "
WRIXE(#,+) 'THE ORDER WOULD BE: HLU, F.W., W.R., F.W,'
WRITE(#,#)" * o :

90 WRITE(#,#) 'ENTER VOLUME FRACTION OF FIBRES’
WRITE(#,#)" . ’ ' -
READ “(#,#) (VF(I), I8} IN) -

92 WRITE(#,%)" ° '
WRITE(#,#) "ENTER NORMAL ELASTIC MODULUS OF FIBRES'

WRITE(#,#)’
o READ (+,#) (EF(1),I=1,IN)

ﬁ; -117-
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[N o)

WRITE(#,8)° . Ce ;
‘ "ENTER NORMAL ELASTIC MODULUS OF MATRIX', /
WRITE(#,¢) " .

WRITE (#,%)

READ (%, %)

WRITE(#,#)"

WRITE (#,#)

WRITE (% %)

READ (#,#)

WRITE(#,#)"

WRITE (% ,4)

WRITE(#,%)" -
BN, 1=1,IN) i

READ (#,#)

(EM(]) (121, IN) _
ENTER SHEAR MDDULUS OF FIBRES'

(BF (1), 1=1,IN) ) .
"ENTER SHEAR MODULUS DF MATRIX' ‘

BO 100, I=1,IN

CALL CE1(EE1,EF,VF EM,IN)
CALL MODE2(EE2,EF,VF,EM,IN)

C MODB (G6,6F ,6M,VF ,IN)
ALL CCCPF(EF,EM,VF,BF,6M,CCP,IN)

CONYINUE
BO TO 300

200 CONTINUE

WRITE(%,#)
WRITE (e, 4)
READ (#,#)

WRITE(#, %)’
"ENTER MODULUS E2 FOR EVERY TYPE OF LAYER'
"{STARTING FROM INSIDE) ?°

WRITE (% %)
WRITE (# %)
READ (% #)

WRITE(#,#)’
"ENTER SHEAR MODULUS & FOR EVERY TYPE DF LAYER °

WRITE (#,¢)

" WRITE(#,#}’

READ (#.o)

WRITE (s, &)’

WRITE (#,4%)
WRITE(#,4)"
READ (#,%)

r300 CONTINUE

LAMINA THICKNESSES ARE INPUT,
WRITE (#,%) /
'ENTER THICKNESSES OF EACH MATER]

WRITE (s )

LAMINA PROPERTIES ARE INFUT.
"ENTER MODULUS E{ FOR EVERY TYPE OF LAYER®
"(STARTING FROM INSIDE)?"

(EE1(D) ,Im1,IN)

(EE2(1),1=1,IN)

i

(STARTING FROM INSIDE) ?7° L]
(GG(I),I =1,IN)

"ENTER MAJOR POISSON RATIOS FOR EVERY TYPE OF LAYER'
(STARTING FROM INSIDE)?’
(CCP(I) 1=t IN)

i

LAYER TYPE'

WRITE(#,#) ' (STARTING FROM INSIDE).’

READ (#,4)

350 CONTINUE

(TTUD) , 1=1,IN)

‘THE MATERIAL PROPERTIES ARE ASSIBNED TO EACH LAYER. *

CALL PUT(CCP,C,IM,IL,IN) «
CALL PUT(TT,C,IM,IL,IN) '
CALL PUT(EEL,C,INM,IL,IN)

CALL PUT(EEZ2,C,IM,IL,IN)

CALL PUT(BG,C,IM,IL,IN)

THE THICKNESS OF THE LAMINATE 1S CALCULATED.
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" 400

s NeNesNxN gl

300

. THE INTEGRATION LIMITS FOR EACH LAYER ARE CALCULATED WITH
RESPECT TO THE MIDDLE SURFACE d? THE SHELL.
1 1S POBITIVE IN Tﬁ% “QUTWARD" DIRECTION.

600

‘

T =.0

DO 500, 1=t1,IL -
» T =T 4 IT(])

CONTINUE

(1) = =T/2
DO 800, I=2,I1L+1

i) =
CDNT!NUE

IF (LAYPR

R = RAD +

1il=-1) + TT(i-1)

.67, 1) THEN o f
/2 -

CALL MDPUT!(ALL,IL,LAYPR)

B0 TO 80O

" ENDIF

790

BOO

WRITE(s,#) " : ‘ ‘
“(1X,A\)) "MAX. ND. OF CIRCUM. WAVES ? (TRY 10)'°

WRITE (#,

-~

READ (#,#) NC

IF(NC LT

WRITE (#,9) "

"2) THEN

80 7O 790 oo

ENDIF

WRITE(#,#)' ' o
WRITE(#,  (1X,A\) ') "MAX, ND. OF AX, HALF-WAVES ? (TRY 1)1
READ (+,#) MC

WRITE(#, ' (1X,A\}" ) "INSIDE RADXUS OF THE VESSEL?’

;\pn (4,8
RAD +

) RAD
1/2 .

WRITE(#,#)" ° '
.+ WRITE(#,

READ (#,¢
1Y

UIX,AN) ) VESSEL LENGBTH?'
) DL .

WRITE(#,#)" °

WRITE (#,#

WRITE(#,#) 'TYPE IN THE ANBLE FOR EACH .LAYER WITH RESPECT’
WRITE(#,#)'T0 THE VEBEBEL AXIE (STARTINE INSIDE).’

WRITE(#,#) 'NOTE: ASSIBN 1ERD TO ISOTROPIC LAYERS.’

) e

READ (#,#) (ALL(D),I=1, IL)

CONTINUE

DO 900, KK=l,IL

El =
E2 =
6 =
]
ALFA =
_ALFA =
LP2 - =
cp =

EE! (KK)

EE2(KK)

BB (KK)

CCP{KK)

ALL (KK) |

PI # (ALFA/180)

CPeE2/EL
{ - CPaCP2

N
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MATRIX [R) 15 CALCULATED.
ONI(1,1) = EL/CP
ON1(1,2) = EL4CP2/CP
ON1(2,2) = E2/CP ‘ -
GNI(3,3) = B

©)

o

MATRIX [8) IS TRANSFORMED TO MATRIX [@Nd, -
CALL MODR(QNL,ALFA,ON)
L = (KK
LU = 2(KK+1) “
ILL2 = (ILUse2 - ILL#¥2)
ILL3 = (1LU##3 - ILL#43)

MATRICES [AJ,(5],AND (D) ARE CALCULATED.
DD 850, I=1,3 ,
DO 850, Js1,3 ¢ ,
ALT;I) = ACT,0) + GN(T;0#TT(KK)
B{I1,J) = B(I,J) + GN(I,J)elLL2/2
DIE,0) = D(I,J) ¢ @N(I,J)eILL3/3
850  CONTINUE
PP = A(2,2)
900  CONTINUE

n.

I

0

DO 1000, I=x1,3
D0 1000, J=1,3
A¥1,d) = ALL,0)/PP
B(1,J) s B(1,0)/(PP#R)
DII,3) = D(1,J)/(PPsR##2)
1000 conrzuue

C
C A LARBE VALUE 15 INITIALLY ASBIGNED D THE VARIABLE
C  WHICH WILL CONTAIN THE LOWEST REAL POSITIVE ROOT OF
£ THE CHARACTERISTIC -EQUATION,
AMIN = 1,E9
c .
IF(LAYPR .BT, 1) B0 710 1025 .
WRITE(#,#) ‘SPECIFY THE LOADIM&~ CASE:’
WRITE(#,#) ' ssee¥  FOR HYDROSTATIC Pnessuas.lﬂ/;a 1.
WRITE(s, (1X,A\)} )} s#xes FOR LATERAL PRESSURE, TYPE' 2.’
READ (#,#) LCASE ~
1025 WRITE(#,#)' . . .
W - . - .
IF INLAY .BT. §). THEN Co :
WRTTE (%,%)'___ PASS No. °,LAYPR,’ OF ', NLAY,’ (1 PER LAYER PAIR)’
CWRITE(#,%)’ _ .
ENDIF ~ . N
DO 1100, M={,MC Y
P = WePlaR/DL
WRITE(%,%)"

WRITE(#,4) #404es EXECUTINB AXTAL HALF-WAVE NO, "M’ #aves’

' HRITE(’.*)'

=120~ 2

"THE A-BAR, B-BAR, AND D-BAR MATRICES ARE CALCULATED (SEE CHENS & HO)
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1050
1100 CONTINUE

-

DO 1050, Ns2 N
CaLi FUNEI(A,B,D,F N,P,R,PP)
CALL FINDMIN(F,N,F,Q1,LCASE)

IF(QY LT, QMIN). THEN

OMIN = @1
CRCWN = N . . ’
CRAHWN = M o .
ENDIF
CONTINUE

CRP(LAYPR) = UMIN®PR/K
WRITE ([ 43 At SRR R AR R R R E TR R R RN R BRI R R AR RN

WRITE (#,#) s . *’
WRITE(#,%) s  CRITICAL FRESSURE = °,CRP(LAYPR)
WRITE(#,#) & : ) -
WRITE(+,#)'s  CRIT, CIRCUM. WAVE § = ' ,CRCHN -2
WRITE(#,#) 4  CRIT, AX. HALF-WAVE & = ' ,CRAHWN '
WRITE(#,#) '# . +
WRITE (S, %) SR SRR RS R RS RN RO RN IR R RN R I PR R RN R IR R B AR RO
WRITE(#,%) '

WRITE(s,#)" ' . -

WRITE (4,¢) "

IF(LAYPR .6T. 1) GO TO 3990

WRITE(#, '(IX AV) ") DD YOU WANT A REPDRT LISTINEG? (Y/N)'
READ {(#, (A)'} RANS

IF((RANS .EQ. 'N’) .0R.(RANS .EQ. 'n’)) B0 TO 5400

3990 IF((RANS .EQ@. 'Y') .OR.(RANS .EQ. 'y.))} THEN
C A REPODRT OF THE COMPUTER RUN 15 DUTPUT
C 70 A FILE NAMED "BUCKREP.DAT".

4000

4400
4410

4420

44214

IF(LAYPR .BT. 1) THEN
WRITE (7,4000) CHAR(12Y ,
FORMAT (A, ///)
80 ,T0 5015

ENDIF
NRITE(#,4) "
'WRITE(%,%) "#%% REPORT AVAILABLE ON FILE *BUCKREP.DAT".
WRITE(#,#) "

IF (REPEAT .EQ. 1.) 60 TO 4500 =
OPEN(7,FILE="BUCKREP,DAT" ,STATUS="'NEW')
WRITE (7,4400)
FORMAT (/////,35X, BUCKLING OF ')
WRITE (7,4410)

" FORMAT (27X, 'COMPOSITE PRESSURE VESSELS')
WRITE (7,4420) )
FORMAT(///,15X, 'ORIBIN: CONCORDIA UNIVERSITY')
WRITE (7,4421) :
FORMAT (23X, 'MECHANICAL ENBINEERING DEPT.')
WRITE (7,4422)
FORMAT (23X, 'COMPOSITE MATERIALS RESEARCH BROUP ")
WRITE (7,4423)

FDRHAT(ZSX ‘1455 de MAISONNEUVE 0. )
WRITE (7,4424)
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% ..
4424  FDRMAT (23X, 'MONTREAL, QUEBEC H3G !m@")
WRITE (7,4440) /f
4440  FORMAT(//,15X, DATE WRITTEN: B84.09.17")
WRITE (7,4450)
A450  FORMAT(//,15%, DATE OF LAST REVISION: B5.04.16")
4500  WRITE(w, *) : o~ ’ .
s WRITE(#, %) "INPUT A TITLE FOR THIS REPORT: {60 cnaa. MAX. ).
READ (%, (A)") TITLE
WRITE (7 5000) CHAR(12), TITLE
5000 FORHAT(A,///,10X,A60>
WRITE (7,5002)
5002  FORMAT(10X,55( ="))

IF(LCASE .E@. 1) THEN
WRITE (%:5605)

5005 AT(//310X, "HYDROSTATIC PRESSURE LOADINE") *
67 ®
5007 FORMAT[//,10X, ‘LATERAL PRESSURE LOADING')
l‘ »
WRITE (#y %) WHAT UNITS WERE USED (40 CHAR, MAX,)?
Cday Y UNITS

WRITE (7,%010) UNITS
5010  FORMAT(//[,10%, #%% NOTE UNITS: " ,A40) .
5015 WRITE(7,3020)
50620  FORMAT{(//|, 16X, VESSEL WALL CONSTRUCTION :°)

WRITE (7,5040)
5040  FORMAI(/,10X, Layer & ,6X,'E11°',7%, €22°,7%,° 612",

$ 4x Nu 12°,2X, ‘THETA' 2X.'THICKNESS )
WRITE (7,5030) }!

5050  FORMAT(10X,65('="))
DO 5060, Ist,JL
WRITE (7,505%) 3,EE1(1),EE2¢1),BB(1),CCP(I),ALL(T),TTLIY
$0S5 . FQRMAT(/,14X,12,3X,EB.3,2X,E8, 1,1 ,EB. 3, 4X,F5. 3;
$ 1X,Fb.1,3X, F7.5)
5060, ‘CONTINUE
WRITE (7,5050)
WRITE (7,5070) T ,
5070  FORMAT(///,10¥, WALL THICKNESS = ',F10.5)
WRITE -(7,5080) R N
5080 FORMAT(//,10X, 'RADIUS TO MIDDLE SURFACE = ' ,F10.5) N
WRITE (7,5090) DL
5090 FDRHAT(//,IOX.'VESSEL LENBTH = ' F10.3)
WRITE (7,5100)
5100  FORMAT(//,10X,60( %),/ 10K, %" ;SBX, #")
WRITE (7,5110) CRP(LAYPR)

/‘N\

5110  FORMAT(10X,"#’,5X, CRITICAL PRESSURE =,
$ G15.5,7X,'#") -
WeITE (7,5112) CRCWN ) . . -
5112 FORHAT(10X,'c'.sx,’CRITICAL CIRCUM. WAVE ND. = " -
$ 13,16X,'¢") - . .
WRITE (7, 5!14) CRAHNWN ) >
114 FDRHAT(IOX, #',5X, 'CRITICAL AXIAL HALF HAVE NQ. = "y
-122- . :
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\
‘ $, I3,16%, %)
. \ WRITE (7,5120)
///4 20  FORMAT(YOX,'s ,sax, #',7,40X, ao< *'))
, ENDIF K
5400 CONTINKE .
WNRITE(#,4)" (
WRITE (%, (1X,A\) ") "DD YOU WANT ANDTHER JOB RUN? (Y/N)'
READ (», (A) ') MORE |
IF((MORE .E@. 'Y') .DR, (MDRE .E@. ‘y')) RETURN
WRITE (#,5500) .
) IF ((RANS .E@. 'N°) .DR. (RANS .EQ. 'n’)) G0 TO 9000
WRITE (7,5500)
5500 FORMAT(///,10X, sexsx  THE 'END  ##ass’).
9000 END
. C . : )
Céil*iIHID!Giiiiiiil'{{QQGiii{i!iiﬂlil!l’iiliiiilﬁ*(!*lﬁhl"l‘ilﬂl!f%!liil&{{i*
C -
C THIS SUBROUTINE CALCULATES THE TRANSFORMED STIFFNESS MATRIX [DNJ.
C 1T WAS CHECKED AND FOUND CORRECT.
c
SUBRUUTINE MODG (ON1, ALFA,ON)
c. ' LY
REAL QN(3,3),ON1(3,3)
c ‘
DD 100, 1=1,3
00 100, J#1,3 : ) ‘
aN(I, 3y = 0 3 ~
100 CONTINUE AL .
: § = SIN(ALFA) -
52 € 5*"2 ¢ v
' 83 = §24§
54 = 52482 ¢ ot
c = COS(ALFA) )
£2 * C#s2 .
e C2#(
a C2#C2 .
= s2
. @A = ung(x.xa,
QB = ON}.LY,2)
[+ = ON112,2) .
. ap = ONI(3,3) :
ON(1,1) = BA*C4 + QC#S4 + 2*(*Tun+u3)nac ,
. GN(1,2) = QA"+ QC - 44GD)#SC + QB4 (C4 + S4)
AN(13) = (QA - OB ~ 2#Q0)#C3#S + (@B + 2#QD - QC)#C#S53
~ ON(2,2) = QA#54 +\QC#C4 + 2#(2#0D + QB)#5C
AN(2,3) = (QA - QB - 2#QD)#C#S3 + (@B -QC_#4 24QD) #[3#S
QN(3,3) = (DA + OC - 2#0B - 2+0D)#5C + QE*(C4 + 54)
, GN(2,1) = QN(L,2) .
AN(3,1) = ON(1,3)
/ ON(3,2) = ON(2,3)
RETURN
END
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c ‘ : : — <i:::i \
C'I"I*****i*i*****i*********i*i*******’******_****l*****’***************
TH1S SUBKOUTINE USES ITERATION TO FIND THE LOWEST POSITIVE -
REAL ROOT OF THE CHARACTERISTIC EQUATION, : ] e

THE EQUATION 15 EXPRESSED A3 A FUNCTIDN OF B3 ONLY. .
IT WAS CHECKED AND FOUND SATISFACTORY. o i -

oMo Rell ol wie

SUBROUTINE FINDMIN(F N,P,Q1,LCASE)

REAL F(3,3) ' R
REAL SUM,SUMOLD,LLIM,ULIM,DELTA , : )
v REAL DIFF,Q1,0LDQ! . :
P2 = P##2
N2- = N**Z ) ' , )
FLLIN = ’ '
ULIM =
20 CONTINU
DELTA = (ULIN - LL1n>/1ooo»o
1P0OS = 0

" INEB = 0 - ' :
0o 4, 1=0,1000 " S - - ~ .
Q1 = LLIM + T#DELTA .. .o : .

. ’ IF(LCASE .EQ. 1) Q2 = 0,5+Q) .
4 IF(LCASE EQ 2) Q2 = Oqﬂu. - i

0.
l. T T
E

SUM = (F(1,1) - N2#B1 - Q2%¥P2)#(F(2,2) - N2#01

~ Q2%P2)#(F(3,3) - N2#Q1 - Q2#P2)

~ (F(1,1) - N2#Q1 - Q2¥P2)#(F(2,3) — N#Q1)##2
(F(3,2)#42%(F(3,3) - N2#Q1 - 02¢P2)) .
(FIL,2))%(F(1,3) + PRQLY#(F(2,3) - N#Q1) LN
(Fi1,3) + P*Ql)*(F(l 2))%(F(2,3) = N#Q1) . -
(FL1,3) + P*Ql)l*Zi(F(Z 2) - N2*Q1 - D24P2) '

-

P A X
P + 4+

IF(SUM ,BE. 0,) IPDS
IF(SUM LT, 0.} INEG

{
i

wn

IF(IPOS ,EQ. INEG) THEN ) o ‘

DIFF = ABS((@1 - OLD@1)/Q1) : =
IF(DIFF LLE. 0.01) THEN .
81 =.(@1 + OLDRI)/2 .
RETURN f | v
ELSE *
: ULIN
SLLIM = oLdet
.60 70 20 . o
ENDIF - L
‘ ENDIF ' 7 -
SUMOLD = SUM ~

“OLDRE = Q) : ; , ‘
200 CONTINUE . : . BN
© LLIM = LLIM + 1.0 ,

ULIM = ULIM + 1.0 A
60 10 20° . S

. . ° ’ ’ } 1" ‘ /
- o -124- - S
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t
~
- " /
~ * EN'D (
c . .
C****{b**i**-}***I'i*****‘*****i*&**i********************Q*******i****
¢
C TRIS SUEKDU INE CALCULATES LAMINA TRANSVERSE MDDULUS E2
C  USING EQUATIONS (9.49) AND (9.82) IN REFERENCE
v L C  TSAI, 5.W., AND HAHN, H.T., "INTRODUCTION TO COMPOSITE
: C  MATERIALS", TECHNOMIC PUB. CO., INC., WESTPORT, CT
\ C ' 0bBBO, 19BO. THE VALUE OF "eta” IS TAKEN AS 0.5.
C° 1T WAS CHEGKED AND FDUND CORRECT. \
C f ,
2 A SUEROUTINE MODEZ2 (EE2,EF-,VF ,EN, IN) \ .
C ) ’ \ 3
REAL EEZ(101),EF(101),EM{101),VF(101),ETA
4 C . N o
ETA = 0.5
DO 100, I=1,IN ) ,
’ EEZINV = {1,/ (VF(]) + ETA*(1 = VF(1)}))
.8 - (VF(I)/EF (L) + ETA¥CL = YF(I))/EMGI))
e v EE2(1) = 1./EE2INV
100 -CONT INUE A
END . -
¥ P c ’ ‘ ' L[ : ' '
C!i**("l'i'l-*{'&i***i*i"li;&:i*****i%*i*i*****ii‘l*i*ii**ﬁ*l*fl’*********
. . C.’( . 0 . v '
. ¢ THIS SUBRDUTINE CALCULATES THE LAMINA IN-PLANE SHEAR
C  MODULUS USING THE HALPIN-TSAI RELATION ASSUMING
. o "x1v BE 1.0, (SEE REFERENCE JONES, R.M., "MECHAMICS
L OF COMFOSITE MATERIALS", SCRIPTA BOOK CD., WASHINGTON, D.C.,1975,
N C  SECTION 3.3.5.) THE RESULT IS LOMPARABLE TO THAT DBTAINED ~
. « T USING ERQUATIONS (9'427 AND (9.62) IN REFERENCE TSAI AND HAHN,
. * C  WITH “eta" TAKEN AS ¢.5. : -
L IT WAS CHHCKED AND FOUND CORRECT,
c- S
' "SUBROUTINE MODG(B?{%F.GH,VF.IN) | o .
\ .o . coo
. REAL §6(101),BF (1b1),6M(101),VF(101) ,ETA
c )
‘DO 1004 I=1,IN ’
ETA & (BFCI)/BM(I) - 1)/ (BF (1)/GM(1) + 1)
. BB(II = GM(1)#(L + ETARVF(I)) /(4 - ETARVF (1))
X 100 CONTINUE ;
. RETURN . RN _ ‘ A
END g ‘ .
I ’ C .
\7‘{ C{'**'l'*i**%ilﬂl{*ll’i*ﬁil'***I’*il’**‘l**&*i**‘l**!ii***i**‘*lfii****i*ili*i***i*
: hd
n & THIS SUBRGUTINE CALCULATES THE LFI®MATRIX, (SEE REF. CHENG & HO).
L 1T WAS CHECKED AND ipunn CORRELT,
‘ £
’ . SUBROUTINE FUNE1(A,B,D,F,N,P,R,PP)
C * . ;
REAL A(3,3),B(3,3),D(3,3),F(3,3) o .
A‘ \ 1]
-

"




P2 = :
N2 = N#42 ® 4
FOL,1) = (AL, 3) + B(1,1))¥P2 + (A(3,3) - Bcs 3) 4+ D(3,3))eN2
$ + 2#NBA(L, 3)§P - L=
Fe1,2) = (A(1,2) + A(3,3) + B(1,2) + B(3,3))epaN '
I + N2%A(2,3) + P2x(A(1,3) + 2#B11,3) + D¢1,I)0)
F(1,3) = (B(3,1) + DC1,§))#P#33 + ((B(1,2) + 24B(3,3) -D(3,2))#N2
$ + A11,2))#P + N#P2#(3#B(1,3) + D(1,3)) N
$ + N¥#3#(B(2:3) - D(2,3)) + N#{(A(2,3)7- B(2,3) + D(2,3))
F(2,2) = (A(3,3) + 3#B(3,3) + 3#D(3,3))1#P2 4 (1 ¢ B(2,2))4N2
$ + 2aNR(A(2,3) 4 2%B(2,3) + D(2,3))#p ' '
. Fi2,3) = (B(1,2) + 2#B(3,3) + D(1,2) + 3#D(3,3)) «P2&N
$ + B(2,2)#Nee3 + N + (B(1, 3) + 28D(1,3)) #P#43
$ + (NZHS*B(‘,U) + 2#D(2,3 + A(2,3% + B(2,7) %P
FON = DIZ,2)%(N2 = {)#82 + (ZaNz - 1)#BT2,2) + |
FU3,3) = DO1,1)#P2#22 % 24 (N2#(D(1,2) + 2#D(3,3)} .
§ + B(1,2))%F2 + FOM + Q4N#D@1 3)#P#43
$ + 2EN® (2¥N2#D(2,20 + 2#B(2,3) - D(2,3))#P
F(2,1) = F(1,2) ,
FIS,1) = F(1,2)
Fi3,2) = F12,3) »
RETURN . -
~END ' ’ -
>
Ci*lli&l}iii]l{*iflii*fii!li#iiiiii!li#lli!iCQ!‘iiiilil*}iiili**}iilliili
C .
C  THIS SUBROUTINE CALCULATES THE FIBER VOLUME-FRACTION FROM THE RESULTS
C OF FIBER WEIGHT-FRACTION DETERMINATION TESTS AND FIBER AND MATRIX
C  DENSITIES, AS WELL AS VOID VOLUME WHEN 1T 1S AVAILABLE.
C 17 WAS CHECKED AND FOUND CDRRECT, o
. C -
ot SUBROUTINE VOLFRA @
C : ) '
o 5 D0 10, 1=1,8 N , '
WRITE(#,#) " e
. 10" CONTINUE - . K
-\ MRITE(#,#) #ss VOLUME- FRACTIDN CALCULATION e#s" )
' ‘ WRITE (%, %)

El

Pes7 .

WRITE (%,#) "SUPPLY THE FOLLOWING DATA: "

WRITE(#,%) "FIBER WT-FRAC.,v0ID vOL.,FIBER neu.,narﬂxx DEN. -
READ (%,%) WIFRAC,VVDID,FIBDEN,RESDEN

VFRAC = HTFRAC/(NTFRAC + FIBDEN# (1~ urrRAc;/REsosn

$ + FIBDENGVVDID) * ) o
NRITE (%, 0) : 3 ‘
i WRITE (w,#) '##% VOLUME FRACTION OF FIBER = ' ,VFRAC
-~ NRITE(#,#) '#+# PLEASE NOTE THIZ VALUE NOW '''!! #ss’
WRITE (%, %) ##% 1T WILL NOT BE'RETAINED ''‘''''! ses’

WRITE (#,%) "FOR ANOTHER CALCULATION,.PRESS 1; OTHERWISE, PRESS 0.
READ (#.#) IREPET
IF (IREPET .EQ. 1) 60 10
- RETURN
END' : |
c . N\

diiill*ilillllililll!***illi*i*ll%filfillli*ii*llilii6!!!&{!#!00!!#!!!
. ¢ .

s
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-

THIS SUBROUTINE EXFANDS THE VECTORS OF HATERIAL PROPERTIES .
TO ALL THE LAYERS IN THE WALL THICKNESS. '
IT WAS CHECKED AND FUUND CURRECT

JSUBROUTINE PUT(A,B,IN, lL IN)

"REAL A(101) ,B(101) [
INTEGER IM{10])

33 = 0

DO 300, I=1,IN o . .

S Ik = IMUD - g
' IF(IP .EQ. ¢} BO TO 200
L K=l 4 1P ey
DO 100, KK=Jd+1,K
3o =33 4
: B(KK) = A(I)
‘100 CONTINUE

60 70 300
200 Jb = JJ + 1 ‘\\\_ .
, B = ALDL) ST T
300 CONTINUE 4’

DO 400, I=l,IL

All) = B(1) -
400 CONTINUE

RETURN - o . .

END ‘ .
L - S ) . ’
Y Y Ry T T S TR P ATy
p | -
C THIS SUBROUTINE GENERATES ANGLES IN A *MULTI-SOLUTION" RUN.
€ 1Y WAS CHECKED AND FOUND CORRECT. .
c .

SUBROUTINE MDPUT1(A,IL,LAYPR)’
c K Ao

. REAL A(101) S

C - * . N . 1' /

DO 100, K=LAYPR®2,LAYPR#2+| .

A(K) = - A(K-1) .
100 CONTINUE .

RETURN

END )
c \ 5 s
c40§it|!!ct;;qccq;oecficiii{l;:{«ictioiicéitcviiti&}iit;&i&&f!i-
C <
€ TH1S SUBROUTINE GENERATES ANGLES IN A SINBLE SOLUTION RUN. .
€ 1T WAS CHECKED AND FOUND CDRRECT. S
E N .

. SUBRQUTINE MDPUT2(A,IL,LAYPR)

o . : y o
" REAL atxox) \ . ‘ ' S v
C \ , . e

DO 100, I=2,JL

. ¢ Y =
=127~
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ALL) = = A(R-1) . T
100 CONTINUE ’
RETURN , . '
END ‘

I L LT

THIS SUBROUTINE CALCULATES THE ELASTIC MDbULUS FARALLEL TO 'J,
THE FIBER DIRECTION USING THE RULE OF MIXTURES.
IT WAS CHECKED AND FOUND CORRECT,

OO0 0N

SUBROUTINE CEl (EE1,EF,VF,EM,IN)
REAL EEL(101) ,EF(101) ,EM(101) ,VF(101)

D0 100, I=1,IN -
EEI(]) = EFCI)#VF(I) « EM(I)®() - VF (1))
100 CONTINUE
~ , ‘ RETURN N ,
END &uig -
7/ (
L2 X R R X 2 e R R R R R R Y R R R R R R X R F R R R XXX XSS AR Y T ' \

-«

THIS SUBROUTINE CALCULATES THE MAJOR POISSON'S RATID USING
THE RULE OF MIXTURES.
1T WAS CHECKED AND FOPKD CORRECT.

SUEROUTINELCCCPF(EF,Eﬂ,VF,GF.BH,CCP,IN)

oz loleNelple

-

JREAL EM{101),EF(101),6F(101),6M(10%),VF{101),CCP(101)
‘REAL CPF(IOI) CPH(IOI)

D0 100, I=1,IN
CPF(1) = EF(1)/(Z#6F (1)) = |
CPM(I) = EM(I)/(24BM(1)) - 1§
- CCP{I) = CPFIJ#VF(I) 4 CPM(I}#(1 - VF(I))
100 CONTINUE
RETURN .
END '

" o n

FREEBEFRGRIVERBFERELESRABOGERBPRIERRIFREUNRBEERRBEEERANEEBPRRTRERRERY

TH1S SUBRDUTINE SUFPLIES INFURHATIDN‘bN THE PROGRAM WHEN
REQUIRED BY THE USER. . :

OO0

SUBROUTINE INFO! : ~

c «
WRITE (#,2) " !

WRITE(#,#)" ,
WRITE (%, %) #4444 PROBRAM INFORMATION sesss’
WNRITE(#,#) " ° ~

N WRITE (s, &) " . '
WRITE(#,¢) "THIS PHOBRAM CALCULATES CRITICAL EXT. PRESSURE FOR'
WRITE(#,#) "CIRCULAR CYL, SHELLS SUBJECTED TO BUCKLING LOADS.  »

n - :) 5
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c

I Y R R Y Y R R I Y RN R Y X R NSRS Y S SRS XSS AZ SRR XY 2

WRITE(#, )

WRITE(+ %)
WRITE(2, %)
WRITE (%, %)

WRITE(#,%) " o i
"ALL CALCULATIONS REFER TO THE SHELL MIDDLE SURFACE, ~
WRITE(#,4) . ’
WRITE(#,#)"
WRITE %, %)

WHITE(F %)

PAUSE

WRITE (%, #) "

WRITE (#,¢)"
WRITE (#,#) "
WRITE (#,4)"
WRITE (#,#) "’
WRITE(#,4)
WRITE (%, %)

CWRITE(#,%)"
WRITE (%,4)"
WRITE(», %)

WRITE(#,¢)
WRITE (#,%)

WRITE (%,%)"
WRITE (#,#)

WRITE (¢,4)

PAUSE
RETURN
END

"THE LATTER IS5 CALLED A "MULTI-SOLUAION".
WRITE (#,#) " ’
"THE PROGKAM KUNS IN INTERDBATIVE HODE& THE USER’
'ANSNERING QUESTIONS FROM THE TERHXNAL.' '
WRITE(%,%) "

7

‘TWO LOADING CASES ARE CONSIDERED:
WRITE(#,#)"
WRITE(#,%) "
WRITE(#,#) "

1. HYDROSTATIC EXTERNAL FRESSURE’ o

2. UNIFORM LATERAL EXTERNAL PRESSURE." T -
THE WALL CONSTRUCTION MAY VARY FROM SINGLE-LAYER'™
HOMOGENEOUS ISOTROPIC TO ANISOTROPIL LAMINATED,OR ﬁNY
COMBEINATIONS DF SUCH SUCH LAYERS (MAX. OF 101 LAYER“)

1

A

TWO SOLUTION FATHS ARE AVAILABLE. THE FIRST'
WILL FIND THE SINGLE CRITICAL PRESSURE FOR A’ KNONN’
VESSEL WALL EONSTRUCTION.'.

THE SECOND PATH WILL FIND THE *N" CRITICAL.PRESSURES

"FOR A VESSEL WITH A SINGLE CORROSION BARRIER LAYER"
"INSIDE, AND “N* PAIRS OF FILAMENT WINDING LAYERS®
WRITE (%, #) "

(WHERE "N“ CAN BE AS MANY AS 50). ALL F.W. LAYERS"
WILL HAVE THE SAME +/- WINDING ANGLE. '
THE FORMER IS5 CALLED A "SINBLE-SO0LUTION" RUN, "

RUN.’

RESULTS OF ANY RUN CAN'BE DUTPUT IN REPORT FORM TO' =
FILE “BUCKREP. DAT' HHICH THE USER CAN PRINT QUT."
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:,\ ‘Appendix 9, Program Output on Four Tubes
- BUCKLINB OF
: - COMPOSITE FRESSURE VESSELS
' . '
r'e

DR1GIN: CONCORDIA UNIVERSITY —
MECHANICAL ENGINEERING DEPT.
COMPOSITE MATERIALS RESEAREH GROUP
1455 de MAISONNEUVE 0. y

5 MONTREAL, QUEBEC H3G M8 , N
DATE WRITTEN: 84,09417 i
~ > s
DATE OF LAST REVISION: 85.04,16 ) vt

. REPORT ON TUBE #1

22==Sl=‘===l===4=2==‘=8.=l===l2!’82.‘BI=!B=!=:."R'I.ll.l'tzzle!l:: -
v
v

o

HYDROSTATIC PRESSURE LDADING

¥ NOTE UNITS: kPa, ®, degrees

[ oy ' . .
VESSEL WALL CONSTRUCTION : . :
N ) : ) ‘
Layer ¢ E1l £22 612 NU 12 THETA  THICKNESS - .
I L 276E407 . 276E+07 .xoo£+o7¢54,T;;3q © .0 00474

\
2 J3II7E«O0B .77HE+07 ,2B3E+07 - .307 84,0 . 00052

3 J33TE40B L TTLE+07 (283E+07 . 307 -54,0 '.0@052

-------------------- P Y AL L L LT T Y TP PR P YL L L LYY ¥

i

WALL THICKNESS = . 00580
RADIUS T MIDDLE SURFACE = . 13590
VESSEL LENGTH = .B64
-130-
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\ QQDGOGIQ!Q!O#O!&!QGOllOli*’QQlOi{GiQl‘f!?#‘!il.i.*’li&.f#iii

* * . ' L]
* CRITICAL PRESSBURE : = 317.19 *
* CRITICAL CIRCUM. WAVE NO. s 2 *
* CRITICAL AXIAL HALF WAVE NO, = 1 . *
'3 . : ) , *
N FEEREE R IR AR AR R AR RN R AR IR R PRI R AR R B R RE PR LR R EREIR AR EN Oy

REPORT ON TUBE #2

EEE IR R E R A RN R E N A R A E R E S R S S R RN R R CE R E AR R E N EREE RN ERERERESEDE RS

o

HYDRDSTATIC PRESSURE LOADING

Py
##% NOTE UNITS: kPa, m, degrees ?
g ¥
VESSEL WALL CONSTRUCTION :
Layer # E11 g2 512  NU 12 THETA THICKNESS
1 .278E+07 .276E+07 .100E+07  .380 .0  .00474

\
2 LAD3E+0B . 9SOE+07 .346E+07 298 83.0 .00047

\

| 3 L403E+0B L 9S0E+07 ,346E+07 .298 -63,0  ,00047
]
WALL THICKNESS = °  ,00370 - ,
" RADIUS TD MIDDLE SURFACE =  .13588 =~ . A
. J , ,
u VESSEL LENBTH = Y

SRR RRERGRBSRAVERABRBENBEBERARRGRBRRGBERB UG REVRBAIRERVUERES

. , #
-~ + CRITICAL PRESBURE Co. 304.88 *
+ CRITICAL CIRCUM. WAVE NO, = "2 L
* CRITICAL AXIAL HALF WAVE NO. = 1 +
* o »
RS R RN R R AR R BB R R R E RS RN NG

1

-1331 ' ' ‘
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REPORT ON TUBE #3

===l=l==l=!ll=====lll=II‘IIIII!BBI:IEl’lﬂlI.IEBIII‘ISIII'IIIICIBII

HYDROSTATIC PRESSURE LOADING

¢
)

##% NOTE UNITS: kPa, m, degrees

VESSEL WALL CONSTRUCTION 1,

; .

Layer ¥ Eif E22 B12  NU 12 THETA THICKNESS -

I J352E40B .BIIES07 L296E407  .305  S4.0  ,00047°

2 L3526408 LBLIES07 .296E407 L3035 -54,0  .00047

3 (,3526+08 LBI1E+07 .296E407  .305 54,0 00047

/ .

4 .352E408 .BI1E+07 .294E+07  .305 -54.0  .00047

S .352E+08 LBIIE+07 .296E+07  .305 54,0  .00047

b .352E+08° .BI1E+07 .296E+07  .305 -54,0 00047
NALL THICKNESS =  ,00282 '
RADIUS TO MIDDLE SURFACE = . 13841 -

/

VESSEL LENGTH. = 876

I Y Ry Y Ry Y Yy YN R Y Y Yy L Ittty
* " ' :

. #*

+ ' CRITICAL PRESSURE - . 134,39 .
' CRITICAL CIRCUM. WAVE NO. = 3 *
¥ CRITICAL AXIAL. HALF WAVE ND, = i K
[ ] #*

RS R AR S R R RN R R E R R R AR RN G RN R AR R RN R REEERFRRRNREI RO i

\ .
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REPORT ON TUBE #4

HYBROSTATIC PRESSURE LOADING
-

te% NOTE UNITS: ifu, m, degrees

- VESSEL WALL CONSTRUCTION : .

I LAL1E+0B .973E+07 .354E+07 297 63,0 .0004%
2 LALIE+0B . 973E+07 .354E+07 (297 -83.0 00045
3 L41IE+0B L 973E+07 .354E+of 297 63.0  .00045
4 LMLLIE+0B .973E+07 .3S4E+07  .297 -83.0  .0004S
5 L A1IE40B .973E+07 ., I54E+07 297 43,0 ,00045

6j~.1115409 «QTIE+0T L3I54E+07 2297 -43.0 00043

" T W e S R Y e T O D S G e S e S D e T O ORGP R SR G e N U G D e T YR D B G

WALL THICKNESS = 00270
RADIUS TO MIDDLE SURFACE = ., 1373%
VESSEL LENGTH = .B68

OOQ’Qiitl';iiQi00!'i0!”9!0!00.!"!"'00ﬂ"'!&i’..i#!l.ii'l'

L ] ]
#  CRITICAL PRESSURE . s 172.73 . ]
* " CRITICAL CIRCUM. WAVE NO. =, .3 »
+ CRITICAL AXIAL HALF WAVE ND. = 1 ¥
L ] ]

!0!*!0!5!000.1@lOlQ!l{lliiil!0'|.III§§00‘Q.§§OQ#QliO!liQ‘ili

o
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Appendix 10. Determination of Laminate Modulus

Consider an element of the shell wall as shown in the sketch

below. For equilibrium in the axial direction,

F =A4' U!J- A202+0--.+ Ancn 1 'y
where A; s the area of layer i

0 is the stress in layer i

F is the external. axial load
and n is the number of layers.

(A10.1)

Assuming the layers to deform equally in the axial direction,

E] = Ezé ey =€n.=51m \

(A10.2)

where the subscript "lam" re’fers to the laminate.

Since g =g ° .

substituting A10.3 into A10.1 and noting A10.2,

F =A~| e]de1 + AZ ChmEZ + ....4- Ane]amfn

Also, we have - F

am . Eram
“1am ‘Ahm ©1am

giving F = A'Iafnelamglam,

-134 -

(A10.3)
(A10.4)

(A10.5)

(A10.6)
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i ' L 4
Equating A10.4 and A10.6, and cance]hng € lam’

For unit width of the element sketched (1 L., W= 1),
ve find pstix1 " (A10.8)
where t1 is the thickness of layer i .

éubstituting (A10.8) into (A10.7) and rearranging,
n Ll
Evam =Z g . (A10.9)

The thicknesses are available nominally, or by measurement.

1 The axial modulus of a given layer carff be found using equation 10.

.Note that .the same can be done for the hoop modulus.
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