








ABSTRACT

Performance Evaluation of Filament Wound Tubes
After Long Term Exposure to Aggressive Environments

Nigel David Dudley

Filament wound fiberglass/vinyl ester tubes with a winding angle of
155°, incorporating elither glass vell or PVC corrosion liners were
exposed to 21°C water, 80°%C water, 21°C hydrochloric acid (35%), 50°C
HC1 (35%), 21°C sulfuric acid (98%) or 21°C air for up to three years.
Performance evaluation, starting at six months of exposure and
repeated at six month intervals, was assessed by visual examination,
testing to failure under a tensile axial load, testing to weepage
using Internal pressure to create hoop stress and internal pressure
tests. The best performance was shown by the air exposed veil lined
tubes and the sulfuric acid exposed PVC lined tubes. Both types of
tubes showed a slight performance reduction when exposed to 21°C water
and HCl, and a significant performance reduction with exposure to 80°C
water and 50°C HCl. The performance reduction was seen after six
months of exposure and remained constant thereafter. Veil lined tubes
exposed to sulfuric acid suffered severe and rapid deterioration.
Visual observations showed a correlation between environment and
appearance changes. Laminate theory was used to predict stress-strain
behavior and to calculate fallure envelopes for virgin tubes.
Comparison of theoretical and experimental results showed that while
stress-strain behavior could be predicted, the quadratic interaction
fallure criterion cannot be used to predict failure by weepage or
fracture.
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CHAPTER 1. INTRODUCTION

Composites contain two or more components that are combined into a
unified material [1,2]? The components retain their physical and
chemical identities, thus it 1s possible to design the wunified
material to take advantage of the special properties of the

contributing materials [2,3].

A combination of glass fibers and polymers form a group of composites
known as fiber reinforced plastics (FRP) [4,5]. FRP's advantages of
light weight, cost effectiveness, flexibility in construction, and
high corrosion resistance [6,7) make it ideal for the construction of
chemical processing equipment, replacing conventional metallic

materials [(6].

Corrosion resistant filament wound pipe is constructed from two
distinct laminates. There is a resin-rich laminate in contact with the
structure’'s contents which acts as a corrosion barrier, and a high
fiber content filament wound laminate that provides structural support
[8,8]). For those cases in which the containment of more aggressive
chemicals or higher process temperatures is required, a thermoplastic,

such as PVC, is substituted for the resin rich corrosion barrier [9].

(*] Numbers in brackets refer to references at the end of thesis















2.1.3 Thermoplastics

Thermoplastics can have a wide range of mechanical and corrosion
resistance properties due to the ability of manufacturers to modify

the composition of these materials [19].

By 1itself, rigid polyvinyl chloride pipe is acceptable for use 1in
corrosive environments [20]. It has excellent chemical resistance
[20,21] to a wide range of corrosive fluids, particularly inorganic
materials such as hydrochloric acid [20]). However, Iits range of
application by itself is limited due to low impact strength, poor

dimensional stability and low thermal distortion temperature [21].

2.2 Filament Wound Tube Construction

The wall of an FRP laminate for use in corrosive environments has two

main layers: a corrosion liner and a structural layer.

2.2.1 Corrosion liner

Fabrication of an FRP laminate usually begins with the corrosion liner
[22]. The corrosion liners can be one of two types, a resin rich
laminate which is often referred to as a veil liner or a thermoplastic

liner.



With the veil type corrosion liner the first layer is a surfacing veil
saturated with catalyzed resin. This is covered with two layers of
chopped strand mat, which are also saturated in catalyzed resin, to
complete the corrosion liner [22}. The veil liner uses the corrosion

resistance of the resin to protect the rest of the structure.

The surfacing vell is used to control the thickness of a resin rich
layer and to give strength to the most crucial part of the corrosion
barrier [12,22]). This layer is normally 0.25 to 0.50 mm thick and
contains about 90% resin and 10% veil material [22,23]). The surfacing
vell also prevents the mat from protruding to the surface and becoming
wicking points for the corrosive environment to penetrate the laminate
[23). Monofilament glass or polyester filaments are commonly used as
surfacing veil materials {22]. This resin-rich layer also serves as an

impermeable liner to contain fluid or gas (24].

Chopped strand mat reinforcement consists of a felted matrix of
chopped strand "E" or "ECR" glass fibers, 1.3 to 4.5 cm long and
loosely held together by a styrene-soluble resin binder. The two mat
layers form a layer about 2 mm thick and consist of about 70% resin
and 30% giass [22]). The short fiber bundles and high resin content
help produce laminates with good strength and excellent chemical

resistance [22].



The use of a corrosion liner consisting of a layer of "C" (chemical)
glass surfacing vell followed by plies of type E chopped strand mat
was first proposed by Harvey Atkinson in 1962. Atkinson based his
recommendation on his observation that the loss of strength of exposed
laminates was rapid when the glass reinforcement exceeded about 30%
[23]. Today, it 1is the typical universally accepted construction
required for chemical resistant equipment [11] and, for a majority of

environments, it is quite adequate and inexpensive [25].

The vell type corrosion barrier does have drawbacks. One is that
defects such as voids are possible. Another is that it cannot be used
at fiber stress levels of more than 10% of the structural fiber's

ultimate strength [24]. Above this stress level the corrosion barrier
can craze or crack allowing fluid into the laminate [24] so its use is
limited to low pressure filament wound structures [6]. Also, 1t is
more brittle than a thermoplastic corrosion barrier [9] and a sharp

bump can crack it [7,9].

For more aggressive environments and higher process temperatures, dual
laminate structures have been developed where the veil corrosion liner
is replaced with a thermoplastic liner [9]). The design of CPF Dualam's
thermoplastic corrosion barrier is a layer of thermoplastic, a layer
of glass vell and one or two layers of chopped strand mat. The use of

a thermoplastic liner also ensures a smooth, void free inner surface

(8].















Along with the inherent variations of FRP properties there are several

conslderations that must also be taken into account.

One 1s the difficulty of accurately determining what are the normal
physical properties of a particular composite for a basis of design or
for inspection purposes [7]. This is in turn compounded by the
relative fragileness of FRP compared to metals. Testing, especially on
filament wound structures, can only measure 40% to 80% of the actual
physical property and the test procedure itself is also a ma jor

contributor of random error in the test results [7].

Compared to steel, FRP is weaker, more flexible, more brittle, and has
less resistant to creep [7,27). Lack of ductility causes the most
difficulty in design, since local overloading causes cracking rather
than yielding [27]. In chemical processing equipment a crack in the

vell corrosion liner critically compromises its function [9,25].

Designing structures built with conventional Isotropic metallic
materlals is based on well established methods. Application of these
methods to FRP structures can result in disaster [27]. In order to
account for the anisotropy and ply to ply characteristic variations of
the composite materials system, the appropriate stress-strain
relations must be used [7]. The stress-strain relations can glive
accurate predictions of elastic behavior, but cannot be relied upon to

predict fracture stresses [28]. There also exist various failure

13



criteria that can be applied, but these are often simplified due to
the nature of anisotropic materials. Failure criteria do not explain

the mechanisms of failure that may be present [38].

In service the FRP structure can be subject to complex loads involving
biaxial or triaxial states of stress [28]. Stress can be elther
mechanical or nonmechanical in nature [38]. Mechanical stress is the
result of an applied load such as internal pressure or wind load.
Nonmechanical stress is the result of temperature change, absorption

of moisture and residual fabrication stress [39].

2.5 Fluid Absorption Behavior of Vinyl Ester Laminates

Vinyl ester resins, along with all polymers used in composites, are
subject to liqulds diffusing into the resin [40]). The first essential
stage of laminate degradation is always contact with, and ingress by,

the penetrating fluid [41].

In one study by Marshall [40], the diffusion of water into vinyl ester
resins and their glass reinforced laminate was examined. The resin
used was Derakane 411-45. The laminate was four layers of 450 g/m2
CSM, covered with one layer of 50 g/m2 C-veil and a 0.5 mm
unreinforced gel coat on the external surfaces, i.e. [gel

coat/C-veil/4 layer CSM/C-veil/ gel coat]r

14




Unstressed and undamaged samples were exposed to water at ambient

temperature (19 - 24°C).

One result of this study showed that undamaged and unstressed resin
samples reached an equilibrium concentration of 0.8% (grams of water
per gram of sample) after 1500 hours (62.5 days). Laminate samples
were found to have an equilibrium content of 0.75%. Sorption data for
vinyl ester resins and resin/glass laminates in water at 20°C is shown

in Fig. 2-1 [40].
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Fig. 2-1: Sorption data for vinyl ester resins and resin/glass
laminates immersed in water at 20°C [40].
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The diffusion behavior of hydrochloric acid (2 Molar) in unstressed,

undamaged laminates has been found to be nearly identical to that of

water [40].

Fluids can also diffuse into thermoplastics [40].

2.6 Mechanical Effects of Fluid Absorption

Absorption of liquid into the resin causes swelling [11,41,42,43].
Since most fibeis used in composites are impermeable, deformation of a
unidirectional composite is greatest in the transverse direction [44].
With multidirectional laminates the multidirectionality of the fibers

prohibits free deformation resulting in residual stresses [44].

Another effect of liquid absorption is the degradation of mechanical
properties of the resin [43,44]). The transverse and shear properties
of unidirectional composites degrade, but the longitudinal properties
change little due to the retention of mechanical properties by the
fibers [45). If the absorbed 1liquid attacks the flbers, the
longitudinal properties will be degraded. The Iinterlaminar shear
strength of composite laminates is reduced by increasing the moisture

absorption [46].
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2.7 Chemical Effects of Fluid Absorption

The chemical resistance of FRP depends upon every component of the
composite material and also every constituent of the aggressive fluid
environment (41]). Due to the many variables involved, which can singly
or Jointly affect performance, corrosion resistance for a given
situation can be difficult to Judge [11]. The effect of an aggressive
environment upon an FRP laminate can vary from negligible to complete

deterioration {11].

There are three areas of chemical attack: chemical attack of the resin
[11,46,47] which can be called resin attack, resin-glass interface
attack [11,46], and chemical attack on the glass fibers [11,46] which
can be called glass attack. The resin-glass interface is considered to
be the most susceptible to degradation than either the resin or the

glass reinforcement [48].

An increase in temperature will invariably increase the rate of
attack, in some instances to the point where degradation is extremely
rapid [11]. Since FRP 1is not homogeneous it does not react at

predictable rates [11].

17



2.8 Visual Signs of Chemical Attack

Chemical resistance of FRP to a given environment can be Judged in

part by changes In appearance [47,49]. Experience has shown that a

given class of chemical solution will give a characteristic type of

appearance change in a laminate [49].

Blisters [11,47,49], opacity [49] and discolouration [11] are some of

the visual signs used to Jjudge corrosion resistance. Some key points

of these visual signs are [49]:

Blisters:

Opacity:

Defined as rounded elevations in the surface of the plastic
with boundaries that may be more or less sharply defined,
and be the results of chemical attack on the resin - glass
interface. Type I blisters originate along the glass fiber
of the C-veil. These blisters tend to be small with a
radius of 1-3 mm and more numerous than type II. Type 11
blisters begin within the chopped strand mat. With
continued exposure to the corrosive environment, this small
blister can grow in diameter or combine with another small

blister to form a much larger elevation at the surface.

This property can be affected by changes in the specimen’'s

surface, the resin, or by changes at the glass/resin

interface.
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Discoloration: Chemical medium absorbing into the resin can cause

discolouration.

2.9 Aggressive Environments

"Aggressive" environments for reinforced plastic include oils,
solvents, acids and even water [40). Of particular interest for this

project are water, hydrochloric acid and sulfuric acid.

Water is known for glass~-resin interface attack and is usually seen as
cloudiness or opaqueness of the laminate [47]. Hot water is known for

glass attack [11].

Hydrochloric acid (37%) [11,23) and sulfuric acid (25%)[23]) are also
known for glass attack. Acids have been found to alter the physical
properties of laminates far more than water, largely because they

attack the glass [40].

Table 2-1 shows Dow Chemical’s recommended maximum service temperature

of Derakane" 411 resin in certain chemical environments [50].
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Table 2-1: Maximum service temperature of Derakane' 411 resin
in certain chemical environments [50].

Chemical Environment Maximum recommended temperature °r/°C
Air (immersion) 210 7 98
Hydrochloric Acid 20% 180 / 82
" " 374 150 / 65
Sulfuric Acid 83% Not recommended
Water, distilled 180 / 82

2.10 Falilure Patterns of F.W. Pipe

The failure pattern of filament wound pipe is dependent upon several
factors: the manner of loading, the ratio of hoop to axial stress,

angle of the F.W. layer and construction of the pipe.

Testing under hoop and biaxial stress is achieved by a combination of

internal pressurization and an appropriate test fixture

[28,31,51,52,53].

2.10.1 Internal Pressure Biaxial Stress Failure Pattern

Under internal pressure (biaxial load of o, = 2 oA) the initial
stress-strain response of filament wound glass fiber/polyester plpes

with a winding angle of #55° was linear. As loading continues, and at
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very low strain, the stress straln response becomes non-linear
[31,51]. A typical stress strain diagram for a pipe under the above

biaxial loading is presented in Fig. 2-2 [31].
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Fig. 2-2: Typical stress-strain behavior of a + 55° filament
wound E-glass/epoxy tube under biaxial stress [31].
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Initial failure is by weepage [28,31,51]. One study found weepage was

in the form of sudden jetting of the test fluld [31].

Final fallure is associated with delamination between adjacent layers
of fiber wound at different angles and appears as large patches of
uniformly white regions in the pipe wall. Delamination is then
assoclated with bending of the pipe and final catastrophic failure
involves fiber breakage which appears to start in reglons of

delamination [31].

2.10.3 Tensile Axial Stress Failure Pattern

As the axial loading is done without fluid, initial failure by weepage
is obviously not possible and final failure is by fracture. Figure 2-4
shows the appearance of a #55° filament wound E-glass/epoxy after
failure by fracture under a tensile axial load. Under tensile loading
angle ply laminates exhibit two kinds of stress-strain nonlinearity.
At a winding angle close to 0° a stiffening effect is observed so that
the modulus increases with increasing load. At larger winding angles,
a softening effect is observed s¢ that the modulus decreases with
increasing load. The stiffening effect 1s attributed to the
longitudinal tensile stresses in various plies, whereas the softening

effect is attributed to the shear stresses [53].
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Fig. 2-4: Typical appearance of a +55° filament wound
E-glass/epoxy tube after final failure by fracture under
tensile axial load [31].
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CHAPTER 3. ProJject Description

As both the test specimens and test set-ups were unique, this chapter

serves to descrlibe how the project was set up.

3.1. Materlals Used to Construct the Tubes

The resin used to construct the tubes was Derakane' 411-45
manufactured by The Dow Chemical Company. It is a vinyl ester resin.
with a monomeric styrene content of 45% {54]. Table 3~1 shows the

physical properties of this resin [4,55]

Table 3-1: Physical properties of Derakane " 411-45 [4,55].

Tensile Strength 11,800 psi (81.36 MPa)
Tensile Modulus 4.9E5 psi (3.38 GPa)
Elongation 5%

Viscosity (@ 77°F) 400 cps

The resin was accelerated with 0.35% cobalt napthalate (6%) and 0.05Y%
dimethylaniline. The catalyst was 1.5% DHD-9 (50% methyl ethyl ketone

peroxide, 50% dibutyl pthalate) with 9% active oxygen.
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3.5 Labelling Systenm

In order to keep track of the 155 tubes to be used in the projet, and
the 485 test specimens scheduled for testing, a simple, two-part

labeling system was used.

The first part of the label was marked on the 115 cm tube when it was
cut from the parent tube. The label is composed of the parent tube
number and a letter. The letter indicates the position on the parent
tube from which the 11£ cm segment was cut. "A" is an end piece.
Traveling toward the other criginal end, "B" is the next segment, "C"
is the center piece and "E" is the other end piece. The family line of

the 155 115 cm specimens created is shown in Table 3-3.

The second part of the label, on the right hand side of the hyphen
separating the two parts, is composed of one number and one letter.
The number indicates the test used on the tube: "1" for the hoop test,
“2" for the biaxial test and "3" for the axial test. The letter
indicates the test point for which the tube was tested for. "A" and
"B" are for test point one, "C" and "D" are for test point two, etc.

This pattern was continued for the remaining four test points.

For example 15C-2J is a veil lined tube that was the center segment. of

the parent tube #15. It was tested under biaxial loading for test

point five.
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Table 3-3: The family line of the 155 115 cnm specimens.

Parent Original Lay-up Segments | Length of Label
pipe # length & resin cut segments given
1 to 11 V/2M/2455°F 5 1A 5 1E
411 to
11A 5 11E
12 to 15 V/2M/2+55°%/ 5 12A » 12E
411-C to
All All 15A > 15E
16 B-1m |\ oM/2455% 5 115 em  {16a 5 16E
a11
19 to 34 PVC/V . 'M/ 5 19A » 19E
2+55°/411 to
34A -+ 34E

t The #55°, indicates the filament winding angle

3.6 Tube Dimensions

Prior to environmental aging the inside and outside diameters of the

test specimens were measured. From these results the means of these

dimensions were calculated. The results are shown in Table 3-4.
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Table 3-4: The average tube dimenslons.

Liner
Veil PVC
I.D. 105.54 mm 103.06 mm
0.D. 115.54 mm 116.36 mm
t 5.5 mm 6.65 mm

3.7 Environmental Exposure

Exposure to working environments was simulated by fllling the tubes

with different liquids.

The tubes were filled with room temperature water, HZSO4 (98%), HCI
(35%), water at 80°C or HCl (35%) at 50°C. The elevated temperatures
were achieved by placing the filled tubes in custom made heating
tanks. Both types of tubes had specimens that were exposed to room
temperature air. Due {o the text limitations of the graphing programs
used, room temperature HCl and water will also be referred to as cold
HCl and cold water respectively. Also, hot HCl and hot water will

refer to the respective elevated temperature environment.

The vell 1lined {ubes exposed to sulfuric acld were found to

deteriorate rapidly and were dropped from the project.
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3.8 Specimen Testing

Testing of the tubes was to be done as a series of six test points
over a period of three years. Target exposure time for the first test
point was to be six months, with subsequent test points at six month
intervals. At each test point, two exposed PVC lined and veil 1lined
tubes from each environment were selected and drained of the liquid
they contained. Tubes that had been exposed to acid were flushed with
a solution of water and calcium carbonate. From this point the tubes

were left exposed to room temperature air until they were tested.

Fach tube was cut into three, 38 cm long sections. This ylelded two

test specimens from each liner/environment for the three tests.

One major problem faced by this project was to develop reliable tests.
Ideas were tried on aged test specimens. As a result, there were some
tests in which the test set-up failed, not the tube. This problem was
especially acute with the biaxial test, as roughly 40% of the tests
performed were deemed to be falled tests. All tests were designed so

that the applied stress could be controlled easily.
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3.8.2 Biaxial Test

The objective of the biaxial (internal pressure) test was to apply
hoop and axial stress at a ratio of 2:1 to the tube using internal
pressure. While it seemed simple to seal the ends of the tubes to

produce the desired biaxial stresses, in practice it was quite

difficult.

The first method tried was to seal the tube ends with a hand lay-up
layer. After a number of tests this method was found to be inadequate.
Sealing the ends with steel caps glued in place with epoxy was the
next method tried. This method was more reliable. A tube with a set of
steel caps glued in position is shown in Fig. 3-2. 10 end caps were
manufactured with a range of inside diameters to accommodate the range

of 0.D. of the test specimens.

Pressurization was produced with the same setup as for the hoop test.
The pressure was to be increased until failure occurred. Like the hoop
test, fallure of the vell lined tubes should be by weepage and fallure
of the PVC lined tubes would depend upon the performance of the PVC

liner.
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Fig. 3-2: A tube with a set of end caps glued in place.
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Preparation for the biaxial test consisted of lightly grinding an 8
cm wide path around both ends of the tube and the select fitting of
end caps to match the 0.D. of the tube. The end cap was then glued to
the tube using Ciba Giegy ambient cure Araldite epoxy (100 parts AW
106 resin to B0 parts HV 953U hardener by weight). Once the end caps
were in place the tube was gaged (if required), labelled, and
photographed. The test specimens were tested in the vertical position

in the same manner as the hoop test.

3.8.3 Axial Test

The axial test was designed to place the test specimen under a tensile
axial stress in a controlled manner until failure occurred. The
failure load was deemed to be the load at which the first failure
occurred. After this point, loading would continue until the tube

could no longer sustain any applied load.

A custom made axial test Jjig, shown in Fig. 3-3, was used for testing.
The tube is held at its ends between circular grips. The grips run on
inclined surfaces to provide increasing gripping force as the load was
increased. Loading was achieved by the use of a 1.3 MN capacity Tinlus
Olson hydraulic press. A tube about to undergo the axial test is shown

in Fig. 3-4.
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Fig. 3-3: Axial test Jjig.

Preparation for the axlial test started with lightly grinding a 7 cm
wide patch around each end of the tube. This was then covered with a
hand lay-up of two layers of chopped strand mat and resin. When cured,
these tabs were lightly grounded to be concentric with the tube., The

tube was then gaged (if required), labelled for test and photographed.

One concern of this test was whether the test Jjig was pulling evenly
on the tube. A test was run with strain gages placed 120° apart at the
center of the tube. No evidence of bending prior to failure was

indicated in the results.
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Fig. 3-4: A tube in the axial test Jig ready for testing.

42




3.9 Data Acquisition

For each test a file was kept. Each tube had a before-test and an
after-test photograph taken. Each test was recorded on video tape.
During testing, a voltmeter was in the video frame and displayed the
applied pressure or load. During most of test point one, data was
recorded manually. Later it was accomplished with a Fluke 2280A data

acquisition system.

For the hoop and biaxial tests, pressure was measured by a pressure
transducer/amplifier set-up which sent an analog signal to the
voltmeter and Fluke. This system was calibrated in psi. During testing
of a tube with strain gages applied, the Fluke Data Logger was set to
run continuously, recording the applied pressure, surface strains €,
(axial strain) and £, (hoop strain), and the apparent Poisson's ratio,
v21. every five seconds or so.

For the axial test, a signal from a load cell on the upper grip was
processed and amplified and the analog voltage output displayed on the
voltmeter. Another load cell provided a signal for the Fluke data
logger. This system was calibrated in lbs x 1000. For thcse tubes with
strain gages the applied load, surface strains €, (axial strain) and

€ (hocop strain), and the apparent Poisson’s ratio, v were

2 12’

recorded. For the axial test, the Fluke was manually triggered at
every 4.448 kN (1000 1bs) increase in load except near failure, when

it was triggered at the operator’'s discretion.
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CHAPTER 4. Laminate Analysis

Laminate analysis of the lay-ups used In this project follows the
methods found in reference 38. The sign conventions for stress, straln

and angle of transformation are shown in Fig. 4-1.

2' T2 V€
X
Tcr € 0‘5“35 4\
~ 6 6 ‘\7\ ¢\

\Y/4
\ o,

Fig. 4~1: Sign conventions for stress, strain
and angle of transformation.

The subscript 6 is used to designate the shear component in the 1-2
plane. This is because the subscript 3 may designate the 3rd normal
stress component in 3 dimenslional problems and can be a source of

confusion if used to designate the 1-2 plane shear component.
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4.1 Stress-Strain Relationships for the Tubes

Table 4-1 shows the matrix multiplication table for the generalized

stress-strain relations in terms of stiffness modulus for laminates.

Table 4-1: Generalized stress-strain relations in terms
of stiffness modulus.

E k
N A B
M B D

The matrix quantities above are row, column, and square matrices as

follows:

N, ) M,
N=N ={N, M=M ={M (4-1)
N6 M6
c: k1
E = cf = e: k=k =1k, (4-2)
e: k6

45



Ay A A

A=A =14, A, Ass (4-3)
Aoy A Ag
B, By By

B = B_iJ = 321 822 B26 (4-4)
Be, By, By
Dy D Dy

D=D.=1[D, D, Do (4-5)
Dgy  Dgy D

The matrix multiplication table may be written in matrix notation as

N = AE + Bk (4-86)

=
[

BE + Dk (4-7)

Multiplying Equation (4-6) by a, the inverse of A gives .
aN = aAE + aBk (4-8)
Since
aA = I, the identity matrix

Equation (4-8) may be rewrit!zn as

E = aN - aBk (4-9)
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The results for the materials used in tube construction are given in

Table 4-7.

Table 4-7: Linear combinations of on-axis
stiffness of each layer.

MAT FILAMENT VEIL PVC
WINDING

U1 (GPa)| 8.75 18.78 3.93 2.78

U2 (GPa)| 0.00 12.60 0.00 0.00

U3 (GPa)| 0.00 3.46 0.00 0.00

U4 (GPa) 1.75 6.45 1.30 1.11

U5 (GPa)| 3.50 6.66 1.31 0.84

The formulas for the in-plane stiffness modulus for

laminates are given in Table 4-8. ¢ is the ply orientation.

Table 4-8: In plane stiffness modulus formulas
for angle ply laminates.

1 U2 U3
A11/h U1 cos 2¢ cos 4¢
Azz/h U1 -cos 2¢ cos 4¢
A12/h U4 -cos 4¢
Ass/h U5 ~cos 4¢
At = Ay = O
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The above in-plane stiffness modulus formulas are only valid for =a

symmetric lay-up. In order to simplify the laminate analysis it will

be assumed that our laminate is symmetric and A16 = A

2

6 = 0 is valld.

The normalized in-plane stiffness for the filament winding layer as

the winding angle varies from 0° to 90° is given in Table 4-9.

Table 4-8: Normalized in-plane stiffness of filament
winding layer for 0° to 90° winding angle.

WINDING A.nl a.m| A om| A m

ANGLE (DEG)| .1 22 12 &8
(GPa) (GPa) | (GPa) | (GPa)

0 35.84 | 10.65 | 2.99 3.20
5 35.43 | 10.63 3.20 3.40
10 34.27 | 10.59 3.80 4.08
15 32.42 | 10.80 | 4.72 4.93
20 30.03 | 10.73 | s.85 6. 08
25 27.27 | 11.08 | 7.05 7.26
30 24.34 | 11.75 | 8 18 8. 39
35 21.43 | 12.82 | g9.10 9.31
40 18.71 14. 33 8.71 9. 91
45 16.31 | 16.31 g.92 | 10.12
50 14.33 | 18.71 9.71 9.91
55 12.82 | 21.44 | 9.11 9.32
60 11.75 | 24.34 8.18 8.39
65 11.08 |27.27 | 7.0% 7.26
70 10.73 | 30.03 5. 85 5. 08
75 10.60 | 32.42 4.72 4.2
80 10.59 | 34.27 3. 80 4.08
85 10.63 | 35.43 | 3.20 3. 40
90 10.65 | 35.84 | 2.99 3. 20

The veil and chopped strand mat layers can be considered to be

quasi-isotropic and the PVC layer is isotropic.

in-plane modulus becomes
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1 22 1
A12/h = L& (4-18)
A66/h = U5

The normalized in-plane stiffness for the individual layers of
the tubes are given in Table 4-10.

Table 4-10: Normalized in-plane stiffness of individual layers.

COMPONENTS OF STIFFNESS (GPa)
LAYER A _/h A _/h A__/h A__/h
TYPE 1M 22 12 66
PVC 2.79 2.78 1.11 0.84
VEIL 3.93 3.93 1.29 1.32
MAT 8.75 8.75 1.75 3.50
F.W. 55° 12.82 21.44 9.11 g.32

The stiffness modulus of a laminate is simply the arithmetic average
of the stiffness of the constituent plies. The components of stiffness

may be calculated as

=2 A _— (4-17)

where k = Veil, mat. F.W., or k = PVC, veil, mat, F.W., t = thickness

of a given layer and h = total thickness of the particular laminate.
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Table 4-14: Average stress - In-plane strain relation of
a symmetric laminate in terms of compliance.

c, o, o,
[]
81 a_”h a,‘zh awh
[«]
82 a21h a22h a?.Gh
o]
e6 amh a62h a66h

Table 4~15: Off-axis stress-strain relation
in terms of stiffness.

€, €, €,
o, A”/h A12/h A16/h
c, A21/h A22/h A26/h
e A61/h Aez/h A66/h

For the veil lined tubes under wall stresses of (0, 100,0), (5S0,100,0)

and (100,0,0) MPa the laminate’'s theoretical hoop and axial strains

and individual ply stresses are given in Table 4-16.
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Table 4-16: Theoretical hoop and axial laminate stralns and ply
stresses for (0,100,0), (50,100,0) and (100,0,0) MPa
wall stresses. Veil lined tubes.

Wall Stress (MPa)
(0,100, 0) (50, 100,0) (100,0,0)
uej’ -4098 1806 11808
pe; 8759 8710 -4098
Ply Stress (MPa)
. -4,.81 15.75 41.11
veil,l
o 29.13 28.70 -0.88
veil,2
c -20.52 27.54 96. 14
mat,1
o 89. 46 61.87 -15.19
mat,?2
O.F.H. I 27.26 84.28 114.04
c 150. 46 160.31 19.70
F.W.,2
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For the PVC lined tubes the theoretical laminate strains and ply
stresses for wall stresses of (0, 100,0), (50,100,0) and (100,0,0) MPa

are given in Table 4-17.

Table 4-17: Theoretical hoop and axial laminate strains and ply
stresses for(0,100,0), (50,1uu,0) and (100,0,0) MPa
wall stresses.PVC lined tubes.

Wall Stress (MPa)

(0,100,0) | (50,100,0) (100, 0, 0)
pef -6742 2133 17750
pe; 12966 9594 -6742
Ply Stress (MPa)
Tove. 1 -4.42 16. 60 42.02
Tove. 2 28.69 29. 13 0.89
-9.76 20.786 61.086
veil,l
veil.2 42.25 40. 45 -3.59
-36.30 35. 46 143.54
mat,
101.65 87.68 -27.93
met, 2
S 31.68 114.75 166. 13
T w2 216.57 225. 15 17.15
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4.5 Theoretical Stress-Strain Response

For a pipe under internal hydrostatic pressure, a pipe wall element
may be considered as being subjected to a triaxial stress state. For a
thin walled structure when t/r < 0.10, the stress state can be assumed

to be reduced to a planar or biaxial stress state [61].

The average wall stresses can be calculated as:

O"H = t—' (4‘22)
and
- Pr -
O'A = ﬁ (4 23)

where P is the pressure, r is the radius and t is the thickness.

For the veil lined tubes t/r = 0.105 and for the PVC lined tubex t/r =
0.129. While these values are just slightly higher than the limit, the

error in using equations 4-22 and 4-23 is minimal.

For a veil lined tube subjected to an internal pressure P (Psi) the

average wall stresses in MPa are:

o, = 0.06552 P (MPa) (4-24)

o, = 0.03276 P (MPa) (4-25)
and for a PVC lined tube:

o, = 0.05343 P (MPa) (4-26)

o, = 0.02672 P (MPa) (4-27)
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Fig. 4-7 Theoretical stress-strain graph.
Axial test, PVC lined tube.

4.6 Stress Space and Strain Space Failure Envelopesg

The strength of a laminate is based upon the strength of the
individual plies. As the load is increased there will be a first ply

failure (FPF), followed by other ply failures until the last ply fails

[62].

One popular approach for failure criteria is the quadratic

interaction criterion:

F oo +Feo =1 (4-30)
i3 1 4 i
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This can be expressed in strain components.
+Ge =1 (4-31)

where F's and G’s are strength parameters. Fallure occurs when either

equation is met.

Equation 4-30 can be expanded for the case of two-dimensional stress

(1,3 = 1,2,8).

2 2 2
F.o_. + 2F. c.o_ + F2202+ F o

111 1271 2 66 6
+ 2F160106 + 2F260206 (4-32) o
+ F10‘1 + F202 + F606 =1

The strength of a uniaxial composite in its orthotropic axis should be
unaffected by the direction of the shear stress component. Thus, all
linear and first degree shear stress terms in Equation 4-32 may be
deleted. With the removal of these terms Equation 4-32 may be

simplified to.

2
F o + 2F co + F o0 + o
XX X xy x y Yy v SS S

+ Fo + Fo =1 (4-33)
x x y

where 1,J = x,y,s.
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There are four quadratic strength parameters analogous to the four
independent components of modulus. There are two linear strength
parameters as a result of the difference in tensile and compressive
strengths. Of the six strength parameters, F , F, F , Fy. and F‘ss

x X x vy

can be measured in simple tests. The sixth term, ny. 1s related to

the Iinteraction between the two normal stress components. It |is
assumed that the sixth term is a generalization of the von Mises

criterion and equal to - 0.5,

If the typical strength of a unidirectional composite is known, the
strength parameters in stress space may be calculated using the

following equations:

F o= xl_x

T

F, = e (4-34)
T

F =

A

Typical strengths of unidirectional layers of the materials used in

the test specimen construction are shown in Table 4-18 [60].

Equation 4-31 can be derived from equation 4-30 by substituting the

stress components with strain components:

FiJ Q1k Q1f € €.+ F1 Q1J cJ =1 (4-35)
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Table 4-18 : Longitudinal tensile (X),longitudinal compressive
(X'),transverse tensile (Y), transverse compressive (Y'),
and shear (S) strengths of unidirectional plies [60].

MAT FILAMENT VEIL PVC
WINDING
X (MPa) 133 820 75 53
X' (MPa) 133 610 75 53
Y (MPa) 133 75 75 53
Y’ (MPa) 133 133 75 53
S (MPa) 62.5 34.5 37.5 26.5
We can define
G.=F Q Q
kf i3 Tik Tif (4-38)
GJ = F_i Q1J
So that the failure criterion in strain space is
s Sc €y + Gk e =1 (4-37)

Q)
[x]

2426 e € +G €2 +GC €2 +GC € +G e =1 (4-38)
xx  x Yy x y Yy ¥ ss s x X y y
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where

G =F Q> +2F @ Q@ + F o
xx XX o xx Xy “Xx yy Yy xy
G =F Q% +2F 0 Q@ + F Q
Yy x X Xy xy xy Yy Yy Yy
G =F Q Q +F [Q Q +Q° 1+ F Q Q (4-39)
Xy X X X X Xy xy XX Yy Xy Yy Xy Yy
¢ =F @
sS SS SS
G =F Q +F Q
x X XX Yy o xy
G =F Q +F Q
Yy X Xy y Yy

Transformation of the strength parameters in strain space is straight
forward. The linear parameters transform like stress components; the
quadratic parameters transform like the stiffness components.
Transformation of linear strength parameters in strain space in power

function is given in Table 4-13.

Table 4-18: Transfermation of linear parameters in strain space
in power functions.

G G
x ¥y
G1 m2 n2
G2 n2 m2
66 mn -mn
m= cos ¢
n =sin ¢

¢ = angle of rotation in degrees

68



The transformation of the quadratic strength parameters in strain

space in multiple angle functions is given in Table 4-20.

Table 4-20: Transformation of quadratic strength parameters
in stress space in multiple angle function.

1 dz U3
G11 U1 cos 2¢ cos 4¢
G22 U1 ~-cos 2¢ cos 4¢
G12 U4 ~cos 4¢
66 U5 -cos 4¢
015 0.5 =t~ 2¢ sin 4¢
G26 0.5 sin 2¢ -sin 4¢

where the U's are defined as

U =0.125 [ 3G +3G +2G + 4G ]
1 xx yy xy ss
U =05[G -G
2 xx vy
U =012 G +G -26 - 4G ] (4-40)
3 xx yy xy ss
U=0.125[G +G +66 - 4G )
4 XX yy xy ss
U =

0,125 [ G +G =-2G + 4G ]

X X yy xy SS
Equations 4-33 and 4-38 only give a go-or-no-go indication of failure.
The information given by the failure criterion can be increased by

using a different variable, strength ratio R:

R e (4-41)
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where stress or strain components without remarks are those applied or
imposed; and subscript (a) or asterisk means the =allowed or the

ultimate stress or strain. Features of this ratio are

When applied stress or strain is zero, R = infinity.

When the stress or strain is safe, R > 1.

When the allowable stress or strain is reached, R = 1.

R cannot be less than unity which has no physical reality.

Modifying equations 4-30 and 4-31 by introducing the strength ratios

yields,

[F1 c.c ]R2 + [Fic,]R =1
31 ) ! (4-42)
lcﬁjc‘cJ]R + [G‘c*]R =1
these have the form
aR° + bR-1=0 (4-43)

Thus it is possible to solve for the stress ratio. There are two
conjugate roots, R and R’, corresponding to the applied stress strain

vector going in opposite directions.
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The in-plane strength of laminates is found by finding the strength
ratio for each layer subjected to a given state of load resultants.
The layer with the lowest strength ratio will fail first. The relation

between In-plane strain and the applied stress resultant is

e =a N (4-44)

Substituting this into Equation 4~42 for a layer with ¢ orientation:

(¢) o o 2 (¢) o = -
[G1J €, cJ] R(¢)+ [G1 cil R(¢) 1 (4-45)

(@) 2 (¢) = -
[G1J a1k an Nk Nf] R(¢)+ [G1 a 13 NJ ] R(¢) 1 (4-48)

(¢) 2 (¢) = -
[H1J Nk Nf ] R(¢)* [H1 N.j ] R(¢) 1 (4-47)

where
B = ¢, o B - @), (4-48)
13 i) ik Jf ] i 1)

The in-plane strength of a multi-directional laminate will have
multiple strength ratios; one set (R and R') for each ply orientation.
Two factors control the ply failures in the laminate. First, the
in-plane compliance a. This 1is a function of the ply volume fractions
and is non-linear. The second factor is the specific ply orientation.
The H functions in Equation 4-48 are vector products of the the
transformed strength parameters G's of the ply and the in-plane

compliance of the laminate.
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4.7. Calculation of Failure Envelopes in Stress and Strain Space.

Due to the large number of calculations required to produce the
failure envelopes in stress and strain space a computer program was
written to perform all the required calculations. It is presented in

Appendix 1.

4.8 Failure Envelopes and Theoretical Loading Vectors 1in Stress

Space

Calculation of the failure envelopes in stress space is accomplished
with Equation 4-47. By normalizing the stress resultant, for each
applied unit stress the strength ratios are equal to the ultimate
strength. Each layer of the tubes has its own envelope. As the angle
of the layer is changed, the failure envelope of the layer will change
position. The straight lines on the graphs are the loading paths used
in the tests. The loading paths are constant and independent of ply

ratioes.
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Again, the question raised by this failure envelope is why does the
filament winding layer fail first? The answer can be found by
transforming the off-axis stress to on-axis stress. The on-axis
filament winding stresses for the wall stresses of (0,75,0),

(37.5,75,0) and (80,0,0) MPa are given in Table 4-22.

Table 4-22: On-axis filament winding stresses for tube
wall stresses of (0,75,0), (37.5,75,0) and (80,0,0) MPa.
Veil lined tube.

Wall Stress (MPa)
(0,75,0) (37.5,75,0) (80,0,0)
‘x 82.44 101.46 40.58
Ly 50. 84 81.98 66. 40
s 43. 41 26.75 -35.85

The values in Table 4-22 are for a positive rotation. For a negative
rotation, the values are the same except the shear stress changes
sign. Again, comparing these results to those in Table 4-18, it can be
seen that the transverse tensile strength ls exceeded under blaxlial
loading, and under hoop and axial loading the shear strength is

exceeded.
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4.8 Failure Envelopes in Strain Space

Calculation of the failure envelopes in strain space is accomplished
with Equation 4-44. One feature of failure envelopes in strain space
is that they remain fixed for each ply orientation. Now when the lay
up is changed, the loading path will change position in strain space.
The loading paths in strain space have slopes with a run of one and a
rise equal to the apparent Poisson’s ratio of the lay-up for that

particular loading.

4.9.1 PVC lined tube

The failure envelopes and theoretical loading paths for a PVC lined
tube are shown in Figure 4-10. The predictions of the order of ply
fallure shown in the stress space graphs for a PVC lined tube are

repeated in this graph.

4.9.2 Veil lined tube

Figure 4-11 shows the failure envelopes and theoretical loading paths
In strain space for a veil lined tube. This figure also matches the
order of ply failure predicted in the stress space graph for a veil

lined tube.
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Fig. 5-1: The initial appearance of a veil lined tube.

When viewed across the wall thickness there are two concentric colour
zones. The darker, inner one is the veil and chopped strand mat
layers. The lighter, outer zone is the filament winding layer and
individual layers of the filament winding are discernible to the naked
eye. The thickness of these layers varied slightly. A cross section

view of tube 4C-1A, shown in Fig. 5-1, is shown in Fig. 5-2.
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Fig. 5-2: Photomicrograph: a cross section view of
the wall of tube 4C~1A, shown in Fig. 5-1.

The initial appearance of the PVC lined tubes was similar to that of
the veil lined tubes. Fig. 5-3 shows tube 30D-1B, a PVC lined tube

that was sacrificed to help develop the hoop test.

Due to incomplete wetting of the fibers, the filament winding pattern
is clearly visible. The colour is a slightly darker beige than the
veil lined tubes. The tube is opaque and the inside of tube was a

smooth, uniform grey surface with a constant diameter.
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Fig. 5-3: The initial appearance of a PVC lined tube.

A cross sectional view of tube 30D-1A is shown in Fig. 5-4. Three
distinct layers can be seen. The PVC liner is the uniform grey band.
Above it is the veil and mat layer. This figure also demonstrates the

unevenness of these layers. The thickness of the veil and mat layers
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Fig. 5-7: Photomicrograph: The colour change across
the thickness of a PVC liner after exposure to 80°C
water for 7 months.

Swelling of the PVC was indicated by a slight decrease of the inner
diameter. The area of PVC liner covered by the PVC end cap showed
neither the color change nor swelling. However, the surface of the cap
exposed to the hot water showed the same colour change
characteristics. This indicated that this effect was due to the

presence of water at elevated temperatures.

The colour changes due to exposure to hot water occurred with an

exposure of less the B months and once they occurred they were stable

after removal from the environment.
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5.2.4 Exposure to Room Temperature Sulfuric Acld (98%)

Sulfuric acid was found to aggressively attack the resin., Veil lined
tubes filled with sulfuric acid had their inner wall eaten away,
exposing the veil and mat layers. Due to the severity of the damage
this environment/liner combination was deleted from the remainder of

the project.

The PVC lined tubes showed no effects from exposure to sulfuric acld
as long as the acid did not come in contact with the resin. When
sulfuric acid came in contact with a resin surface, the resin would
change colour to an orange-red in a matter of hours. The PVC liner

retained its original appearance throughout the exposure period.

5.2.5 Exposure to Room Temperature Hydrochloric Acid (35%)

Exposure to room temperature HCl on the veil lined tubes caused the
resin to acquire a green colour. An example of this is shown in Fig.
5-8. This colour change was uniform along the length of the tube, and
was apparent when the first tubes were pulled after six months of
exposure. The inner wall of the tube also took on a purple tint that
grew in intensity as the exposure time was Increased, being almost
non-existent at six months to obvious at three years of exposure. When
examined across the wall thickness, the purple tint extended slightly
into the corrssion liner forming a thin band. The tube appeared almost

opaque and the glass fibers of the mat layer became easily visible.
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Fig. 5-8 : The appearance of a veil lined tube exposed
to room temperature HCI1.

The effect of exposure to room temperature HCl on the external
appearance of the PVC lined specimens was negligible. The colour of
the resin darkened slightly, as shown in Fig. 5-8, after 32 months of
exposure. At first the PVC layer seemed unaffected, but as exposure

time was increased the exposed surface of the PVC took on a purple

tint.
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Fig. 5-9: External appearance of a PVC lined tube after 32

months exposure to room temperature HCl.
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5.2.6 Exposure to 50°C (122°F) Hydrochloric Acid (35%)

The most dramatic and varied changes in the tubes were observed with
those specimens exposed to Hydrochloric acid at 50°C. The first

effects were seen when specimens were being pulled for test point one.

The resin color of the veil lined tubes changed to a wuniform

olive-green, as shown in Fig. 5-10. The veil lined tubes became more

Fig. 5-10: The change in colour to olive-green of a veil 1ljined
tube exposed for 6 Months to hot HCl.
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opaque and the glass strands of the mat layer became visible. They
appeared as randomly oriented silver lines. The inner wall became a

translucent brown as shown in Fig. 5-11.

Fig. 5-11: Change in inner wall colour of a veil
lined tube to a translucent brown.

When viewed across the wall thickness, the zone of filament winding
appeared to be a green band, while the zone of the vell and mat layers
were brown. There also appeared to be an area between the two

zones where the colour changed gradually from one to another.
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The PVC lined tubes showed several effects after exposure to hot HCI.
After 6 months of exposure, the exposed surface of the PVC changed
colour from grey to purple. When viewed across the wall thickness, it
appeared that the PVC layer was composed of two different materials.
Even when viewed under a microscope, the boundary between the two
colours was quite distinct. Fig. 5-12 shows a cross section of tube
23C-1A which clearly shows this effect. Externally, the appearance of

the tube had not change at this time.

Fig. 5-12: Photomicrograph: A cross section view of the
PVC liner of tube 23C-1A showing change of PVC's
colour from grey to purple and the sharp boundary between the two.
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As exposure time to hot HCl increased, more of the PVC changed colour
to purple in a fairly smooth radial pattern. By test point three, the
colour of the resin of the tubes had started to change to green. When
tubes 23E and 24A were pulled for testing after 17 months of aging,
there were dark patterns along the length of the tubes that repeated

at regular intervals. This mnttle is shown in Fig. 5-13.

Fig. 5-13: Mottle found along the lengths of tubes
23E and 24B. 17 months exposure to hot HCI.
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The cause of this mottling effect was the colour change of the PVC,
from grey to purple, reaching the outer surface of the PVC tube. This
is shown in Figs. 5-14 and 5-15. Light being reflected back through

the resin was being reflected from two different coloured surfaces, a

grey one and a purple one.

98



5.4 Blister Formation on Tubes Exposed to 50°C HCI

Another effect of the hot HCl environment upon both the veil lined and

PVC lined tubes was the development of blisters on the inner wall.

Tube 9E-1C was found to have developed a blister about the size of a
thumbnail in area and about 1 mm high. Exposure time was 13 months.
This blister is seen at the 8 0’Clock position on the tube in Fig.

5-17.

Fig. 5-17: Blister that developed on inner wall of tube SE-1C
after exposure to hot HC1 for 13 months.
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Tube 23A-1C was found to have developed a large blister, shown in
Figs. 5-18 and 5-~18. The blister was oval shaped with its major length
along the longitudinal axis of the tube. The blister measured 45 by 15
mm and was approximately 6 mm tall at its highest point. When opened
the blister was dry, the cavity is shown in Fig. 5-20. The PVC had
separated at about half its thickness and the thickness of the blister

was uniferm. Blisters were also observed on tube 24D.

Fig. 5-18: Blistering of PVC liner, tube 23A-1C.
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Figure 5-19: Top view of blister, tube 23A-1C.

Fig. 5-20: Dry cavity of blister, tube 23A-1C.
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Table 6-2: Hoop test readings at failure, test point 2.

WATER HC1 (35%) H,S0,
AIR 20°c 80°C 20°c 50°C (98%)
11E-1C 1A-1C 5D-1Cs» 8C-1C SE-1Ce
17 17 13 ——- 13
1800 1830 830 680
(12.41) | (12.82) | ( 5.72) ( 4.69)
-7088 -6094 -2205 -1934
11341 7930 4862 3121
VEIL
14C-1D 1A-1D 5D-1De 6C-1D 9D-1Ds
17 17 13 - 13
1820 1670 750 660
(12.55) | (11.51) | ( 5.17) ( 4.55)
31B-1C | 21D-1C | 28B-1C | 23A-1C | 26A-1C
17 13 18 - 15
2070 1380 2000 2520
(14.27) | ( 8.52) | (13.79) (17.38)
-10611 -5283 -9800 -12021
16183 11407 17891 16541+
PVC
31B-1D | 21D-1D | 28B-1D | 23A-1D% | 26A-1D
17 13 18 13 15
1810 1300 1590 2960 2510
(13.17) | ( 8.96) | (10.96) | (20.41) | (17.31)

Refer to Fig. 6-1 for a description of cell information.

1 explosive fajilure
# type Il failure
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Table 6-3:

Hoop test readings at faillure, test polnt 3.

WATER HC1 (35%) H,S0,
AIR 20°C 80°C 20°C 50°C (98%)
14D-1E 1C-1Es 5D-1Ee 8A-1E 10D~ 1Es
23 21 17 19 17
2010 1530 610 2130 1000
(13.86) | (10.55) | ( 4.21) | (15.10) | ( 6.90)
-6799 -5294 -1681 -9555 -3367
12238 8083 3968 13679 6020
VEIL
14D-1F 1C-1F | 1BB-1F 8E-1F 10D-1F»
23 21 - 19 17
1860 1700 2010 1000
(12.82) | (11.72) (13.86) | ( 6.90)
31B-1E | 21A-1E | 28D-1Et | 23E-1Et | 26C-1E%
21 17 19 17 19
1840 1370 2280 2160 3410
(12.69) | ( 9.45) | (15.72) | (14.89) | (23.51)
-10154 -53867 -11187 -11439 -15187
14823 9156 13433 15546 -—
PVC
31D-1F | 20C-1Fs | 28D-1Ft | 23E-1F | 26C-1F
21 17 19 17 19
1930 1210 1910 1550 2300
(13.31) | ( 8.34) | (13.17) | (10.89) | (15.86)

Refer to Fig. 6-1 for a description of cell information,
s type II fallure

%t explosive fallure
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Table 6-4: Hoop test readings at fallure, test point 4.
WATER HC1 (35%) HZSO4
AIR 20°C 80°C 20°C 50°C (98%)
15A-1G 1E-1G 5A-1G» 8B-1G 11A-1G»
27 26 23 25 23
1790 1830 830 1690 750
(12.34) (13.31) ( 58.72) (11.865) ( 5.17)
-6931 -5743 -2121 -7534
10807 8347 4524 13182
VEIL
15A-1H 1E-1H 1BE-1H 8B-1H 11A-1H»
27 26 17 25 23
1760 1380 980 1710 680
(12.13) ( 9.52) (13.65) (11.79) ( 4.69)
32B-1G¥ | 21E-1G 29A-1G 24B-1G 26E-1G
26 17 25 23 25
2030 1020 2520 1570 2110
(14.00) ( 7.03) (17.37) (10.83) (14.55)
-10205 -2797 -11434 -5165 ~7558
17548 6051 19686 10156 14307
PVC
32B-1H 21B-1H 29A-1H 24B~1H 26E-1H
26 21 25 23 25
1730 1320 2560 1490 2180
(11.93) ( 9.10) (17.65) (10.27) (15.03)

Refer to Fig. 6-1 for a description of cell information.
» type II fallure

¥ explosive failure
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Table 6-5: Hoop test readings at fallure, test point 5.

WATER HC1 (35%) H,SO,
AIR 20°c 80°C 20°C 50°C (98%)
15D-11 2D-11 7A-11 8D-11 11D-11
34 33 29 32 30
1780 1600 840 1710 880
(12.27) | (11.03) | ( 5.79) | (11.79) | ( B.07)
-8447 -6443 -2194 -11837 -3770
11449 8866 4369 13889 9017
VEIL
15D-1J 2E-1J 7A-1J 8E-1J 11D-1J
34 33 29 32 —
1660 1600 930 1680
(11.44) | (11.03) | ¢ 6.41) | (11.88)
33C-11s | 22B-11 29C-11 24D-11» | 27B-11
33 29 32 30 32
1810 1790 2130 640 1760
(12.48) | (12.34) | (14.68) | ( 4.41) | (12.14)
-7483 -7462 -8625 -1559 -6068
10447 13101 14609 3042 8808
PVC
33C-1J | 22B-1J 29c-1J | 24p-1J 27B-1J%
33 29 32 — 32
1640 1790 1360 2460
(11.31) | (12.34) | ( 9.38) (16.96)

Refer to Fig. 6-1 for a description of cell information.
» type II falilure

t explosive failure
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Fig. 6-3: Appearance of veil lined tube 1E-1G (water, test point
after fallure by weepage.
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Fig. 6-4: Appecarance of veil lined tube 6E-1B (HC1, test point 1)
after fallure by weepage.

117



Backlighted, cracks appear as dark lines. In both Figs. 6-5 and 6-6
there is a clean crack in the vell layer that is perpendicular to the
inner wall. In Fig. 6-5 this crack meanders slightly as it passes
through the mat layer. At the filament winding layer, the direction of
the crack changes to follow the filament winding layers around the
tube. This change in direction marks the point that the crack becomes

an interlaminar crack.

In Fig. 6-6, after passing through the veil layer the crack branches
out into the mat layer where it stops. Above this, there are two
interlaminar cracks, separated by a layer of filament winding, that
are Joined by a transverse crack. Together, Figures 6-5 and 6-8
demonstrate the way different cracks can combine to form a path for

the fluid to take through the tube wall.

Type 11 fallure, indicated by a * after the tube number, occurred when
pressure was lost due to a crack in the veil layer allowing fluid past
the O-ring. Type II failure was associated with half of the hot water
and two-thirds of the hot HCl exposed tubes. Examples of the tube's
appearance after fallure are shown in Figs. 6-7 and 6-8. The arrows on
the tube in Fig. 6-7 point to the lines of whitening. While it is
obvious that type II failure can be considered as a failed test since
weepage through the tube wall did not occur, it still represents a
change in tube behavior that can be associated with a particular

environment.
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Fig. 6-5: Photomicrograph: View across the wall thickness of
tube 4C-1A at the failure site. Side A.

Fig. B6-B Photomicrograph: View across the wall thickness of
tube 4C-1A at the fallure site. Side B.
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Fig. 6-7: Appearance of a tube exposed to hot HCl
that failed due to fluid leaking past O-ring.
Arrows point to lines of whitening.
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Fig. 6-8: Appearance of a tube exposed to hot water
that failed due to fluid leaking past O-ring.
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Under hoop stress the PVC lined tubes failed in one of three ways:

"crack and spray”, explosive or type II failure.

The most common type of failure, crack and spray, was so named as it
described the failure. Aside from the occasional tick from the tube
during testing, there was no indication of impending failure. When
fallure occurred, a quick, sharp "crack"” would be heard followed

immediately by a spray of fluid.

Internally, the visible damage to the tube consisted of a single axial
crack in the PVC liner that would always run the length of the test
section. Externally, centered over the liner crack, would be a wide
zone of delamination that was usually the length of the test section.
This delamination damage would taper off at the ends of the tube. When
the test fluid reached the surface of the tube it would form multiple
spray fans, the base of which would follow the direction of the

filament winding layer.

The external appearance of several PVC lined tubes after this type of

fallure is shown in Figs. 6-9 to 6-13.
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Fig. 6-8: External appearance of PVC lined tube 34C-1L
(cold water) after fallure. Hoop test, test point 6.
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A section of tube 30D-1A was cut out, polished and the crack in the
PVC liner was examined under a microscope at 99.225 X. Fig. 6-14 shows

the view.

Fig. 6-14: Photomicrograph: View across the wall thickness of
tube 30D-1A at the failure site.
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The path of the crack is similar to that observed with the veil lined
tubes. The crack passes straight through the PVC, veil and mat layers,
travelling perpendicular to the inner wall surface. At the interface
between the veil and filament winding 1layers, the crack changes
direction 90° and proceeds to work its way through the filament

vinding layers until a branch reaches the surface.

A variation of this type of failure is where there would be the
"erack" and the PVC would split but there would be no penetration of
the test fluid through the filament winding layer. Pressure would be
lost by the test fluid leaking past the seals at the ends of the test
fixture (type II failure). This occurred with tubes 20C~-1F, 24D-11 and

33C-11. The external appearance of tube 33C-11 is shown in Fig. 6-15.
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Fig. 6-15: External appearance of PVC lined tube 33C-1I
(cold water) after failure. Hoop test, test point 5.
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Fig. 6-20:
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End of explosion. Note hole blown in plexiglass shield.
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With the exception of one cold water and one sulfuric acid exposed
tube, all the explosive failures were observed with tubes exposed to
cold or hot HCl. Figure 6-21 shows the typical external appearance of
a PVC lined tube after explosive fallure. Figure 6-22 shows the damage

to the PVC liner of the tube in Fig. 6-21.

Fig 8-21 Typical external appearance of a PVC tube
after explosive fallure.
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Fig 6-22: The damage to the PVC liner of the tube in Fig 6-21.
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6.2.3 Strain Versus Pressure

Figure 6-23 shows surface stains c1, cz and the Poisson’s ratio U21

versus pressure for tube 28A-1G. This graph shows the typical pattern

observed in all the other strain versus stress graphs for hoop loading

of PVC lined tubes.

Microstrain Poisson's Ratio
24000 1
—— HOOP
16000 F =+ AXIAL —40.8
~—¥— POISSON'S RATIO
8000 410.6
Va1
0+ 0.4
-8000 410.2
-16000 . : L : L ! o]

0 600 1000 15600 2000 2500 3000 3500

Pressure {(psi)
l N L [ ) 1 1 ! L ! 1 1 |

0 2 4 6 8 10 12 14 16 18 20 22 24
Pressure (MPa)

Fig. 6-23: Straln and Polsson's ratio versus pressure
graph for PVC lined tube 28A-1G.

The hoop strain is positive and non-linear. As the load increases so
does the slope of the hoop strain line. The axial strain is negative
and non-linear. Again, as the load is increased the slope of the

axial strain line increases.
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Table. 6-10:

Biaxial test readings at fallure, test point 3.

WATER HC1 (35%) H,S0,
AIR 20°C 80°C 20°C 50°C (98%)
-— — 16A-2E 8A-2E 10E-2E
—— 19 17
1870 1510
(12.83) | (10.41)
1790 2592
8666 8190
VEIL
— —-— 16B-2F 8A-2F 10E-2F
— 19 17
18390 1550
(13.03) | (10.69)
— 20C-2E 28E-2E% | 24A-2E | 26D-2E
- 19 17 19
1770 1110 2030
(12.20) | ( 7.85) | (14.00)
1241 888 3012
6717 4123 10786
PVC
-— 21C-2F 28E-2Ft | 24Aa-2F | 26D-2F
- 19 17 19
1630 1210 2430
(11.24) | ( 8.32) | (16.75)

Refer to Fig. 6-1 for a description of cell information.

% explosive fallure
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Table 6-11: Blaxial test readings at failure, test point 4.
WATER HC1 (35%) H_SO,
AIR 20°c 80°C 20°c 50°C (98%)
15A-2G 1E-2G 5A-2G 8C-2G 11A-2G
—— 26 23 25 23
1830 1020 1920 1330
(12.82) | ( 7.03) | (13.24) | ( 8.17)
2420 1672 1870 4684
7462 4377 7634 8173
VEIL
15B-2H 2C-2H 16E~-2H 8B-2H 11B-2H
27 26 - 25 23
1880 1650 1810 950
(12.96) | (11.38) (12.47) | ( 6.55)
32B-2G | 21B-2G | 29A-2G6 | 24B-2G6 | 28E-2G
26 - 25 -— 25
1930 2150 2060
(13.30) (14.82) (14.20)
5350 4684 1961
10440 8721 8501
PVC
33B-2H | 21E-2H | 29B-2H | 24c-2H | 27A-2H
26 - 25 23 25
2280 2180 890 1610
(15.72) (15.03) | ( 6.14) | (11.10)

Refer to Fig. 6-1 for a description of cell information.
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Table 6-12:

Biaxial test readings at fallure, test point 5.

WATER HC1 (35%) H,S0,
AIR 20°c 80°C 20°C 50°C (98%)
15(-21 2D-21 7Cc-21 8D-21 11C-21
34 33 29 - 30
1780 1500 1040 1000
(12.27) | (10.32) | ¢ 7.17) ( 6.90)
487 195G 1118 2068
5639 5854 4719 6285
VEIL
15C-2J 2D-2J TA-2J 8D-2J 11D-2J
34 33 29 32 --
1910 1780 770 1390
(13.17) | (12.27) | ( 5.31) | ( 9.58)
34B-21 22B-21 29C-21 24D-21 27C-21
33 29 32 — 32
2460 1660 2230 2210
(16.96) | (11.45) | (15.38) (15.24)
3222 2250 3558 .-
8918 7913 — -—
PVC
33c-2J | 22c-2J 20D-2J | 24E-2J | 27c-2J
33 29 32 - 32
1780 1490 2480 1710
(12.13) | (10.27) | (17.10) (11.79)

Refer to Fig. 8-1 for a description of cell information.
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Table 6-13: Biaxlal test readings at failure, test point 6.
WATER HC1 (35%) stO4
AIR 20°C 80°C 20°C 50°C (98%)
15E-2K 3A-2K 7D-2K 8A-2K aCc-2K
41 - 34 38 38
1800 830 1800 1350
(13.10) ( 6.41) (12.41) ( 9.31)
3328 602 326 1648
9018 1562 69387 3541
VEIL
4A-2L 3B-2L 16D-2L 9A-2L 9C-2L
41 -—- 34 13 36
1960 1150 1170 1500
(13.51) ( 7.93) ( 8.07) (10.34)
34C-2K 20r-2K 29E-2K 25A-2K 27D-2K
38 34 -— - -—
2280 1640
(15.72) (11.31)
3876 2848
11514 7662
PVC
34D-2L 22E-21. 30A-2L 25B-2L 25E-2L

Refer to Fig. 6-1 for a description of cell information.
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6.3.2 Biaxial Test Fallure Patterns

For the veil lined tubes under biaxial stress a single failure mode,

similar to the type I failure seen under hoop stress, was observed.

The first indication of distress shown by most of the tubes was named
"pump and tick". After each incremental increase in pressure the tube
would tick. The frequency of this ticking would be high immediately
after a rise in pressure and would gradually decrease in frequency

during the time between pressure increases.

The next indication of distress was the same as that observed during
the hoop test, the appearance of 1lines that grew Iinto axially
elongated patches of whitening. The development of these areas varied
from developing quickly with a "crack" and growing in steps with
increasing pressure and more noise, to silently appearing and growing
gradually outwards. These areas had varying lengths and were spaced
randomly around the tube.
’

Next, areas of delamination would start over some of the patches. The
delamination was generally limited to the area above and 3 cm (1.25

in.) or less either side of the axial patch and varied in intensity.
The rate of failure varied from tube to tube. Some tubes would fail
quickly, others would slowly go through the stages and it was possible

to watch the development of the axial patches and delamination.
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Final fallure of the tube is characterized by the presence of one to
several axlial patches above which would be areas of varylng degrees of
delamination. At failure, fluid would spray from the edges of the

delamination. This is shown in Fig. 6-25.

Fig. 6-25: Spray from the edges of the delamination area.
Veil 1lined tube, biaxial test.
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The external appearance of the veil lined tubes after fallure was
similar to that observed during the hoop test, an example is shown in

Fig. 6-26.

Fig. 6-26: The external appearance of a veil lined
tube after fallure by weepage. Biaxial test.
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The "pump and tick" phenomena was also present when the PVC 1lined
tubes were tested under biaxial loading. In some tests the ticks were
associated with the appearance of thin whitening bands along the
filament winding direction (transverse cracks). The next stage in
fallure was a sudden "crack" and then the test fluid spraying from the

tube at multiple locations (crack and spray).

Examination of the tubes after testing revealed damage that was
similar to that seen in the hoop test. Instead of Just one crack there
were multiple axial cracks in the PVC around the tube. The cracks
meandered along the axial direction of the tube except at the ends
Just below the edge of the end cap. Here, the axial crack would branch
off and encircle the tube until another crack was met. The damage
above these cracks was the same sort of delamination as was seen with
the hoop test. Sprays of test fluid generally appeared at several
locations, however some tubes had only a single spray. The external
appearance of tube 26D-2F taken at 0° 120° and 270° around the tube

are shown in Figures 6-27, 6-28 and 6-29 respectively.
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Fig. 6-27: The external appearance of tube 26D-2F at 0°.
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Figure 6-32 show the graph for tube 1E-2G, a veil lined tube under
biaxial load. It shows the same characteristics as the PVC lined tubes
under biaxial loading. Both graphs show the typical pattern for the

results from the blaxial test.

Microstrain Polsson's Ratio
24000
—— HOOP dos
16000 —— AXIAL
—— POISSON'S RATIO 40.6
8000 — H0.4
Y2
0+ 40.2
0
-8000}
1-0.2
-16000° L . : — L . -0.4

0 500 1000 1500 2000 2500 3000 3500
Pressure (psi)

‘ P H i A A 1 1 1 -1 L L ll
2

4] 4 6 8 100 12 14 16 18 20 22 24
Pressure (MPa)

Fig. 6-32: Strain and Poisson’s ratio versus pressure graph
for veil lined tube 1E-2G.

At first, a comparison of the stress strain behavior shown in Figs.
6-31 and 6-32 with that shown in Fig. 2-2 would seem to show that
vinyl ester tubes behave differently compared to epoxy tubes. However,
since we are dealing with failure due to weepage only the portion of
Fig. 2-2 below 100 MN/m2 should be considered. In this case the hoop
strain of both tube types appears to be linear while the vinyl ester
tube's axial strain is linear and the epoxy tube’'s axial strain is

non-linear.
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6.4. Axial Test Results:

6.4.1. Readings at Fallure

The results in the following tables are the readings at the point of

initial failure.

Table 6-14: Axial test readings at falilure, test point 1.

WATER HCl (35%) H,SO,
AIR 20°C 80°C 20°C 50°C (98%)
4E-3A 2A-3A 5C-3A BA-3A 10A-3A
12 13 7 12 6
21000 24875 16375 24450 21875

(93.41) | (110.5) | (59.49) | (108.8) | (97.30)
7639

VEIL
4E-3B 2A-3B 5C-3B BA-3B 10B-3B
14 13 7 12 8
20050 24760 16000 24500 19000
(89.18) | (110.1) | (71.17) | (108.9) | (84.51)

13044 4958

-3667 -—-

30E-3A | 31C-3A 22D-3A | 28A-34 | 23C-3A 25D-3A
12 14 7 12 6 12
22875 20275 19000 16450 18150 21000

(101.7) | (90.18) | (84.51) | (73.17) | (80.73) | (93.41)
12286 9675 8099 5415 6635 8741

PVC

30E-3B | 31C-3B 21D-3B | 28A-3B | 23B-3B 25D-3B
14 14 9 12 6 12
20000 16800 21500 18000 19000 22500

(88.96) | (74.73) | (95.63) | (80.08) | (84.51) | (100. 1)
10374

-3988

Refer to Fig. 6-1 for a description
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Table. 6-19: Axial test readings at failure, test peint 6.
WATER HC1 (35%) H,SO,
AIR 20°c 80°C 20°c 50°C (98%)
4A-3K 3B-3K 7D-3K 9B-3K 9Cc-3K
a1 38 34 38 36
24850 21750 16875 25000 16850
(110.5) | (96.74) | (75.08) | (111.2) | (74.95)
10859 6231 4691 8964 13946
-3748 -2454 -1054 -4616 -3854
VEIL
4A-3L 3B-3L 7D-3L 9B-3L 10C-3L
41 38 34 38 36
25075 19325 18175 23100 14000
(111.5) | (85.86) | (80.84) | (102.7) | (62.27)
34D-3K | 22E-3K | 30A-3K | 25B-3k | 25E-3K
38 34 38 36 38
21250 12000 20100 17225 21725
(94.52) | (53.37) | (89.40) | (76.62) | (96.63)
8032 4390 8499 5387 7679
-2804 -1073 -3975 -2651 -3203
PVC
34D-3L | 22E-3L | 30A-3L | 25B-3L | 25E-3L
38 34 38 36 38
19625 18375 21000 15250 18000
(87.28) | (81.73) | (93.41) | (67.83) | (84.51)

Refer to Fig. 6-1 for a description of cell information.
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6.4.2 Axial Test Fallure Patterns

Under axiai loading the falilure of the vell lined tubes was slow and

progressive. Failure of these tubes can be considered to have occurred

in two stages.

In the first stage of failure, the first indication of distress would
be that the tube would start to tick. The first sign of fallure would
be the appearance of a small patch of whitening along the hoop
direction. The tube would then bend slightly and the patch would
spread around the tube. Damage to the tube was a crack in the
corrosion liner, and above this area failure of the resin of the
filament winding layer. This was considered the failure point of the
tube and the event resulted in a drop in applied load. Further
increase in load would cause the resin of the filament winding layer
to break up further, causing the whitening band to grow axially. The
filament winding layer would rotate slightly, and some slight necking

could be seen.

After the initiai failure, some tubes would enter the final stage of
failure. The final stage of fallure was the result of the glass
filaments breaking. This would often start as a small, localized
failure followed by a wave of breaking filaments moving around the
tube. The appearance of a tube that failed in this single band of

failure manner is shown 1in Fig. 6-33.
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Fig. 6-33: Single band type of failure, veil lined tube.

Other tubes would repeat the first failure stage, and these bands
would grow and merge axially until a third of the tube length was
involved and necking was observed. The failure load of a subsequent
fallure would generally be higher than the failure load preceding it.
Eventually, the tube would move into the final stage of failure. Fig.

6-34 shows the appearance of a tube that failed in this manner.
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Fig. 8-37: Appearance after testing, tube

167

33B-3G.



Fig. 6~38: Appearance after testing, tube 2BE-3F.
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Necking of tube during testing.
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6.4.3 Strain versus Load

2 and the Poisson’s ratio v,, versus applied

Figure 6-40 shows €., €
load for PVC lined tube 21A-3C under axial loading. The results show
that the axial strain is positive and the hoop strain is negatlve.
Both strains are non linear. The slope of the stralin lines increases

as load increases. The Poisson's ratio keeps the same slope throughout

the test.
Microstrain Poisson's Ratio
24000 1
—— HOOP
16000 —— AXIAL 40.8
—#*~ POISSON'S RATIO
8000 - 0.6
Vi2

0 -~ fzﬁ 10.4
*W

-8000 - 10.2
-16000 —— —4 {— } + 0
0 5000 10000 15000 20000 25000 30000
Load (Ibs)
L 1 1 1 L i { J
0 20 40 60 80 100 120
Load (kN)

Fig 6-40: Strain and Poisson’s ratio versus load
graph for PVC lined tube 21A-3C
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Figure 6-41 shows €.+ €, and the Poisson’s ratio v, for a veil lined
tube under axial loading. This graph shows the same trends as the PVC

lined tubes under axial loading.

Microstrain Poisson’'s Ratio

24000
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16000 —— AXIAL 410.8
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8000 0.6

v
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T
—

-8000 | 102
-16000 4 t + 4 } 0
0 5000 10000 15000 20000 25000 30000
Load (Ibs)
| i . ] | | L i
0 20 40 60 80 100 120
Load (kN)

Fig. 6-41: Strain and Poisson's ratio versus load
graph for veil lined tube 7C-3I.
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CHAPTER 7. Analysis of Test Results

The purpose of this section is to analyze the test results for

indications of how the tubes were affected by their environments.

7.1 Applied Stress at Failure Versus Exposure Time

Perhaps the most obvious analysis of the experimental results is the

plotting of failure pressure or fallure load versus exposure time.

7.1.1. Veil Lined Tubes

The results from the hoop, biaxial and axial tests for the air aged
veil lined tubes are presented 1in Figures 7-1, 7-2, and 7-3
respectively. For the hoop and biaxial tests, Figures 7-1 and 7-2 show
that the failure pressure remained fairly constant over time with a
minimum of scatter. The axial test results show a much higher degree
of scatter than the hoop and biaxial test, but in general the failure

load remained fairly constant.
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Failure Pressure (psi) Failure Pressure (MPa)
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O AR - 25
3000 - 20
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© o] 8 8
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-5
O 1 T T 1 T T { L] T T 1 T o

0O 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Months of Exposure

Fig. 7-1: Hoop test failure pressure versus exposure time,
veil lined tubes exposed to air.

Failure Pressure (psi) Failure Pressure (MPa)
C AR 4125
3000 {20
0O 1156
2000 o o g 6
(@]
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1000 -
4156
0 1 i i i 1 1 1 4 1 1 I i [ 0

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Months of Exposure

Fig. 7-2: Blaxial test failure pressure versus exposure time,
vell lined tubes exposed to air.
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Failure Load (ibs)

Failure Load (kN)
40000
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Fig. 7-3: Axial test failure load versus exposure ﬁime.

vell lined tubes exposed to air. -\
"\
\

i
|
Figure 7-4 shows the results from the hoop test for hot and |

~old water

i
i
aged tubes. This graph has two interesting features. First\it shows

that despite different failure modes, there is little d&f‘ference

between type I and type Il fallure pressure for a given envi\ronment.
\

Secondly, it shows that the hot water exposed tubes failed a\a_t lower

§

[
pressure than the tubes exposed to room temperature water. 4
i
i

|
Figures 7-5 and 7-6 show the results from the biaxial and axial '\tests

respectively for the hot and cold water aged veil lined tubes. A}\zain.

they show the failure pressure or load of the hot water aged tube\; is

\
less than that of the cold water aged tubes. The reduction} in
]

\
\
4
\
|
\
3
|
\
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performance of the hot water aged tubes is apparent after 6 months

exposure

and changed 1little with continued exposure. Again,

the

scatter with the axial test results is much greater than with the hoop

and bjaxial test results.

Failure Pressure (psi) Failure Pressure (MPa)
4000
¥ HOT WATER X  COLD WATER 28
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3000 - L 20
2000 A - 18
-
.x & = >
i g z  t10
1000 o & < £ ®
€ E = L
& 5
0 + T T T T T T 1 T L 1 1 T 0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Months of Exposure
Fig. 7-4: Hoop test failure pressure versus exposure time,

vell lined tubes exposed to hot and cold water.
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The final comparison for the veil lined tubes is to plot all the
results for a given test on the same graph to compare the different
environments. Figures 7-10 and 7-11 show the results of plotting
fallure pressure versus exposure time for the hoop test and biaxial

test respectively. Figure 7-12 plots failure load versus exposure time

for the axial test.

Fallure Pressure (psi) Failure Pressure (MPa)
4000
% HOT HCI ¥ HOT WATERJ COLD HCI £ COLD WATER[ 25
0O AR E HWATER N+ HHCIII X C WATER I
3000 r20
o) 8 o Fr186
2000 ~ 3 =
R = g X =] o E28 x 8
Q X - B - 10
M S
1000 - +4 + x
e E ® E + I~ 5
0 T ] T 1 T ¥ T T i T T 1 ] o

O 3 6 9 12 15 18 21 24 27 30 33 36 39 42
Months of Exposure

Fig. 7-10: Hoop test fallure pressure versus exposure time,
veil lined tubes, all environments.
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Fig. 7-11: Biaxial test failure pressure versus exposure time,
veil lined tubes, all environments.
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Fig. 7-12: Axial test fallure load versus exposure time,
veil lined tubes, all environments.
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Despite a fair amount of scatter and differences in failure modes
there is a common pattern in these three graphs. With reference to the
alr aged samples, those tubes exposed to the room temperature
environments had roughly the same failure pressure or load as the air
aged tubes. Tubes exposed to hot water or hot HC1 had a significantly

lower fallure pressure or load than the air aged samples.
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Plotting failure pressure versus exposure time for the hoop and
biaxial test results of the PVC lined tubes exposed to hot and room

temperature HCl are shown in Figures 7-16, and 7-17.

Even when the different failure modes are accounted for, Figure 7-16
shows a very high degree of scatter in the results. Comparing the
crack and spray type failure results (non-explosive) it appears that
the cold HCl exposed tubes fall at a higher pressure than the hot HCl
exposed tubes. The hot HC1l explosive failures where also higher than
the hot HC1 non-explosive failures. No clear conclusion can be reached

with the cold HCl explosive fallures.

Failure Pressure (psi) Failure Pressure (MPa)
4000
X HOT HCI ©  COLD HcCI 125
> HOT HCI EXPLOSIVE * COLD HCl EXPLOSIVE
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8
x D 7 s
2000+ -4 o
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0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
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Fig. 7-16: Hoop test failure pressure versus exposure time,
PVC lined tubes exposed to hot and cold HC1.
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The results for the biaxial test, shown in Figure 7-17, shows that the

hot HCl exposed tubes failed at lower pressures than the cold HCI

exposed tubes.

Failure Pressure (psi) Failure Pressure (MpPa)
4000
% HOT HC! O COLD HCI 125
3000+ 1ao
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B O .
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0O 3 6 9 12 15 18 21 24 27 30 33 36 39 42
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Fig. 7-17: Biaxial test fallure pressure versus exposure time,
PVC lined tubes exposed to hot and cold HCl.
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Plotting failure load versus time for the PVC lined tubes exposed to
hot and cold HCl, Figure 7-18, shows that there was little difference
in the fallure load of the hot and cold HCl exposed tubes. The result

is similar to that seen in Fig. 7-15.

Failure Load (Ibs) Failure Load (kN)
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0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
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Fig. 7-18: Axial test failure load versus exposure time,
PVC lined tubes exposed to hot and cold HC1.
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The final two environments to be considered are air and sulfuric acid.
From the hoop test results, Figure 7-19 shows that the non-explosive
failure pressure of the sulfuric acid exposed tubes seems to decrease
with increasing exposure time. The pressure of the first explosive
failure was significantly higher than the highest non-explosive
failure pressure. The pressure of the second explosive failure is
slightly lower than the highest non-explosive failure pressure, but
significantly higher than its test point companion. In both cases the
tubes share a common mother tube, 26C for test point 3 (19 months) and
27B for test point 5 (32 months). The two results from air exposed

tubes had failure pressures slightly below the 1lowest results for

sulfuric acid exposure.

Failure Pressure {(psi) Fallure Pressure (MPa)
4000
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Fig. 7-19: Hoop test failure pressure versus exposure time,
PVC lined tubes exposed to sulfuric acid and alr.
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Fig. 7-24: Axial test failure load versus exposure time,
PVC lined tubes, all environments.
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7.2 §. s and V of Falilure Pressure or Load

The next obvious step is to calculate the mean (§). standard deviation
(s) and coefficient of variance (V) for the failure pressure and

failure load results for each liner/environment combination.

For the hoop test results the mean, standard of deviation and
coefficient of variance are given in Table 7-1. Note that the PVC

lined tubes’ results are only for the crack and spray fallure results.

Table 7-1: Mean failvre pressures,
standard deviation, and coefficient
of variance. Hoop test results.

WATER HCl (35%) H,SO,

AIR 20°C 80°C 20°C 50°C (98%)
VEIL 12.57 11.29 6.83 11.862 5.86
TYPE 1.01 1.12 0.85 1.72 1.33
I 8.1% 9.4% 12.5% 14. 8% 22.7%
VEIL — 10.96 5.28 — 5.83
TYPE —— 0.65 1.41
I1 12.2% 24.1%

PVC 11.82 12.97 10. 47 14.16 11.14 15. 49

——— 0.89 1.99 2.76 1.41 2.41

6.9% 19.0% 19.6% 12.7% 15.5Y%

%x and s are in MPa
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For the veil lined tubes Table 7-1 shows that air has the highest mean
fallure pressure followed closely by cold water then cold HCl. There
Is then a significant drop to the mean fallure pressure of hot water
which is followed closely by hot HCl. The coefficient of variance

varies

For the PVC lined tubes, Table 7-1 shows that the highest mean failure
pressure was from tubes exposed to sulfuric acid. The next highest
mean fallure pressure was from tubes exposed to cold HCl, then cold

water, air, hot HCl1l and the lowest was hot water.

Table 7-2 gives the mean, variance and coefficient of variance for the
results from the biaxial test. For the veil lined tubes the highest
mean fallure pressure was from specimens exposed to air. The next
highest was cold water followed closely by cold HCl. There is a
significant drop to the mean failure pressure of the hot HCl tubes and
another significant drop to the lowest mean failure pressure, that for

hot water exposed tubes.
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Table 7-2: Mean fallure pressure, standard
deviation, and coefficient
of variance. Blaxlal test results.

WATER HC1 (35%) H,SO,
AIR 20°c 80°C 20°C 50°C (98%)
VEIL| 13.29 11.45 6.77 11.12 9.03
0.82 0.99 0.98 1.83 1.76
6. 3% 8. 6% 14.5% 16. 4% 18.5%
PVC 13.89 11.00 13.38 7.08 15. 19
1.26 0.63 2.00 0.90 2.61
16. 3% 5. 8% 14.9% 12. 7% 17. 2%

X and s are in MPa

For the PVC lined tubes under biaxlal stress, Table 7-2 shows the
highest mean failure pressure is found with the sulfuric acld aged
specimens followed by cold water, and cold HCl. The mean fallure
pressure of tubes exposed to hot water is some 2.3 MPa below cold HCI

and tubes exposed to hot HCl have a mean fallure pressure 6.54 MPa

below cold HCl.

Table 7-3 shows the mean, standard deviation, coefficient of variance

for the results from the axial test.

For the veil lined tubes the highest mean failure load is shown by air
exposed specimens. The second highest failure load 1s shown by cold
HC1 followed closely by cold water. There is a significant drop in
mean failure load for the hot HCl specimens which is followed closely

by the hot water aged tubes which have the lowest mean fallure load.
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Table 7-3: Mean fallure load,
standard deviation, and coefficient
of variance. Axlal test results.

WATER HC1 (35%) H,SO,
AIR 20°c 80°C 20°C 50°C (98%)
veIiL| 101.19 86.20 74.95 96.56 73. 21
10.29 9.39 6.85 16.02 12.07
10.2% 9. 8% 9. 1% 16.6% 17. 9%
pvCc | 95.35 87.16 82.91 81.19 75. 47 86. 19
9.04 6.56 13.52 9.98 11. 80 12.88
9. 5% 7.5% 16. 3% 12. 3% 15. 6% 14.9%

x and s are in kN

For the PVC lined tubes, Table 7-3 shows that the highest mean failure
load is shown by the air aged tubes. In descending order, the mean
failure load is as follows: cold water, sulfuric acid, hot water, cold

HCl, and hot HC1.

In general, these results show that the highest failure loads/pressures
are found with tubes that are aged in air or sulfuric acid. The next
highest failure loads/pressures are found with the room temperature
water and HCl. The lowest fallure loads/pressures are found with the
hot HCl and hot water exposed specimens. This trend was found with

both the PVC lined and veil lined tubes.
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7.3 Experimental Straln at Failure versus Theoretical

By plotting the experimental strain at fallure onto the appropriate
strain space failure envelope and loading path graph, It is possible

to compare the experimental and theoretical results.

7.3.1 Veil Lined Tubes

The surface strain at failure from the hoop, biaxial and axial tests
for the veil lined tubes are plotted onto the theoretical strain space

failure envelope for the veil lined tubes in Fig. 7-25.

The results from the biaxial and axial tests form clusters along their
respective theoretical loading paths while the hoop test results form
a cluster just to the left of their theoretical loading path. The
results for all test start well inside the failure envelope. The
result from the hoop and axial tests extend to the mat layer failure
envelope while the biaxial results extend to the edge of the filament

winding layer failure envelope.

Figure 7-26 shows the hoop test results alone. The results from the
hot water, water and air aged specimens form distinct clusters. The
results from the hot HCl expcsed tubes are spread out slightly along
the hoop loading path while the results from the cold HCI exposed

tubes are well spread out.

198




HOOFP STRAIN
11—

EC2> X

30 . e e et e ..“."\ [N s b e e e s ..,, e e wer v e ans
\
\ HOOP LOADING PATH BIAXIAL LOADING PATH
\l
20
f"”’
‘.lg‘
/l
10 |- /
§
§ /" ,
( ,
) l\ 7/
-1 -0 AIR \\ \\ , FILAHENT HINleIG y oxmL Lon ING PA
% HCl
¢ HCl 50°C \ \\H"""
V MATER AN "‘\ﬁ..,,__,_—f“/ /
¥ LATER 20°C \\\
-29 |- — u»f*”#' UE]L
-30 bW | N 1 i | i
-30 -20 -10 3 10 20

AXTAL STRAIN: EC1) X 10-3

Fig. 7-25: Experimental results plotted onto the theoretical
fallure envelopes and loading paths in strain space,

veil lined tubes.
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The results for all tests are clustered along their respective loading

paths. The experimental results for the axlial test form a tight
cluster centered near the theoretical first ply failure point, with
the exception of one point. The experimental results for the biaxial
test form a cluster that is centered near the theoretical first ply
fallure point for biaxial loading. However, this cluster shows a lower
Poisson's ratio than the theoretical value. The experimental results
from the hoop test form a cluster nearly centered on the theoretical
hoop loading path. This cluster starts well inside the filament
winding failure envelope and extends to the edge vell layer failure

envelope.

This graph also has a few interesting points. The lowest strain at
failure for all tests was from those tubes aged in hot HCl (solid
diamond). The highest strain at failure was from those tubes exposed

to room temperature HCI.

Fig. 7-30 is a close-up of the results from the hoop test on the PVC
lined tubes. With the exception of one point, the lowest failure
strains tended to be from those tubes exposed to hot HCl or hot water.
The highest strains at failure were from those tubes exposed to cold
HCl. Results from the other environments were scattered between the

two extremes.
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Fig. 7-31 is a close-up of the results from the biaxial test on the
PVC 1lined tubes. Due to the limited results and scatter no clear
trends could be determined. However, the lowest failure strains were

shown by those tubes exposed to hot HCI.
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Fig. 7-31: Experimental results plotted onto the theoretical
failure envelopes and loading paths in strain space.
PVC lined tubes, biaxial test.
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Filg. 7-34 shows the results of tube 2D-2I plotted with the theoretical
hoop strain, axial strain and Poisson’s ratio for biaxial stress on a
veil lined tube. In this case there is a near perfect match in axial
strains while the experimental hoop strain is slightly lower than the

theoretical one. The Poisson's ratios are also very close.

Microstrain Poisson's Ratio
24000
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Fig. 7-34: Stress-strain graph, 2D-2I1 and theory.
(Biaxial stress, veil lined tube)
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Fig. 7-35 shows the results of tube BC-3C plotted with the theoret ical
hoop strain, axial strain and Poisson's ratio for axial stress on a
veil lined tube. The hoop and axial strains are very close and the
experimental Poisson’s ratio runs nearly parallel to, and slightly

higher than the theoretical values.
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Fig. 7-35: Stres:-strain graph, 6C-3C and theory.
(Axial stress, veil lined tube)
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In Figure 7-36 tube 23E-1E's experimental results and the theoretical
hoop, axlal strain and Poisson’s ratio for a PVC lined tube under hoop
loading are plotted together. Fig. 7-36 shows that the experimental
and theoretical hoop and axial strains are reasonably close. It also
shows that the tube exhibits increasingly lower modulus with

increasing pressure. There is a significant difference in Poisson’s

ratlos.
Microstrain Poisson's Ratio
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Fig. 7-36: Stress-strain graph, 23E-1E and theory
(Hoop stress, PVC lined tube).
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Fig. 7-37 shows very close agreement between the results for tube

26E-2G and the theoretical results for biaxial loading on a PVC

lined tube.
Microstrain Poisson's Ratlo
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Fig. 7-37: Stress-strain graph, 26E-2G and theory.
(Biaxial stress, PVC lined tube)
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The explosive failure mode of the PVC lined tubes is centered on the
PVC liner. In this case the PVC acts as a flexible liner. At first
there is a small area of resin fallure, it cracks and breaks up
producing a spot of whitening. The filament winding strands are now
free to move and realign themselves to support the load. As the
internal pressure increases so does the pressure on this weak spot
causing it to grow. At some point, without the load distribution
effect of the matrix, filaments of the filament windlng start to break

causing a cascade effect of fibers breaking in rapld succession.

Without the support of the filament winding layers the PVC liner
ruptures and is ejected violently from the tube. The contribution of

the veil and mat layers is negligible.

When a veil lined tube is loaded axially in tension there is a
tendency for the filament winding layer to rotate to align with the
load. This has two effects, the development of in-plane shear stresses

and a compressive effect where the tube wants to collapse into itself.

With the axial tension test, the principle tenslle stress 1s in the
longitudinal direction so a crack perpendicular to this would be
expected. At some point during loading the weakest part of the tube

fails. This highly localized failure is seen as a small patch of
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whitening oriented in the hoop direction. Several things happen at
this site. The corrosion liner cracks and the resin of the filament
winding layer breaks up. This results in a sudden localized elongation
and, free of the resin, the {!lament winding fibers rotate towards the
longitudinal direction and unload slightly. This would allow the tube
to bend slightly, assisting the spread of damage around the tube. Once
the damage encircles the tube, the load in this area is completely
supported by the glass fibers of the filament winding layer. In some
cases these events occur so rapidly that the whitening band appears to

develop around the tube in one step.

As loading continues the events would be repeated over again at
another location and the external damage would vary from tube to
tube. Rotation of the fibers also means that they must move radially
inward. This compressive and inward pulling action of the glass fibers

would also influence failure.

With the PVC lined tubes the PVC liner has a stabilizing effect, by
preventing collapse inward and delaying the initial localized failure
seen with the vell lined tubes. Again, it is not clear which layer of
the corrosion liner falls first. Once the PVC liner cracks the FRP
above it follows resulting in the sudden appearance of a band of
whitening around the tube. In this area the corrosion liner splits and
the resin in the filament winding layer breaks up. The glass filaments

now rotate to align themselves with the load and loading can continue.

218



Final failure of both the veil lined and PVC lined tubes occurs when
the tensile strength of the filament winding ls reached, and the glass

fibers fail.
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CHAPTER 8. Conclusions

There are several conclusions that can be drawn from the results of

this proJject.

Perhaps the most obvious conclusion that can be drawn from the results
of the project is that a given class of chemical solution will give a
characteristic type of  appearance change in a laminate.
The appearance change can be defined by four main points: colour,

opacity, blisters and time.

The fuming and production of highly acidic droplets by both veil lined
and PVC lined tubes exposed to 50°C HCl demonstrated the absorption of

fluids by vinyl ester resins and PVC.

The chemical resistance of Derakane” 411-45 resin to 21°C air, 21°C
water and 80°C water, as indicated in Dow’s Chemical Resistance and
Engineering Guide, was confirmed by the performance of the veil lined
tubes. The results also showed chemical resistance to HC1 (35%) at
21°C and 50°C, and lack of chemical resistance to 21°C sulfuric acid

(98%).

The chemical resistance of CPF Dualam’s Dual laminate design was found
to match the veil lined tube’s performance with one notable exception.
The use of a PVC corrosion liner allowed the use of Derakane" 411-4S5

in a 21°C sulfuric acid (98%) environment.
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In general, the average performance of the PVC lined tubes was better
than the veil lined tubes under hydrostatic loading. This increase in
performance was due to the fact that at low pressure the veil liner
developed cracks that lead to failure. At the same pressure the PVC
would remain intact. The trade off for this is that there was a lack

of visual clues indicating impending failure with the PVC lined tubes.

Plotting the failure pressure or load versus time showed that failure
pressure or load of a given tube/environment combination was generally
constant with respect to time. There were no obvious trends other than
the drop in failure pressure or load of the tubes exposed to the
elevated temperature environments compared to their room temperature
counterparts. This drop occurred by the first test point, and was most
obvious with the hoop and biaxial test results and less so with the
axial test resul.ts. The drop in fallure pressure or load was more

evident with the veil lined tubes.

The stress-strain behavior of both types of tubes under hoop stress
was found to be nonlinear and closely resembled the typical
stress~strain behavior of E-glass/epoxy tubes. Under blaxlial stress
and axial stress the vell lined and PVC lined tubes had a linear or
very nearly linear stress-strain behavior. Compared to E-glass/epoxy
under biaxial stress, the hoop strain responses of the veil and PVC
lined tubes type were similar to the E-glass/epoxy tube's response,

while the axial strain responses were different. The appearance of
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some veil lined tubes after final failure by fracture under tensile

axial load was similar to that seen with E-glass/epoxy tubes.

Comparing the stress-strain behaviors of tubes subjected to different
environments indicated that there were no dramatic changes in

behavior.

It was found that the stress-strain relations gave accurate
predictions of behavior. The theoretical stress-strain behavior of the
tubes under hoop stress can be considered to be good 1linear
approximations of the hoop test results for both tube types. For the
biaxial and axial stress tests the theoretical results were very close

to the experimental results.

The limitations of failure envelopes base. upon uniaxial laminate
properties was also shown. The theoretical failure envelopes predicted
FPF of the filament winding layer. This was not reflected in the
fallure patterns observed during the internal pressure tests which
seem to Indicate that fallure commences with the loss of integrity of

the corrosion liner.

Comparing the experimental results for strain at failure and the
faillure envelopes in strain space showed that the failure envelopes
were only successful in predicting the loading path for both tube
types and the three loading conditions. The scatter and highly 1local

nature of the experimental straln results limited analysis for trends.
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Rating the aggressiveness of the environments based on the visual
changes and the reduction In performance during testing from most to
least aggressive: room temperature sulfuric acid (vell lined tubes),
HCL 50°C. water 80°C, room temperature HCL, room temperature water,
air (veil lined tubes) and room temperature sulfuric acid (PVC lined

tubes).

This project and its results also gives rise to certaln questions:

- Why do the tube’s appearances change the way that the do 7

~ What are the mechanisms of strength reduction ?

-~ How would tubes exposed to 50°C or 80°C air perform ?

- Were there any effects on the results that can be explained
by tube lineage and how they were distributed for aging ?

- Are the results from this project repeatable, especially in the
field under working conditions 7

- How would aged tubes behave under cyclic loading ?

- What relation does strength reduction have to temperature ?

- Are there any elements being leached ocut of the tubes by

their contents ?

With the use of case studies to guide FRP design, it is hoped that the
results from this thesis demonstrates the sultability and potential
performance of CPF Dualams’ dual laminate design when exposed to 20°C

water, 80°C water, 20°C HCl (35%), 50°C HCl (35%) and 20°C H_S0,(98%).
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APPENDIX 1

A computer program to calculate the fallure envelope of a given layer
of a given laminate using unidirectional strength values and the
quadratic interaction failure criterion.
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260
270
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280
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310
320
330
340
350
360
370
380
380
400
410
420
430
440
450
460
470
480

PRINT"COMPOSITE MATERIAL FAILURE ENVELOPE PROGRAM"
PRINT"COPYWRITE 1981" : INPUT"WHAT LAY-UP";E$
DEFDBL A-E,G-H,M-Y :DEFINT I-L,2 :DEFSNG N

DIM EAA(21,4), EBB (21,4)

* ENTER LAMINATE'S NORMALIZED COMPLIANCE
INPUT "allh (TPa)-1 =";A(1,1)

INPUT "a22h (TPa)-1 =";A(2,2)

INPUT "aB6h (TPa)-1 =";A(3,3)

INPUT "al2h (TPA)-1 =";A(1,2):A(2,1)=A(1,2)
INPUT "al6h (TPa)-1 =";A(1,3):A(3,1)=A(1,3)
INPUT "a26h (TPa)-1 =";A(2,3):A(3,2)=A(2,3)

' ENTER LAYER INFORMATION

INPUT "SPECIFY LAYER le: PVC,VEIL,...";D$
INPUT "LONGITUDINAL TENSILE X (MPa)";X(1)

INPUT "LONGITUDINAL COMPRESSIVE X' (MPa)"; X(2)
INPUT “TRANSVERSE TENSILE Y (MPa)";Y(1)

INPUT "TRANSVERSE COMPRESSIVE Y' (MPa)";Y(2)
INPUT “LONGITUDINAL SHEAR S (MPa)"; S(1)

INPUT LAYER THICKNESS (M) ";S:S=1!

INPUT "QXX (GPa) = ";QXX
INPUT "QYY (GPa) = ";QYY
INPUT "QXY (GPa) = "“;QXY
INPUT "QSS (GPa) = ";QSS

* CONVERT EVERYTHING TO GPa
FOR I=1 TO 3
FOR J=1 TO 3
AA(I,J)= A(I,J)/1000
NEXT
X(I)/1000
Y(I1)/1000

X(1)
Y(I)
NEXT
s(1)
2=0%

S(1)/1000

* CALCULATION OF STRENGTH PARAMETERS IN STRESS SPACE

1]

FXX = 1/(X(1)*X(2)): PRINT "FXX = ";FXX

FX = 1/X(1) - 1/X(2) : PRINT “FX = ";FX
FYY = 1/(Y(1)*Y(2)) : PRINT FYY = “;FYY

FY = 1/Y(1) - 1/Y(2): PRINT "FY = “;FY

FSS = 1/S5(1)°2 : PRINT "FSS = ";FSS
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2240
2250
2260
2270

2280
2290
2300
2310
2320
2330
2340
2350

2360
2370
2380
2380
2400
2410
2420
2430
2440
2450
2460
2470
2480
24390
2500
2510
2520
2530
2540
2550
2560

2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670

FOR 2= -10% TO 1
Z2C = 2+10

N(1)=1%: N(2)=2/
LPRINT USING "##

0 STEP 1#
10#: N(3)=0#%

###. #";N(1);N(2); N(3),EAA(2C, 1),EAA(2ZC,2)
EBB(Z2C, 1),EBB(2C, 2),EBB(Z2C, 3)

RANGE (1,1) TO (0,1)

\ll; IIN(1)II; IIN(Z)II: IIN(S) Il' "S="' llsl=ll. I|X=II

 EAA(ZC, 3),

NEXT
LPRINT "*
LPRINT “ FOR THE
LPRINT ""
LPRINT USING "\

, IIY=II' llx' +ll’ lly'=ll
LPRINT “"
FOR Z=10# TO O# STEP -1#

N(1)= Z2/10#; N(2
X=04#
FOR K=1 TO 3
FOR F=1
X=X+H(K,
NEXT
NEXT
Y=0#
FOR J=1 TO 3
Y=Y+HH(J)*N(
NEXT
Q=(Y/(2*X))~2
RP = (SQR(Q+91/X
RM = O# - (SQR(Q

) = 1#: N{3)= o#

T0 3

F)*N(K)*N(F)

J)

1))-(Y/(2*X))
+(1/X)))-(Ys(2*X))

NA(1) = (RP*N(1))
NA(2} = (RP*N(2))
NB(1) = (RM*N(1))
NB(2) = (RM*N(2))
LPRINT USING "######.#";N(1);N(2);N(3); INT(RP*10004)
» INT(RM* 1000#), NA(1)*1000#, NA(2)*1000%#, NB(1)*1000#
»NB(2)*1000%
EA(1)=0:EA(2)=0:EA(3)=0:EB(1)=0: EB(2)=0:EB(3)=0
FOR I=1 TO 3
FOR J=1 TO 3
EA(I) = EA(I)+A(I,J)*NA(J)
EB(I) = EB(I)+A(I,J)*NB(J)
NEXT
EAA(Z,1) = EA(I): EBB(2Z,1) = EB(1)
NEXT: NEXT
LPRINT ""
LPRINT USING "\ \u; "N(l)"; "N(Z)"; ”N(B)"; "E(l)"; nE(z)u
; "E(S)", 8 ol (1)"; np (2)", uEn (6)"
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2680 LPRINT "

2690 FOR Z=10% TO O# STEP -1#

2700 N(1)=2/10%: N(2)=1#: N(3)=0#

2710 LPRINT USING “######. #":N(1);N(2);N(3),EAA(2Z,1),EAA(Z,2),EAA(Z,3)
,EBB(Z,1),EBB(Z,2),EBB(Z,3)

2720 NEXT

2730 INPUT "ANOTHER LAYER ANGLE (Y OR N)";B$

2740 IF B$="Y" GOTO 570

2750 INPUT "ANOTHER LAYER (Y OR N) N TO EXIT";C$

2760 IF C$=Y GOTO 170

2770 IF C$=N GOTO 2780

2780 GOTO 2750

2790 END
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