The inhomogeneities factor considered by Meskblatt covers the
aspect f void content, manufacturing defects and curing incon-
sistencies. In BS 4994 this is accourted for by the curing

factor. The particular analyses of safety factors by the pro-
cedures results in a safety factor between 6 and 10 for the
Merkblatt and 8 and 20 for BS 4994. The American design proce-
dures tend to predominantly use a factor of 10, Pearson (1966)
and ASTM D3299 (1974). It must be remembered that the lower
limit of :he BS 4994 safety factor has increased from 6, BS 4994
(1973), to 8 in the latest revised version (1925).

Strain:

The most prominent cause of GRP failure is as a result of de-
t ading along the fibre/matrix interface Jones (1975). An at-
tempt to link isotropic thin shell theory to GRP design
applications has resulted in the recommendation of a desiyn
strain limitation. This limitation would consider the differ-
ence in strain between the fibre and the matrix structure.

BS 4994 recognises a CRP vessel design to be either strain or
load limited. In tais respecc it supplies a design strain lim-
itation of 0.2% or 0.1 X resin strain, whichever is smaller, to
be sufficient. This applies particularly to handlaminated or
spray-up manufacturing techniques. The 0.2% strain limit has
been chosen according to the findings of work performed on loaded
laninates. The generalised elastic load extension behaviour of
GRP shows irregularities at strains of 0.2% - 0.3% O.en (1981).
Research undertaken by Owen (1982), confirms this by indicating
that resin microcracking and dewvonding occurs in this strain
range.

Filament Winding:
For filament winding a strain limitation of 0.1% is required.

This is in agreement with ASTM D3299 and the Owens Corning (1966)
design criteria. Isham (1967) describes a unique temperature
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dependent vessel design approach for filament wound vessels and

p—

considers this strain limitation suitable.

Design Data (1981), using laminate theory for GRP laminates ex-
plained in Lubin (1969) and in work performed by Krenchel (1964),
are able to provide optimum winding angles for cylindrical fil-
ament wound shells under specified internal loads. The tech-
niques mentioned are of a rigorous mathematical nature and
relatively unsuitable for design applications. In studies
undertaken by Eckold (1985), a design method for filament wound
shells is developed. This method has been incorperated into BS
4994 (1985). It provides results which when compared tc those
of laminate theory produce laminates up to twice the latter
method's thickness. The applicability of this theory to the
vessel design should thus be carefully anclysed.

Netting analysis, utilising a geometrical approach, is another
optimisation method suggested by Blythe G. (1983). Although
successfully used, it requires that the hoop stress be twice that
of the longitudinal stress. Further shortcomings found by
Shibley (1969) are that the analysis considers the fibres to be
the load carriers and the resin matrix to be the fibre supports.
Also the Poisson's ratic and the resin modulus of elasticity
which contribute largely to the modelling of the unidirectional
laminate are not included. Jcnes H.L. (1968) reinforces this
view by indicating that netting analysis has its limitavion in
describing the stress levels. The netting approach will demon-
strate different laminate moduli at below one third ultimate
stress levels when compared to loads approaching rupture. Fur-
thermore he states that long term fatigue, cyclic loading and

shear engender unique phenomena beyond the scope of netting
analysis. The filament wound laminate response to torsion or
flexure cannot be effectively analysed with netting thecry but

rather by macromechanical theory.

Design research performed by Isham (1967) indicates a temper-
ature dependent vessel design procedura., A linear relationship '?ﬂ
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between the specific gravity of the vessel contents, strain-and
wall thickness is equated to the operating temperature. A
shortfall of the theory is that besides using short term material
data for chemical environments, the option of finding a wind
angle has to be considered using alternative theory ie. netting
analysis or macromechanical laminate theory.

Nozzle Attachments:

BS 4994 using specified material lap shear strongths , deter-
mines the Unit Strength of the wall laminate anu the loss in
laminate strength due to a cut out ( pipe diameter ). A com-
pensation overlay diameter is found with a suitable laminate
layup. The approach offered by Dow (1980) however, bases the
laminate overlay dimensions directly to shell thickness. By
using specified factors the overlay diameter, pipe overlay
length and thickness are found. Merkblatt utilises the hoop
stress formulae with pre-determined weakening factors to find a
minimum shell thickness in the region of the pipe. This approach
must be performed in both the longitudinal and transverse di-
rections with the relevant weakening factors. Both the ASME X
and the ASTM D3299 utilise the equal areas replacement metiod.
The diametes of the overlay is set to two times the diameter of
the pipe. The ASTM D3299 further stipulates the pipe compen-
sation overlay lengths. These are prorortional to the thickness
of the pipe wall.

To meet the requirements of vessel design, the procedures ana-
lysed do not all offer complete analytical design steps. BS 4994
provides an attempt to fully design GRP vessels while consider-
ing all aspects of the requirements of hvdrostatic, internal and
external pressurised vessels. It covers seams, pipe branches
and vessel wall structures for a range of vessel ends, ie.
hemispherical, semiellipsoidal, torispherical and cone. The
manufacturing procedures used are also those most widely used
in South Africa, mainly as a result of the type of glass and
resin product available, ie. glass mats, continuous roving and

Introdt *ion 7




liquid resin. Together with this it is contimwally revised and
the recent update offers less conservative material design Unit
Strengths and Extensibilities when compared to the 1973 version.
As a result of these aforementioned reasons BS 494 has been used
as the basis of the theory for the GRP vessel research project.

1.1.2 STRESS CONCENTRATIONS AROUND NOZZLE
ATTACHMENTS.

Recent years have seen a consicderable improvement ir pressure
vessel design particularly those made of steel. A large number
of design computer programs are available which can be utilised
for obtaining optimum dimensions and material requirements of a
vessel. Together with this investigations can be performed on
high stress ragions such as seams and nozzle attachments using
elastic and finite element analysis techniques.

Regions with discontinuities in ilope, racius 2nd thickness are
cause for increased material stress. The aspect of nozzle at-
tachments thus is of prime concern in vessels used in high
pressure applications. Steel materials because of their
isotropic nature, have permitted satis. :tory correlations be-
tween theoretical and experimental stress analysis results,
Ritching (1965). The results obtained from an elastic stress
model ara further reported to be reliable for use as a design
method. '

Limited literature is available covaring stress analyses around
nozzle attachments on GRP pressure vessels. For this reason it
was necessary to cover literature which percaine! specifically
to vessels of steel construction, with refererces to GRP liter-
ature where applicable in the various instances.
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The concept of stress compensation entails the strengthening of
the region around the nozzle area by means of increasing the
local wall thickness. T is achieved either by welding a pad
over the specified local «. . increasing the overall vessel
wall thickness or by iner g the ~wezzle wall thickness.
Megyesy (1981), indicated thast '» inherently reinforced opening
is one which is attached to a shell »f twice the required wall
thickness. This vesults in the halving of the expected stresses
in the regzion of the opening. An increase in wall thickness near
an opening also results in a decrease in the local strain due
to bending, with a resultant drop in stress as by indicated
Fukunaga (1983) and Kitching (1965). Further to this, the com-
pensation material may be placed outside the ,hel', inside the
shell or on both sides of the shell near the location of the
opening. From studies by Bickell (1967), it was shown that the
compensation material should preferably be on both sides of the
shell. 'This structure would reduce the bending stress in the
vessel wall as the nozzle/shell junction is without eccentric-
ity. His findings also indicate that the stress concentration
factor may be reduced by 27% when material is placed on the in-
side of the shell. It may thus be concluded that the pressure
stress on the inside of the shell is higher than cn the outside
of the shell in the nczzlas ragion.

Various techniques have been developed for determining suitable
stress compensation material requirements for nozzle attach-

ments. These have been axtended for use in design procedures
and are discussed further in the following section.

Equal Areas Replacement Method.

The principle of this method is to provide material equal in
cross sectional area to that removed from the nozzle cut-out hole
in the shell wall. The equivalent amount of compensation mate-=
rial removed is placed in an effective area located around the
opening in the vessel shell. The excess material provides res-
toration of the general yield strength of the vessel material
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which is affected by the bending stresses induced in the region
due to the nozzle ¢ ‘achment when the system is under load, BS
PD 6437 (1969). A shortcoming of the method is that it does not
provide information on the distribution of the material around

the opening ie. its effective length on the shell as measured
from the nozzle axis. Further to this there is no means for
determining the 'ength of material required on the nozzle at-
tachment for inhibiting pullout lecads. The method also does not
provide optimal solutions for all nozzle/shell configurations,
BS PD 6437. This fact led Harvey (1963), to the beliief that a
hard spot could be created in the vessel due to the compensation.
This would inhibit the natural growth of the vessel under pres-
sure which would result in a change of the general strain pat-
tern. When comparing ratios of the hole cross sectional area
to that of the total overlay area, for ratios of 65% to 115% it
is found that there is negligible improvement of the maximum
~ stress around the opening.

The technique is predominantly used in American procedures for
pressure vessel design. The ASTM D3299 (1974), and the ASME X
{1973), have incorporated this technique for GRP nozzle compen-
sation design. The ASME X extends the process by stipulating
that the effective length of the compensation on the shell is
equal to the diameter of the nozzle as measured from the nozzle
axis. This agrees with that specifiod in ASTM D3299 which also
states that the bond area length on the pipe attachment is de-
pendent on the pipe attachment wall thickness and is chosen from
Table 5 nf the Standard.

Experimentzl Yicid or Bursting Method.

This technique involves the burst and yield pressure for various
nozzle/shell configurations. The German AD Merkblatt BS (1979)
pressure vessel specification provides factors found after a
series of tests performed on cylindrical pressure vessels having
openings and shells of various dimensions. These weakening
factors are determined by dividing the maximum stress of an
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unpierced shell by that required to produce a 0.2% strain at the
nozzle/shell junction. The factor is then incorporated in the

basic shell formula.

The German method whilst being sound for applications under fa-
tigue loading, PFuiz (1967), ignores the fact that bursting may

arise at the nozzle interface when under static load. This

consideration is recognised by the equal area replacement
method.

The German design procedure for GRP vessels AD Merkblatt (1969),
has also adopted this method for determining the stress compen-
sation overlay requirements. It is listed in tabulated form in
the standard.

A fundamental problem in using yield criteria for composite ma-

tariale is that thii: mande of failure is relativelv non exist- = '

T

ent. It is commonly found that whereas isotropic materials obey
the Tresca and Von Mises failure criteria, composites closely
obey the Tsai Hill failure mode as stated by Jones (1975). 1In
other words, the longitudinal and transverse stresses together
with the inplane shear stress of the material are related and
failure criteria obtained for the specific materials used in the
laminate. This technique is used in the design of filament wound
rocket motor casings, Fukunaga (1983). He found that material

strains were linear up until the discontinuity ( nozzle compen-

sation ), where bending moments were induced. It is added that
two techniques may be used for designing axisymetrical shells
of revolution with a single opening » these being the failure
e : criteria and the performance factor methods. The latter is
v combined with Davidson-Fletcher-Powell's optimisation tech-

niques for determining the reinforcing material requirements in

i the region.
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Elastic Stress Analysis Method:

The method is based on the mathematical modelling of the nozzle
reinforzement area of the vessel. VUsing isotropic theory and
matrix techniques it is poussible tc determine approximate
stress~3 in the nozzle region.

Ruiz (1967), using elastic methods determined the stress con-
centration factors, (SCF) for nozzles on a sphere. He found that
the factors ranged from 2.25 to 2.5. Studies performed by Harvey
(1963), on flat plates w'th holes in a biaxial stite of stress
produced a SCF of 2.0, This drop in the SCF indicates that the
curvature of the shell together with the induced bending moments
increased the nominal stress in the nozzle region. Photoelastic
stress analysis work performed by Stone (1967), on multiple
nozzle configurations on a cylinder provide SCF ranging from 1.5
to 2.5 depending on the distance between the nozzles.

The elastic method for determining stress concentraticn factors
is predominant]y used in British design procedures. The BS5500
(1985), provides graphical results of a factor C which relates
the branch and overlay compensated thickness to that of the re-
lations"ip between the shell and pipe diameter. This enables
the effective determination of the compensaiion thickness re-
quired.

A simplification of the elastic method is adopted in BS 4994
(1973,1985). The overlay strength requirements are based on the
unit strength of the material removed by the hole from the shell.
Although the method provides equations for determining the di-
ameter of the overlay, it stipulates that the reinforced region
is to have a thickness not less than 1.5 times the shell thick-
ness. This as described previously will ensure a reduction of
the stress in the attachment region. The method however, does
consider the pull-cut load on the nozzle by stipulating a minimum
branch compensation overlay of 75mm. The findings of Bickell
suggest it better to compensate inside tha slell as nigher
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pressure stresses are found here. This is also recommended in
2

BS4994(1985), by the minimum requirement of 600g/m~ chopped

strand mat placed inside the nozzle wall for all high pressure

cases.

In the majority of GRP vessel design procedures, methods of
opening compensation are stipulated which are predominantly used
in steel vessel design. It is the object of this research to
analyse the stress concentrations found around a single nozzle
on a GRP hemispherical dome. The results obtained will then be
compared to theoretical predictions found using isotropic thin
shell theory. An attempt will be made to validate the suit-
ability of isctropic theory for determining stress compensation

requirerents of nozzle attachments in CRP vessel design.

The research proposes to analyse the stress distribution found
around an axisymetrically placed nozzle on an internally

pressurised GRP hemispherical dome.

Data nbtained from experimentation is to be compared with the
theoretical resitlts obtained from a first principles isotropic
model and a personal computer driven finite clement method

model.

It is hoped that the following aims can also be achieved within

the scope of the project:

o A hemisphere with an axisymmetrically placed nozzle is to

be designed according to the requirements of BS 4994 (1985).

v The hemisphere is to be constructed by a local GRP manufac-
turer in o 1er to assess the effectiveness of the design code

in the commercial environment.
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A post experimental testing laminate analysis is fre be

o

undertaken to determine whether the hemisphere was conl]

structed as specified.

o} The aspect of laminate asymmetry will be considered in the
structure of the vessel wall and overlays, and possible

recommendations given.

o The strains on the inside and outside of the wall laminate

are to be found at various pressure readings.

o} The strains are to be utilised with lamination theory for
determining the force, moment, strain, curvature and stress

distribution on the nozzle overlay.

o The shortcomings of present design theories are to be exam[]

ined and their validity questioned.

In terms of the objectives of the project it was necessary to
develop a suitable testing rig and test procedure. The steps
involved in the preparation of the experiment are described in

the next section.
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