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Foreword

This British Standard has been prepared under the
direction of the Pressure Vessel Standards Committee and
is a revision of BS 4994 : 1973, which is now withdrawn
together with its explanatory supplement PD 6480.

Its purpose is to establish a general standard for the design,
fabrication and use of vessels and tanks in reinforced plastics
for industrial service.

This revision has been made 1o take account of experience
with reinforced plastics vessels and tanks and opportunity
has been taken to extend the scope to include filament
winding and rectangular tanks and o categorize vessels in
relation to duty.

tn the 1973 edition of this standard the minimum value
for the overall design factor was 8. in this edition that
value has been increased to 8, The change is made because
experience has shown that the overall strain limitation
does not permit lower values than 8,

The manufacture of vessels and tanks in reinforced plastics
is a wide field, involving 2 large number of materials,

both plastics and reinforcing systems, and widely different
methods of manufacture. It is not practicable to cover all
aspects in a single standard and this standard covers part of
the field, namely, the use of polyester, epoxy and furane
resins in wet lay-up systems.

information on the engineering properties of reinforced
plastics Is somewhat limited and this applies particularly 1o
the changes in such properties over long periods. In the
absence of comprehensive long-term properties, therefore,
the material properties used for design are based on short-
term tests. Material property data should be presented in
the form recommended in BS 4618.

Metallic vessels, being made from materials which are
normally isotropic, are conveniently designed by calculating
permissible stresses, based on measured tensile and ductility
properties. In contrasy, laminar constructions are usually
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anisotropic and the design method in this standard, being
tased on unit loadings, is particularly suited to the design
of composites of reinforced plastics.

The calculation of an appropriate laminate construction is
based on the allowable unit loading and unit modulus for
the type of composite proposed. In addition, the allowable
strain in the laminate is limited to ensure that breakdown
of the resin-reinforcement bond does not oceur in any part
of the structure,

NOTE 1. Debonding occurs at a8 strain of apprbxlmately 0.3%
for the resin-glass fibre compaosites at present in general use.
{See references [1] to [8] )

Design factors are included to cover such variables as:

{a) deterioration of the composite properties over a
long period;

{b} the effect of temperature on the properties of
the composite;

{c) repeated or alternating loading,

As a result of adopting what was effectively a minimum
design factor of B and taking into account the other design
factors, environmentaf stress cracking of the laminates in
aquecus environments has not been a cause of failure in
vessels and tanks produced in accordance with this standard.
This mode of failure has been a common source of trouble
in other laminates. Furthermore, test wotk has shown that
the allowable strains are below the level at which environ-
merial stress cracking is lkely to occur.

11 has been assumed in the drafting of this British Standard
that the execution of its provisions is entrusted to appro-
priately qualified and experienced people.

NOTE 2. The numbers in square brackets used throughout the text
of this standard relate to the bibliographic references in appendix K.
Compliance with a British Standard does not of itself
confer immunity from legal obligations.
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Specification. Section one

Section one. General

1 Scope

‘I'his British Standard specifies requirements for the design,
materials, construction, inspection, testing and erection of
vessels and tanks in reinforced plastics, consisting of a
polyester, apoxy or furane resin system reinforced with
glass fibres, manufactured by the wet lay-up process.
Constructions both with and without a lining of thermo-
plastics are included.

It is implicit that vessels and tanks covered by this standard
are made only by manufacturers whib are competent and
suitably equipped to comply with all the requirements of
this standard. Compliance with these requirements may be
proven by documentation of past expsrience, or prototype
testing, to the satisfaction of the purchaser or Inspecting
Authority, as appropriate (see clause 38).

I addition to the definitive requirements, this standard also
requires the items detailed in clause 4 to be documented.
For compliance with this standard, both the definitive

requirements and the documented items have to be satisfied,

‘This standard covars vessels and tanks subject to tempera-
tures between -30 °C and 110 °C.

NOTE 1. Thore is experience with vessels and tanks st temparatures
above 110 °C but these require special cansideration.

NOTE 2. The following vessels and tenks also require special
consideration:

{a) jecketed vessels and tanks;
{b} vessals and tanks for the transport of liquids and gases;
{c) buried tanks.

NOTE 3. The tities of the publcations referred to in this standard
are listed on the inside back cover.

2 Definitions

Faor the purposes of this British Standard the definitions of
plastics, resin, thermoset, thermoplastics and reinforced
plastics given in BS 1755 : Part 1 apply, together with the
following definitions and those listed in table 1.

NOTE. Where the waords purchaser, manufacturer and {nspecting
Authority occur in the text, they are intended also to include
rapresentatives of the purchaser, manufacturer and Inspecting
Authority.

2.1 cure. The chemical reaction resulting in the final
polymerized product,

NOTE, it may be effected at ambignt termperature or by the use of
heat, In certain resin systems the cure has to be effected in two
stages; the first stage rmay, and the second stage does, invelve the
epplication of hesat. This second stage is known as the ‘post-cure’.

2.2 qel coat, A thin layer of resin on the surface of a
laminate, that may or may not be reinforced with a fabric,
tissue or serim,

2.3 laminate. A resin shest or moulding reinforced with a
form of glass fibre or other suitable materiai.

2.4 laying-up. A pracess of applying or producing
laminates in position on 3 former prior to cure.

25 manufacturer, The organization that designs and
fabricates the vessel or tank in accordance with the
purchaser’s requirements.

NOTE. The design and fabrication functions may be carried out by
separate organizations.

2.6 purchaser. The organization or individual that buys
the finished vessel or tank for its own use or as an agent
for the owner.

2.7 Inspecting Authority. The body or association that
chacks that the design, materials and construction comply
with this standard. =~

2.8 vessel. A closed container subject 10 applied pressure
or vacuurmn, with or without hydrostatic head.

NOTE, The term vessal Includes branches up to the first flanged
connection.

2.9 tank. A container for the storage of fluids subject only
to its own hydrostatic head and freely vented to atmosphere.

NOTE. The term tank includes branches up to the first flanged
connection,

3 Nomenciature

Several terms relating to the strength and {oad-carrying
capacity of individual layers of the composite iaminate are
used in this standard. Some have similar but guite distinct
meanings and because of both their similarity and their
application, particular care is required in their use.

The terms concerned are listed in table 1, with their
definitions, symbols and units.

4 Information and requirements to be
agreed and to be documented

4,1 Information to be supplied by the purchaser

The following information shall be supplied by the
puichaser and shall be fully documented. Both the defini-
tive requirements specified throughout the standard and the
documented items shall be satisfied before a claim of
compliance with this standard tan be made and verified.

(a) Process conditions.
{1) Materials 1o be handled {names, concentrations

and relative densities) including likely Impurities or
contaminants.

{2} Design pressure {or vacuum) including test
requirements and design temperature.

{3} Operating pressure (or vacuurn) and temperature,
{4} Mode of aperation, e.g. process cycling conditions.

{8) Any abrasion or erosion problems which may be
encountered.
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Teble 1. Nomenciature, symbols and units

Termn Definition Derjvation Symbol Unit
Litimate tensile unit | The strangth of a reinforcement QObtained from the fracture load u N/mm per ikofm? glass
strength {LJTUS) type, exprassed as force per unit of a leminate of known
width, per unit mass of construction, in & tensile test
reinforcemaeant
Loaddimited The load permitted to be applied Determined by dividing the uy Nirmn per kgimz glass
allowable unit to a reinforcement type per unit ultimata tensile unit strength
loading width, per unit mass of by the design factor, K
reinforcement, not taking strain
into account
Strain-limited The load permitted to be applied Determined by muitiplying the g N/mm per kgim?® glass
eliowable unit to & reinforcement type per unit unit medulus, X, by the allow-
loading width, per unit mass of able strain for the particular
reinforcement, taking only strain laminate layer
into account
Design unit loeding The losd permitted to be spplisd Whichever is the smaller of ug Uz N/mm per kg.’m2 glass
{layer design unit 10 a reinforcement type per unit or vy at the design strain, eg
tosding) width per unit mass of
reinforcement, for the vessel
or tank under consideration
Unit modulus The ratic of the load per unit Obtained from the measured load X N/mm per !ncgfm:z glass
width to the corresponding direct and strain in a tensile test
strain, in a loaded tensile test
specimen per unit mass of 2
singie glass reinforcement type
QOverall unit The calculated ratic of the losd Obtained from a summation of Xy AmM Nfmm
mogulbes per unit width to the corres- the products of unit modulus and {may be
ponding direct strain in full mass of each glass reinforcement identified
jaminate of single or multiple type in a laminate (see by further
glass reinforcemant type equation {12} subseript)
Design strength The load carrying capacity of a Obtained by summing the load U am N/mm width
{laminate design taminate, exprossed as force carrying capacities of all the UVove
unit loading) per unit width layers in the laminate tw, m,
n terms}, The subscripts indicate
ameln {U/_am} or an overlay
(UOVL) laminate
Lnit losd The force per unit width carried Obtained from the appropriate Q N/mm width

by a laminate resulting from
pressure or other loads applied
to the vessel or tank

design calculations for the
portion of vessel or tank under
consideration {see section three)




BS 4994 : 1987
Section one

{b} Site conditions.

{1) Nature of ambient atmosphere including any
extremes of temperature,

{2} Superimposed loads, e.g. wind, snow and
associated pipework,
{3) Loads imposed by personne! during erection and
operation.
{4) In the case of buried vessels and tanks, soil condi-
tions and expected loading, e.q. traffic,
{6) Seismic loading.
{c) Speciat conditions.
{1} Boiling out,
{2) Vibration due to adjacent plant.
(3} Agitation details.
(4) Danger of mechanical impact and damage.
{5} l.oads impaosed during transport.
(6) Finish, e.g. if fire-resisting (see clause B},
{e) Details of any special or additional tests or inspection

required and where these are to be carried out {see
clause 33 and 38.1}.

{f) Exemption to apply a pigmented coating to the vessel
before final inspection {see clause 33).

{g) Facilities for testing (see tabie 4 and 38.7).

{h} Name of Inspecting Authority, if applicable.

{i} Requirements for packaging, despaich and
installation,

4.2 Requirements to be agreed and documented

The following items to be agreed between the purchaser,
or the Inspecting Authority, where appropriate, and the
manufacturer shall be fully documented. Both the defini-
tive requirements specified throughout the standard and
the documented items shall be satisfied before a claim of
compiiance with this standard can be made and verified,

{a} Resin system to be used (see 6.1{(a}}.
{b) Use of reinforcing materials other than those

complying with BS 3396, BS 3496, BS 3691 or 8BS 3749,
as appropriate (see 6.2).

{c} Mechanical properties of materials (see 6.4.1).

{d} Type of chemical barrier to be used (see 7.1

and 27.3).

{e) Where a thermoset lining is used on tanks and vessels
which are constructed in accordance with categories I
and 11, whethey it is permissible to reduce the backing
layer {see 7.3).

{f} Design details (see clause 11).

(1) Essential dimensions, including tolerances {see
also 30.,2.7), preferably on a drawing.

{2} Design calculations with references.

{3) Nominal thickness, including tolerance,

of corrosion-resistant lining {thermoplastics or gel
coat} which does not contribute to strength.

{4) Form{s) of reinforcement including type, number
and arrangement of individual layers.

{8) Farm(s} of local stiffening, where used.
{6) Details of welds in thermoplastics linings.
{7) Bolting and flange materials and details (see also
figure 24).
(8} Gasket materials and details.
{9) Details of external finish, including steelwork {see
also 28.6),
{10} Requirements for access and inspection openings
{see also 20.5).
{g) Where the design incorporates reinforcement with
directional properties, the orientation of the fibres {see
clause 11).
{h) Lining and laminate system to be employed
(see 13.4).
{i) Supports {see 22.1}.
{i} Any modification to the approved design (see
clause 25).
{k} Where site fabrication is employed, the special
procedures to be adopted (see clause 26).
{1} Repair of laminate defects and method of repair
(see 27.2}.
{m} Whether hot plate welding is 1o be used {see 27.3).
{n) For cylindrical shells, the tolerance on the circum-
ference where this is not 5 mm for shells up to and
including 600 mm outside diameter or 0.25 % of the
calculated circumference for larger shells {see 30.2.2).
(o) Arrangements for access to manufacturer’s
premises {see 31.4).
(p) The provision of special test Jaminates and the
extent of mechanical testing to be carried out either on
cut-outs or prepared laminates {see 37.1).
{q) |f the prototype tests are not to be witnessed by the
purchaser, and the inspecting Authority, where applic-
able, (see 38.1).
{r) The nature of prototype tests, the hydraulic test
pressure if it is higher than the design pressure and the
iimits of cyclic variations to determine fatigue strength
(see 38.3).

5 Categories of vessels and tanks

5.1 General

The design, documentation and inspection and test require-
ments for vessels and {anks shall be related to one of three
categories that shall be determined from all the factors
given in table 2 when considered in combination.

5.2 Design documentation
The design documentation shali be as given in table 3.

5.3 Quality control {tests and records)
The quality control shall be as given in tabie 4.
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Section one
‘Fable 2. Minimum categories of vessel or tank
Category | Category £} Categary 111

Contents”
Toxic X
Highly corrosive X
Corrosive X
Flammabie X
Others X
Chemical compatibitity of liner with process fluid
Known {ong-term compatibility based on service experience X
Comgpatibility based on related performance data X
Only specimen data {dip coupons) available X
Dasign temperature, 7
T<60°Cand T< (HDTT -40°C} X
T260°Cand T<(HDT-40°C) X
T>(HDT-40°C) and T<{HDT -20°C) X
Design pressure and/or vacuum
Static head only X
< & 5 mbar¥ (above static head) X
=t B mbar {above static head) X
Size of vessel or tank (capacity)
<10m? X

50 m? < capacity = 10 m® X
>50m? X
Geometry and supports
Flat bottom full support X
Any other, e.g. legs, skirts, saddles, rings and frames X
Other criteria
if item is critical to safety X
*Daseription of contents classification
Toxic. ‘The contents could presant a significant risk to health of persons exposed.

Mighty

carrasive. Tha contents could severely burn, blind, disfigure or matm an individual.

Corrosive.  The contents could cause damage to the skin or eye.

Flammable, The contents have a flash peint equal to or Jess than 55 °C.

Others. The contents are not considered to burn, blind or Injure individuals.,

1Heat distortion temperature of resin {see 6.4.2).
+1 mbar = 100 N/m? = 100 Pa.
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Table 3. Design documentation and drawing requirements

Category 1

Category I

Catagory 1

Design calculations
{a) Independent approval required
{b) Calculations to cover

(1} Hydrostatic loadings

(2} Applied pressure

{3) Applied vacuum

{4) Wind loads

{5} Lifting arrangements

{6} Supporting

{7) Seismic toading (if applicable}

=

XXX XX

b A 4 S B

Drawing requirements

Vessel/tank general arrangement

Full fabrication drawings showing method of manufacture
installation procedure

P i 4

XX
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Table 4. Quality contral: tests and records

Catepory 1

Category I

Category 11

Material records

Record of resin type and quantity
Record of glass type and quantity
Record of personnel on the fabrication
Record of layers and type of glass
Record of cure system

Record of post cure (when used)

MO XX XX

» XXX

Quality control tests
Spark test on thermoplastics liners
Adequate documented information on the mechanical properties of
the particular resin/glass laminate to be provided. }f this is not
available for categories 11 or 1fi, production test samples to be
tested as required for category I.
A production test coupon to be laminated with the vessel or
obtained from nozzle cut-outs, The coupons to be 1ested, as follows.
Uitimate tensile unit strength
Unit modulus
L.ap shear strength
Visual examination of nozzle cut-outs
Ash test on nozzle cut-otits
Thickness measurement™
Acetone test (polyester resin)
Barcol hardness measurement
Residual styrene {polyester resin}t
Also, in the case of thermopiastics lined glass reinforced plastics {GRP)
tanks and vessels, the following to be demonstrated.
Weld strength
Bend strength

HKHEHEHEHAAXKXHKX

x X

Koo XX b

X X

Quiality cantrol records
Hardness test {Barcol)
Thickness measurement
Nameplate details
Documentation requirements

Pressure/vac./hydrostatic head

Ultimate tensile unit strength

Linit modulus

{.ap shear strength

Weld strength

Bond strength

Ash test on cut-out

XXX

HH XXX XX

XX X

KAHXK KX

®K XX

Independent inspection

X

*To verify minimum deslgn thickness. Particular attention is to be paid to points of discontinuity, e.g. nozzles and end attachments.

TSes 37.2.
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Section two. Materials and design loadings

6 Materials

6.1 Thermosatting resin systems

The resin system(s) to be used shalt be agreed between the
purchaser and the manufacturer (see 4.2{a}}.

The resin selectad shall be of a suitable commercial

grade which complies with the technical requirements of
the application and for polyester resins the minimum
requirements of BS 3532,

MOTE 1. The spac)iﬂm:I classes of resins used for the preperation of
luminates are polyestar rasing, epoxy resing and furane resins. Thera
ara many resin systems in each class and the properties of these
systems vary, especially with respect to chemical resistance and heat
distortion temperatura. See also appendix A.

The recommendations of the resin suppliers for the use of
hardaners, catalysts and accelerators shall be followed.
NOTE 2. The amount of these materials used is critical as it can
affoct both the rate of the reaction and extent of the ctire.
Pigments shail not be used except in the external finish
(see clause 33{])).

NOTE 3. Limited use of thixotropic agents can be made provided
that thay do not intarfere with visual Inspection end chamical
rasistance of the laminate.

Data, procadures and figures in this standard refer to
faminates containing no filler materials. Where special-
purpose additives are used, special consideration shall be
given to design and manufacture as there may be an effect
an the laminate properties.

6.2 Reinforcing materizls

The reinforcing material shall be a suitable grade of glass
fibre having a glass finish compatible with the resin used
and shalf either comply with BS 3396, BS 3496, BS 3691
or BS 3749, as appropriate, or be the subject of agreement
between the purchaser and the manufacturer (see 4.2{b}}.

6.3 Thermonplastics lining material

A number of thermopiastics, for example, polyvinyl
chloride (PVC), polyprapylene (PP}, polyvinylidene fluoride
{(PVDF}, ethyiene chiorotrifluorcethylene {(ECTFE),
chlorinated PVC {CPVC} and fluorinated ethylene propylene
copolymer {FEP} are available as lining materials and the
thermoplastics selected shall comply with 7.1,

The thickness of PV shall not be fess than 2.5 mm. In the
case of other thermoplastics, the minimum thickness shall
be 2.00 mm except in the case of pipes and branches of
100 mm diameter or less, when the minimum thickness
shall be 1.5 mm.

NOTE, Exparience has shown that the use of PVC liners in excess
of 4.5 mm thickness can lead to problems in sarvice whan the
operating termparature is shove 40 °C.

6.4 Mechanical prapertias

6.4.1 The mechanical properties of the Iamihatq layers
shall be agreed between the purchaser and the manufacturer
(see 4.2(c)) and shall be not less than the values given

in table 6, when tested in accordance with appendix B.

The vaiues given in table 5 apply to laminates incorporating
only E glass reinforcement complying with BS 3396,

8S 3496, BS 3691 or BS 3749 and having a glass content
by mass within the range 28 % to 45 % for chapped strand
mat {CSM}, 45 % to 55 % for woven roving (WR) cloth and
65 % to 75 % for filament windings and values for laminates
including other types of reinforcement or other glass
contents shall be on the basis of test results.

Where WR cloth with a directional bias is used, the figure
for uitimate tensile unit strength shall be 500 P, where P

is the proportion of glass fibres running in the direction
concerned. The unit modulus in the warp and weft direction
will be different to that given in table 5 and shall be
established by test. Where the bias is greater than b to 1,
the strength in the weft direction shall be ignored.

6.4.2 The heat distortion temperature of the fully cured
resin system used for the reinforced laminate shall be
not less than 20 °C higher than the design temperature
of the vessel when determined as described in BS 2782 :
Method 121A {see also B.4}.

6.5 Chemical properties

As the chemical resistance of lining materials varies with the
source and type of polymer, the suitability of the material,
including adequate corrosion and erosion resistance,

shall be established by tests; a suitable reference document
is BS 4618 : Section 4.1. 1t is important in any such tests
that the test liquors are fully representative of the process,

Table 5. Minimum proparties of reinforcad laminate layers

Typo of reinforcemeant Ultimata tansita unit | Unlt modulus Lap shoar strangth
strangth (UTLIS)
N/mm wigdth Nimm width N/mm?
per kgfm™ glass per kg/m” glass
CSM (resins other than furane) 200 14 000 7.0
CSM (furane) 140 14 000 50
WR cloth plain weave {warp and weft directions}
{resins other than furane} 250 16 000 6.0
WR cloth plain weave {warp and weft directions)
{furane} 160 16 000 4.0
Unidirectional filament (fibre direction} 500 28 0A0 6.0

10
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particularly with respect to the presence of trace organics,
and, where possible, the test specimens shall be subjected to
a tevel of strain not less than the design strain.

6.6 Water quality

When selecting materials, account shall be taken of the
sffects of materials on water quality {see appendix C).

7 Construction of chemical barrier

7.1 The type of chemical barrier to be used shall be agreed
between the purchaser and the manufacturer (see 4.2(d}).

7.2. Where a thermopiastics lining is used, the minimum

bond strength of the reinforcement to the lining shall be

7 N/mm? in direct shear and 5 N/mm width in peel when
tested in accordance with B.10 and B.11.

NOTE. This bond strength may be achleved by the inclusion of &
minimum of 0.45 kg/m? chopped glass strand or CSM immediately
behind the thermopiestics lining.

7.3 Where a thermoset lining is used, in order to achieve

the optimum properties the construction of the laminate In

contact with the corrodent shall consist of the following.
{a) Surface fayer. A resinrich surface layer reinforced
with C glass surfacing mat, synthetic fibres or other
suitahle material, with a thickness between 0,25 mm
and 0.50 mm.
{b) Backing fayer. A backing layer normally containing a
fminimum of 1.2 kg/m? chopped glass strand or CSM
with a soluble binder with between 25 % and 33 % glass
content, by mass.

Eor tanks and vessels which are constructed in accordance

with categories II and I3l it is permissible to reduce the

backing layer to 0.6 kg/m? chopped glass strand or CSM

if agreed between the purchaser and the manufacturer

{see 4.2(e))}.

8 Flammability

Where a vessel or tank is intended to contain flammable
fluids the external surface layers shall be modified so as to
have a surface spread of flame characteristic which at least
complies with the class 1 requirements of BS 476 : Part 7.
in other cases the finish shall be as specified by the
purchaser {see 4.1{c) (6)}.

9 Allowable and design unit loadings

9.1 Symbois

For the purposes of clause 9 the following symbols apply.
Fe cireumferential factor

F, longitudinal factor

k, factor relating to method of manufacture

k, factor relating to Jong-term behaviour

k3 factor relating to temperature

11
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ks factor relating to cyclic loading

ks factor relating to curing procedure

K overalt design factor determined from equation (1)

u, design unit loading {in N/mm per kg/m? glass} for layer
of type 2

v, load-limited allowable unit loading, i.e. ultimate tensile
unit strength (in N/mm per kg/m? glass) divided by K

ug strain-limited allowable unit loading, i.e. unit modulus
(in Nfmm per kg/m* glass) multiplied by allowable
strain

Xg unit modulus in circumferential direction {in N/mm
per kg/m? glass)

X, unit modulus in longitudinal direction {in N/mm per
kg/m® glass)

X, unit modulus of layer of type z (in N/mm per kg/m®
glass)

g strain under unit loading uy

¢ maximum allowable strain

€y least strain, determined from allowabte loadings and
resin properties

€m extension to failure {fracture strain) of unreinforced
resin determined in accordance with appendix B

g angle to the longitudinal axis of filament winding

9.2 Design calculations

9.2.1 When designing in reinforced plastics, it is destrable
1o work in terms of unit load, i.e. force per unit width,
rather than stresses, i.e. force per unit area, and therefore
the following calculations shall be adopted.

The maximurm allowable unit load for each type of layer
shall be determined from the material properties given in
table 5 as follows {see appendix D for worked examples and
abbreviated method}.

Whare the design calculations {see section three} reguire
the use of allowable compressive unit loadings, these shall
be determined in accordance with 9.2.2 to 9.2.6, substitut-
ing the ultimate compressive unit strength for the ultimate
tensile unit strength in equation {2},

Ultimate compressive unit load shall be determined,
when required, for each laminate layer concerned,
in accordance with B.B.

8,2.2 The design factor K shall be determined from
equation (1):

K=3xky Xky Xks Xks X ks {1}
where the factor 3 represents a constant which allows for
the reduction of material strength caused by long-term
Joading {required even for ioading in air), and &, 10 &5
represent factors determined by the method of manufacture
and operating conditions. No vessel or tank shall have a
design factor K of less than 8.

NOTE. For a rerely ocourring, short-term emergency condition
Hess than 10 times in the e of the vessel, sach duration less than
30 min} a design factor less than the celeulated design factor,

bt not less than 8, may be used.

“The chemical liner, see clause 7, shall be ignored in strength
calcuiations.
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Values for factors & shall be determined as follows.

{a) Factor refating to method of manufacture, ky .
This factor shall be the value taken from table 6
appropriate to the method of manufacture to be
adopted.

When rovings are chopped for spray application,

the length of individual strands shall be not less than
32 mm.

Table 6. Factor relating to method of manufacture

Muathod of manufacture Factor ky
Handwork 1.5
Machine-controlied filament winding 15
Machine-controlied spray application 15
Hand-held spray application 3.0

(b} Factor for chemical environment (and associated
strength loss], k. This factor shall be 1.2 for vessels
having a thermoplastics lining unless lack of experience
or suitable test data suggests that a higher value is

required, The factor for vessels without a thermoplastics

fining shall be selected within the range 1.2 t0 2.0.

NOTE. A guide 1o estabilishing the value of k4 [s given in
appendix E.

{c) Factor refating to temperature, k4. This factor shall
be within the range 1 to 1.25, dependent upon the heat
distortion temperature and be determined from figure 1.

{d) Factor relating to cyclic loading, k. This factor shall
be determined from figure 2, having regard to the
expected operating conditions of the vessel.

(e} Factor relating to the curing procedure, ks . Where
the vessel is subjected to a complete curing procadure,
including a full post-cure at elevated temperature
appropriate to the resin system, at the manufacturer's
waorks the factor k5 shall be taken as 1.1. Copies of the
temperature chart shail be supplied to the Inspacting
Authority {information to be obtained from the resin
supplier). Vessels not subjected to full post-cure shall
have the factor ks taken as 1.3 when they are designed
for operating temperatures up to and including 45 °Cand
1.8 when they are designed for operating temperatures
over 45 °C,

NOTE. The post-curing temperatura should be chosan to ensure
that the laminate will comply with the machanics!, temperature
and chemieal parformance required by the design. High-
performance resin systams ganerally require a post-cure
temperature of at least 80 °C to develop thelr optimum
properties and, wheraver possible, the tank ar vessel should be
post-curad at the design tampearature.

Design temperature (°C)

Figure 1. Factor relating to temperature, &y

NOTE. Experienca in the range above 100 °C [s Hmited and it is therefore recommended there 1s & full
discussion between the manufacturer and the purchaser if a vessel is required to operate in this range.
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9.2.3 The loaddimited atlowable unit loading, up, shall be
detarmined from equation (2):
u —] nti-
L% {2}

where ¢ is UTUS from table 5.

9.2.4 The maximum ailowable strain, €, shall be determined.

{a) The maximum aHowable strain shall not exceed
0.1 eg or 0,2 %, whichever is the smaller.

{b} For chemically resistant resin surface layers,

the extension to failure of the unreinforced resin shall
be determined in accordance with B.5. The maximum
allowable strain for the whole of the laminate shall be
that value determined from the smailest extension to
failure of the resins to be incorporated.

NOTE. For thermoplastics linings a maximum allowable strain of
0.2 % will be satisfactory, so that these linings will not introduce a
more severe strain limitation into the vessel design.

9,25 The strain-dimited allowable unit loading, ug, shall be
determined from equation {3}:

g =X, € (3)

9.2.6 The design unit loading, vz, for each type of layer
shall be determined.
{a) 1 ug is smaller than v for all layers, the appropriate
value of ug shail be taken as the design unit loading, u,
for each layer.
NOTE. A laminate design fs strain-limited when ug is smaller
than u_ for all the layers.
{b) If,for some or ail of the layers, u_ is smalier than ug,
the strain for each layer concerned shal! be detarmined
from equation (4):

€= {4)

Considering al the layers making up the laminate,

the allowable strain for that faminate, €4, shall be the
smallest of the values of ¢ so determined. The design unit
loading for each layer, u,, shali then be determined from
equation (5):

Uz =Xy €4 (5)
The design unit loadings for each type of layer, u,,
determined from (a) or {b), as appropriate, shail then be
substituted as required in the design equations in section
three.

9,2.7 The procedure in 9.2.6 does not apply when
continuous rovings are filament wound at an engle of & (in
degrees) to the vessel or tank axis and in this case values of
circumferential and longitudinal unit modulus Xg and Xy
for individual layers shall be obtained by reference to
figure 3. Values of circumferential and longitudinzl

design unit load shali be determinad from equations 5{a}
or {b) and by applicition of the factors given in table 7,

as appropriate.

In circumferential direction:

uz = Xgp €g Foy {5{a))
In fongitudinal direction:
Uy = Xy €9 Fy {6(b})

Where a laminate construction using filament winding is
subjected to a simultaneous application of loading in the
circumferential and longitudinal directions then, depending
upon the combination of direction and type, L.e. tensile or
compressive, of loading, the maximum aliowabie loads are
not necessarily as great as the individuat unit loads derived
from the calculations of this section and, therefore,

the acceptability of the combined loadings shall be
determined by means of a biaxial design envelope, details of
which are given in the worked examples of D.4.

Table 7. Factors to be applied to the design unit
ipading of continuous rovings for different
winding angles

Filamant winding Circumferential Longitudinal
angle to axis @ factar Fgh factor Fy
degrees

0<8<15 0 1
15<0<75 0.5 0.5
75 < 8 < 50 i 0

NOTE. Higher values may be usad for these factors 1f o
rigarous anisotropic elastic analysis is carried out. This
analysis ailows for the contribution from each layer in the
leminate and for the interaction between normal and shear
strains {see references [9], £10] and [111).

1t shall be ensured that the strain transverss to the fibre
direction is less than 0.1 %. in the absence of a rigorous
anisotropic analysis, the axial strain shall be limited to
0.1 % for a winding angle greater than 75 °,

14
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Section three. Design

10 General

The vessel or tank shall be designed for the most severe
combination of conditions which may inciude:

{a} internal or external pressure;

{b) static head of contents (working and test conditions);
{c) welght of vessel or tank and contents;

{¢t) design temperature;

{e) superimposed and wind joads;

{f} bending moments due to eccentric loads;

{g) iocalized loads acting at the supports, lugs and other
attachments;

() shock loads;
(i} loads due to heating or cooling and thermal gradients;
li} loads applied during transport or erection;

{k) loads imposed by personnet during erection and
operation;
{1) fatigue.

11 Design basis

The vesse! or tank shall be designed in accordance with this
section. The actual design details shall be agreed between
the purchaser and the manufacturer, and the inspecting
Authority, where applicable, {see 4.2(f)}.

NOTE 1. The design calculations in this standard take sdvantage

of the ease with which the laminate detalls can be varied to sult

the loads imposed by aparating and test conditions in the different
regions.

Where the design incorporates reinforcement with direc-
tional properties (e.q. WR), the orientation of the fibres
shall be agreed between the purchaser and the manufae-
turer {see 4.2{g)) and shall be specified on drawings and
calcidations in order to ensure that the structural properties
required by the design are obtained.

NOTE 2. The objective of the calculations specified in this section
Is, therefore, to determine acceptable [aminate constructions for
each pert and detall, e.g. shell, ends, manholes, branches and
supports.

12 Design details

12.1 Design temperature

The design temperature shall be the maximum temperature
it is possible for the vessel or tank to attain under operating
conditions {including boil-out, where applicable).

NOTE. Where necessary, provision should be made in the dasign to
permit expansion or contractlon, to avaid severe thermal loads,
Thermat loads arising from temperature gradients may also require
evaluation.

12.2 Design pressure
The design pressure, i.e. the pressure to be used in calcuia-
tions to establish the required strength of the component
parts of a vessel or tank, shall be not less than:
{a} the pressure which will exist in such parts of the
vessel or tank when the pressure-relieving device(s)

start(s) to relieve ar the set pressure of the pressure-
relieving device(s), whichever is the higher;
(b) the maximum pressure or head which can be
achieved in service whera this is not limited by relieving
device(s).
Notwithstanding this, the strength of the laminates so
catculated shall be increased where necessary to ensure that
during hydraulic pressure or static head tests the {aminate
is at no point strained beyond the limiting vaiues specified
in clause 39, i.e. 0.26 %, or 1.3€4, whichever is the smaller,
where g4 is the least strain, determined from allowable
loadirigs and resin properties. :
The value of the design pressure(s) to be used in calculation
shall include the static head of content or test medium,
as applicable, taking due account of relative density,

Vessels subject to external pressure shall he designed for
the maximum differential pressure to which the vessel rnay
be subjected in service,

NOTE 1. It is recommended that vessels subjected to vacuum be
designed for a full negative prassure of 1 ber unless a vacuum break
valve or simiiar dovice is provided, in which case a lower design
pressure may be agreed between the purchaser and the manufacturer.
The total discharge capacity of the pressure-relieving
device(s) shall be such that during discharge the pressure
within the vessel or tank doas not exceed the design
pressure by more than 10 %.

NOTE 2. Where bursting discs are used, it is essential that their
manufacturer be consulted before the design pressure is decided as
the bursting pressure of the disc is depandent upon disc material
and operating temperatura, See also BS 2016,

13 Laminate design and thickness

13.1 Symbols
Far the purposes of clause 13 the following symbols apply.

m, mass of reinforcement per unit area {in kg/m2 glass)
in one layer of type z

1, number of layers of type 2 in construction under
consideration (for filament winding a layer shall consist
of two helixes wound at £ & °)

Q@ maximum applied unit load (in N/mm], i.e. maximum
force per unit width, to be ecarried by the laminate

u, design unit loading {in N/mm per kg/m? glass) for layer
of type z

13.2 Daesign calculation

For each region of the vesse! or tank, a proposed laminate
construction shall bie determined by taking into account the
design unit loading for each constituent laminate layer {as
calculated in accordance with section two). These loadings
shall be related to the unit loads to be carried by the region
concerned. Clauses 14 to 23, inclusive, specify calculations
for unit toads, determined from the vesse! ggometry and the
greatest of these unit loads shall be used in equation (6).

The suitability of the proposed laminate construction shaii
then in every case be checked by using equation (6}:

Uymym tugmeng .. u,mzn; = Q {6}

NOTE t. It may happen that the value of more than one n; is
undetermined. The check should then be by a triat and error

16
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method and more than one acceptable solution may be found in
these gircumstances.

Alternatively, all but one {or wo interdspendent) values of 1z may
be fixed and the remalning value determined.

If the sum of the terms is less than Q, one or more of the
values of r shall be increased or a different laminate
eonstruction proposed and the calculations repeated until
the required condition is satisfied. if the sum of the terms
exceeds { by a large margin, the laminate is overdesigned
for the region concerned.

NOTE 2. Worked examples of this design method are given in
appendix D and examples of construction are shown in figure 4.

NOTE 3. Additional consideration is necessary if the vessel or tank
is filement wound and subjected to blaxial ioading. bt is important
to note that the response of a filamentwwound vessel or tsrk to
combinations of load applied simultaneously is different from the
respanse of those loads applied independently.

To assess the behaviour of a filament-wound vessel or tank
to combined loads either:

{a} a compiete anisotropic stress/strain analysis shall

be carried out, the response of the material to those
combined loads examined, and the shear or normal
strain present within each layer shall be less than that
calculated in 9.2.6; or

{b) a hiaxial failure envelope shall be constructed as
shown in the worked exampie given in appendix D {see
reference [161 ).

NOTE 4, Where WR are to be used in the construction of vessels
for use in vecuum service they should have a 1 to 1 warm to weft
ratio.

BS 4994 : 1987
Section three

13.3 Thickness

Where values of thickriess are required in the equations in
this section, the thickness of the laminate in the region
under consideration shall be taken as the sum of the thick-
nesses of the individual layers making up that laminate.

The thicknaess of each layer, for design purposes, shall be
determined from the glass content for that layer by using
the graph {see figure 5). Glass content shall be specified
on the vessel drawings (see B.2 for test method}.

In no case shall the laminate thickness {excluding any
lining} be less than 3 mm for tanks subject only to hydro-
static head of liquid contents, and 5 mm for vessels subject
to internal pressure or vaguum,

Abrupt changes in laminate thickness shall be avoided.
The blending taper between regions of differing thickness
shall not be steeper than 1 in & {see figures 6 and 7).

13.4 Chgoice of construction

The lining and laminate system to be employed shali be
specified in full on the drawing and agreed between the
purchaser and the manufacturer before manufacture
commences (see 4.2(h}).

NOTE. The outermost layers of the vessel or tank should normaily
be CSM (300 g.{rn2 minimum}, and a tissue with g resin-rich serface

17
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{a} Effective thickness 24 mm -

"h2l& |3 | &1 3 14| 3

{b} Effective thickness 24 mm

{c) Effective thickness 16.7 mm

|4} 3 I IS5 4|54 5]& 154 5{4]5]|2]6

{d) Effective thickness 15.8 mm

Kay

1 Chemical barrier {see clause 7 and 9.2.2)

2 Chopped strand mat 0.3 ka/m?®

3 Chopped strand mat 0.8 kgfm?

4 Chopped strand mat 0.45 kgfm?

5 Woven roving cloth 0.8 kg/m?

6 Resin-rich surfece layer with hinding tissue

NOTE. Coanstructions [al, {b) and {(d) alf have a similer toad carrying cepacity {see appendix Dj.

Figure 4. Four typical examples of laminate construction {without thermoplastics lining)

18
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14 Cylindrical and spherical shells

NOTE. The equations in this clause are derived from thin shell
theory and do rot apply 10 vessels having a totas! laminate thickness
greater than 10 % of the shelt internal diameter.

14,1 Symbels
For the purposes of clause 14 the following symbols apply.

relative density of resin

inside diameter of shell {in mm}

outside giameter of sheil {in mm)

diameter of neutral axis of stiffening ring {in mm)

Young's modulus (in N/mm?)* of laminate under
consideration

factor of safety against collapse by buckling {see
equations {13), {15}, (16) and (191}

internal height of end {in mm)
second moment of area of stiffening ring {in mm*)
effective shell fength {in mm) (see figure 8)

lenpth of shell which may be regarded as contribut-
ing to the second moment of area of a stiffening
ring {in mm)

bending moment (in N'mm) due to weight of vessel
or tank and contents at point under consideration
and wind or other applied loadings

percentage glass content by mass

o1 N/mm? = 1 MN/m? = 1 MPa.

19
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mass of reinforcement per unit area {in ko/m?® glass)
in one layer of type 2

number of layers of type 2 in construction under
consideration

total effective pressure {in N/mm?}, i.e. design
pressure {negative if vacuum} plus hydrostatic head
at point under consideration

maximum longitudinal unit load (in N/mm) at point
under consideration

maximum circumferential unit load (in N/mm} at
point under consideration

maximum permissible compressive unit oad
{in Nfmm} (see equation {13))

outside radius of spherical shell {in mm)

jaminate thickness of shell {in mm) calculated from
larmninate details

Jaminate thickness of sheil {in mm) derived from
buckling criteria {see equations (15), {16} and (18}
taper Jength {in mm)

weight of contents and/or vessel depending on
support detail {in N)

overall unit modulus {in N/mm} of laminate under
consideration (see equation (12))

unit modulus {in N/mm per kg/m? glass) of layer
of typez
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{a) Cylindrical shell

{b} Reducers and conical sections

r
+f
—_ !
o
(c) Stiffeners >900g/m?CSM
r T

d T s 1

i
{d} Stiffeners {incorporating steel angle or tee ring)

NOTE. The tapers shown at T are not 1o be steeper than 1 in 6
and are to extend over a distance not less than /D ¢.

Figure 6. Single taper blending at changes of thickness
{suitabfe for vessels with or without thermoplastics linings}
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{b) Reducers and conical sections

\
o T
{a) Cylindrical shell
l f |
o, T

NOTE. The tapers shown at T are not to be steepar than 1in 6
and are to extend over a distance not less than /Dyt

Figure 7. Double taper blending at changes of thickness (suitable for vessels without thermoplastics linings)

14.2 Cylindrica! and spharical shells subject to internal
pressure

The maximum circumferential unit load, @y, shall be
determined from equations (7} or {8}

For cylindrical shells:

PD;
Qp= — {7)
¢ 2
For spherical shells:
Py
Q= — {8)
LN

14.3 Cylindrical shells subject to combined loads

14.3.1 Vertical vessels and tanks. The maximum tongitu-
dinal unit load, Q, resulting from the combined effects of:
{a) total effective pressure;
{b} bending moment due to wind loads {calculated in
accordance with CP 3 : Chapter V : Part 2} or other
causes;
(c} total weight of vessel or tank, fittings, attachments
and contents;

shall be determined from equations {9) and {10}.
NOTE 1. Negative values of Q, denote comprassive loads.
NOTE 2. Pressure, p, excludes static head. Nogative values ofp
denote externat prassure.

For points gbove the plane of support:

pD; am w
e Bt i (9)
4 n Dy why

X

where
W is the weight of those parts of the vessel or tank and
fittings, attachments and fiuid content supported
above the peint considered.
For points below plane of support:

pbD,  AM W
-t (10)
4 why iy

X

where
W is the weight of those parts of the vessel or tank and
fittings, attachments and fluid content supported
below the point considered.

NOTE 2. In equation {10}, W normally includes the total fluid
content by weight.
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L
Effective length
Tangen! point, ——

q p ~
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14.3.2 Horizontal vessels and tanks, The maximum

longitudinal unit load resulting from the combined effects

of:
{a) total effective pressure;
{b} bending moment due to the welght of vessel or
tank and contents, as determined by the support
configuration;

shall be determined from equation {11}.

gl N amM

4 nD;z
The maximum tensile and compressive values of longitu-

dinal unit loads for the full range of possible loading
conditions shall be determined.

®

{11}

14.3,3 Permissible compressive load. Where there is a
compressive axial load, check calculation shail be made to
ensure that the region of the shell subject to the greatest
compressive load is adequate to resist collapse by buckling,
To make this check the overall unit modulus, X am,

for the laminate construction decided upon shall be
determined from equation {12):

Xoam =Xy myny + Xamgny + .. XaMznz {12)
The permissible maximum compressive unit load shall then
be determined from equation {13}:

0.6tXam
7 (13}
ED,

F shail be taken as 4.

The maximum compressive unit load shall in no case
exceed the value of Qp so obtained.

NOTE. The laminate construction may need to be modified,

and the necessary calculations repeated until the condition is
satisfled.

Special consideration shall be given to the laminates where
circumferential and longitudinal modulii are different,

e.g. filament-wound tanks or vessels. In such circumstances
a rigorous anisotropic analysis shall be carried out 10 assess
the permissible maximum compressive unit load. In the
absence of such an analysis the lower of the two modutii
shall be used in equation {13}

See also 9.2.7 and D.4 for cases of simultaneous application
of circumferential and longitudinal loads to taminates
incorporating filament winding, where a check shall be
made using a biaxial design envelope.

14.4 Cylindrical and spherical shails subject to external
pressure

14.4.1 Cylindrical shells. The circumferential unit load,
Qg, shall be determined from equation {7}. The maximum
direct longitudinal unit toad, Q,, shall be determined from
equations (9}, {10} and (11}, as appropriate. The greater of
these values shall be substituted in equation {6). Using as a
basis a laminate construction which complies with this
requirement, the total thickness of the laminate, ¢, shall be
determined in accordance with 13.3. The composite

BS 4994 ; 1987
Section three

modulus of the laminate shal! also be determined from
equation {14):
Xeam
t

The minimum permissible laminate thickness, tn,, to prevent
puckling shall be determined from equations {15} or {16},
as appropriate.

L E 0.37
I — > 1.35 (__l-_&ﬂ)

{14}

E am =

o pF
Then
F 0.33
tm = Do ? (15}
2E am
L E 0.37
Andif — < 1.35 (,,..'.—,é\ﬂ)
o pF
Then
p (94F L 040
tm = X
" ° ELAM Do “G}

F shall be taken as 4.

it shall be ensured that ¢ is not less than £

NOTE. tn/D, inereases as L/ D increases up to a limiting value.
Beyond this value, t /0 is independent of L/Dg.

if the proposed design does not comply with this require-
ment, the design shall be changed either by redesigning
the laminate or by providing additional stiffening rings.
The calculations shall then be repeated until an acceptable
construction is indicated.

14.4.2 Cylindrical shells with stiffening rings. Where the
calculations in 14.4.1 indicate an unacceptable laminate
thickness it may be preferable to redesign to include
stiffening rings and the first step shall be to obtain a new
effective shell length, L, from:
(a} direct subdivision of the effective length of the
unstiffened shell;
{b) requirements for the support of internal fittings,
such as trays, etc.; or
{¢) considerations of the design of the supports, in the
case of horizontal vessels or tanks.
For a proposed stiffening ring profile and composition it
is then necessary to determine the diameter, Dy, of its
neutral axis.
It shall then be ensured that the second moment of area
1.2 of the stiffening ring section is greater than or equal to:

0.180, L D;* (17
ELam
The appropriate £, am shall be determined from

equation (14).

Where a steel stiffening ring fully bonded to the shell {see
figure 6(d)) is used, the modulus for steef shall replace
E_am. In this case the stee! section only shall be considered
as the stiffener.
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The permissible tength of sheli, L;, which may be regarded
as effectively contributing to the second moment of area
of the stiffening ring section shall be:

L, =0.75+/fD,
but in no case shall £, be taken greater than L.

Stiffening rings shall extend completely round the circum-
ference of the sheill and any joints shall be so designed as
to develop the full stiffness of the ring. There shall be no
spaces between shel| and ring.

The design shail' be checked for stresses in the GRP caused
by restraint to thermal expansion/contraction by stiffening
rings whare the design temperature is above 60 °Cor
below 0 °C.

14.4.3 Spherical shells. The upit circumferential load, O,
shali be calewiated from equation (8} and this value then
substituted in eguation (§). Using as a basis a laminate
construction which complies with this requirement,

the total thickness of the laminate, t, shall be determined

in accordance with 13.3.

The appropriate E| s shall be determined from

eguation (14),

‘The minimum permissible laminate thickness, ¢, to prevent
buckiing shall be determined from equation (19):

pF

{18)

tm = 178, {18)
Eyam

F shall be taken as 4.

It shall be ensured that t is not less than £y,

if the proposed design does not comply with this require-

ment, the jaminate shall be redesigned and the calculations

repeated until an acceptable laminate construction is

indicated,

15 Shells subjected to wind loading

15.1 Symbois

For the purposes of clause 15 the following symbols apply.

Dy outside diameter of shell {in mm)

F factor of safety against collapse by buckling

h actual height of course or part of course under
consideration {in mm}

equivatent height (in mm) at thickness t,y, of the
shell course or part of course of thickness t, and
height & under consideration

h actuat height {in mm) from stiffener to top of course

in which it is positioned

equivalent height (in mm} at thickness ¢, from

stiffener to top of equivalent height course in which

i1 is positioned

H{H,, H;, etc.} equivalent height{s) {in mm) from
proposed position{s} of stiffener{s) to top equivalent
height tank

actual height (in mm) from proposed position{s} of
stiffener(s) to top of tank

he

Mg

Ha

Hg total equivalent height {in mm} at thickness
foin OF all shell courses of thickness(es) tyy, tha - -
thx and heightls) by, fq, .. ., hy

H,  maximum equivaient height {in mm) at thickness
trin Over which secondary stiffeners are not
required

L effective shell tength {in mm) at thickness fnyn
between stiffeners or other points of support

P total external pressure {in N/mm?), i.e, wind
pressure plus any internal vacuum

th thickness of course under consideration {in mm)

tmin thickness of top course (in mm}

Xiam # overall unit modulus {in Nfmm) of course under
consideration

Xiam min overall unit madulus {in N/mm) of top course

15.2 Design calculations

As many vessels and tanks designed and constructed in
accordance with this standard are situated in the open,
consideration shall be given to wind loading which subjects
the vessels and tanks not only to an overturning moment
{requirements for which are specified in appendix F) but
to the jocal eollapsing effect of the wind pressure to which,
because of the relatively low elastic modulus of GRP,

they are particularly susceptible.

TFhe laminate thickness{es) of such vessels and tanks shali
be checked for suitability for this pressure in accordance
with the requirements for external pressure contained in
this section and where there is also an internal vacuum
condition, the pressure, p, used in the calculations shait
be the sum of the wind pressure and the vacuum,

The wind pressure shall be determined in accordance with
CP 3 : Chapter V : Part 2,

Tanks designed for static head of liquid content only are
frequently designed with shell courses of varying laminate
construction and thickness and in such cases an equivalent
height of courses shall be established to detarmine the
vaiue of L, to be used in aguations (15), (16) and {17} in
conjunction with X an and thickness vaiues for the top,
weakest, course as follows.

L = T h, between adjacent stiffeners {20}
or supports
where for each course or part thereof of height i and
thickness tg:
X trat L5
ha =h ( LAM mln) ( mm) {21)
XLam n th

The vertical positioning of secondary rings shall be
calculated by first determining the height of a complete
tank shell of equivalent stability, at the same diameter,
and of the same thickness as the top course of the shell.
An analysis of this equivalent tank shell in association with
the required wind and vacuum design criteria shall be used
to determine the number of secondary rings required,

e
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In many cases these rings will be located on the top course,
or on a cougse of similar thickness, but if the jocation is not
on such a course the actual positioning shall be determined
by converting back the equivalent shel course heights to
their actual values,
A secondary ring shall not be located within 150 mm of a
main circurnferential tank seam or change of section,
in line with BS 2654, the equivalent height of the tank shall
be the summation of all individual courses, i.¢.:

H, = Zh, between tank base and equivalent (22}

tank top

Values of A, are determined from equation {21).
Secondary wind stiffeners shall be necessary when the
ratio of Hy/Hp > 1.

where

XLAM min Imin S
P 04FpD,*S
F shall be taken as 4.
To obtain the number of secondary stiffeners, the integer
of the ratio H,/H,, shall be used, i.e. if Hy/Hy, = 2.5 then
two wind stiffeners are required spaced, for example,
at Hy = He/3 and Hy = 2Hy/3 from the top.
To find the actual position of the stiffeners the following
tmethod of calculation shall be used.
{a) A table of relevant details including tank course
height{s) & and the corresponding equivalent height{s)
hg shal! be constructed {see D.7).
{b) The course(s) in which the stiffener(s) will be
positioned shall be tocated by inspection of the table.
{c) The position(s) of stiffener{s) with the course(s)
shall be determined as follows:
e = H - Zh, betwsen top of stiffenad course under
consideration and equivalent tank top

The true distance of the stiffener from the stiffened course
top, Ay, shail be derived from equation (21):

XLaM b th \ V*
= Ma
XLAM min tinin

The true distance, H 4, of the stiffener from the actual tank
top shall be determined from equation {23):

Ha =hy+Zh between top of stiffened course (23}
under consideration and actual
tank top
NOTE. A worked example is provided in appendix D.

In the case of open-top or fixed-roof tanks, adequate
primary stiffening at the upper edge of the top course either
by external stiffener ar inherent stiffness in the shell/roof
junction shali be provided. The second moment of area of
such stiffening, and of secondary stiffeners shall comply
with 14.4.
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16 Rectangular tanks

16.1 Small unstiffened rectangular tanks

Small unstiffened rectangular tanks, without supporting
ribs or frames shall be considered as a number of indivi-
dual panels joined at the corners, Each such pane} shall

be designed in accordance with clause 17 using type 2 edge
coding constanis appropriate to its proportions, edge condi-
tions and type of loading.

16.2 Stiffened rectangular tanks

it is permissible for the arrangement of stiffening ribs to be
bidirectional but for economy the ribs are usually arranged
in the vertical or horizontal axes; however arranged,

the stiffening ribs may be fabricated into a framework.
Such constructions shall be considered as a number of
individual rectangular panels, and designed in accordance
with clause 17. For calculation purposes the load to be
carried by each rib shall be the load carried by the half

of each adjacent panel, due account being taken of any
snow or wind loads.

16.3 Design of stiffening ribs

16.3.1 General, Stiffening ribs shall be of steel or rein-
forced plastics construction. In either case the proportions
of these integral ribs shall be calculated using conventional
bending theory.

The design shall be checked for stresses in the GRP caused
by restraint to thermal expansion/contraction by stiffening
ribs where the design temperature is above 60 °C or

below 0 °C.

16.3.2 Steel stiffening ribs. All assembiies of ribs shall be
designed 1o ensure adequate strength at all welded junc-
tions, and at butt welded connections the edges to be
walded shall be so prepared to ensure full penetration
welds developing the full strength of the sections.

The calculated stress in the steel section shail not exceed
0.25 X tensite strength, The calculated stress in fillet welds
shali not exceed 0.1 x tensie strength of the steel section.
The load-carrying area of a filiet weld shall be the product
of its length and throat thickness, where the throat shail
be taken as not more than 0.7 x weld leg length,

The calculated stress in butt welds shall not exceed
0.16 x tensile strength,

16.3.3 GAPF stiffening ribs. The ribs shall be fabricated
using only CSM as the reinforcing material. The overlay
laminate shall be extended either side of the rib for a
sufficient distance to catry all shear toads and shall not
be less than 756 mm.
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i1 is permissible to regard the panel to which the rib is
overlayed as contributing to the strength of the rib fora
distance not exceeding 16 x panel thickness on either side
of the rib provided there is such a clear distance available.
No part of the panel shall be regarded as contributing to
more than one rib. The material over which the rib is
formed shall not be regarded as contributing to the strength
of the rib,

17 Flat panels

17.1 General

Flat pansis designed in accordance with this standard shali
be manufactured using only chopped strand or CSM as the
reinforcing material.

The equations in this clause are based on a consideration of
both the maximum allowabie unit skin loading, tensile or
compressive, and an over-riding limiting defiection of ¢,
where t is the thickness of the panet and t shall always be
equal 1o or greater than tyin, Where tmn is the required
minimum thickness of the panel.

NOTE 1. It Is considerad that the membrane componant of loading
arksing when tha maximum deflection equals the panel thickness
does not significantly affect the validity of the bending analysis
from which the equations were derived.

NOTE 2. Whiist it Is recognized that edge conditions can be of
great significance when calcuiating In this manner, it s considered
that in many ceses the effect of change in such conditions is anly
marginal and for the purpases of this clause the edge conditions
have been directed Into type 1 and type 2, These are Hlustrated

in figures 9 and 10,

The edge conditions for a particular panel shall be either
type 1 or type 2 or a combination of both depending on
conditions.

17.2 Symbols
For the purposes of clause 17 the following symbols apply.

a pangl dimansion, longest span {{ength) {in mm}
{see figures 9 and 10)

b panel dimension, shortest span {breadth) {in mm)
{see figures 9 and 10)

c depth of care (in mm)

d dapth of sandwich {in mm) between neutral axes
of faces

p pans| dimension, circular panels {diameter) {in mm)
{see figures 9 and 10)

Young's moduius {in N/mm?} of laminate under
consideration

F factor of safety
total mass of CSM reinforcement {in kg/m?)

desian moment = total moment induced in the panel
by the worst combination of distributed loads plus
moment due to any jocal load {in N-mm)

M, mornent due to focal joad {in N-mm}
moment due to distributed load (in N-mm)

P prassure {particular definitions are given throughout

the text) {in N/fmm?)
Q, maximuin unit 1oad {in N/mm) in skin of iaminate

f radius of local load {in mm)

o panel radius {in mm) or in the case of an isosceles
triangular plate, the length of one of the equal sides

S maximum shear force par unit width {(in N/mm)
acting on panel

t soiid panel thickness (in mm)

tg Jaminate thickness {in mm per kg/m? glass)
determined from figure b

tmin required minimum thickness of panel {in mm}

t, skin thickness {in mm)

ty total thickness {in mm) of sandwich to outside of
the structural layers

ucsw design unit loading for CSM layers {in N/mm per

kg/m* giass)
w, applied local load (in N)

Q constant appropriate to combination of edge
conditions and type of loading

il constant appropriate to combination of edge
conditions and type of loading

Te maximum shear stress {in N/mm?} in core and in

skin to care interface

17.3 Panel shapes and loads

The design of flat panels shall he undertaken in accordance
with 17.4 to 17.16, which cover panels of cireular,
rectangular, triangular and segmented shape subjected to
uniformly distributed loads and uniformly varying loads,
as in the case of a statie head of liquid, and circular and
rectangular panels for concentrated loads applied to the
centre of the panels.

NOTE 1. This provides for paneis subject 1o access loadings as
given in BS 6399 : Part 1 and gives a worst case for fixed direct
loads,

For ioads remote from the pane! centre, designs shall be
based upon reference [11] for rectangular panels and
references [11] and {12] for circular panels.

NOTE 2, The effects of external moments on flat paneis carnot
readily be assessed and such loadings should be gvoided whenaver
possible.

17.4 Design method for all panel shapes

The design moment, My, shall be the total moment induced
in the pane! by the worst combination of distributed loads
that could oceur, e.q. pressure, vacuum, static head, wind
and snow loads, plus the moment due to any locai load,
for example:

My = Mygcuum + Manow + Mylna + Miocat 1ond
A chack calculation shall be made to ensure that the

thickness of the resulting laminate is such that the deflec-
tion of the panel does not exceed the panel thickness,
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Pane! dimension —————dm~
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(a) Blanked full-face flange

— Panel dimension

/ \\é\\\\

.\\ \
s
oz /
{b} Blanked fuli-face flange with backing rings

Steel secfion

Panel dimension
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{c) Steel stiffener

May be hollow 4
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Panel dimension
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{d) GRP stiffener
Figure 8, Type 1 edge fixings
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Panel dimension

{e) Typical panel/panel connection

Figure 8 (concluded]
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Figure 10. Type 2 edge fixings
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17.5 Rectangular panels

17.5.1 General One of the following four arrangements
of edge conditions shall be adopted. The considered and
appropriate constants shall be as given in table B.

Case A. Type 1 edge conditions on all four sides.

For example, a bolted cover with a joint extending
beyond the bolt holes or one of an assembly of panels
with balanced fixing at stiffeners or corners,

Case B. Type 1 edge conditions on both short edges and
one long edge with type 2 edge conditions on the other
long edge. For example, one of an assembly of paneis
forming the side of an open topped tank with one long
adge carried by the tank 1op flange or support frame.

Case C. As an alternative to case B, panels with type 1
edge conditions on two long edges and one short edge
and type 2 on the other short edge.

Case D. Type 2 edge conditions on all four sides,

e.g. a loose cover plate,

17.5.2 Rectangular panels under distributed load.
The moment, My, due to a uniformly distributed joad on
a rectangular panel shail be determined from equation {24):

My = Byp b (24)
where
By is obtained from table 8;
p is the uniform internal or external pressure,
a uniform load such as snow or wind ot such a
combination of these as will give rise to the greatest
differential pressure across the panel with due regard
being taken to the sign or direction of application of
each form of load.
The moment, M, due to a static head of liquid decreasing
from maximum pressure at the base of the panel to zero at
the top shail be determined from equation (25):
M, = 0.67 B, p b*
whare
B, is obtained from table B;

p is the pressure at the base of the panel, i.e. the
maximusn pressure on the panet.
The moment, M,,, due to a static head of liquid decreasing
from a maximum pressure at the base of the panel but
which is not zero at the top shall be determined from
equation {24} using the maximum value of pressure for
the pane} concerned.

{25)

17.5.3 Rectangular panels under central local loads.
Cases A and D only shall be considered when panels are
subjected to local loads.

NOTE. Panels of case B may be considered as case D and panels
of case C may be considered as case A for focal loads only.

~yry

The moment, M;, due to local load on a rectangular panel
shall be determined from the greater value given by equa-
tions {26} and {27) for case A and equation (26) only for

case D:
w, 256
M= — [13In = +§, (26)
4 nr
M =3 W,y (27)
whgre

@, and f§; are obtained from table 9.
17.5.4 Mass of reinforcement. The total mass of CSM

reinforcemant, mesm (in kg/m?), shall be determined from
equation (28):
) 0.5

Mesm = (
My is the total moment as defined in 17.4.

where

A check of the laminate thickness shall be made to ensure
that the deflection of the panel does not exceed the panel
thickness. The required minimum thickness of the panel
shall be determined from equation (29}):

a W b?\ &%
tmin = +

where
&, is obtained from table 8;
o is obtained from table 9;

p is the design unit pressure {(worst combination of
pressure, vacuum, snow, wind loading, etc.).

6My

(28)
Ueam X1y

o, pb*

{29)

E|am £\ am

17.6 Circuiar panels

17.6.1 Circular panels under uniformly distributed load.
The moment, My, due to uniformiy distributed load shall
be determined from equation {30}:

M, = By sz
where
B, is a constant equal to:
0,03 125 for type 1 edge conditions;
0.0516 for type 2 edge conditions;

p is the design unit pressure (worst combination of
pressure, vacuum, snow, wind loading, ete.).

(30)
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17.6.2 Circular panels under central local Joad,

“The moment M, due to local load shall be determined from
the greater of equations (31} and (32) for type 1 edge
condition and equation {33) only for type 2 edge condition.

Type 1:

W by
M,=0.325 — In — {31)
i 2r
or
Wy
M= = {32)
LY
Type 2:
W D,
M= — (13In == +1 {33)
an 2

17.6.3 Mass of reinforcement. The required mass of C5M
reinforcement, mggm (in ka/m? ), shall be determined from
equation (34):

BMd &.5
Meapy & ( (34)

tosm X By
A check of the laminate thickness shall be made to ensure
that the deflection of the pane! does not exceed its
thickness.
The minimum laminate thickness shall be determined from

eguation (356):
a, Wl Dpz ) 0.25
+

; _ ( P Dp‘
min ~
! ELam ELam

(35)

where
o, is a constant equal to:
0.01066 for type 1 edge condition;
0.04347 for type 2 edge condition;
ey is a eonstant equal to:
0.05431 for type 1 edge condition;
0.13787 for type 2 edge condition;

p is the design unit pressure (worst combination of
pressure, vacuum, snow, wind loading, etc.).

Table 10. & and § constants for sector and
triangular plates

Angle " nf2 w3 nid

Type 1. Fixing on sector edges

o 0.0368 0.0144 0.0062 0.0031

i 0.0756 0.0488 0.034 0.025

Type 2. Fixing on ali sides

o 0.0886 0.0246 0.01 0.0054

B 0.0868 £.0381 0.0255 0.0183

BS 4894 : 1987
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17.7 Plates in the form of a sector of a circle and
triangular plates
Plates in the form of a sector of a circle and triangular
plates shall be designed using the values of @ and § obtained
from table 10.
The moment on the panel, M, shall be determined from
equation {36):

M, =Bprp? (36)
where

§ is obtained from table 10;

p is the design uniform pressure {worst combination of

pressure, vacuum, snow, wind loading, etc.).

The required mass of CSM reinforcement, Megm ., is then
determined from equation (37):

6M, 0.5
mesm = | ———— {37)
Ucsm X U

A check of the panel deflection shall be made using
equation {38} to ensure the deflection does not exceed the
panel thickness:

ap 0.25
tmln mfp F (38}
LAM

where
« is obtained from table 10.

17.8 Sandwich construction panels

17.8.1 General. A sandwich construction panei shall
consist of two reinforced plastics skins separated by and
honded to a core of low load-carrying capability in order
to improve the strength and stiffness of the flat panel with
economy of reinforcement material.

In these calculations the core material is not considered to
contribute any strength to the panel. However, its ultimate
shear strength in any direction shall not be less than
0.2 N/mm? as determined in accordance with B.13.

17.8.2 Design conditions. Where flat sandwich paneis are
used as an alternative to solid panels, the following condi-
tions shall be satisfied.

(a} The thickness of each skin shall in no case be less
than the thickness specified in 13.3.

{b} The ultimate shear strength of the core shall not be
jess than 0.2 N/mm?,

{c) The design temperature shail not exceed 60 °C.

{d} The flexural rigidity of the core shall be ignored and
the skins shail be composed of CSM unless more detailed
anaiysis of the panel is undertaken,

NOTE. Consideration should ba given to the ability of the core
material to withstand Jocal compressive [oads at the intersections
of panels and stiffening ribs.

17.8.3 Design calculations. In order to obtain an initial
construction, the thickness reguired for a solid panel shall
be determined [necessary to limit the deflection to the
panel thickness} in accordance with 17.4. The overall
thickness, ty, of the sandwlich panel shall then be obtained
by assuming a core thickness and using equation {39):

=4 +c*)0% (39)
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The skin thickness, ¢, shall then be determined from D
equation {40): D,
(t‘t - c)
. . (40)
8 2 Di
In no case shall t, be less than that specified in 17.8.2(a). Dy
Fhe skin unit loading shall be checked to ensure that the D,
design unit Joading is not exceeded using equation {41): f
Mgty
= P——H " 41}
This value of unit load shail be substituted in equation (6},
In addition the cora shear stress shall be determined from
equation {42):
S
Tes {42)
. G
where the maximum shear force S is determined for
the loading present. 7, shall not exceed: h
tltimate shear strength of the core 8
F
or y
titimate shear strength between the core and the skin
F
F shall be taken as not jess than 4.
NOTE. See worked axemple in appendix D,
17.9 Panels at design tamperature above ambient r
For panels with design temperature above ambient,
the following design cases shall be considered: Hy
(a) ambient temperature, design loading;
{b) design temperature, design loading; Key
{c) design temperature, no [oading.
NOTE. Further infarmation on calculating thermally Induced
moments and deflections is given In reference {121,
Kc’.'
18 Ends
K
18.1 Symbols ®
For the purposes of clause 18 the following symbaols apply. K
8
A, actual total cross-sectional area (in mm?) of bolts
at root of thread or section of least diameter under L
stress L
Ay total required cross-sectional area of boits {(in mm?), ¢
taken as greater of A, and A, g
Ay total cross-sectional area of bolts (in mm?} at root
of thread or section of least diameter under stress,
required for operating conditions, = W 1/Sp m
Az total cross-sectional area of bolts {in mm?® ) at root
of thread or section of ieast diameter under stress, Mesm
required for gasket seating, = W,2/S,
b effective gasket width, = 2.52/N/2 (in mm) N
g inside diameter of flange (in mm) {see figure 14{(a))
Dp,  gasket mean diameter {in mm} {(see figure 13{a}}
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outside diameter of gasket contact face {in mm}

pitch circle diameter of cover bolts {in mm) (see
figures 13{b} and 14{b})

inside diameter of shell {in mm)
inside diameter at large base of cone {in mm)
outside diameter of shell {in mm)

afiowable dssign stress for material used for steel
backing plate:

Room temperature tensile strength
4

or
Room temperature yield or proof stress
1.6
whichever is lower (in N/mm?)
diameter at location of gasket load reaction,
= [} - 2h {in mm}
radial distance from gasket load reaction to the

boit circie, = Q%:_Q {in mm)

inside head height {in mm), L.e. distance from
tangent point between knuckle and parailel skirt
{see figure 11}.
For a torispherical head;

D] Di 0.5
h;”ﬁl“ R;“‘""‘ H,+--~~»2r,

2 2
tota) hydrostatic end force, = 0.7858%p (in N)
compression load on gasket to snsure tight joint,
=25 x 3.14Gmp {in N)
shape factor for use with cone/cyiinder intersections
with knuckie radius, obtained from table 12 to
determine longitudinal unit loading (see equation
48))
shape factor for use with cone/cylinder intersections
without a knuckle, where permitted in accordance
with 18.4.1, obtained from table 13 to determine
longitudinal unit loading {see equation {49))
shape factor, for use with semi-eliipsoidal ends
under external pressure, taken from figure 15
shape factor for use with domed ends, obtained
from table 11
effective shell length {in mm)}
distance {in mm) from cone/eyiinder intersection
for which both cone and cylinder are to be increased

Dt
1o thickness ¢, ( A fte.
tos ¢

gasket factor = 1 for soft rubber without fabric or
ashestos reinforcement
total mass of glass per unit area {in kg/m?) in
complete laminate required for ring supported
flat covers
width of gasket in contact with flange face {in mm}
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p total effective pressure {in N/mm*), ie design
pressure including hydrostatic head at point under
consideration

Q maximum unit load {in N/mm}, i.e, maximurn force
per unit width, to be carried by the jaminate

Q,; longitudinat unit load (in N/mm)} for cone/cylinder
intersections with knuckie {see equation (48))

O, longitudinal unit load {in N/mm) for cone/eylinder
intersections without knuckle, where permitted in
accordance with 18.4.1 (see equation (49)}

i inside knuckle radius of dished end or of transition
between conical end and cylinder {in mm)

R radius of corner {in mm) (see figure 16}

A inside radius of spherical portion of dished end
{in mm)

Rs outside radius of spherica! shell {in mm)

Sa bolt nominal design stress at atrmospheric

temperature {see table 15)

Sy bolt nominal design stress at design temperature
(see table 15}

t laminate thickness of end {in mm) calculated from
laminate details
te design thickness of cone/cylinder intersection

{in mm), it extends along the cone and cylinder
for a distance not less than L. (see 18.4.3}

to thickness per unit mass of glass determined from
figure 5 after glass content has been fixed {in mm
per kg/m? glass)

tg thickness of stee! backing plate {in mm)

ucgm design unit loading (in N/mm per kq/m? glass) for
CSM layers (from 8.2}

w flange design boit load {in N}, based on actual size
boits used to provide the greater of Wy and W,

{Am AR S,

2

W,,; minimum required boit load for operating
conditions (in N}, = H + H

Wy  minimum required bolt load for gasket seating
{in N}, =3.14 x bGy

¥ is the gasket ar joint contact surface unit seating
stress = 2,32 N/mm?® for soft rubber without fabric
or asbestos reinforcement

¢ angle of stope of conical section to vessel axis
{see figure 12)

and eguals

18.2 lLimitations of shape

Ends shali be one of the following shapes:
(a) hemispherical {see figure 11(a});
(b} semi-ellipsoidal; the ratio of inside head height, f;,
to inside diameter, Dy, shall be not less than 0.2 (see
figure 11(b});
{c) torispherical: the inside radius of dishing, /7y, shall be
not greater than the inside dismeter, D;, and the inside
knuckle radius, rj, shall be not Jess than one-tenth of the
inside diameter, D), {see Tigure 11{c}};
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{d) conical (see figures 12{a) and (b});
{e) flat: fully supported or ribbed;

{f) bolted fiat covers (see figures 13 and 14}.

NOTE. The type of end in which the convex surface of the end
farms part of the Inner surface of the vessal or tank is not covered
by this standard.

18.3 Domed ends

18.3.1 General, Domed ends shall include shapes listed
as 1B.2{a), {b}, and (c}

18.3.2 Domed entls subject to internal pressure. The unit
load to be substituted in equation [6) shall be determined
from equation (43):

0=056pD K, {43}
Since the value of K to be used is dependent on the thick-
ness of the domed end, and this thickness cannot be
accurately determined until the laminate has been designed,
a value for the t/D; ratio shall be assumed in order to select
an appropriate value K.
The vaiue of K, so determined shail be substituted in
equation {43} to determine the notional unit load, Q,
and this value of O used in equation (6} for the determina-
tion of a suitable laminate.
The thickness of the laminate so calculated shall then be
determined, in accordance with 13.3, and the value of
t/D; given by this thickness shall be compared with the
ratio assumed. If the difference is significant, the calcula-
tions shall be repeated using a new value of K appropriate
to the likely thickness of the final laminate.

NOTE. As an alternative to repeating the calculation, it may be

found preferable to redesign the end with larger head height, A,
and knuckle radius, r3, thus reducing the value of Ky 1o be used

in the design calculations.

18.3.3 Hemispherical and torispherical ends subject to
external pressure. The unit load to be substituted in
equation {6} shall be determined from equation (44):
Q=0.66pD K {44)
Additionally, the minimurm permissible laminate thick-
ness, t, 10 prevent buckling shal! be determined from
equation (19).
it shall be ensured that ¢ is not less than tm,.
I, in the proposed design, this condition is not fulfilled
the laminate shall be redesigned and the calculations
repeated until an acceptable laminate construction is
indicated.

18.3.4 Serni-ellipsoidal ends subject to external pressure.
The unit load to be substituted in equation {6) shall be
determined from equation (45}:

Q=066pD K, (45}
Additionally, the minimum permissible laminate thick-
ness, tm, 1o prevent buckling shali be determined from
eguation (19).

The value of A, to be used in equation {19} shall be
determined from equation (46):

B, =05D,K, {46)

it shall be ensured that ¢ is not less than Iy,
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-

{a) Hemispherical

h;
_ ) ) |
- b
foew)  pomty—-
(b) Semi-ellipsoidal
r‘
h;
) |
e b, . !

{c} Torisphericai

Figure 11. Domed ends
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NOTE. Knuckle radii should preferably

0,105 but In no case

0;
et
be not fess than
less than 0.06 0.
J—. herctg s 4
D
L. k

{a} Conical section with knuckle

—y

—= —k

L( "“4

Preferred design

No voids here

Di '—'Dk

¢ < 60°

{b} Conical section without knuckle

{only with fabric-backed thermoplastics lining (see 18.4.1)

Figure 12. Conical ands and reducing sections

Di
{small end)

b
{large end)

NOTE. Knuckle radii should preferably
be not less than 0.1 D) but in no case
tess than 0.06 D) where D; is the
adjacent inside shell diameter.

{e) Conical section with knuckles

{small end}
M
¥
/ 1
v
Common
tangent
line
;
{targe end)

NOTE. Knuckle radii should praferably
be not less than 0.1 £y but in no case
tess than 0.06 D, where ; is the
adjavent inside shell diameter

{d} Reversed curve section for
jarge openings in ends
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Stee! backing ring

Laminate cover

Gasket

Steel backing flange :
Bolfs or stud hoits

) [
RERR N
W N k\\

Y, %
/% 27

TN o

. Dy _

(a) Gasket inside boit circle

N

[

D

r:
[ |
Steel spreader ring
Laminate cover
Full face gasket —————b=
Steel backing flange
Bolts or stud bolts -—:Q:jjl

p

w

{b) Full-face gasket

Figura 13, Blind fianges: genaral

o
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hq—w o e -mwha
th dh é
St — | \\\\\\\\\\\\\ ;I &ME ?
i
Gasket J' N ¢
' 7 ' \% ’
s et LN e
B 2R
{a) Fully-supported
Oy

dih fan N

Lok Vs

Thin laminate cover

Full face gasket

Steel backing flunge————-—@ /

Bolts or stud bolfs

Steel backing plate %’ ,m\\\\\\\\\\\\\\/ IR ]ET
b

{b} Fullysupported

Figure 14. Blind flanges: not suitable for vacuum vassels
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Figure 15. Shape factor for semi-eliipsoidal ends convex to pressure

2.5
2.0
X
5 B
o
o
o -
1.5 A
1.0
0.2 0.3 0.4 0.5
hi’Di
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‘Tabla 11, Shape factor for domed ends*
hylDy t/D) Shape factor Ky
Torispherical Semi-
allipsoidal
0.1 /D)< 0.15 nibg > 0.15

0.20 0.005 2.95 Not permitted | 2.00
0.01 2.8b since A, > Dy 2.10
0.02 2.65 2.20
0.04 2.36 2.25
0.05 2.25 2.35

0.25 0.005 2.35 1.80 1.30
0.01 225 1.80 1.35
0.02 2.10 1.76 1.45
0,04 1.85 1.70 1.45
0.05 1.75 1.70 1.45

0.32 0.15<n/D; <0.25
0.005 1.95 1.4% 0.85
0.01 1.85 1.45 0.9%
0.02 1.60 1.40 1.0
0.04 1.40 1.35 1.06
0.05 1.30 130 1.10

0.50 All values 0.6 0.6 0.6

(hemisphericat)

*See references [13], [14], {15} and [16].

18.4 Conical ends and reducing sections

18.4.1 General, Conical ends and conical reducing sections
shall be of the forms shown in figure 12,

For vessels and tanks other than those utilizing a fabric-
hacked thermoplastics finer, the form of cone/cylinder
junction shall be as shown in figure 12{a). in no case shati
the knuckle inside radius r; be less than 6 % of the inside
diameter of the adjacent cylindrical shell.

In the case only of vessels and tanks utilizing a fabric-
backed thermoplastics liner, with the exception of UPVC(
and CPVC, it is permissibie 1o use the form of cone/
cylinder intersection shown in figure 12(b) for angles of
inclination to the vessel axis up to and including 60 ° but
construction as shown in figure 12(a) is the preferred
design in all cases and shall be used for fabric-backed uPVC
and CPVC.

Additional reinforcement added at the conefcylinder
intersection in accordance with equations (47} and {48}
or (47} and (49), as appropriate, shall be distributed
through the laminate in a balanced manner.

For constructions of the form shown in figure 12(b) the
intersection shall not be closer to another junction or

discontinuity than twice L. determined from eguation {50}.

In addition, the manufacturer shall fabricate a proof
specimen as detailed in 36.2(d) to demonstrate to the

purchaser, and/or !nspecting Authority, where appropriate,
that the chosen method of manufacture produces a
satisfactory laminate as defined in that clause.

Conical tops of static storage tanks which are not subject
to internal or external pressure and are manufactured
without a radiused knuckle region shall not be subject to
the restrictions shown in figure 12{b}.

18.4.2 Shallow conical ends, Conical ends having an angle
of inclination to the axis of the vessel or tank of more than
75 © shall be designed as flat ends in accordance with 18.5.

18.4.3 Other conical ends subject to internal pressure.
For ends having an inclination to the axis of the vessel ar
tank of 75 ° or less, the circumferential unit load to be
substituted in equation {6), for the conical portions shall
be not fess than:

UASPDK

cos ¢

For construction of the form shown in figure 12(a) the
jongitudinal unit load to be substituted in equation (B} for
the knuckle portion shall be the greater of the values for @
determined from equations (47) and (48):

G, =05pD, K.y {48)
where

K., is obtained from table 12.

{47)

43



BS 4994 : 1887
Section three

For construction of the form shown in figure 12(b}, as per-
mitted in accordance with 18.4.1, the longitudinal unit
load to be substituted in equation {6) for the cylinder/cone
juriction region shali be not less than:

Qun =0.6pD Ky,
where

K., is obtained from table 13,
In no cass shall the lengitudinal unit strength of the final

laminate be less than the unit load determined in accord-
ance with equation (47).

Since the value of K4 to be used in equation (49} is
dependent upan the design thickness at the cylinder/cone
junction, and this thickness cannot be accurately deter-
mined until the laminate has been designed, a value for
the t. /0 ratio shall be assumed in order to select a value
for Koz.

The value of K., so determined shall be substituted in
equation (49) to determine a notional unit lead, Q,

and this value of @ used in equation {6) for the calculation
of a suitable laminate.

‘The thicknaess of the laminate so calculated shall then be
determined in accordance with 13.3 and the value of

t. /Dy given by this thickness compared with the ratio
assumed. If the difference is significant, the calculations
shall be repeated using a new value for K., appropriate
to the likely thickness of the final laminate.

The calculated thickness for the knuckle or cylinder/cone
intersection shall extend on to adjacent parts of the
cylinder and cone by a distance not less than L, where:

Le =+/Dytefoos ¢

In the case of conical ends to filament-wound tanks or
vessels, a rigorous anisntropic etastic analysis shall be
carried out. This shaill allow for the contribution from each
layer in the laminate and for the interaction between
normal and shear strains, In the absence of such an analysis
all of the additional design loading arising due to the changs
in geomaetry shall be taken by layers of C8M and WR cloth
only. Care shall be taken to ensure that the longitudinal
unit joad used to calculate the laminate shali be not less
than Q, Oy, ot Qyq, a5 appropriate.

{49}

{50}

18.4.4 Other conical ends subject to external pressure.
The iaminate construction for conical ends and sections
subject to external pressure shali be determined in accord-
ance with 14.4.1. Where a design incorporating stiffening
tings is proposed, the calculations of 14.4.2 shali be used.
In applying these calculations, the following modifications
shail be incorporated.
{a) Dy /cos ¢ shalt be used throughout in place of Dy,
where Dy is the major outside diameter of the conical
section being considered;
{b) the effective shell length L shail be either the stant
height of the conical section or the slant height between
effective stiffening rings (see figure B(c)), whichever is
the smaller.

Table 12. Shape factors for conical ends as shown
in figura 12(a)
ri/D; | Shapa tactor Ky

Angle ¢

15° 30° 45° 60" 75°
0.06 1.3 20 3.85
0.08 1.2 1,76 | 3.50
0.10 1.1 1.6 3.156
0.15 1.0 1.4 210
0.20 1.25 ; 2.40
0.30 1.565
0.40
0.50

Table 13. Shape factors for conical ends as shown
in figure 12(b)

te/D) Shaps factar K
Angle ¢ {not greater than 80 °)
15° 30° 45° 60"
0.002 294 5.62 8.90 13.60
{].00-5 2.05 3.70 5.80 8.70 ]
0.01 1.60 275 4.12 6.30
0.02 1.24 2400 3.00 4.40
0.04 1.00 1.85 2.20 3.20
0.05 1.00 1.45 2,00 275

18.5 Fiat bottoms to vertical eylindrical tanks and other
flat ends

18.5.1 General. Flat bottoms to vertical cylindrical tanks
shall be either fully supported or designed in accordance
with clause 17. Flat ends to other vessels and tanks shall be
designed in accardance with clause 17,

NOTE. Flat roofs of tanks should be designed to comply with
BS5 63499 : Part 1.
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18.5.2 Fully supported flat bottoms. At the corners of
fully supported bottom ends, the load-carrying capacity of
the laminate in the longitudinal directian shall depend upon
the form of construction. in the case of radiused corners,
see figure 16, the factor of not less than 1.5 shall be
applied and in the case of square corners, see figure 17,

the factor of not less than 2 shall be applied to the required
load-carrying capacity in the circumferential direction of
the cylinder {aminate for the internal pressure,

NOTE 1, The thickaess of the bottom away from the junction
between end and cylindrical shell Is not critical.

When some fabric-backed thermoplastics are used as linings
(uPVC and CPVC are specifically excluded) the methods
illustrated in figure 17 are permissible and they shall also
comply with 36.2{f).

Smal! unsupported areas in way of outlets, etc. shall
comply with clause 17 for the design of flat paneis,

In the case of bottom corners to filament-wound tanks or
vassels, either a rigorous anisotropic elastic analysis shall
he carried out or atl of the additionai design loading arising
due 1o the change in geometry, which shall be considered
equivalent to the design loading in the shetl, shall be taken
by layers of CSM and WR cloth anly. The anisotropic
elastic analysis shali allow for the contribution from each
layer in the laminate and for the interaction between
normal and shear strains.

NOTE 2. Dependent upon the bedding arrangerrients for the base
of the vessel or tank, It may be necessary to provide s flat base.

18.6 Bolted circular blind flanges

18.6.1 General. Bolted blind flanges shall comply with one
of the designs shown in Tigures 13{a) or {b).

18.6.2 Shell flange connection. A flange on the end of the
shell shail be designed in the same way as that on a large
flanged branch connection (see clause 21).

18.6.3 Ring-supported circular blind flanges. Ring-
supported circular blind flanges {see figures 13{a} and (b})
shall be manufactured using CSM only as the reinforcing
material, '

The total unit mass of glass reinforcement required shall be
determined from equation (51) or {52}, as appropriate.

Figure 13{a):

pDy?
Mesm = - (51)
3..23thc3M
Figure 13{b}:
pDy?
m = g fommmm——— {52}
csM 5~33tBuCSM

NOTE 1. For figure 13(a). the metaliic backing flanges should either
be selected from table 14, or designed as 'foose’ {langes in accord-
ance with BS 5500 (see clause 21).
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NOTE 2. For figure 13{b}, metallic spreading rings should not be
jess than 6 mm thick. Within this constraint they may be of nominal
thickness anly.

The laminate construction shall comprise any CSM layer
arrangemnent which comptlies with this total mass
requirement.

18.6.4 Circular biind flanges with edge moment. Circular
btind flanges with edge moment of such design that the
gasket contact is wholly within the bolt circle and the
action of the bolts subject the flange to an edge moment
shall not be used,

18.6.5 Fully supported blind Flanges. Fuily supported
blind flanges (see figures 14{a) and (b)} shall be made only
with a steel backing plate over the full area of the biind
flange. They shall not be used for vacuum vessels.

The thickness of the steel backing plate, tg, for the arrange-
ment shown in figure 14{a) shall be the greater of the
following:

)
{aytg = G — 53
a)tg K (63}
where

(E.SWhﬂ)

0.3+ —=
HG

or

1.909 Wh,
(b tg = \/ ——— (54)
GF

For the arrangement shown in figure 14{b), where the
gasket extends beyond the bolt circle, the thickness of the
steel backing plate shall be not less than:

/o
tg = 0420, ";* {55)

For the arrangements shown in figures 14(a) and (b} these
requirements shall not preclude the use, as a steel backing
plate, of blind flanges in accordance with BS 1560,

BS 3293 or BS 4504 for the appropriate pressure and
temperature design conditions.

NOTE. For fully supporzed blind flanges, the thickness of the
supporied laminate need only be sufficient to act as an effactive
corrosion barrier and to have adequate rigidity during handling
{subject to @ minimum thickness of 3 mm). In the case of vessels
or tanks lined with thermoplastics, a sheet of unreinforced thermo-
plastics, similar in thickness to the lining will be sufficient for all
except very large openings
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|
N ¢
|
|
!
i 1in6 taper
Thermoplastic liner W‘?"
I
f
I
f
|
| it
! 2
1
R=30to150mm |
H
!

\'\-
~see 18.5.2

1in6 taper

infiit when required
{see note 2 t018.5.2)

NOTE. With 3 radius, /, of 75 mm to 150 mm thera is evidence from 2 stress analysis that the stress
concentration kn the knuckle is greater and sdditianal support of the knuckie shouid be considered.

Figure 16. Lined and untined tanks, knuckle radius 30 mm to 150 ram (preferred construction)
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| t
Main shell laminafe . Yiné taper
Fabrir backed thermoptastics
liner
see 185.2
Resin/ CSM layers to form g !F
initial radius on side and bose
Weid 3 runs minimum
|
\ —h-’-""""h-.--/
//; 1in 6 taper
Infill when reguired 2% ot
{see note 2 to18.5.2) N
SR
Febric bocked thermoplastics o , tinb taper
lingr
see 168.5.2
\
| - \ [
ResinfCSM infill \g;'\
W
Weld 3 runs minimum ‘Izéln 2 [BiF
. \:@E' z
[ _—] i
Ot
1in 6 toper Z x‘/ 7
ez pum bem— 3 MM mOXimMUm

Infill when reguired
(see note to 18.5.2)

Figure 17. Lined tanks, fabric-backed liner without a formed knuckle
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19 Circumferential seams

19.1 Symbols
For the purposes of clause 19 the following symbois apply.

Koy, design factor determined from equation {1) for the
type of laminate used and its mathod of manifac-
ture in the construction of the overlay

L minimum effective length of overlay {(in mm} (see
figures 18 and 19)

m,  massof reinforcement per unit area {in kg/m? giass)
in one layer of type 2

n; number of layers of type z in laminate construction
under consideration

Q, unit load to bhe used in equation (56) for calculation
of L; determined from equations (8), {9}, (10} or
(11), as applicable

u, design unit loading {in N/mm per kg/m" glass) for
layer of type 2

U_am design loading (in N/mm)} for main laminate
Ugyy design loading (in N/mm} for overlay laminate

19.2 General

The overlay laminate shall be designed so that its design
loading Ugyy in both circumferential and longitudinal
directions is not less than that of the main sheil laminate
in the circumferential and longitudinal directions,
raspectively, except at the terminating tapers.

‘The overlay shall be terminated by a taper not steeper
than 1 in 6, and shall be smoothly biended into the main
laminate at its extremities {see figures 18 and 19).

Joints shall he positioned clear of regions of high local
loadings, e.g. knuckles, branches or transitions.

The effective length for each type of joint shali be
determined from équation (56}:
Q, Kove
L= = (56)
Lap shear strength
whare the fap shear strength is the minimum value given
in table § for the type of reinforcement and resin system
employed in the construction of the overlay and the main
taminate in the region of the main seam,

19.3 Design loading of laminates

The design loading of the main shell laminate Uy am,
and of the overlay laminate, Ugy , shall be determined
from equation (57}:

ULAM ar Ugyy =uymym tuamaing + . UpMaliz (57
summed for the actual laminate construction selected.

20 Openings, branches and compensation

20.1 General

Openings in vessels or tanks shall be circular or oval,

with a ratio of major to minor axis not exceeding 2.
NOTE. it is preferable 10 locate alf openings clasr of changes in
|aminata construction, e4. points of end attachment and weids

in thermoplastics liners.

Compensated openings and branches in domed ends shall
be located so that the attachment and any additional
reinforcement is entirely within a circle of radius 0.4 Dy,
concentric with the axis of the shel, where D; is the inside
diameter of the shell.

Openings and branches in vessels subject to external
pressure shali be designed in accordance with the require-
ments for vessels subject to internal pressure {see 20.2.3
to0 20.3.2).

20.2 Compensation of openings

20,2.1 General. All openings shall be compensated by
the use of additional iaminate designed in accordance
with 20.2.4 for all planes through the axis of the openings
normal to the vessel surface.

The maximum dimension of compensated openings in
domed ends shall not exceed 0.5D; and larger openings
shall be designed as conical or reversed curve reducers
{see figure 12).

The maximum dimension of openings in cylindrical shells
covered by this clause shall be 0.30,.

NOTE. Openings in cylindrical sheils with a maximum dimension
exceeding 0.3 0; and all openings of non-circular shape require
special conslderation.
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] Main lominate Main laminate |
l h 4 )

All topers not
steeper than 1iné

internal sealing strip

{a) Butt joint with singte overlay, limited to main laminate of 6 mm or lsss

All tapers not
steeper Fhan 1inéb

L
Overlay
[I Main {ominate -~ M Main lamingte %
Resin (SM __S%?gg!l.?p__ - Internat sealing
infill ?npﬁi? CSM strip

{b) Spigot and socket joint, limited to main laminate of 8 mm or less

Lj

— ool ol
_‘._-—--—"""H/_ e e
Main_laminate w@/(\/Muén laminate %

infernol sealing All tapers not
strip steeper than 1iné

{c} Feathered joint

Figure 1B. Typical main seam joints for vessels without thermoplastics linings
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Figure 19. Typical main seam joint for vessels with thermoplastics linings
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20.2.2 Symbols. For the purposes of 20.2 the following
symbaols apply.

Ac
Aci

ULam
UoviL

effective load capacity of compensation {in N}

load capacity (in N} of that portion of the total
required compensation which is interleaved into
the main shell laminate

load capacity (in N) of the externally overlayed
portion of the total required compensation, i.e. not
interleaved into the main shell laminate

foad capacity of excess strength in laminate as
constructed (in N)

joad capacity lost within diameter d; {in N)
effective shear capacity of compensation {in N}

inside diameter of branch {in mm) {(see figures 20
and 22}

effective diameter of hole cut in vessel wall {in mm)
diameter of reinforcement compensation at start of
taper {in mm)

diameter of studs in pad connections {in mm) (see
figure 23}

inside diameter of sheil {in mm)}

factor of safety
overall design factor determined from equation (1)

design factor determined from equation (1) for type
of laminate used and its method of manufacture in

the construction of the overlay

total effective pressure {in N/mm?) i.e, design
pressure plus hydrostatic head at point under
consideration

unit load due to pull-out force {in N/mm)
radius of corner (in mm) (see figure 16}

laminate thickness of shell (in mm} calculated from
laminate details

design thickness of pane! or end {in mm) calculated
in accordance with 13,3

total thickness of branch {in mm) (see figure 20{d})

required design loading of unpierced vessel wail
{in N/mm)
design loading {in N/mm) for main laminate

design loading {in N/mm)} for overlay laminate
determined from equation (57}

20.2.3 Design of compensation, The additional laminate
1o be provided at an opening shall be designed by taking
into account each of the following factors.
{a) The disposition of the additional laminate ar
compensation shall be as shown diagrammatically in
figure 20. The additional layers for compensation shall
be §; +S,. Where practicable, jaminate layers 5, shall
be interleaved with the adjacent laminates.
For vessels and tanks without thermoplastics lining,
a sealing laminate with a minimum construction of
1.2 kg/m® CSM plus surface layer shall be provided as
shown in figures 20(a), {b) and {c).
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The sealing laminate shall be ignored in strength
calculations,
(b) In addition to the specific requirements in {c) to (f),
the total construction of additional laminate plus the
shel} thickness shall be adequate to carry all additional
loads,
{c) The additional faminate shali have a load capacity
greater than:

AL =de x Up {58)
whare
U, is as foilows.

{1) Where the opening is in a cylindrical or conical
shell, U/, is the maximum required design loading
within the diameter d...

(2) Where the opening and its compensation are
locatad entirely within the spherical portion of a
dished end, U, is the design loading required for a
sphere having a radius equal to the spherical portion
of the end.

(3} Where the opening and its compensation are in a
semi-ellipsoidal end and are located entirely within
a circle having a radius, measured from the centre of
the end, of 0.40 of the sheli diameter, {/; is the
design loading required for a sphere having a radius
given by equation (46).

{4) In the case of tanks with fully supported flat
bottoms with shell openings located within the
distances from the base of:

D
(i) R +\ / ot t for constructions &s shown
2 n figure 16;

D,
(i} 24/~ t for constructions as shown
in figure 17;

U/, in both the circumferential and jongitudinai
directions is the circumferential design loading
required for the basic cylindrical shell at its lowest
point.

Such compensating laminate shall be in addition to
the extra laminate required at the shell/base inter-
section in accardance with 18.5.2 and shown in
figures 16 and 17,

NOTE. Because of the complax loadings in this region it is

recommanded that, wherever possible, openings should be

clear of tha shall/base intersection and preferably situated

at a helght such that the opening and its compensation ara

shove the thickened regions shown in figures 16 and 17.
The load carrying capacity of the effective compensat-
ing overlay shall be taken as:

A = (d, - dg) x Upvy {59}
{d} The bonds between the additional overlay and the

main shell shail be adequate to cover the transferred
shell load across the bond in shear.

Where all or part of the compensating {ayers of §; {see
figure 20) are interleaved with the main shell laminate
there is a considerable increase in the shear area between
compensating layers and the main laminate, which is of
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particular value in the case of small branches where d,

is large in relation to d,, and, provided there is proper
interieaving of that portion of the compensating laminate
layers and that they extend over a concentric diameter
not less than dy, it is permissible for the required shear
area, between the externally overlayed layers of compen-
sation of S, plus $; to be related only to the strength of
those layers of compensation not interleaved into the
main shell laminate as follows.

Total compensation:

Ac =Acl +Acu BAL
The effective shear strength at the interface between
external overlay and main laminate is given by:

Lap shear strength
A= 2P - x04x (d? -d?)  (60)

BS 4994 : 1987
Section three

Where all the compensation is apphed externally,
A, shall be not less than A .

Where a portion of the compensating layers are property
interieaved in the main laminate over a diameter not

less than o, theéh 4, shall be not less than Ag,. The factor F
shall be not less than K or Ky (see equation (1)),

{e) The overlay laminate up the branch shall be adequate
to carry the pull-out load due to pressure as determined
in accordance with 20,2.6 and equation {57},

(f} The bond between the overlay laminate and the
branch shall be adequate to carry the pull-out load
across the bond in shear as determined in accordance
with 20,2.6 and equation (56).

dy

Backing flange

2

N
\ ]
N
B
3 75mm
e min,
N \
L0 mm; /
Q min
s
d.
Tomm Glass fibre/
resin infill
dl‘

(a} Fiush set-in branch without thermoplastics }ining {greater than 100 mm bore)

Figure 20. Diagrams of typical branches
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Backing flange
! D
N
N
S
\ 75mm
N ;
min.
\
d N
‘ \ /\ \ )
Q v L0mm
N + min,
EI 1 _!L_—I'
75 mm "EOmm ! Glass fibre/
resin infilt
dr

{b) Set through branch without thermaplastics lining {50 mm to 100 mm bore)

Figure 20 {continued}
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dy

Backing flange

gy

75 mm
min.

[

/

7
\

—é—////////////

\ / ~ ,\\
vz 4 overlay S A A
L1 m(
N 40 mm Q
min, N
JE i |
75 mm LBranch set Glass fibre /
fhrough. resin infill
40 mm min.

(¢} Set through branch without thermoplastics lining {greater than 100 mm bore)

Figure 20 {continued}
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h
7 to be not tess than fhe
taminate construction
necessary fo comply with the
requirements of 20.2.6,
20.2.7 and 20.3.%
- dy
Backing flange
\ S
: I
P
T5mm [,
S min. [ h
5 2
’ Yy ¥
g ¢ ¢
] ' P I e T
d/ 2
e T 5 / | —
‘ir////////_/////// ///////////// L/I/"////I/"/l»‘// //////}//Ai
. t
Main shell oy g oo LA
laminate 2
gy
NOTE. It should be noted that the inner and outer layers, /2, which are continued ta form the branch and its overlay,
are a part of the main shell Jaminate and cannat be considered as branch compensation, i.e, with this form of construction
there Is no external averlay layver 8 on the main shell,
{d} Flush moulded-in branch without thermoplastics lining ar with thermopiastics lining {not shown)
Figure 20 (continued)
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dy

Backing fiange

Laminate cut back to aliow N\ ! N
lining to be welded then N A
made good with glass fibre/ N \
resin refill . [Gap N Q
minimum necessary N S s 75 mm
for access) N 7 min
D
?\ > : N L / / ‘
N t o A
i/\\\ NRNNNNNANN \\\\\:}\‘ﬂ\ N fZ/{s(\\\\ N \‘Q\‘\\\\\\\\\\\\Y‘
/ | AN
45° d . Welds
Thermoplastics approx
tining
d;
e

{e) Flush branch with thermoplastics lining

Figure 20 (continued}
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Gptional pad of
lining material

(£} Set through branch with thermopiastics lining

Figure 20 (concluded)

- dy
Backing flange
v I\
Laminate ct back to allow : N
lining to be welded fhen \ N |
mode good with glass fibre/ N
resin infill {Gap N N
minimum necessary N N 5 75 mm
for access) \ ' N\ /1 22 min
t "S IL 7 //\ ’
fi\\\\\\\\\\\\‘\ NN \\\\,L\‘ﬁi‘&‘@ \ \%_\
A . Y
/ L §> O‘Sdb
45 max
Thermoplastics approx Welds ]
lining d
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Taper not steeper
than 1inb

Figure 21. Arrangemant of branch overlay for long branches
{applicable to all types of branch construction in figure 20)

o

Atl corner radii
to be 6 min

dh/Z min

Alternative gusset
with hole

Solid gusset

Figure 22. Gussets for branches

| Gusset thickpess to be
&mm or thickness of branch
laminate, whichever is {arger
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20.2.4 Overlay laminate. The unit load to be carried by
the overlay laminate shall be the maximum unit load for
the sheH at the position of the opening, and this value shai!
be substituted in equation {6}, for the determination of a
suitable laminate construction.

The laminate thus calculated shall be applied to the area
around the opening (dimension d, in figure 20} to a
diameter (d, in figure 20} of between two and three times
the diameter of the apening in the same plane (2dy, <

dr < 3dp).

In those cases where the design strength of the laminate
/L am. exceeds the required maximum design {oading, U.,
it shall be permissible for such excess strength to be taken
as contributing to the required load capacity of the
compensation A as follows:

Ag = {{dr - dc) (ULAM - Uc)} {61a)
and
Ag tA. = A, {61b)

Where necessary, local loads shall be considered in addition
to the requirements for compensation.,

20.2.5 Openings in flat panels and flat ends, In the case of
openings in solid flat panels and flat ends, the compensa-
tion provided shall comply with all the following.

(a) Compensation shall be of a similar type of construc-
tion as that of the laminate in which the opening is
made,

{b) A, shall be not less than 0,64 (see 26.2).

{t) The thickness of the compensation shall be not less
than 0.52,, within a diameter d, not less than 2d;.

NOTE. The compensation of openings in panels of sandwich
construction requires special consideration,

20.2.6 Pufl-out Joad. A check calcuiation shall be made to
ensure that the overlay design loading, /oy .. is equal to
or greater than the pull-out unit load, Oy, where:
pd
Qy = —f- (62)

{f it is not, the overlay laminate shall be redesigned.

The length over which this overlay laminate Is to be applied
16 the branch shall be not less than 75 mm for all sizes of
branch.

20.2.7 Prevention of failure in pesl, tf ail the overlay
laminate is applied outside the main shell, the total pull-out
toad exerted by the branch has to be resisted by the bond
between the overlay laminate and the main shell laminate
and the soundness of particular design details shall be either
demonstrated by prototype testing or verified from
experience,

Where the unit pull-out joad, Qy,, as caiculated in accord-
ance with 20,2.6, exceeds the peel strength of the laminate
bond as determined by tests, the branch shall be redesigned.

NOTE. In the case of vessels and tanks without thermoplastics
linkngs, Improved resistance o pull-out may be obiained from the
internal sealing laminate specified in 20.2.3 {ses figures 20{a).

{b) and {c)).

Type testing shall be used to demonstrate that with the
resin being used in the manufacture of the vessel or tank
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and the preparation of the laminate prior to applying the
overlay, the peel strength at the interface is at teast
6 N/mm.

The peel strength shall be used in the design of the overlay
in order to prevent failure in peel. A minimumn safety
factor of 4 shall be applied.

20.3 Branch pipes

20.3.1 Branch design

NOTE. internal diameters of branch pipes witl normally be deter-
mined by the process requirements but any diamster less than

B0 mm is not advised.

The design of the branch shall be in accordance with one of
the types shown in figures 20 and 21.

The laminate construction to be used for each branch pipe
shall be determined in accordance with clauses 13 and 14,
treating the pipe as a cylindrical shell.

Branches shall be as short as possible but of sufficient
length to permit removals of bolts from flanges, eic,, and 10
permit the required overlay length for lap shear.

20.3.2 Gusseted branches. All branches with an internal
diameter of 100 mm or {ess, and branches of any size
having a length exceeding the internai diameter shall be
provided with supporting gussets which shall be fitted
after compietion of the main laminate and compensation
(see figures 20(b} and 22). At least three, but preferably
four, gussets shali be provided equally spaced around the
branch, The length of the gusset leg shali not be jess than
the internal diameter of the branch, and the thickness shall
not be Jass than the thickness of the branch {excluding
compensation) or & mm, whichever is the greater. Gussets
shall be either made by directly laminating on to the
branch and shell, and blending into all curvatures or,

if pre-laminated, shall be overlayed in position with a
thickness equal to one-half of the gusset thickness on
each side.

20,4 Screwsd connections

Screwed connections, inciuding nipples and tapped
branchas, shail not be used.

20.5 Access and inspaction openings

Al vessels shall be provided with inspection and/or access
openings so iocated as to permit visual examination of the
interior of the vessel or tank. {See also 4.1{f) {10).)

NOTE. Astantion is drawn to the Factories Act 1961 : Section 30

Manholes and inspection openings shall comply with
BS470.

20.6 Pad connections

20.6.1 General. Studded pads shall comply with the
minimum requirements of 20.6.2 to 20,6.4 and the mini-
mum dimensiens shown in figure 23.

NOTE. tf high losds or moments from the piping are expected.

or If it is intended to mount a valve directly on 1o the vessel or tank,
the design of the pad wilf require special consideration.
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20,6.2 Sruds, The studs shall be of material which will not
be appreciably corroded if in contact with the vessel or
tank contents.
The studs shall be fitted into a meta) reinforcing ring by
one of the foilowing methods (see figure 23):

{a) screwing;

{b} screwing and wslding.
Screwing shall be used to permit stud replacement where
the likelihood of damage to studs in service is high, or where
machining of the joint face is required.

20.6.3 Metal ring. The material of the metal ring shall be
compatible with the material of the studs,

The dimensions of the ring shall be not tess than the
proportions shown in figure 23, and the studs shali not
protrude beyond the inner face. Studs which are retained
by screwing only shall either be fitted into blind tappings
in the ring, or alternatively use metal plates welded over
the inner face of the ring to prevent the studs from being
screwsd too far,

The metai ring shall be cleaned to remove any scale or
surface deposits and degreased before bonding into the pad.

20.6.4 Design of pads. Pad connections should be designed
to mate with flanges complying with either BS 1560 or
BS 4504, reducing the actual bore where necessary.

Additional overlay laminate shall be designed to carry the
following applied loads:
{a) shell loads {see 20.2.3{a} dimension ¥ on figure 23};
{b} transferred loads in shear (see 20.2.3{d)});
{c} pesl loads (see 20.2.3(e) point P on figure 23);

and to comply with the minimum overlay dimensions
shown in figure 23,

21 Bolted flanged circular connections

21.1 General

Where possible, stub and full-face flanged connections
shall be designed to connect with class 150 of BS 1560 or
table 10 of 85 4504 as in BS 6464,

Flanged connections shall where possible be as shown in
figure 24 and given in table 14,

Where this matching of flanges is not possible, e.qg. bolted
main flanges, flanged connections shall be designed using
an appropriate flange design method, backed by prototype
test and sarvice experience, where available,

Where loose metallic backing flanges of split construction
are used, due allowance shall ba made for the effects of
joss of continuity in the flange. The thickness of the flange
shall be not less than 1.4 times the thickness calculated for

an otherwise identical backing flange of solid construction.
NOTE 1. BS 5500, the specification for metsllic pressure vessels,
may be used as follows,
{a) Stub flangs. No method given explicitly in BS 8500, It is
permissible that taper hub flanges may be adspted {see
figure 3.8.3(1)b, sketch 2 of BS 5500 : 1985},
Contrary to 3.8.3.4.2 of BS 5500 : 1985, stresses are not 1o
excaed the design stress, Le.:
design unit loading (CSM) Uesm
thickness per unit welght of glass {CSM) 1
b} Loose metal back ing flange. A method is given in 3.8.3.1{a)
~ of B8 6600 : 1985,
Whatever design method is used, it s essential that there is a proper
connection between flange and hub, ses figure 24,
NOTE 2. Loose metal mein body backing flanges should be
restrained jocally away from the flange by local GRP stops,

21.2 Fuli-face flanges with or without backing antd with
soft ring-type gaskets not less than 1.5 mm thick and
axtanding beyond the bolt holes

Fuli-faced flangss shall be designed in accordance with 21.2
to 21.7 which provide appropriate flange dimensions to
withstand the hydrostatic end loads and bolt loads neces-
sary to ensure a leak-tight joint in service. The mating
flanges shall be full faced and fiat. The gasket shall extend
across the full width of the flange (see figure 26}, Two con-
ditions shall be considered,

(a} Bolting-up condition: which applies when the gasket
or joint contact surface is seated during assembly of the
joint at atmospheric temperature and pressure; the minj-
mum bolt load under this condition is a function of
gasket material and the effective gasket contact area

to be seated.

{b) Operating condition: which applies when the hydro-
static end force due to the design pressure tends 1o part
the joint and the bolt load has to maintain sufficient
compression on the gasket or joint contact surface to
ensure a tight joint at design temperature; the minimum
boit load under this condition is a function of design
pressure, the gasket material and the effective gasket or
contact area to be kept tight under pressure,

In all cases care shall be taken ta ensure that the flange
material is of adequate crushing strength 1o resist the
applied bolt and joint loads.

As gasket seating is normally accomplished at atmospheric
temperature whereas flange and boit temperatures under
operating conditions may be significantly above or below
this temperature, the allowable stress for each temperature
condition shali therefore be taken into account in the
determination of the required flange design. In the design
of large-diameter flanges, special consideration shall be
given to the choice of gasket, size and pitch of bolts and
sequence of bolt tightening when closing the joint, Special
consideration shall be also given to applications where
fianges are subject to significant additional loading,
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Full faced flanges : Type 2

{a)

{b}
{c}

Stub flanges : Type 1

NOTE 1. Above 40 mim nominal bore to
be used only by sgreement betwaen the
purchaser and the manufacturer

{see 4.2{(F1{7H).

(&) Pipe wall C5M and WR continuing
into flange face,

(b} Additional glass fibre reinforce-
ment as required to give flange
thickness. To be tapered on 1o the hub
NOTE 2, The additional glass fibre
relnforcemant may be included in either

{a) or {c).

{c} Finat overlay of 1.2 kg/m? CSM
across flange into hub.

{d} Hub thickness == N/2.

NOTE 3. This requiramuant may be setisfied
by pipe wali rainforcoment alone.

(e} Steet backing flange not less

then 6 mm thick and flat over the
full bearing area to be used for
pressure duties,

NOTE 4, The clearance between the bore
of the backing fiange and the outside
dismeter of the hub should be as small

as practicable,

NOQTE 5. Far flange dimensions see

IR table 14,
Figure 24, Flange construction
Thermoplastics lining Thermaoplastics lining
PV(, PP,PVDF PVC, PP, PVDF, FEP, ECTFE
Optional Optisnat
N i .
8 mm max
\ Immmin. k
! l >\< . ]

3 mm min

Al dimensions are in millimetres.

Figure 25. Details of flanges for thermoplastics lined GRP vessals
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Figure 26. Fuli-faced flange with soft gasket
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21.3 General requirements for balting hy
Bolts and studs shall have a nominal diameter of not less

than 12 mm.

NOTE. Tebie 15 gives racommendad boit stresses for determining h‘;

the sppropriate number of bolts using the design calculations in
clause 21, These stress levels are nominal insofar as they may have
10 b oxcesded in practice 10 provide against sll conditions that

tend to produce a jeaking joint. However, there is sufficlent margin hﬁ
to provide a satisfactory closura without having to overioed or
cantinually retighten the bolts. Torque spanners or other means for
prevanting the application of axcessive load either on the bolt or
fiange may be necessary. He
21.4 Symbols
For the purposes of clause 21 the following symbols apply H'
and consistent units shall be used in the equations. e
Ay actual bolt area T
A, minimum boit area {the greater of A,y and Az ) H
. . cut P
Apy  minimum bolt ares for operating condition
A minimum bolt area for gasket seating Hg
o basic gasket seating width effective under initial
tightening up (symmetrically disposed relative to m
boit circle}, =G, - C
b’ effective gasket seating width for calculation of n
minimum seating loads using y factar = 4+/5; o
{valid only for dimensions in mm)
2p"  effective gasket contact width under pressure, R
taken to be 5 mm
B inside diameter of flange Sa
C baolt circle diameter S
d diameter of bolt holes b
dy bolt diameter
E| am Young's moduius of iaminate Scem
Je thickness of hub at small end
. |4
- thickness of hub at back of flange W
G'  diameter at location of gasket load reaction H_ , mi
=C-{d+2b") w
G,  outside diameter of gasket or autside diameter of Wm
flange, whichever is the lesser
hp radial distance from bolt circle to circle on which
Hp acts, = R + 0.5g, Y

radiat distance from holt circle to circle on which
_lc+a+2b")- B

Hz acts
T i 4
radial distance from bolt circle to circle on which
+ "
H;’ acts, = .g...mi..z...l.’....

radial distance from bolt circle to circle on which
Go-(C+d)  d

4 2
hydrostatic end force on area inside of flange,
i.e. force applied via ecnnection to flange,
=(.7858%p

total hydrostatic end force, = 0.785{C - d)*p
hydrostatic end force due to pressure on flange face,
= H' = HD

campression joad on gasket to ensure tight joint,
=2b" % 3.14 G mp

balancing reaction force acting outside bolt circle

in opposition to moments due to Hp, Hyand Hy

gasket factor = 1 for soft rubber without fabric or
ashestos reinforcement

HR acts, =

number of bolts
design pressure
_Cc-B
BT T &

2

bolt nominal design stress at atmospheric tempera-
ture (see table 15)

bolt nominal design stress at design temperature
{see table 15}
Ucsm -

Iy thickness per unit mass of glass {CSM)

dasign unit loading (CSM)

flange thickness

minimum required bolt load for operating
conditions, = Hy + H

minimum required bolt load for gasket seating

flange design bolt load, based on actual size bolts
used to provide greater of Wy and Wi,

gasket or joint-contact-surface unit seating stress =
2.32 N/mm? for soft rubber without fabric or
asbestos reinforcement

Table 15. Recommended design stress values for fiange holting materials
Matarial British Standard refarence Dismater Recommendsd design stress for design
temparatures { °C) not axceading
50 100 200
mm N/mm? | N/mm® | N/mm?
Carbon steel BS 1506-111 = 152 a3 89 85
1 % chromium molybdenum steel | BS 4882 grade B7, 1.7 =63 193 181 167
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21.5 Bolt loads and areas
The operating and bolting up conditions shall be as follows.
{8} Operating conditions, The minimum bolt load for
the aperating conditions, Wy, 5, shail be determined
from equation {63):
Wy = H' + Hy, + Hy {63)
where
Hp hp + H by + Hy hy
hy
{b) Bolting up conditions, The minimum bolt load for
gasket seating, W, , shall be determined from
equation (64):
Wop =3.14Cb"y = 12.56 Cy\ﬂn_",- {64}
The minimum bolt area, Ay, shall be determined for Wiy,
or Wy using the nominal bolt stress at the temperature

appropriate to the two conditions, i.e. A, is the greater of
Amy or Agg, where:

Hﬁ=

Ami = Wn1 /S
and
Araz = Wina /8,

The actual bolt area provided, A,,, shall not be less than A,

21.6 Flange design

The flange thickness shall be not less than the value of t
determined from equation (65):

/ 6M
(65)

T
VSCSM {3..14C— nd)

where
M= Hg hg
21.7 Bolting

The pitch of bolts shail not exceed the following, except
where the minimum pitch is dictated by consideration of
the space necessary to apply a spanner to the nuts and
interference from gussets and other obstructions.

6¢ E 9.28
2d, + LAM (66)
m+05 \ 200 000

where £, an is expressed in N/mm?,

22 Supports

22.1 General

Special attention shali be given to the design of supports for
vessels and tanks in reinforced plastics, so as to avoid
excessive loads at points of support. All supporis shall be
designed to accommodate temperature changes and to
permit free expansion and contraction. The refatively large
thermal expansion of non-metallic materials shal} be taken
into account.

Where there is steel bonded into the support, the design
shall be checked for stresses in the GRP caused by restraint
to thermal expansion/contraction where the design

BS 4894 : 1987
Section three

temperature is above 60 °C or below 0 °C.

NOTE, Steel supporting structures which do not form part of the
vessel or tank should comply with BS 448, When supports are to
be constructed of reinforced concrete, CP 114 should be consulted.
‘The proposals for support shall be agreed between the
purchaser and the manufacturer at the design stage

{see 4.2(i)} and the agreed datails shall be specified on the
approved drawings, The principles set out in 22,2 and 22,3
shall apply.

Vessels and tanks fitted with an agitator shall have supports
designed with a load multiplication factor of 1.25.

NOTE. Vessels and tanks to be buried should be the subject of
speclal consideration,

22.2 Vertical vessals and tanks

22.2.1 Flat-bottom configuration. Contintous support
shall be provided over the whole area of the flat hottom
except where sumps or bottom run offs have to be
accommodated.

The gaps in the support to aliow for bottom branches shali
e sized so that there is room for gussets and so that high
local loads are not imposed on the additional reinforce-
ment which is used for compensation of the branch
opening,

NOTE, Recommended supports are indicated in appendix H.
Anchorages shall be provided If under the worst conditions
there is a tendency for the shell to lift off its foundation;
a design procedure to cover case of uplift in tanks is given
in appendix F and typical holding down arrengements are
shown in figure 27.

22.2.2 Dished-bottom configuration

22,2,2.1 Drop-through. Vessels or tanks supported through
a building fioor or within a structure shall either be pro-
vided with a ring girder or be supported by an adequate
number of supporting brackets to support the foad,

In either case, additional reinforcement shall be provided,
see figure 28, To avoid excessive bending joeds, the support-
ing members shall be located as close as practicable to the
shell,

22.2,2.2 Base-supported. Supports shall be arranged in
aither of the following ways.

{a} On an angle ring bearing on a ring girder or legs fsee
figure 29(a}). The ring girder or legs shal! have a
horizontal top bearing surface of sufficient area to avoid
compressive overload of the laminate betwean the angle
ring and the support.

The pverturning moment shal be calculated and arrange-
ments made for holding-down bolts as appropriate.

(b} On a fulf circumference skirt (see figure 29(b)}).

The skirt shall be externally attached. The skirt laminate
shall be designed and constructed in accordance with
clause 14, Where cutouts are required in the skirt,

they shall be adequately reinforced and comply with the
requirements for compensation of openings {see 20.2})
50 as to ensure stability of the vessel or tank. The joint
between the sheil and the skirt shall be determined in
accordance with equations {58) and (57} and the
construction of the skirt shall be used as the basis for
this calculation.
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¥ This dimension to be as small as practicelly possible
to avoid Imparting high local bending moments to the shell.

{a} Angle ring

Figure 29, Support arrangements for base- supported vertical vessals and tanks
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Additional externat
reinforcement if
necassary

)
Lj Bond length
3 to be
adequate fo
carry shear
load
L.

Alternative free-standing (right) or
anchored (left) foot arrangement.

If vessel is not anchored, height will
be limited by overturning moment.

{b} Externaliy attached skirt

Figure 29 (conciuded)}

Additional reinforcement
if required to provide
adequate bearing aren

22.3 Horizontal vessels and tanks

22.3.1 General, Horizontal vessels and tanks shali be sup-
patted on saddles or on full length channels, or suspended
from sling straps. Provision shall be made to accommadate
movements of the vessels or tanks relative to the support
bearing areas.

NOTE. It is Important to ensure that the shali close to the supports
remains round under load.

22.3.2 Longitudinal supports (see figure 30{a)). The longi-
tudinal bearing areas shall extend over the full paraliel
length of the vessel or tank and their width shall be
calculated so that the permissibie compressive loading in
the laminate is not exceeded.

The distance between the outermost edgss of the supports
shall be not less than three-quarters of the sheil diameter.

22.3.3 Saddles {see figure 30(b}). Wherever possible,
saddle-supported vessels and tanks shall be designed for
support at two cross sections only, although vessels with
more supports have proved satisfactory in service.

All saddles shali be carefully aligned. Reinforcement of
the shell with stiffening rings at the saddle locations
shall be provided where deflection of the shell would
otherwise take place.

NOTE 1. For shells of internai diameter less than 1500 mm,
the curvature may provide edequate stiffening.

The included angle supported by a saddle shali ba not less
than 120 ° and the saddle width shall be calculated to
ensure that the bearing pressure does not exceed the
compressive loading for the laminate, The edges of saddle
supports shall be radiused both in the circumferential and
longitudinal directions over the saddle harns.

High local loads adjacent to the point of support, thermal
loadings and the possibility of buckiing shali ali be taken
into account in the design,

NOTE 2. A detalisd analysis for calculations of the support of
horizontal steel shells is glven In appendix G of BS 5500 : 1985,
This analysis may be used for GRP vessals but caution has to be
exercised in view of the strain Hmitation. {See appendix G.)

22.3.4 Sling straps {see figure 30(c)). All vessels and tanks
suspended from sling straps shall be reinforced with stiffen-
ing rings at the sling positions, The strap width shall be
calculated to ensure that the bearing pressure does not
exceed the compressive loading for the laminate. High local
loads adjacent to the points of support and the possibility
of buckling shall be taken into account in the design.

The mathod of suspension shall be such as to ensure freedom
of movemant under thermal or fluctuating loading.

NOTE. it is undesirable for a sling strap to encircle more than half
the circumference of tha sheil,
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Ly parallel length

Additional reinforcement
tapered at ends

20750,
{a) Full length channels

Ring stiffeners
whenh necessary

Soddle horns
radivsed om0 ST

Section
B-B Saddle edges

radiused

(b} Saddles

Ring stiffeners mandatory

H_ ¢

—E———(Strup not shown here)

{c) Sling straps

Figure 30. Supports for horizontal vessels and tanks
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23 Structures and fittings

23.1 General

All structures and fittings shall be arranged as far as
practicable to avoid imposing local concentrated joads on
the walls of the vessel or tank. The design shall be such that
the local strain does not excaeed the allowable strain

{see 9,2.6).

NOTE 1. For design of lifting lugs see appendix i,

NOTE 2, 1t is recommended that the detiled design of such
structures and fittings should be agreed batween the purchaser and
the manufacturer before fatrication commences,

23.2 Internal structures and fittings

The material used for internal fitiings shall be suitable for
the conditions of service.

NOTE 1, in ganera), for lined vesseis this will be the same material
as the thermogptastics lining.

Fittings carrying load, such as tray supports and all fittings
in vessels and tanks fitted with agitators, shall be given
special consideration to ensure adequate strength for the
service conditions. Sufficient reinforcement shall be
providad,

NOTE 2, in certain cases, stesf reinforcement should be considered.
For design temperatures groater than 60 °C, special consideration
is required.

Local loads from internal structures or from contents shall
be carried, where possible, directly to the supports and
thus to the foundations, without overloading the walls

or ends of the vessel or tank.

23.3 External structures and fittings

Where an agitator and drive are fitted, they shail be sup-
ported, either:

{a) independently of the vassel or tank; or

{b} on integral supports.
In the case where integral supports, which also act as
strengthening ribs for the ends, are provided, they shail be
designed 1o have adequate strength and rigidity for both
purposes,
NOTE. It Is preferred to use support system {al.
Where required, vessels and tanks shall be provided with
lifting lugs or other suitable attachiments for handling on
site,

23.4 Protactive shields

Consideration shall be given, where appropriate, to the
incorporation of protective shields in areas of the vessel or
tank which may be subject to accidental mechanical
damage, e.g. beneath manholies or around branch openings,
Where such shields are fitted they shal be of adequate

size and of suitably resistant material for the conditions

of use,

24 Local load analysis

24.1 General

This clause is concerned with the assessment of the effects
of local loads and moments an the shell wall of a vessel,
which may arise for example from support or lifting devices
or from pipework connected to branches, and wherever
possible, these loads shall be reduced to a minimum by
careful design of the attachment or of the connecting
pipework system.

24.2 Symbols

For the purposes of clause 24 the following symbols apply.

E¢ coupling modulus of laminate {in Nfmm?) (see
equation {69}). Subscript x indicates longitudinal
and subscript ¢ indicates circurnferential.

Er flexural rigidity of laminate (in N/mm?®) {see equa-
tion (69)). Subscript x indicates longitudinal and
subscript ¢ indicates circemferential.

£; Young's modulus of the ith layer {in N/mm?)

Er tensile modulus of laminate {in N/mm? ) {see
squation (69)). Subscript x indicates longitudinal
and subscript ¢ indicates circumferential.

h;  thickness of ith layer (in mm)

M, moment resultant per unit circumference {in N-mm/mm)
in the lengitudinal or meridional direction (calculated
in accordance with appendix G}

My moment resultant per unit length {in N'mm/mm) in the
circumferential direction {calculated In accordance
with appendix G}

1 number of layers in laminate

N, force per unit circuomference {in N/mm} in the
longitudinal or meridional direction {calculated in
accordance with appendix G}

Ny force per unit length {in N/mm) in the circumferen-
tial direction (calculated in accordance with
appendix G)

t  thickness of laminate {in mm)

Z;  distance of the 7th layer from the mid-plane of
faminate {in mm)

€ Strain in longitudinal or meridional direction

€ strain in circumferential direction

24.3 Calculation of force and moment resultants

Force and moment resultants in the sheli wall shall be
caleulated. A suitable method is given in appendix G and
due care shall be taken as to the geometric limitations
detailed in G.2.2, G.2.3 and G.24.

if, for a cylindrical shell, the maximum applied force or
moment does not lie in the longitudinal or circumferential
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directions these forces or moments shall be resolved into

these directions and the effect of each individual component

summed.

Due to the brittle nature of GRP, analytical technigues
involving shakedown or other effects of plasticity shall
not be used.

NOTE. The published experimental work in support of this analysis
has been carried out almost exclusively with steel snd as a resuit
care should bae taken when applying it to GRP.

24.4 Calculation of laminate strains

As the type of layers and hence, the allowable stress,
may vary through the thickness of the GRP laminate,
the criterion of acceptance of a load system shall ba that
of maxirnum strain.

NOTE. In the following two egusations [67) and {68) the Paisson
effect has bean ignored.

For a shell made entirely from CSM or another isotropic
materia} the resultant maximum strains in the sheil are
given by equation {67}

S
¢ Erpt ET¢,t2
N 6M
g = ——t — (67)

E'Tx t E‘!"x tz

For a shell laminate made up of layers of different
properties, e.g. CSM and WR, account shall be taken of the
dispasition of the different layers through the laminate
thickness.

The maximum strains for such a laminate (see figure 31}
are approximated by:

Ny . &My (215(:,,5 “)

&y =

Etgpt  Eggt® \ Evq
N, 6M 2E

b = e b ( Cx :tf) {68}
Etet Eext® \ Ery
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where

1
Er=— T i-1Eifi
1
Ec= 5 Sy Eily 2 {69)

1
Er= 3 N iaq Ei (V2027 +h7P)

The values for the modulus of the individuat layers £; shall
be derived from the values given in table 5.

To assess the acceptability of the shell strains derived from

equations {67) and (6B) these shall be added to those caused
by other loads, e.g. pressure and seif-weight (see G.2.2,2.4),
These total strains shall then be compared to the allowable

strain derived in 8,2.

Where continuous rovings are filament wound at an angle

+ # to the vessel or tank axis, values of circumferential and
jongitudinal modulus for individual tayers shall be obtained
by reference to figure 3.

24.5 Additicnal reinforeement

If the calculations in 21.3 and 21.4 indicate applied strains
in excess of the allowable, additional reinforcement shall be
applied in the region of the overstrain, This additional
reinforcement shall be interleaved within the main shell
laminate.

Further calculations shall be carried out to ensure that the
applied strain is within acceptable limits at the point of
application of the local ioad and at the point where any
extra reinforcement ends.

If extra reinforcement is required due to external loadings

on a branch, the area of such reinforcement shall be at least
that specified in 20,2.4.

e Ny

j=N W«m__...._.._,mm,,__g _____________ I
% i, ?2
hi (I 5

i
”””””””””””””””””””””” by

AT f

Figure 31. 7 ply laminated beam
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Section four. Construction and workmanship

25 Approval of design and construction
details

Except for stock items previously approved and inspected
in accordance with this standard, the manufacturer shall,
befare commencing manufacture, submit for approval by
the purchaser il drawings showing details of design and
construction as given in table 3.

No modification shail be made to the approved design
except with prior agreement between the purchaser and the
manufacturer {see 4.2(j}},

26 Conditions in works

NOTE. In the construction of GRP equipment, it is important that
tha anvironmental conditions are closaly controlied during the
manufacturing procasses so as 10 ensure that the mechanical and
chemical properties required are actuslly achieved in the product.
it is therefore preferable that vessels should be shop febricated,
whare variations in, for example, temperature and gy movement
can be minimized.

Manufacture shall be under controlled environmental
conditions compatible with producing a satisfactory vessel
or tank, i.e. the control of temperature, humidity, air
movemant and light.

The working area shall be suitably divided into clearly
defined sections for preparation of reinforcement, mixing
of resins, application, trimming and finishing.

Materials shall be stored and used in compliance with the
suppliers’ instructions; reinforcement materials shall be
stored dry.

When laminating is carried out at air temperatures below
15 °C, special procedures may be required but in no
case shall the maximum proportion of curing agents,
e.g, peroxides, naphthenates or amines, exceed the
recommendations of the resin supplier.

All laminating shall be discontinued whenever the air
ternperature falis to 10 °C or the dew-point is reached
{condensation occurs) unless special arrangements are
made to ensure that the resin system will gel and cure
satisfactorily.

As it is essential to guard against styrene loss (in polyester
resins), resin drainages and low exotherm, especially in
laminatas less than 6 mm thick, an elevated temperature
post cure shall be applied unless satisfactory cure at
ambient tamperature can be ensured.

Site fabrication shall only be carried out where construction
in a factory is impracticable or uneconomic. Where site
fabrication is employed, the special procedures to be
adopted, particularly for resin formulation and method of
cure, shail be stated and agreed between the purchaser and
the manufacturer (see 4.2(k)} prior to commencement of
fabrication.

27 Manufacturing procedure

27.1 General

Consistency in both materials and fabrication shall be
ensured and appropriate supsrvision shall be provided at all
stages of manufacture,

27.2 Lay-up

The requisite amounts of resin, catalyst or hardener and
any other ingredient, such as accelerator or permitted

filler, shalf be accurately measured and thoroughly mixed.
The amounts of mixed resin and veinforcemient used in each
layer of the laminate and the number and type of layers
applied shall be recorded: the records shail be made available
to the purchaser, or Inspecting Authority, where applicable.

Whilst good rolling is essential, excessive rolling pressure
shall be avoided so as not to disturb the distribution of the
reinforcement or to break the fibire strands.

It shall be ensured that good adhesion is obtained between
successive layers of the laminate and between the shell and
added fittings either by appropriate scheduling of the
manufacturing oparation or by removing the surface of the
cured resin, to expose the fibres.

In the case of laminates used as a chemnicat barrier, adjacent
pieces of reinforcement shall be overlapped by not less than
25 mm. In all other laminates, adjacent pieces of laminate,
including feather-edged reinforcement, shall be overlapped
by not less than 50 mm. So far as is practicable, all joints
shall be staggered through the thickness of the laminate
and in no case shall joints coincide in adjacent layers.

When rovings are chopped for spray applications, the length
of individual strands shall not be less than 32 mm.

When directionally biased reinforcement is used, care shall
be taken to ensure that the high strength fibres are
adequately aligned in the correct direction to give the
required strength.

Any spillage, drips or runs {(which may flake loose) shall be
suitably removed.

The limits for laminate defects shall be as given in table 16.

Subject to agreement of the purchaser and the Inspecting
Authority, defects outside the limits given in table 16 shall
be repaired, the method of repair shall be agreed between the
purchaser, or the Inspecting Authority, where appropriate,
and the manufacturer (see 4.2(1}).

All surfaces shall have a smooth contour and irregularities
which may cause high local loads shall be repaired.
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Table 16. Permissible limeits for faminate defects

Entrapped air None at surface. if in laminate,

not more than 2/100 mm?

but not exceeding 3 mm

Sharp discontinuity Maximum 0.5 mm

Dofact tnner {procewm} surface {tharmosat linings only) Outer (nonprocass) surfaco

Blisters None Maximum 6 mm diameter, 1.5 mm high

Chips None Maximum 6 mm, provided it does not
penetrate tha reinforcing laminate

Cracks None None

Crazing None Shght

Dry spots None Maximum 10 per m* with total not

not greater than 1.5 mm diameter and

Exposed glass None None
Exposed cut edges None None
Fareign matter None None if it affects the properties
of the laminate
Pits Maximum 3 mm diameter, 0.5 mm deep, Maximum 3 mm diameter, 1.5 mm deep
number shall not exceed 1/10* mm?
Scores Maximum 0.2 mm deep Maximum 0.5 mm deep
Surface porosity None None
Wrinides Maximum deviation 20 % of wall thickness Maximum deviation 20 % of wall thickness

greater than 100 mm? in area

3 mm diameter maximurm;
no more than 3 % of area

but not exceeding 4.5 mm
Maximum 1 raem

27.3 Thermoplastics liners

The details of the fabrication process shall be chosen to suit
a selected thermogplastics liner.

There shall be adhesion between the thermoplastics liner
and the laminate (see 7.1). The bond shali be achieved by:

{a) chemical etching and priming;
{b} use of selected resins; or
(c) use of glass and fabric-backed material.

in the case of thermonplastic liners, e.g. polypropylene, it is
permissible for small-diameter nozzies (less than 76 mm)
1o use a liner tube which is not fabric backed and which
cannot be effectively treated to promote adhesion.

The manufacturer shalf state the method to be employed
when the materials of construction are agreed {see 4.2(d}}.

Whan PVC is a chosen lining material, al! sheet shall be
stress relieved in an oven at a temperature between 120 °c
and 140 °C for a time appropriate to the material and its
dimensions.

All sheet-forming operations requiring high deformation
such as right-angled folds or smali-radius bends shall be
performed hot.

NOTE 1. The layout of the lining sheet should be arranged to avoid
welds in corners, Longitudinel welds should be staggered as far os is
practicable. Al welds should be located to svoid areas of high locsl
strain, e.0. nozzles and supports. Lap welds are not parmitted:

an exception may be made when FEP is the lining materisl,

for example in the attachment of nozzles.

All welders engaged in the fabrication of thermoplastics
liners shall have successfully carried out specified approval
tests before fabrication commences, see clause 34.

Before welding of the sheet material commences, the edges
to be welded, together with the filler rod, shall be suitably
cleaned. In the case of glass-backed materials the glass-
backing shali be stripped back for a distance of 3 mim

to & mm on either side of the welds to ensure that no glass
filamants are included in the welded joints.

Normally sheet welding shalt be done by the hot gas filler
rod technique. Subject to agreement between the purchaser
and the manufacturer, hot plate welding is permitted

{see 4.2{m}).

For hot gas filler rod welding an inert gas or air can be used
providing it is free from moisture, dirt and oil and in all
cases, the grade of material of the fifler rod shall be fully
compatible with the grade of sheet being welded.

All weids shall be fully penetrating and free from notches

and pin-holes and shafl have at least 85 % of the strength of
the parent material in the case of welds made from two sides
and 70 % of the strength of the parent material when made
from one side, when tested in accordance with appendix B.

The weld stand out shall not exceed 1 mm on the side to be
laminated.

NOTE 2. The first lJaminate layer applied to the weld area may be
slectrically conducting in order to assist inspection, see clause 35,
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28 Constructional details

28.1 Main seams

Main seam joints shall be formed by the addition of overlay
layers and comply with one of the types specified in
clause 19 and iilustrated in figures 18 and 19.

The overlay laminate shall ba applied only to fully prepared
surfaces, e.g. abraded, of the main shell and shall be worked
50 as to ensure a bond between shell and overlay. The over-
lay shall be smoothly terminated at its edges so that an
abrupt change of section is avoided. Tapars between
laminates of differing thickness shall be not steeper than
1in6.

Misalignment between the sections to be joined shall be
kept as small as possible. Whare, owing to the size of the
vassel or tank or the conditions of fabrication, misalignment
exceads 0.2 % of the diameter or one-half of the shali
laminate thickness, whichever is the smatler, additional
overlay layers shall be addad 50 as to increase the overlay
thickness by the amount of the misajignment,

Whare an internal sealing strip is to be fitted, this shall
consist of a minimum of 1200 g/m? CSM, plus a surfacing
vail or tissue, and shall be finished with a resin-rich gel coat.
NOTE. A minimum width of 100 mm is recommendecd for the
sealing strip,

Where a thermoplastics lining is to be used, the parts to be
joined shall be firmly clamped in position and the weld in
the thermoplastics lining shail be completed and tested
before the overlay lay-up is added.

28.2 Filanged joints

28.2.1 After the completion of cure, flange and pad faces
shall be flat within tolerances, see clause 30. If machining s
carried out, the face of the flange shail be restored with its
original chemieally resistant finish.

28.2.2 Backing flanges shall be a snug fit against the back
face of the flange and adequately chamfered to provide
clearance for the radius behind the flange.

28.3 Branches in vessals and tanks with thermoplastics
finings

Where branches are to he fitted in vessels and tanks with
thermoplastics linings, the external laminate on both sheli
and branch shall be cut back, without damaging the lining,
for a sufficient distance 10 ensure adequate access for
welding of the lining. The lining shall be welded with at
Ieast three runs applied externally and one internally,
wherevar practicable. Additional laminate, including the
necessary compensation, shall then be added after the lining
welds have been tested and approved so that good banding
to the criginal laminate is achieved over the whole area.
All the additional reinforcement shall be on the outside of
the vessel or tank.

28.4 Branches in vessels and tanks without thermoplastics
linings

The required additional laminate shall be provided in
accardance with 20.2.3. Wherever additional {aminate is
provided, it shall be applied in such a way as 1o ensure that
a good bond to the original laminate is achieved over the
whole srea.

285 Pads

In building up a pad connection, the resin shall be forced
into all parts of the pad and the glass fibre reinforcement
shall be uniformly distributed.

NOTE 1. Of particular importance is the presence of reinforcement
in the ennuler spaces inside and outside the metal ring.

Special attention shall be given to:

{a) ensuring a sound bond between the additional
laminate of the pad and the main laminate; and

{b} the provision of adequate laminate as an overlay to
cover both the pad and the surrounding area of the shell.

All transition areas between the pad and the shell shall be
blended with a generous radius or gradual taper.

NOTE 2. Tha configuration of the transition in a plane normal to
the vassal axis requires careful attantion particularly in the case of
smalt-dismeter vessels and tanks.

28,6 Steslwork

All stealwork whether or not totally encased in GRP shall
be blast cleaned and protected, see 4.2(f)(9).

29 Curing

All itemns shall be cured in accordance with the resin
supptlier’s instructions. Wherever possible this shall he done
at the manufacturer's works. Where this is not possible due
to size limitations or other reasons, the curing procedure
shatl be determined according to the design requirements
and rasin system used,

Vessels or tanks shall not show any evidence of incomplete
cure, e.g. appearance, tackiness, resin pick-up by acetons or
low hardness, see 37.2.

NOTE. The vessal or tank may ba subsequently considared as
compiying with this standard if a satisfactory rectification
procedure can be shown to be fully effective.

30 Tolerances

30.1 General

Fhe general arrangement and overal] dimensions shall be in
accordance with the purchase order and approved drawings.

The thickness of any item shall be nowhere less than that
specified for that item and local variations shall be not
greater than 10 % of the average thickness or 3 mm,
whichever is least.

78




5 1RO

30.2 Cylindrical shells

30.2.1 General. Completed shell sections shall be circular
within the Fimits defined in 30.2.3. Measurements shall be
made 1o the surface of the parent material and notto a
fitting or other raised part.

Shell sections may be measured for out-of-roundness

either when laid flat on their sides or when set up on end.
When the sha!l sections are chacked whilst lying on their
side, each measurement for diameter shall be repeated after
turning the shell through 90 ° about its jongitudinal axis.
The two measurements for each diameter shall be averaged
and the amount of out-of round calculated from the average
values so determined. Any local departure from circularity
shali be gradual.

30.2.2 Circumference. Unless otherwise agreed between the
purchaser and the manufacturer (see 4.2{n}), the external
circumference of the completed shell shall not depart from
the calculated circumference (based upon nominal inside
diameter and the actual material thickness) by more than

& mm for shells up to and including 600 mm outside
diameter and 1.25 % of the calculated circumference for
larger shells.

30.2.3 Out-of-roundness. The difference between the
maximum and minimum internal diameters measured at
any one cross section shall not exceed the amount given in
table 17.

The profile measured on the inside or outside of the shell
by means of a gauge of the designed form of the shell and
having alength equal to one-guarter of the internal diameter
of the shell shail not depart from the designed form by
more than the amount given in table 17. (This amount
corresponds to x in figure 32.)

30.2.4 Straightness. Unless otherwise shown on the
drawing, the maximum deviation of the shell from a

straight line shall not exceed 0.3 % of the cylindrical length.
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30.2.5 Domed ends. The tolerances and dimensions of the
skirt of a dished end shall be in accordance with 30,1
to 30.2.3 inclusive as for cylindrical shells,

The depth of dishing, measured from the plane passing
through the point where the straight flange joins the
knuckle radius shall in no case be less than the theoretical
depth, nor shall this depth be exceeded by more than 1.25 %
of the diameter or 38 mm, whichever is least.

Variations of the profile shall not be abrupt but shall merge
graduaily into the specified shape, Any departure from
form shall not be mare than the amount given in table 17.
In torispherical ends, the knuckle radius shall not be less
than specified in 18.2(c) and shal! have common tangents
with both the straight flange and the dished profile at each
join.

30,2.6 Flanges. All flanges shall comply with the following.

{a} Flatness. Flange faces shall not be concave in the
direction of the axis. Flange faces and flange back faces
shall have a flatness tolerance, see BS 308 : Part 3,

as follows:

{1} up to and including 450 mm nominal diameter:
1 mm;
{2) over 450 mm and up to and including 1000 mm
nominal diameter: 1.5 mm;
{3) above 1000 mm nominal diameter: 3 mm.
{b) Squareness. Flanges shall be square to the axis of the

branch to within 1° up to 100 mm diameter and to
within 0.5 ° above 100 mm diameter.

30.2.7 Flatness of base. The base of a vessel or tank shall
be flat to the tolerance agreed between the purchaser and
the manufacturer (see also 4,2{f){1)).

Table 17. Tolerance for shells

Nominal internal diameter of shell Difforenca betwesn maximum Maoximum departuro
and minimum diameters from designed form

mm mm

Up to and including 260 1

Over 250 up to and inciuding 500 2

Over 500 up to and including 900 1.0 % of shell diameter 3

Over 908 up to and including 1400 4

Qver 1400 up to and including 1800 5

Over 1800 up to and including 2200 18 mm 6

Over 2200 up to and inciuding 2600 7

Qver 2500 18 mm or 0.4 % of shell diamster, 8 mm or 0.2 % of shell diameter,
whichever is greater whichever is greater
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Figure 32. Tolerancas for cylindrical shells
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Section five. inspection and tests

31 Inspection and test requirements

31.1 Goneral

All vessels and tanks shal} be subject to the inspections and
tests specified in this section and section ons.

The authority responsible for the inspection shall be
determined in accordance with 31.2 and 31.3,

31.2 Category I inspection

All vessels and tanks which, by reason of volume, pressure,
temnperature, hazardous nature of content, or any other
factor, are designated as category 1 against any relevant
heading in table 2 shall be manufactured under the survey
of & competent engineering Inspecting Authority or
Organization in addition to the manufacturer’s own
inspection,

This requirement shall ba satisfied where inspection is
carried out by a recognized independent authority or
competent personnel of a separate engineering inspection
department maintained by the purchaser of the vessel,

An inspection department maintained by the manufacturer
does not satisfy this requirement except when:

{a) specific responsibilities are delegated at the discretion
of the Inspecting Authority or Organization; or

{b) vessels are for the manufacturer’s own use and not
for resale.

Inspection by the Inspecting Authority shall not absolve the
manufacturer from his responsibility to exercise such quality
assurance procedures as will ensure that the requirements
and intent of this standard are satisfled.

31.3 Categories II and I inspection

For those vessels and tanks which, by reason of their small
volume, low pressure temperature or hazard associated with
content and any other factors or any combination thereof,
are designated as category Il or category 111 against all
relevant headings in table 2, independent inspection shall
not be required.

31.4 Facilities

The manufacturer shall furnish and prepare the necessary
test pieces and make the tests specified either at his own
works or elsewhere.

When required by the order or drawing, test pieces shall be
made available for test in the purchaser’s laboratories

{see 4.1{d)). Unless otherwise specified, all tests shall be
witnessed by the inspecting Authority and due notice shall
be given by the manufacturer to permit this {see 4.2{o}).

32 Certificate of inspection and testing

In cases of joint responsibility for the inspection and testing
of a vessel or tank, signed documentary evidence of the
results of all the previously completed inspections and tests
shall be forwarded to the Inspecting Authority responsible
for witnessing the final tests, prior to the conducting of the
final tests.

Upon satisfactory completion of the vessel or tank,
the organizations responsible for design. construction and

B1
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inspection shalt furnish duplicate copies of a certificate to
the purchaser, stating that the design, construction and
testing complies with this standard. Where applicable,

the actual test results obtained shali be stated on or with
the certificate.

33 Principal stages of inspection

Unless otherwise required by the order (see 4.1{e}),
inspection shall include the following stages, as appropriate.

{a) Inspection of workshop conditions where manufac-
ture will be carried out.

{b} Inspection of works records relating to the control
and issue of materials, resin mixing, etc., for each vessel
or tank constructed.

(¢} Identification of the materfals of construction and
their storage condition.

{d) Approval of laminating procedures and tests for
operators, and check of validating documents, see
clause 36.

{e} Approval of weld procedures and tests for welders
of thermoplastics linings, and check of validating
documentation, see clause 34.

{f) Witnessing of spark tests on welds in thermoplastics
linings.

{g) Examination during hand lay-up, spray application,
winding and jointing of resin-glass laminates.

{h) Examination of any repairs carried out during
construction.

{i} Verification of cure of [aminate.

{j} Examinations on completion of construction, during
pressure testing, and after boiling out tests before any
pigmented coating is applied. A pigmented coating
shall not be applied to the vessel until after final
inspection unless prior exernption is given by the
purchaser {see 4.1(f)}.

34 Welding procedure and welder
approval tests for thermoplastics linings

The test piece shall incorporate a 300 mm long butt weld
made by joining two pieces of the material to be used for
a lining, each 300 mm long and 125 mm wide. The weld
shall be made in the same way as the production welds and
shall include at least one stop and start in each run. Weid
procedure for the test welds shall comply with 27.3.

After compietion, the test weld shall be examined visually
and by the use of a high-frequency spark tester at a voltage
from 20 kV to 25 kV. Any weld showing evidence of
notches, lack of fusion or pinholes shall be deemed not to
comply with this standard,

Test pieces shall then be machined from the welded sample
and subjected to the tensile test described in B.6. The tensile
strength across the weld shail be not less than B5 % or 70 %
of the tensile strength of unwelded sheet dependent upon
whether the weld is made on two sides or on one side,
respectively.
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35 Production weld tests for
thermoplastics linings

Al production welds shall be examined visually and by
high-frequency spark test equipment (20 kV to 25 kV)
at the following stages:

{a) after the first weld run has been completed;
{b} after completion of the external weld;

{c) after pressure or static head tests; and

{d) after any boil out test.

Tests (a) and {b) shall be completed before any primer or
reinforcament is applied to the weld area. A temporary
earthing strip shall be provided behind the welds. This strip
shatl be removed before any reinforcement is applied to the
weld areas. At this stage the visual inspection shall be made.
There shall be no obvicus undercutting, degradation of the
thermoplastics or breaks in the weld run. When such defects
exist, an appropriate length of weld shall be removed,

the surfaces prepared again and a new weld completed.
NOTE. The first taminate layer applied to the weld araa may be
conducting in order to asslst inspection at stage () and In service,
The repaired welds shall be subject to the full inspection
procedure.

36 Laminating procedures and approval
of operators

36.1 General

At the complstion of the fabrication of a tank or vessel it is
not possible by non destructive methods to determine the
details of the larminates and therefore procedures shall be
established to cover the features described in 36.2, These
procedures, including the resin and reinforcement, shall be
recarded, together with the test work and case histories
which demonstrate that the procedures are satisfactory.
NOTE. The satisfactory documentation will normally be sufficlent
evidence to validate those procedures but a purchaser may wish to
have demonstration pleces prepared and tested. The provision of
such test piaces should be spacified under 4.1(d).

In addition to establishing laminating procedures it is
necessary for fabricators to demonstrate that their operatars
have the basic skills of good laminating and that they are
familiar with various procedures specified in 36.2. Records
shall be kept of the training received by operators and the
type of work on which they have been employed. In the
ahsance of satisfactory records of experience, the manufac-
turer shall arrange operator approval tests in accordance
with 36.3.

36.2 Laminating procedures

The laminating procedures requiring approval shall include

the following.
{a) General. Laminates of a basically similar construction
1o that proposed for the barrel and ends of the vessel to
be fabricated shall be tested in accordance with 37.2,

{b) Flange/nozzie construction. Samples of the manufac-
turer's standard forms of such details shall be laminated

and their construction demonstrated as satisfactory by
visual inspection of the finished sample, followed by
inspection of cross sections taken through the flange/
nozzle on two planes at right angles to each other.

For each type of construction, there shall be at least one
test plece each to represent details up to 50 mm naminal
bare and of greater than 50 mm nominal bore.

(c)} Nozzle/shell attachment. Samples of the manufac-
turer's standard forms of nozzle to shell attachments
-shall be laminated and their construction demonstrated
as satisfactpry by visual inspection of the finished
sample, followed by inspection of cross sections taken
through the nozzle/shell on two planes at right angles
to each other.

For each type of construction, there shall be at least one
test piece each to represent details up to 50 mm nominal
tore and of greater than 50 mm nomina! bore.

{d} Special forms of construction. Any special form of
construction shall be demonstrated as giving satisfactory
results by visual inspection of the finished sample and by
examination of sections cut through the critical areas of
the construction.

{e) Butt jainting of vessel main seams. These shall be
demonstrated as satisfactory by visual inspection of a
finished mock up and of thres sections cut through the
sample on planes normal to that of the joints.

() Tank bottom corner construction. Where fabric-
hacked thermoplastics lined tanks are constructed
without a knuckle radius, a mock up of the corner
laminate construction shall be sectioned in at least
three places to demonstrate that lamination is in
accordance with 18.5,2.

36.3 Approval testing of operators

During training every operator shall laminate a test sample
for each type of construction specified in 36.2 on which he
is to be employed, and each sample shall be visually
axamined an completion and at cross sections eut in
accordance with 36.2.

The manufacturer shall maintain fully documented records
of each operator approval test and the results thereof,

If an operator has not carried out Jaminating of a particular
detail for a period of 3 months or if there is any reason to
doubt his ability to laminate satisfactorily such a detail,

he shall be required to demonstrate his skill by preparing
appropriate test pieces as specified in 36.2.

36.4 Acceptancs criteria

Every test sample shall show satisfactory surface finish,

full impregnation and consolidation and proper distribution
of the specified mass and type of reinforcement.

All compensation and overlays shall be in full contact with
and satisfactorily bonded to the preceding layers with
specified overiap.

All reinforcement shall be continuous round corners and
into the mating section, i.e. flange to nozzie or shell to
nozzle (see figure 24},
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37 Production samples for mechanical
tests on laminates

37.1 General

Samples from waste areas such as cut-outs for branch
openings shall be made available for inspection and
appropriate testing, provided that they are typical of the
laminate they represent.

NOTE. In the majority of cases such samples wili not be flat and
therefore there may be difficulty in carrying out sl the mechanical
tasts which could normaliy ba done on a flat sampie. The properties
of laminates ere determined to a considerable extant by the type of
glass relnforcement, the type of resin and the glass resin ratio and
what s required from production samples is a clear indication that
the proparties of the laminate produced match the properties used
in design. This information may be obteined by measuring the
thickness of the laminate, burning off the resin to abtein the glass
cantent, end examining the glass which remaing to determirie the
type of glass and the number of layers. If the lep shesr strength of
the laminate Is also determined, there will be enough Information to
provide an adequate guide to the mechanical properties of the
laminate.

As an alternative to using cut-outs for test samples, specimen
laminates shall be prepared by the operators working on the
preoduction laminate. These specimens shall be laid up at the
same time with the same materials and in the same manner
as the item they represent and cured under the same

conditions as the main jaminate.

The provision of special test laminates and the extent of the
mechanical testing to be carried out gither on cut outs or
prepared laminates, shall be agresd between the purchaser
and the manufacturer (see 4.2{p)).

37.2 Testing
The following tests shall be carried out on all samples to
verify laminate construction and determine typical
properties as given in table 4:
(a) visual examination of a prepared cross section of the
cut-out or prepared samples;

{b} thickness of the laminate;
{c) fap shear strength of laminate {see B.9);

(d) shear and peel strength where a thermoplastic lining
is used {see B.10 and B.11});

{e} giass content {BS 2782 : Method 1002);
{f} number of layers of glass and the type;
{g) acetone test (see B.18B);

{h} Barcol hardness of the inner and outer surfaces
{see B.14}; the minimum requirement shall be at least
BO % of the hardness value published by the resin
manufacturer for the particular system.

When polyester resins are used for the fabrication of
category I and category I vessels or tanks, and, if following
the Barco! test there is any doubt about the state of cure of
the laminate, a residual styrene test shall be carried out

(see B.17). The residuaf styrene content of the laminate
shall not exceed 2 % by mass of the resin content of the
sample.

The following tests shall be carried out when it is required
to verify the mechanical properties of the laminate:

{1) ultimate tensile unit strength (see B.6};
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{2} unit modulus {see B.7);
{3} ultimate compressive unit strength (see B.8).

NOTE. Tests on laminates of mixed types of relnforcement may not
achieve the full unit foad capacity of v X K due to the different
strain to failure values of the individug! layars of reinforcement

{see 8.8} where K 15 tha overall design factor and ¢ Is the maximum
allowabla unit toad lin Nfmm}.

38 Prototype testing

38.1 Generzl

Where the manufacturer shall demonstrate his ability

to design and/or produce a satisfactory vessel or tank,
and acceptable documentary evidence of past experience
is not available, a prototype shall be made and tested to
determine its integrity.

Unless otharwise agreed, the prototype tests shall be
witnessed by the purchaser or the Inspecting Authority,
where appropriate, (see 4.2{q))}.

38.2 Manufacture of prototype vessal
The prototype shall consist of one of the following:

{a) a complete vesse] identical in design and manufacture
to the vessel or vessels proposed;

{b} a specially made test vesse! desipned to withstand
repeated test procedures, into which any novel details
can be incorporated for test purposes; or

{c} the first of a series of identical preduction vessels,
tested only by the procedure detailed in 38.3(a) using
strain gauges.

When a manufacturer produces vessels of varying design
and size the sample vessel or vessels shall incorporate details
of construction representative of the range, including in
particular:

{1} materials and laminates;
{2} methods of construction;
{3} dimensions;

{4} liners.

38.3 Tests to be applied to prototype vessel

The nature of the tests to be performed shall be by agree-
ment between the purchaser, or the Inspecting Authority,
where appiicable, and the manufacturer {see 4.2(r}}.

The tests shall demonstrate resistance to specified modes of
failure, and may include one or more of the following:

{a} determination of general and local strains, by measure-
ment, strain gauges or other suitable means, when the
vesse! is hydraulically pressurized to the design pressure
or agreed higher pressure;

(b} determination of the fatigue strength of the vessel or
detail, by cyclic variations of pressure or temperature or
both between agreed iimits;

{c) determination of the factor of safety to failure and
the mode of failure, by hydraulically pressurizing the
vesse! until failure occurs {not applicable 1o vessels
subject only to hydrostatic head of contents).
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The tests shall be carried out at the design temperature and
the behaviour of the vesse! in respect of all modes of failure
shall be observed and recorded.

38.4 Parformance during prototype testing

The sampla vessel shall withstand not less than the following.
{a) In the strain determination test {see 38.3(a)}: 1.3
times the design pressure without failure in any form,

{b} In the fatigue test {see 38.3(b)): 10 times the
estimated number of pressure cycles in the life of the
vessal, :
(c} in the test to failure (see 38.3{c)): B times the
pressure without bursting.

design

38.5 Records of tests

Records of all prototype tests shall be retained by the
manufacturer and be made available to the purchaser,
or Inspecting Authority, where appropriate, as required.

39 Testing after completion of fabrication

39.1 General

Vessels and tanks shall be subjected to the appropriate
hydraulic pressure or static head test at ambient temperature
in accordance with 39,2 t0 39.8.

The test shall be applied either:

{a) at the manufacturer's works and repeated after
installation; or

(b} after installation

as specified by the purchaser {see 4.1(e) and {g}).

NOTE 1. To avold the risk of freezing, it is recommanded that the
temparstura of thewater during tha test should not be less then 7°C.

NOTE 2. in the case of all such testing it is important that the
specifled test pressure is nat exceeded since over-prassurlzetion may
{ead to laminate damage which would be cause for rejection of the
vessal,

Al care should also be taken to ensure that tha vasssl or tank,
its supports and foundations are adeguate to withstand the total
joads that will be imposed upon them during this test.

39,2 Static head tests

Tanks subject only to hydrostatic head of content shall be
tested in their normal working attitude by filling with water
to the top of the tank.

NOTE. Whan the operating contants of the tank have a relative
dansity greater than 1.0, consideration should be given to the
adoption of an incressad static head to simulate the actuel operating
head at the tank base. This will hawever increase the losdings on the
base and the upper parts of the tank which should be designed to
ensure that at test no part of the tank is strained beyond 0.26 %

ar 1.3 eg, whichever is the smellar, whare ey is the least strain,
determined from stlowsble loadings and resin properties. Fer flat-
bottamed vessels, the holding down arrangement for tha test should
be checked in accordance with appendix F and the value of p should
be not less than the static pressure at the top of the sheli cyclinder
divided by 1.3,
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39.3 Hydraulic pressure test in the working attitude

Vessels subjected to internal pressure shall be hydraulically
tested to not less than 1.3 times the design pressure,

due allowances being made for static head of content and
of test medium.

At test no part of the vessel shall be strained beyond 0.26 %
or 1.3 e4, whichever is smaller.

39.4 Hydraulic prassure test in other than the woerking
attituede

Vertica! vessels may sometimes have to be pressure tested

in a horizontal position and in such cases due consideration
shall be given to the method of supporting the vessel during
test and to the resulting static and pressure loadings imposed
on the various parts of the vessel or tank.

At test no part of the vessel shall be strained beyond 0.26 %
or 1.3 g4, whichever is smaller.

39.5 Vacuum test

Vessals to operate under vacuum conditions shall be tested
under vacuum or applied external pressure to simulate
vacuum conditions. [n either case the resulting external
pressure on the vessel shall be 1.3 times the design external
pressure where this is less than full vacuum.

When the vessel is designed for full vacuum the internal test
condition shall be between 0 kPa and 4 kPa {0 mmHg
and 30 mmHag) absolute.

Where a test under vacuum or applied external pressure is
not reasonably practicable, vessels shall be given an internal
pressure test of 1,5 times the design external pressure
subject to the strain under such test not exceeding 0.26 %
or 1.3 g4, whichever is the smaller.

NOTE. There are often variations at diffarent levels of a vessel or
tank between the design pressure eppropriata to the process
condlitions and the equivalent deslgn pressura appropriate to test
conditions because differances in density batwesn content and test
medium has resuited in 8 compsnsatory increase of ‘top’ pressura
at test in arder to achleve the required minimum test pressure at
vasselftank base.

In such cases whara ¢4 has baen dictated by a load Hmitstion

{sea 9.2,8} and the value of the design factar K unfavoursbly
influenced by environmental temperature and/or cyclic conditlons
{factors k4, k3 and k4 } a temporary reassessmant of the design
factor K may be permitted to arrive at the permissible limiting strain
while under static/hydrauiic test.

£or initial test at amblent temparature prior to entry into service,
lower appropriate values may be sdopted for factors kg, k3 andfor
kg but if a similar test prassure s to be applied perladically while in
service, then the original vajues of kg and k4 have to be maintalned
and the scope for adjustment is imitad to k3, L.e. between design
and test temperatures.

So far a5 the basic iaminate design is concerned, the value of g4 to
be used s that arrived at strictly in accordance with 9.2 based on
the progess design conditions.

39.6 Pressure test and vacuum test procedure

The test pressure shall ba gradually increased to a value of
50 % of the specified final value, thereafter the pressure
shail be increased in stages of approximately 10 % of the
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specified test pressure until this is reached. At no stage shall
the vessel be approached for close inspection until the
pressure has been positively reduced to 80 % of the pressure
previously attained and which has been held for not fess
than 15 min.

The required maximum test pressure shall be maintained
for not less than 1 h.

Any indicatians of leakage or excessive strain shall be cause
for failing the test. Vessels or tanks shall not be hammered.

NOTE. Cars should be taken 10 ensure that the specified test
pressure is not exceeded during hydraulic testing, by the fitting of
an appropriate pressure-relief davice.

39.7 Pnaumatic tasting
in exceptional circurnstances when the possibility of
hydraulic testing is excluded and pneumatic testing is
necessary, reference shall be made to the following
precautions:
{a) the adequacy of blast protection;
{b) the extent of area cleared for test safety purposes;
(e} the degree of confidence in stress analysis of vessel
details;

(d) the extent of remote monitoring provided during test.

39.8 Examination after testing

On completion of pressure or vacuum tests the vessel or tank
shall be inspected internally and externally. Any indication
of cracking, resin crazing or excessive strain shail be cause
for failing the test. Vessels and tanks with thermoplastics
linings shatl again be spark tested after comnpletion of
testing; any evidence of weld defects shall be cause for
failing the test.

On completion of any necessary repairs the tests shall be
repeated.
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40 Marking

Each vessel and tank constructed in accordance with this
standard shall be marked with the following information.

{a) The number and date of this standard, i.e. BS 4884 :
1987,
(b} The manufacturer’s name.
(g} The manufacturer's serial number.
{d} The design pressure {in bar gauge)} and/or maximum
head and relative density of contents.
{e} The maximum test pressure {in bar gauge}.
{f} The maximum working temperature coincident with
the safe working pressure {in °cy.
{g} The year in which vessel or tank was completed.
{h) The resin reference(s).
(i) When vessels or tanks have a thermoplastic {ining,
the type of thermoplastic lining shall be marked,
e.g. UPVC lined.
(i} The category of inspection undergone by the vessel or
tank (see 31.1}).
{k) The certifying mark of the Inspecting Authority,
when applicable.

These markings shall be legibly stencilled with letters and

figures at least 12 mm high on a conspicuous part of the

exterior of the vessel or tank, or stamped or engraved on a
plate which is subseguently bonded to the vessel or tank.

Engraving or stamping on the vesse! or tank itself or ona
plate already bonded to it shali not be used.

*Marking BS 4994 : 1987 on or in relstion to a product is a claim by the manufacturer that the product has heen manufactured to the
requirements of the standard. The securacy of such a clelm is therefore solely the manufecturer's responsibility. Enquiries as to the
availability of third party certification should be addressed to the sppropriate certification body.
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Section six. Erection

41 Preparation for shipment

The vesse! shall be cleaned inside to be frea of all traces of
release agents, fibres, dust ar other foreign matter.

All branches and other openings shall be blanked either
with service blanks or with temporary covers suitable for
protecting tha flange faces and preventing the ingress of
foreign matter for the conditions likely to be met during
transport and storage of the vessel, Care shall be taken,
however, to ensure that the vessel is vented at all times.

To prevent overstressing of vessels during tandling and- -
transportation, temporary stiffening/supporting devices
such as spiders or saddles shall be provided when necessary.
If the vessel or vessel section has a transport mass in excess
of 200 kg, a drawing shail be providad showing lifting
positions, handling techniques and equipment required
together with any other information necessary for safe
handling of the vessel.

if lifting positions have special restrictions on angle of lift,
minimum number of positions used, etc., details shall be
recorded on the drawing and a permanent notice affixed to
the vessel referring to these restrictions,

42 Handling

When lifting lugs are not provided, the vessel shall only be
{ifted using webbing or rope slings passed round the girth
of the vessel. Chair or wire ropes are parmitted if adequate
provision is made to protect the vessel from local loads and
abrasion, When fifting, care shall be taken not to apply
shock foads to the lugs or vessel, Nozzies shall not be used
as lifting positions unless a design check has been made.

NOTE. A dasign procedure for lifting lugs or trunnions 15 given in
appendix .

43 Transportation

The loads imposed by transportation shall be considered
and temporary supports used where necessary {see clause 41).

The vessel shall be adequately secured with slings or other
fixings to prevent movernent. Slings shall comply with
clause 42,

{_.oose parts shall not be placed inside the vesse! unless they
are secured to prevent movement and suitably protected to
prevent damage.

44 Temporary storage

The vessel shall be stored on a level surface free from sharp
protrusions and adequately supported to prevent local
damage.

The storage location shall be selected to minimize the risk
of accidental impact damage from forklift trucks, cranes,
etc,

Passible movemnent due to wind shall be considered and
temporary anchors provided, when necessary.

45 Installation

All vessels shall be placed upan their supports in such a way
as to ensure that loads are distributed as intended in design,
a.g. flat-bottomed vessels shall be provided with continuous
support as specified in 22,2.1.

Care shall be taken to ensure that all bolts are an easy fit in
the mating holes of the base and stand so that no loads due
to misaligned holes are imparted to the laminate, Drifts or
bars shall not be used.

46 Support of associated pipework

All pipawork shall be supported so that total loads local to
the branches on the vessel or tank do not exceed the design
values.
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Appendices

Appendix A, General information on the
materials used for reinforced plastics
construction

A1 General

Plastics, reinforced with glass or other materials, are finding
increasing use in plant items. Some of these have a resin
surface, others are lined with suitable thermoplastics, usually
unplasticized polyvinyl chioride (UPVC) or polypropylene.
Reinforced plastics have properties quite different from
those of metallic materials of construction and it is important
that designers, fabricators and users thoroughly understand
the nature of the materials.

Reinforced plastics are not isotropic and may show very
different strength properties in different directions. This
characteristic is due to the method of constructing the
laminate by blending layers of resin and reinforcement.
In view of the wide range of combinations of matrix
material {resin) and reinforcement it is not convenient
to use conventional mechanical properties for design
purposes, and layer properties (such as unit strength and
unit modulus} have been developed.

The reinforcing materials used all have much higher elastic
moduli than the matrix materials and are, therefore,

the main load-carrying elements. Loads applied to &
{aminate are transferred from fibre to fibre through the
matrix and the strongest possible bond between the
constituents is thus required, Research into the nature of
the bond and into its improvement is continuing. Because
of the difference between the modulus of the matrix and
that of the reinforcement, damage by debonding, that is
locat failure of the bond between the two, can occur at
smalt values of overall strain and is often the first sign of
irreversible damage to the laminate. Higher applied loads
lead to breakage of fibres, as well as further debonding,
and ultimately to complete laminate failure,

Because of the range of materials and manufacturing
techniques available, the success of the finished item is
dependent to a considerable degree on the guality of
workmanship. 1t is therefore essential 1o ensure adequate
supervision during fabrication, good control over raw
materials and clean, consistent working conditions.

A.2 Thermoplastics

Thermoplastics are polymeric materials which soften on
heating and harden on cooling, reversibly, without under-
going a chemical change, They can therefore be moulded
by the application of heat and then cooled to retain their
moulded shape,

For linings of PVC the unplasticized grade (called uPVC}

is used in sheet form, being shaped and welded as required.
When using PVC as a vessel lining, the reinforcement is
‘chemically’ bonded to the lining using specially formulated
surface primers, For some primers, degreasing of the PVC
is all that is required to effect an adequate bond; primers
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in general use, however, require the PVC surface to be
roughened by abrasion and then degreased to ensure that

& good bond is obtained. The resin supplier normatly issues
instructions for use with a particular resin systam.

Polypropylene sheet to be used as a lining is normally
supplied with a layer of open-weave glass fibre cloth
containing a small proportion of polypropyiene fibres fused
to one surface. Care should be taken to ensure that a grade
of polypropylene suitabie for the working conditions is
specified.

A.3 Thermosetting plastics

Generally known as thermossts, thermosetting plastics,
also usually polymeric, undergo an irreversible ehemical
change during manufacture. Moderate heating does hot
cause softening, as with thermoplastics, but excessive
temperature will cause degradation.

The commonest thermoset used for reinforced plastics
equipment is an unsaturated polyester resin, because it can
be cold cured without the evolution of volatile by-products.
The choice of resin, however, depends on the duty and a
large selection is available. 1t is recommended that the resin
supplier shoutd be consulted when determining the best
system for a given application.

Polyester resins complying with BS 3532 usually have a
three-part formulation, comprising resin, catalyst and
accelerator. The method of mixing and the relative amounts
of the components are important.

Although of rather low strength and comparatively brittle,
suitably reinforced resins of this type produce strong and
reiativaly light laminates, which are useful for vessels and
tanks to be used on a great variety of duties,

Other thermosetting resins, such as epoxy and vinylester,
have also been successfully used in the fabrication of items
for chemical and other plants. Different curing systems are
used and the recornmendations of the resin supplier should
be closely followed.

A4 Glass fibre reinforcement

Glass fibres are the most commonly used reinforcing
materials for increasing the strength of thermosetting resins.

E typealass, a low-alkali borosilicate glass is usually specified
for tank and vessel construction but the glass manufacturer's
advice should be sought.

Although the most widely used glass fibre reinforcements
are E type (borosilicate) glass, A type glass fibres {soda-lime
glass) may be used. C type glass {another borosilicate glass
of lower alkali content} has very good chemical and water
resistance but is at present available only in the form of a
light mat for the surface reinforcement of gelcoats.

For use as reinforcement, the glass fibres are coated with a
surface-active agent, designed to ensure adequate adhesion
to appropriate resin systemns. When ordering giass fibres,
the resin type 1o be used should be specified so that
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compatible surface agents may be applied. Glass fibres are
available in several forms.

{a} Chopped strand mat (CSM). Fhis is the most
frequently used material and consists of chopped glass
fibras {usually between 25 mm and 50 mm long) which
are honded together in random orientation by a resinous
binder to form shest. Tha thickness of the sheet is
expressad as mass per unit area and is normally supplied
in the range 300 g/m? to 800 g/m? in increments of

150 g/m? (see BS 3496). The properties of laminates
made using CSM depend on the proportioh of glass

present and this praportion should be carefully controlled -

during fabrication.

Generally, all CSM laminates have good interiaminar
adhesion, reasonable impact resistance and relatively
little anisotropy.

(b} Sprayed cut roving [spray). Thisiswhere a continuous
roving is chopped and sprayed together with a resin
directly on to the mould by means of a special gun.

The resultant random orientation of fibre, laminate
properties, etc, are similar to CSM but unless the
application is controlled by machine, the distribution

of the reinforcement may not be so uniform as with a
mat. This is reflected in the values for factor &, given in
table 6.

{c) Continuous roving. This consists of @ number of long
parallel strands, bundled but not twisted togsther

{see BS 3691). Laminates incorporating rovings exhibit
marked anisotropy.

(d} Woven fabrics. These are available in  variety of
weaves and are made from rovings or glass yarns.
{Further details of these materials can be found in

BS 3396 and 8BS 3749.) Laminates incorporating these
raterials usually have higher glass contents than those
with C8M and provide higher strengths but may have
poorer interlaminar adhesion. Directional properties are
usually present to some degree.

A.5 Other reinforcements

Cloths and tissues of organic synthetic fibres are commonly
used for the reinforcement of chemically resistant gelcoats.

Asbestos™ and carbon fibres are available but are used for
special applications, the latter where weight and stiffness
are at a premium.

More massive reinforcements such as strips or sections of
steel or other metals are occasionally used to provide
additiona! local load-carrying capacity at heavily loaded
{ocations such as in flanges, around branches or cut outs
and at points of support or attachment of fittings.

¢ Attention is drawn to the legislation covering the use of asbestos.

Appendix B. Methads of test

B.1 General

B.1.1 Tests

This appendix describes methods for the testing of resins,
faminates and thermoplastics for vessels and tanks in
reinforcad plastics. Tests are described for the determination
of the following properties.

B.2 Glass content

B.3 Tensile strength of thermoplastics sheet and welds
B.4 Heat distortion temperature of unreinforced resin
B.5 Extension to failure of unreinforced resin

B.6 Uitimate tenstie unit strength of laminate

B.7 Unit modulus of laminate

B.8 Ultimate compressive unit strength of laminate
8.9 Lap shear strength of {aminate

B.10 Shear strength of bond between thermoplastics
lining and laminate

Peel strength of bond between thermoplastics
lining and laminate

B.12 Peei strength of bond between laminate layers
B.13 Shear strength of sandwich pansl

B.14 Barcol hardness

B.15 Water absorption

B.16 Electrical properties

B.17 HResidual styrene (polyester rasins)

B.18 Acetone test {polyestar resins}

B.11

B.1.2 Accuracy of testing equipment

Testing machines shall be calibrated in accordance with
8BS 1610 and shall be maintained to grade A.
Extensometers, including ancillary or autographic equip-
ment, shall be calibrated in accordance with BS 3846 and
shall satisfy at least grade E requirements.

B.2 Glass content

The form and number of test specimens and the test
procedure shall be as described in BS 2782 : Method 1002.

B.3 Tensile strength of thermoplastics
sheet and welds

The form and number of test spacimens and the test
procedure shall be as described in BS 2782 : Method 320C.
The welded specimens shall be dressed as per production
welds. Welds shall be in the middle of the test specimen.

The tensile strength of the specimen weld shall be calculated
from the maximum load and the original area of cross
section and shal! be expressed in terms of percentage of the
tensile strength of the unwelded sheet material.

88




== [WITHE0E

B.4 Heat distortion temperature of
unveinforced resin

The form and number of test specimens shall be in
accordance with BS 3532, and the apparatus, procedure
and report shall be as described for casting and laminating
systemns in Method 121A of BS 2782 : Methods 121A 10
121G . 1976.

Fhe temperature of deflection under load at 1.81 N/mm?
shall be reported as the heat distortion temperature for the
resin system.

B.5b Extension to failure of
unreinforced resin

The specimen shall be of the form and dimensions described
in BS 2782 : Method 320C. The test procedure shall be

as described in BS 2782 : Part 3, with the rate of grip
separation 5 mm/min,

B.6 Ultimate tensile unit strength
of laminate

B.6.1 The form and number of test specimens and the test
procedure shall be as described in BS 2782 : Method 1003,
type |, and the speed of separation shall be 2 mm/min.

B.6.2 W comparison with the values given in table 5 is
required, then each type of reinforcement shall be tested
individuatly and the resulting foads per unit width divided
by the number of kg/m? of glass in the specimen:

F

“= o

where
¢ is the ultimate tensile unit strength {in N/mm per
kg.l'm2 glass);
F is the maximum tensile force {in N);

b is the mean initial width of test specimen gauge length
{in mm});

m is the mass of the single type of reinforcement {in
kg/m?)} of glass in the specimen.

8.6.3 Where only combined laminates are available
{e.g. when testing cut-outs from a vessel} the specimen may
not achieve full tensile unit strength.

The minimum properties of table 5 can then be assessed by
determination of the minimum tensile load that the test
specimen shall carry without failure.

NOTE. The different strain capabilities of each type of fayer will
cause failure in one type before full load is achieved in other types
of reinforcement. The resulting load transfer will cause premature
faijure of the specimen.

For each type of layer the strain ¢, of a layer of type z at
minimum ulitimate unit strength shall be determined from
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equation {70):
i
€ = *;{: {70}
where

X, is the unit modulus of layer of type z (in N/mm per
kg/m? glass).

The lowest strain €., shall be used to determine the
tensile unit strengths of the other types of reinforcement
at that strain from eguation {71):

tensile unit strength = X, €min {71}
The resulting tensile unit strength of each layer shall then be
muitiplied by the total mass of each type of reinforcement
and the width of the specimen to obtain the minimum
required load.

B.7 Unit modulus of laminate

The form and number of test specimens and tha test
procedure shall be as described in BS 2782 : Method 1003,
type |, and the speed of separation shali be 2 mm/min.

Apply a small initial tensioning force {not exceeding 10 %
of the expected force at 0.2 % strain) to straighten the test
specimen and at this force set the indicating device to zero.

Increase the force steadily until an extension, 2, of 0.1 mm
is reached on the specimen gauge length of 80 mm (0.2 %
strain) and note the value of the force, F,, at this point.

Where it is expected that 0.2 % strain may give rise to
danger of fracture of the test piece, it is permissible to carry
out the test at 0.1 % strain {corresponding to an apparent
extension of 0.05 mm over the 50 mm gauge length).
Reduce the initial force 10 straighten the specimen
correspondingly.
The unit modulus of the laminate, X|_an {in N/mm),
shall be determined from equation (72):

{Fy - Fy)

L
X 2 i % — Nfmim {72}
EAM Tz, -2 T

where
{Z, - Z,) is the change in apparent extension {in mm}
corresponding to a change in applied force
{Fy - F;) {in N} {see figure 33);
L is the gauge length of the specimen {50 mm);
b is the mean width of the test specimen over
the gauge fength {in mm).
For a laminate consisting of a single type of reinforcement,
the value of X, (in N/mm per ka/m? glass) is given by:

X
X, = ‘!-:M {73)

where

m is the mass of the single type of reinforcement of glass
in the specimen {in kg/m?}.
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Figure 33. Chart of apparent extension, £, versus forca, £
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B.8 Ulimate compressive unit strength
of laminate

The form and number of the test specimens and the test
procedure shall be as described in BS 2782 : Method 345A.

The ultimate comprassive unit strength, U, (in N/mm),
shali be determined from equation {74):

- £ (74)

)
* bm

where
F is the compressive foreg (in N);
b is the minimumn width of the tast specimen {in mm);

m is mass of a single type of reinforcement of glass in
the specimen (in kg/m®).

B.9 Lap shear strength of laminate

B.9.1 Form of test specimen

Test specimens shall be of the form and dimensions

shown in figure 34. They shall have a minimum thickness
of 3 mm and the length of the specimens may be varied to
accommodate the requirements of the available testing
equipment. The edges of the specimen shall be smooth but
not round or bevelled. Two parallei cuts, one in each
opposite face of the specimen and 12.5 mm apart, shall be
sawn across the antire width of the specimen. They shall be
as natrow as practicable and shall be paraliel within 0.8 mm,
The incision shall be haif the Jaminate thickness plus the
thickness of one layer or half the laminate thickness

+0.1, -0 mm if the number of layers or thickness per layer
is unknown.

B.9.2 Number of test specimens

Five specimens shall be tested when they consist of
laminates made entirely from CSM or by spraying.
Whenever the laminate contains WR or other directional
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reinforcement, 10 specimens, five paratial with each
principal axis of anisotropy, shall be tested,

Specimens that fail prematurely or at an obvious flaw shall
be discarded and retests made.

B.9.3 Procaedure

Condition the specimens by storing them at 20 £ 5 °Cfora
minimum of 3 h immediately before testing.

insert the specimen in the grips of the tensile testing
maching and stress it until rupture ocours in the formof s
shear-type failure with some peeling at the interlaminar
bond.

Ensure that the speed of testing, i.e. the relative rate of
motion of the grips or test fixtures during test, is within the
range of 5.0 mm/min to 6.5 mm/min.

B.9.4 Results

The fap shear strength, § (in N/mm?), shall be determined
from equation {75):
w

§e -';b“:' . {75)
where

¥ is the maximum load {in N);

& s the distance between sawcuts {in mm);

b is the width of the specimen {in mm).

The lap shear strength of the laminate under test shall be
reported as the arithmetic mean of the lap shear strengths
of the specimens.

B.9.5 Repont

The report shall state:
{8} the lap shear strength of the laminate;
{b) the individual test results;
{c} the conditioning of the test specimens.

L=200min.

V

éB min

gl

seeB 91
- grips

Distonce belween

>

Al dimensions are in millimetres.

Figure 34. Test specimen for the determination of lap shear strength of laminate
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B.10 Shear strength of bond between
thermoplastics lining and laminate

8.10.1 Form of test specimsn

The specimen shall be cut from the full thickness of the
laminate and lining and shall be of the form and dimensions
shown in figure 35.

B8.10.2 Number of test specimens
Threa specimens shall be used,

B8.10.3 Pracsdure

Make two thin saw cuts in the specimen at right angles to
the major axis, 20 mm apart and symmetrically about the
transverse centre line, Make one cut through the full
thickness of the thermplastics material but not into the
{aminate and the second through the full thickness of the
laminate but not into the thermoplastics material.

Keep the specimens at 20 £ 5 °C for not less than 3 h
immediately before testing, and carry out the tests at
20+6°C.

Clamp the specimen in the serrated jaws of a suitable
tensile testing machine and in axiat alignment with the
direction of pull. Strain the specimen at a constant rate

of 26 *+ 6 mm/min.

The shear strength of the bond shall be calculated from the
maximum load and the area under shear and expressed in
newtons per square millimetre. The bond shear strength of
the material under test shall be reported as the arithmetic
mean of the bond shear strengths of the test specimens.

If the specimen braaks other than at the interface and the
calcutated shear strength is less than that specified in 7.1
the test shalt be repeated.

B.10.4 Repaort
Fhe report shall state:

{a) the bond shear strength of the thermoplastics lining-
laminate combination;

(b} the individual test results;
{c) the conditioning of the test specimens,

Lining maferial

2 20

All dirmensions sre In miliimetres,

thermoplastics lining and laminate

Thin saw-cut

200
Thin saw-cut

Figure 35. Test specimen for the determination of shear strength of bond betwaen

92




OB AVROGR

*Sx

B.11 Peel strength of bond between
thermoplastics lining and laminate

B.11.1 Form of test specimen

The specimen shall be cut from the full thickness of the
taminate and lining and shall be of the form and dimensions
shown in figure 36{a).

B.11.2 Number of specimens
Five specimens shall be used.

B.11.3 Procedure

Make a saw cut at one end of the specimen at the interface
of the laminate and thermoplastics material, across the
width of the specimen and for 20 mm along its length.
NOTE. The sew cut should include, as for as possible, equal smounts
of lsminate and thermoplastics materlal.

Keep the specimens at 20 + 5 °C for not less than 3 h
immediately before testing and carry out the tests at
20£5°C.

Grip the laminate horizontally in the jaws of a vice or
clamp and apply the load to the thermoplastics lining by
means of welghts until the load is just sufficient to peel the
lining from the laminate. During this operation, ensure that
the plane of the load remains normal to the laminate
thermoplastics interface {see figure 36(c}}.

The peal strength of the load shall be calculated from the
total load at pesl and the measured width of the specimen,
and expressed in newtons per millimetre width, The bond
peel strength of the material under test shall be reported as
the arithmetic mean of the bond peel strengths of the test
specimens.

B.11.4 Raport
The report shall state:

{a) the bond peet strength of the thermopiastics lining-
laminate combination;

{b) the individual test resuits;
{c) the conditioning of the test specimens.
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B.12 Peel strength of bond between
laminate layers

B.12.1 Form of test specimen

The specimen shall be cut from the full thickness of
laminate and shall be of the form and dimensions shown
in figure 36{b), The saw cut shall be as thin as practicable,
and shall be made as accurately as possibie aiong the
interface between the two laminate layers whose peel
strength is required (for example, between a main and an
overlay laminate).

B.12.2 Number of specimens
Five specimens shall be used.

8.12.3 Procedure

Keep the specimens at 20+ 5 °C for not less than 3 h
immediately before testing, and carry out the tasts at

204 5°C.

Grip the main laminate horizontally in the jaws of a vice or
clamp and apply the load to the secondary laminate by
means of weights or in a suitable testing machine until the
load is just sufficient to pee! the two laminate layers apart.
During this operation ensure that the plane of the load
remains normal to the laminate interface (see figure 36{c}).

‘The peel strength of the load shall be calculated from the
total load at peel and the measured width of the specimen
and exprassed in newtons per millimetre width. The bond
peel strength of the laminate under test shall be reported as
the arithmetic mean of the bond peel strengths to the test
specimens.

B.12.4 Report
The report shall state:
{a} the bond peel strength of the laminate;

{b} the lay-up of the laminates incorporated in the test
specimens;

{c) the individual test results;
{d} the conditioning of the test specimens.
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Thin saw-cut

Laminafe

Thermoplastics tining

20 20
g 60 min. -
{a) Thermoplastics-lined laminate specimen
Thin saw-cuf
Main lomincte
i ol
Secondary laminate
20 /

60 min.

—

{b} Laminata/laminate specimen

Vice jaw or clamp

£

ST

=

20min.

{scale pan and weights
or testing machine}

All dimensions are In mitlimetres,

(c) Assembly

Figure 36, Test for determination of peel strength of band
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B.13 Shear strength of sandwich panel

B.13.1 Form of test specimen

Test specimens shall be of the form and dimensions shown
in figure 37.

The core shall be of such a thickness that the centre line of
the core lies on the line of axis of the loading. The skins
shall consist of a minimum construction of 1.35 kg/m?
CSM each.

B8.13.2 Number of specimens
Five specimens shall be used.

i the core has directional properties, 10 specimens, five
parallel with each axis of anisotropy, shall be tested.

B.13.3 Apparatus

The apparatus shall be as shown in figure 3B. It shali be
ensured that each grip bears only on the skin and is at least
0.5 mm from the core/skin interface. The faces of the
clamp plates shall be coated with lubricant and tightened
just sufficiently to prevent slipping.

B.13.4 Procedure

Keep the specimens at 20 £ 5 °C for not fess than 3 h
immediately before testing and carry out the test at
20+5°C.

Record the dimensions of the specimen, place the specimen
in the grips and stress it unti! failure occurs.

Separate the arips at a constant rate between 1.0 mm/min
and 1.5 mm/min.

B.13.5 Results

The shear strength, s (in N/mm? ), shall be determined
from equation {76):
w

5= o {76}
where

W is the maximum load {in N});

a is the width of specimen (in mm};

b is the length of specimen {in mm}.

The shear strength of the panel under test shall be reported
as the arithmetic mean of the shear strengths of the
specimens.
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B.13.6 Rsport
The report shall state:
{a} the shear strength of the core;
{b) the individual test resuits;
{c) the conditioning of the test specimens;
{d) a brief description of the failure mode.

B.14 Barcol hardness

The form and number of test specimens and the procedure
shall be as described in BS 2782 : Method 1001,

NOTE. In the Barcol hardness test, the imprassor penetrates the
surface of the material and should, therefore, be used with caution
on surfoces which depend for their chemical resistance on a resin-
rich layer.

B.15 Water absorption

The form and number of test specimens and the procedure
shall be as described in BS 2782 : Method H51A.

B.16 Electrical properties

The form and number of test specimens and the procedure
shall be as described in BS 2782 : Methods 221 and 232,

B.17 Residual styrene (polyester resins)

The form and number of test specimens and the procedure
shall be as described in BS 2782 : Method 453A,

B.18 Acetone test {polyester resins)

The test shall be catried out by laying a cloth, soaked in
acetone over selected areas of the lining, for 3 min. After
this time the lining shall show no sign of tackiness.
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Line of action
of loud

S

5023

ez}

Al dimensions are in millimetres.

Figure 37. Test specimon for shear strength of sandwich panel

Figure 38, Assembly of test specimen and grips
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Appendix C. Effects of materials on
water quality

When used under the conditions for which they are
designad, non-metallic materiais in contact with or tikely
to come into contact with potable water shall not
constitute a toxic hazard, shall not support microbial
growth and shall not give rise to unpleasant taste or odour,
cloudiness or discoloration of the water.

Concentrations of substances, chemicals and biological
agents ieached from materials in contact with potable
water, and measurements of organoleptic/physical
parameters shall not exceed the maximum values
recommended by the Warld Health Organization in its
publication ‘Guidelines for drinking water quality’ Vol 1
‘Recommendations’ (WHO, Geneva 1884) or as required
by the EEC Council Directive of 15 July 1980 relating to
the quatity of water intended for human consumption
{Official Journal of the European Communities [.229

pp 11--29), whichever in each case is the more stringent.
NOTE 1. Requirements for the testing of non-metallic materials in
these respacts are set out in the UK Water Fittings Byelaws Scheme
information and Guidance Note No. 501-02, iSSN 02670313

chitainable from the Water Resesrch Centre, Water Byelaws
Advisory Service, 660 Ajax Avenue, Siough, Berkshire SL.1 4BG.

NOTE 2. Pending tha determination of suiteble maans of charactar-
izing the toxicity of leachates from materials In contact with petable
water, materials approved by the Department of the Environment
Committee on Chemicals and Materiais of Construction for use in
Public Water Supply and Swimming Pools sre considered free

from toxic hezard for the purposes of compliance with this
eppendix. A list of approved chemicals and materials is available
from the Technical Secretary of that Committee at the Depertment
of the Environmant, Water Division, Romney House, Marsham
Street, London SW1P 3PY.

NOTE 3. Products manufactured for instellstion and use in the
United Kingdom which are verified and listed under the UK Water
Fittings Byelaws scheme agdministered by the Water Research Centre,
taddress as in note 1) are deemed to satisfy the raguirements
deteiled in this sppendix.

Appendix D. Worked examples of the
design calculations specified in sections
two and three

D.1 General

The design method in this standard, being based on unit
loadings, is particularly suited to the design of laminar
constructions. Correctly apptied, the method ensures that
each layer of the composite carries the proportion of the
total load appropriate to its strength, and that excessive
strains which might lead to local debonding and subsequent
service failure cannot occur anywhere in the laminate.

The results of many tests {see reference [8] ) done on
resin/gtass fibre composites have shown that both the
uitimate tensile unit strength and the unit medulus values
obtained are proportional to the mass of glass reinforcement

BS 4894 : 1987
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contained in the laminate layer. For each of these properties
a single value may, therefore, be utilized over the full range
of glass contents normally used for each type of reinforce-
ment {see table 5), and the design calculations are thus
considerably simplified.

The thickness of a laminate layer is also very largely
controlled by the mass of glass specified and the glass
content, being subject to only small variation resulting from
manufacturing technigue. Layer thicknesses for given
contents and masses may be obtained from figure 5.

in none of the following worked examples is the construc-
tion/thickness of the chemical barrier included {see clause 7
and 9.2,2).

D.2 Shell and end design
(internal pressure)

D.2.1 Dasign criteria

Consider the design of a cylindrical vessel to be of 1750 mm
internal diameter and for a total effective pressure of 2 bar®
{gauge) (0.2 N/mm®).

From equation {7} in 14.2, the circumferential unit load
will be:

0.2 x 1750
%%

For the purposes of this example, it is assumed that the
combined longitudina! unit load, Q,,, does not exceed

175 N/mm so that a laminate designed to withstand this
load will be satisfactory.

Using equation (8) in 13.2 the laminate is designed so that
the design strength of the laminate is not less than this
calculated value of Og.

= 175 N/mm

D.2.2 All CSM construction

If the vessel was constructed entirely of resin and CSM
layers the design unit loading per layer would be determined
in accordance with 9.2, thus:

{2) Determine the design factor, K, {see 9,2,2).

Factor k; method of manufacture
{hand lay-up) =15

Factor k, long-term behaviour =20

Factor k5 operating temperature {assumed
operation at 40 °C using a resin having a heat

distartion temperature of B0 °C or higher) =10

Factor k4 cyclic stressing {assuming occasional

filling and emptying) =11

Factor ky curing procedure (assumed hot

post-cure) = 1.1
Hence

K=30x15%x20x10x1.1x 11 =10.89

(b} Determine the load-limited allowable unit loading,
Uy {see 9.2.3):
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_ Ultimate tensile unit strength for CSM
o= Design factor, K
200
10.89
18.36 N/mm per kg/m? glass
{c) Determine the allowable strain, €, on laminate layers
(see 9.2.4).
Assuming a resin extension to failure of 3 % then:
e=01%3%03% o
This value is greater than the maximum strain permitted,
therefore take ¢ = 0.2 %.
(d) Determine the strain-limited allowable unit loading,
ug {see 8.2.5):
ug = unit modulus for CSM (see table 5) x allowable
strain
= 14000 x 0.2 x 1072
= 28.0 N/mm per kg/m? glass
{e) Determine the design unit loading, v, {see 8.2,6).

Since uy_ is less than ug, the uy_value is taken for
design purposes, that is, the design is load-limited.
NOTE. A strain-limited design will normaily occur when
alther:

{1) a comparatively brittle resin is selected; or

{2) the method of manufacturs and working conditions

fead to a low design factor, K.
Using equation (4), the design strain, €, , on each
CSM layer will be:

{assuming a resin other than furane)

il

f

18.36 x 100
= —m—e——— = (113 %
.= 4000
and the design unit foading, u,, at that strain level

will be:
u, = u = 18.36 N/mm per kg/m? glass
(f} The total quantity of reinforcement, which in a

laminate consisting wholly of CSM is the product m, n,,
can be found simply from equation (6) in 13.2, thus:

Q=u, lm, n,)
175
18.36

A total mass of glass of 9.53 ka/m? is thus necessary and
the distribution of this would be selected according to
rmanufacturars’ practice.
Thus, one suitable laminate would be {see figure 4({a});
2 layers 0.3 kg/m? (one at each surface) = 0.6 kg/m?®
15 layers 0.6 kg/m? = 0.0 kg/m?

So that total mass {m, n;) = =963 kg/m*.

Total = 9.6 kg/m*

Equalty acceptable would be a construction of (see
figure 4{b)}:
2 layers 0.3 kg/m? (one at each surface) = 0.6 kg/m?
9 layers 0.6 ka/m? = 5.4 kg/fm?*
8 layers 0.45 kg/m* = 3,8 kg/m?

Total = 9.6 kg/m?

D.2.3 CSM and WR construction

D.2.3.1 Full procedure. In practice, an al}-CSM construction
with such a large number of fayers is unlikely to be selected
and the construction of the vesse! will be simplified by
incorporating layers of WR. A typical construction of this
type is shown in figure 4{c) where alternate layers of RP25
WR, with the fibres suitably aligned relative to the direction
of the maximum unit foad, and 0.45 kg/m? CSM are used,
with a layer of 0.3 kg/m? CSM at the outside surface and
1.2 kg/m? CSM at the inside surface. It is necessary to
calculate the number of layers required.

(a) Determine the design factor, K, (see 8.2.2).
Assume the same factors as for all-CSM construction,
so that K = 10.89 as in D.2.2{a).
{b} Determine the load-limited allowable unit loading,
uy_ {see 9.2.3).
For CSM layers, u = 18.36 N/m par kg/m? glass as
in D.2.2(b}.

250
For WH layers, u_ = 10.89 = 22,95 N/mm per

kg/m* glass (assuming a resin other than furane).
{c) Detarmine the allowable strain, €, on laminate layers
{see 9.2.4}.

Assuming a resin extension to failure of 3%, g is

limited to 0.2 % as in D.2.2{(c).
{d) Determine the strain-limited aliowable unit loading,
tg (see 9.2.5).

For CSM layers, ug = 28.0 N/mm per kg/m? glass as

in D.2.2(d}.

For WR layers, ug = 16000 x 0.2 x 1072

= 32,0 N/mm per kg/m® glass.

{e) Determine the desigh unit loading, u,, (see 9.2.6).
In this exarple, u_ is lower than ug for both types of
layer so that the design is load-limited, just as it was
for all-CSM construction.
Therefore, the strain in each tayer when loaded with
u is next determined.

18.36 x 100
For C5M, g = W = .13 % {as in D.2.2{(e)}.

22.95 x 100
For WR, € = _Téﬁ_ﬁl_—

To avoid overloading the CSM fayers in the laminate
the design strain, €4, has to be limited t0 0.13 %,

so that the design unit foadings equivalent to that
strain level will be:

For C8M,u, =u = 18.36 N/mm per kg/m? glass,
For WR, u, =X, €4 = 16000 x 0.13 x 1072
=208 N/mm per kg/m? glass.
{f} The laminate construction may now be detarmined
from equation (6) in 13.2.

i the number of layers of rovings required is n, the
number of layers of 0.45 kg/m? CSM will be {n - 1).

{n addition, there will be 1.5 kg/m® of CSM, distributed
0.3 kg/m? at the outside surface and 1.2 kg/m? at the
inside surface.

=0.14 %.
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Tﬁe equation reads:

Uy myny  tuz mang tuzmy iy =0

208 x0.8n +18.36x045 (n~1)+1836x 1.5 =176

n layers {rn - 1) layers stirface layers
WR 0.45 kg/m* CSM 1.5 kg/m? CSM

Solving, the minimum value of n to satisfy this condition
is 6,26,

Since the number of layers has to be an integer, 7 has to
be taken for this construction as 7, so the complete
{aminate would comprise (see figure 4{c}}:

chemical barrier

{see clause 7 and 9.2.2) {internal surface)
1.2 kg/m® CSM

0.8 kg/m* WR o
0.45 kg/m? CSM repeated six times
0.8 kg/m* WR

0.3 ka/m?® CSM

resin-rich layer
with binding tissue {external surface)

(g} However, as the value of n is very close to B it is
possible by adding a further layer of 0.45 kg/m® behind
the gel coat to reduce the actual calculated n below 6.
This will result in a saving of one layer of 0.8 kg/m* WR.

The equation would then read:
751 m‘ Iil iy Mg Ny ‘Uz M3 N3 20

208%x08n+18.36x045(n-1) +1836x 1.956 =175

n layers {n - 1) layers surface layers
WR 0.45 kg/m® CSM 1.95 kg/m? CSM

Solving, the minimum value of i to satisfy this condition
is 5.92 and the corresponding laminate construction will
be:

chemical barrier
{see clause 7 and 9.2.2)

1.65 kg/m? CSM
0.8 kg/m* WR
0.45 kg/m?* CSM
0.8 kg/m* WR
0.3 kg/m® CSM

resin-rich fayer
with binding tissue

{internal surface)

repeated five times

{external surface}

D.2.3.2 Abbrevia_ted procedure, It is possible to abbreviate
the procedure given in D.2.3.1 if the minimum strain is
firstly selected.

Allowable strain for resin = 0.1 X g,.
UTUS™ (CSM)
XICSM) x K
UTUS (WR)}
X (WR)x K
Maximum allowable strain = 0.2 %.

Allowsable strain for CSM laminate =

Allowable strain for WR laminate =

*Ulitimate tensile unit strength {see tsble 5).
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Design strain, €4 = least of above strains.
The design unit loadings would, therefore, be:
Uesm = €4 X Xcsm
Uy = &g % Xwg
Example
K factor = 10.89
Determine the allowable strains.

{a) Allowable strain of resin
=0.1x3%=03%

{b) Allowable strain for CSM
= 200/({14000 x 10.89 x 1072) =013 %.

{c) Allowable strain for WR
= 250/({16000 x 10.89 x 10°%} = 0.14 %.
Least strain above is 0.13 % maximum allowable
strain is 0.2 %.
CSM fayers limit and ¢4 = 0,13 %.
Determine allowable unit loadings.
{1) For CSM layers= 0.13 x 14000/100 = 1B.2 N/mm.

{2} For WR layers = 0.13 x 16000/100 = 20.8 N/mm.

D.2.4 Thickness calculations

Assume a glass content of 30 % for CSM and 55 % for WR
with a resin of relative density 1.1.

From figure 5, the thickness expected for these constructions
will be:

CSM, 2.5 mm per kg/m® glass.
WR, 1.1 mm per kg/m® glass.

The all-CSM construction of example D,2.2 requires a total
of 9.6 kg/m? glass and the overall thickness of this laminate
irrespective of detailed construction will thus be 2.5 x 9.6
= 24 mm (see figures 4({a} and (b}}.

Similarly, the mixed construction of example D.2.3 may be
summarized as follows.

Case 7 {see D.2.3{f}):
1.5 kg/m?® of CSM
six layers of 0.45 kg/m?® CSM
seven layers of 0.8 kg/m? WR
This gives a total of:
15+ 6 x 0.45 = 4,2 kg/m® CSM

having a thickness of 2.5 x 4.2 10.5 mm
and seven layers of WR having a thickness of

1.1x08x7 6.2 mm
The total design thickness of this laminate s

construction {see figure 4{(c})} is thus 16.7 mm

Case 2 {see D.2.3(g}}. The mixed construction using six
layers of WR:

1.95 kg/m® of CSM
five layers of 0.45 kg/m® CSM
six layers of 0.8 kg/m* WR
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This gives a total of:
1.95 + 5 x 0.45 = 4.2 kg/m* CSM

having a thickness of 2.5 x 4.2
and six layers of WR having a thickness of

10.5 mm

11x08x86 5.3 mm
The total design thickness of this construction ..
{see figure 4{d})) is thus 15.8 mm

D.2.5 Dasign of dished ends

If a shallow end of toricpherical shape is to be adopted
typical values might be 0.20 for /8, and 0.10 for #\/Dy.

For an end of this shape, the value of shape factor, K,
to be used in design, as determined from table 11, will be
between 2.25 {for a thick end) and 2,95 {for a thin end).

Assume an initial value for K of, for example, 2.5. Then
from equation {43) in 18.3.2 determine the unit load to be
substituted in equation (6) in 13.2:
Q=05x02x1780x25
= 437.5 N/mm

{f the Jaminate construction for the end is to be of CSM
and WR, similar to that determined for the vessel shell,
use of eguation {6) wili give:

ty m, fi] +iiq My Fig +yamyny =0
20.8 x 0.8n+18.36 X 0.45 {n - 1}+18.36 x 1.6 24375
WR 0.45 kg/m? CSM 1.5 kg/m® CSM

The minimum value of 77 to satisfy this condition is 16.8,
so 17 layers of rovings would be required.

A laminate of this construction will have a total thickness
of:
15%25+17x1.1x08+16x0.45x25=36.71 mm
{surface (WR) {main mat CSM)
mats CSM)

For an actual laminate thickness of 36.71 mm, the ratio
t/D, = 36.71/1750 = 0.021,

Fromtable 11, the K value corresponding to this thickness/
diameter ratio should be 2.63.

Repeating the procedure using this vaiue of K gives

Q = 460.3 N/mm, and produces a laminate construction
{obtained by spiving equation (6} with this value of @)
containing 18 layers of rovings.

This laminate wili have a total thickness of:
15x25+18x1L1x0B+17x045%x25=3872 mm

This new thickness will give rise to a new value of t/D; =
38.72/1760 = 0.022 and thus to a slightly different value
of K, = 2,62 and a revised value for Q = 458.5 N/mm so
that the faminate construction is now corfectly determined,
and the actual laminate will thus consist of:

reinforced gel coat
1.2 kg/m* CSM
0.8 kg/m* WR
0.45 kg/m* CSM
0.8 kg/m* WR
0.3 kg/m* CSM
resin-rich outer lay with tissue
with a total thickness of 38.72 mm.

repeated 17 times

Where a domed end is designed to incorporate WR {or other
directionally oriented reinforcement) it is essential that,

in order to achieve the calculated strength, the fibre
directions are disposed correctly as the end is laid up during
manufacture.

This is most easily done by laying in the rovings in sectors
around the circumference so that the warp or weft
directions are radial/circumferential over the knuckle and
blending into successive layers, each angled so as to achieve
approximately aqual strength in all directions over the
crown of the end.

Alternatively, to avoid the problems of directional
properties, the end may be designed using an all-CSM
construction. Because of the lower permissible unit loading
for CSM, the end will be thicker than its CSM/WR counter-
part and should be calculated as follows.

Assume an initial value of 2.4 for K.
The unit foad Q, from equation {43), will then be:
0=05x02x1750x2.4
= 420 N/mm

Use of the simplified form of equation (6) for an all-CS5M
faminate gives:

g 420
total gt = T e = 27 88 kg/m?
otal glass mass " 18496 af

Assuming a glass content for the CSM layers of 30 % this
mass of giass should produce a laminate having a thickness
of:

2288 x2.5=57.2 mm
For a laminate of this thickness t/D, = §7.2/1750 = 0.0327
and K, has a value of about 2.45, so that a total of
23.4 kg/m® glass is required to make the end, with a
laminate thickness of 58.5 mm (more than 1.5 times the
thickness required for a laminate incorporating rovings).
However, a more economical laminate may be designed by
accepting more deeply dished ends.
if, for example, hy/Dy were taken as 0.25 and ry/D; as 0.15,
the corresponding value for shape factor K, will be about
1.78. At this value of K, the unit load to be carried is:

Q=05x02x1750x 1.78

=311.6 N/mm

Using the same type of laminate construction and substitut-
ing the new value of Q into eguation (6), the corresponding
value of n now becomes 11.7 so that 12 layers of rovings
would be adeguate.
An end with this number of roving layers will have a total
thickness of:

15x25+12x 1.1 x0.80+ 11 x0.45 x 2.5 = 26.68 mm
This thickness gives a t/D; ratio very close to 0.015, so that

the factor K, has been correctly chosen and further
calculation is, in this instance, not necessary.
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D.3 Shell design (external pressure)

D.3.1 General

Consider a cylindrical vessel having an internal diameter of
1500 mm and an effective length {as shown in figure B)
of 1200 mm, which has to withstand a 500 mbar vacuum
{i.e. an external pressure of 5 X 10"% N/mm* gauge).

it is to be lined with a chemicaily resistant polyester
resin for process reasons and is intended for operation
under nominally steady pressure conditions at ambient
temperatures. The vessel is to be made by hand fay-up,
with both resins having a heat distortion temperature of
more than B0 °C, and is to be fully post-cured at elevated
ternperature.

The design procedure is initially similar to that in D.2.

D.3.2 AH-CSM construction
It is necessary 1o calculate the number of layers reguired.
{a) Determine the design factor K (see 8.2.2).
Factor k, method of manufacture

(hand fay-up) =15

Factor k4 long-term behaviour

(resin with proved performancs) =12

Factor k3 operating temperature (ambient) =1.0

Factor &k, cyclic stressing (1000 cycles) =1.1

Factor ks curing procedure {hot post-cure) =11
Hence

K=3x15x12x1.0x1.1x1.1=654

However a minimum value of 8 has to be used {see 9.2.2}).

(b} Determine the load-limited allowable unit loading,
v {see 9.2.3):

Ultimate tensile unit strength for CSM
Design factor {K)

(2

2
mg.g = 25.0 N/mm per kg/m? glass

{c} Determine the aHowable strain, €, in laminate layers
{see 9.2,4}.

Assuming the use of a flexible resins with extensions

il

to failure of at least 2 %, € will be 0.2 % for both lining

and reinforcement layers.

{d} Determine the strain-limited allowable unit loading,
ug (see 9.2,5}):

ug = unit modulus for CSM {see table 5} X aliowable
strain

= 14000 X 0.2 x 1072
= 28.0 N/mm per kg/m* glass
{e) Determine the design unit loading, u, {see 9.2.6):
in this example vy is less than vg, the value of vy is
to be taken as the desing unit loading, u,, and the
design is thus load-limited.
{f} Cylindrical shell calculation (see 14.4).
Circumferential unit load caleufated from equation (7)
in14.2:
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5 x 107 x 1500
Qg = ——=pr=mmer = 37,5 Nfmim
2
Longitudinal unit load:
Q, =40 Nfmm

NOTE. This value is assurmed for the purposes of this example.
In practice it has to be calculated taking into secount such things
as the method of vessel support, wind and othar sxternal joads
and the weight of Hguid contents at various stages of filling,

as appropriate to the vessel under considaration.

Since Q, is higher than Qg, the Oy value has to be used
in equation {6) in 13.2 to determine the laminate
eonstruction. For al-CSM construction, the simplified
version of equation {6} may be used as in D.2.2:

a=u; {m, n;)

Thus total mass, m, n, = g«g— = 1.6 kg/m?

A total glass mass of 1.6 kg/m?® is thus adequate to carry
the circumferential and longitudina! unit loads. However,
the resuiting thickness of 1.6 x 2.5 = 4.0 mm is less than
the permitted minimum of 5.0 mm {see 13.3) for which
a glass content of 2 kg/m* will be necessary.

For example two layers 0.3 kg/m?

{one at each surface) = 0.6 kg/m?
pius additional layers of CSM
to make up 1.4 kg/m? = 1.4 kg/m?

Total = 2.0 kg/m*

The design is not, however, complete without a check
calculation for the possibility of buckling under external
pressure and axial load.

(g} Determine the thickness and overall unit modulus of
the propesed laminate.

Making the same assumption as in D.2.2 regarding glass
content {30 % for GSM), the thickness per kg/m* of
glass will be 2.5 mm, as before, 50 the total laminate

thickness is 2.0 x 2.5 = 5.0 mm.
Overall unit modulus {see 14.3.3}):
Xiam =Xy myny)
= 14000 x 2
= 28000 N/mm
Composite modulus (see 14.4.1):
XiLam
t
_ 28000
5
5600 N/mm?

{h} Determine the minimum thickness to prevent
buckling, t,,, from equations {15) and {16} in 14.4.1.
As these eqguations use Dy, the outside diameter, it is
necessary to assuma a value of .

As a start point assume the value of t as the largest yet
valcutated, e.g. for internal pressure or axial load or
required minimum thickness.

Eram =

L}
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In this case assume t = 5.0 mm (for minimum required
thicknass)

Then
Dy =Dy+2t=1500+2 x 5= 1510 mm.

The thickness to prevent buckling is then determined
from equation (15) or (16).

I
To determine which equation to use calculate B and

[+]
0.17
1.35 (_E___ LAM)
pF

D,
ELAM 0.17 5600 017
135 | —— =13 ———— =77
( pF ) 5x 107 x 4

0.7
— use equation {16)
04 pF
tenin = Do (

L )&40
ELam Do

04x5x107* x4
= 1510
( 5600

X

1200\ %4
* 1510
= 15,88 mm

which is greater than the 5.0 mm previously
determined.
A thicker laminate is therefore necessary for stabitity
under external pressure and the procedure has to be
repested until the calculated thickness is equal to or less
than the assumed thickness.
By trial a thickness of 16.1 mm has been established as
likely to be required, giving D, = 1532.2 mm.

Checking again by equation {16}:

04pF L\ %
tmin = Dy ( X E‘")
o

Ei_am
-2
15322 (0.4x5x10 x4

1200 \ %4
5600 1632.2
= 16.02 mm

As this is less than the assumed thickness, 16,1 mm
should be adequate to resist circumferential buckling.

It is now necessary to check that a laminate of this
thickness will be stable under the assumed longitudinal
load of 40 N/mm, using equation {13} in 14.3.3.
For a thickness of 16.1 mm the required glass mass will
be:
16.1 a
e = §.44 kq/m* for 30 % CSM by mass
For this laminate X_ap = 6.44 x 14000 = 90 160 N/mm,
From equation {13} the maximum permissible longi-
tudinal compressive unit load is:
_ 0.8x16.1x90 160
i 4% 1532.2
This is greater than the assumed longitudinal unit load of
40 N/mm therefora the thickness of 161 mmin 30 %

= 142 N/mm
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CSM is adequate for stability under both the external
pressure and the axial load.

To achieve the thickness of 16.1 mm with a glass mass of
6.44 kg/m® a suitable laminate would be:

2 fayers 0.3 kg/m? CSM

{one at each surface) =06 kg/m*
9 layers 0.6 kg/m* CSM =54 kg/m?
1 layer 0.45 kg/m® CSM (in centre) = 0,45 kg/m?

Totat = 6.45 kg/m*

NOTE. For the laminate thickness of 5 mm determined by the
Initial calculation, the maximum parmissible {ongitudinal unit
load would have been:

0.6 X5 X 28 000
4 X1510
which is considerably less than the assumed required longitudinal

unlit load of 40 N/mm.

Al ather CSM constructions having a minimum of

6.44 kg/m?® total mass of glass and a thicknass of

16.1 mm would be equally acceptable.

Alternatively the vessel may be redesigned using a
similar glass/resin ratio,

if the stiffener spacing is reduced to 500 mm, equation
{16) wiil again be required. This time assume a thickness
of 12 mm when Dy = 1500 + 2 x 12 = 15624 mm

aQ, = =139 N/mm

D

04pF L}
tmin = Do (ELA,I)VI X B’“)
Q
- 1524 o.4x5x10"x4x 500 \%*
5600 1524

= 11.25 mm

As this is less than the assumed value of 12 mm it would
appear the latter is satisfactory against collapse under
external pressure. A check is still necessary for suitability
for the assumed fongitudinal unit load of 40 N/mm,
using equation (13).

The required glass mass for a 12 mm thick laminate

using 30 % CSM by mass:

_12
25
X am = 4.8 x 14 000 = 67 200 N/mm
0 = 0.6 x 12 x 67 200
P 41524

which is greater than the required value of 40 N/mm.
With the unsupported iength reduced to 500 mm the
laminate thickness of 12 mm would be satisfactory to
resist both circumnferantial and longitudinal buckling.
The laminate glass mass is reduced by approximately
25 %.

An appropriate laminate construction would be:

2 layers 0.3 kg/m?® CSM
{one at each surface)

7 layers 0.6 kg/m?® CSM

4.8 kg/m*

= 79.4 N/mm

= 0.6 kg/m?
= 4.2 kgfr®

Total = 4.8 kgfm?
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D.3.3 CSM and WR construction

As in D2, a CSM and WR construction could be used for
this vessel. Assuming, then, a general construction of the
type shown in figure 4{c) {where alternate layers of RP25
WR, with the fibres suitably aligned relative to the
direction of the maximum unit load, and 0.45 kg/m* CSM
are used, with a jayer of 0.3 Ivcglm2 CSM at the outside
surface and 1.2 kg/m? CSM at the inside surface. It is
necassary to calculate the number of layers required.

{a) Determine the design factor, K (see 9.2.2).
Assume the same factors as for all-CSM construction,
so that K = 8.0, as in D.3.2(a).
{b} Determine the load-limited allowable unit loading,
. isee 9,2.3).
For CSM layers, uy = 25.0 N/mm per kg/m? glass as
in D.3.2(b}.

e

50

50 - 31,25 N/mm per kg/m*

For WR layers, i, =

glass.,

{c) Determine the allowable strain, €, on laminate layers
(see 9.2.4).

Assuming a resin extension to failure of at least 2 %,
¢ is limited t0 0.2 % as in D.3.2(c).

{d) Determine the strain-limited allowable unit loading,
ug lsee 9.2.5).

For CSM layers, ug = 28.0 N/mm per kg/m? glass as
in D.3.2(d}.

For WR layers, ug = 16000 x 0.2 x 1072
= 32.0 N/mm per kg/m? glass.

{e} Determine the design unit loading, u,, {see 9.2.6}.

As both types of layer are load limited determine the
strain in each layer.

25 x 100
ForCSM, ey = ——— =0.178 %
or G €q 14000 0.1

21.25
For WR, = =0.19
or €4 16000 x 100=0.185%

To avoid overloading the CSM layers limit the WR
fayer to 0.178 % strain = €4

For WR, uy, =X €y
= 16000 X 0.178 x 107°
= 28.48 N/mm {per kg/m? glass}

{f) The clrcumferential and longitudinal unit loads to be
carried out will be the same as in the all-CSM example,
50 the same value of Q {= 40 N/mm)} is used in eguation
(6} in 13.2 to determine the laminate construction.

i the number of layers of WR required is »», the number
of layers of 0.45 kg/m* CSM will be {n - 1). In addition
there will be 1.5 ka/m?* CSM, distributed 0.3 kg/m® at
the outside surface and 1.2 ka/m? at the inside surface.
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The equation reads:
uymym + UgMaqny + Usmany =0
2848 x 0.8n+ 250X 0.45(n- 1)+ 260 x 15 =40
n layers WR {n - 1} layers surface layers

0.45 kg/m*® CSM 1.5 ka/m? CSM

Solving, the minimum value of 7 to satisfy this condition
is 1.06, so that n has to be taken as 2. However,

the design is not complete without check calcutations
for the possibility of buckling.

{g) Determine the thickness and overall unit modulus of
the proposed |aminate.

Making the same assumptions as in D.2 regarding glass
cantent (30 % for CSM and 55 % for WR]}, the laminate
thickness will be:

CSM (1.6 + 1 x 0.45) x 2.5 = 4.88 mm
WR 2x08x1.1 = 1,76 mm

Total = 6.64 mm

Unit modulus (see 14.3.3):

Xiam
=X,m]n1 +X2mg_ﬂz +X3m3n3
= 16000 x 0.8 x 2+ 14000 x 045 x 1+ 14000 x 1.5
WR 450 g/m* CSM  surface layers
= 52900 N/mm CsM
Composite modulus {see 14.4.1}):
_ Xram _ 52000 2
Epam - YT 7966 N/mm

{h) Determine the minimurn thickness to prevent
buckjing, ¢, from equations (18} or (16) in 14.4.1.

As in D,3.2{h) assume a value of thickness equal to the
“largest calcuiated. In this case ¢t = 6,64 mm

Dy =Dy + 21 =1500 + 2 x 6,64

=1513.3 mm

QApF Ly %
t = RSN,
min Do (ELAM X Do)

-2 0.4
1513.3 D4x565x10"*x4 « 1200
7966 1513.3

1

13.8 mm

As this is larger than the assumed thickness a new value
has to be assumed. As the thickness change will affect
the value of £y 5 a construction has to be chosen
based on the previous calculated value.

Assuminga construction of the type shown in figure 4{(c},
tha proportion of WR and hence the value of £y s will
increase, decreasing the required thickness. The under-
estimate of thickness wiil have the opposite effect.
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Assume a value of 13.5 mm.
The number of layers of WR can then be determined as
follows again assurning the same glass contents.
1.1X08xn+26x045(n-1)+25%x15=1356
This gives a value of n = 5.42,
As this value is close to 5 the thickness can be con-
veniently made up with an extra layer of 0.45 kg/m?
CSM to give a construction of:
reinforced gal coat -
1.2 kg/m* CSM
0.8 kg/m* WR
0.45 kg/m* CSM
0.8 kg/m* WR
0.45 kg/m?* CSM
0.3 kg/m* CSM
t=1.1x08Bx50+25x045x4+25x 1.85
= 13.77 mm
To find unit modulus {see 14.3.3):
XLAM =X1m,n1 +X2m2 m +X3m3n3
=16000x08x 5+ 14000 x 045 x 4
+ 14000 x 1.85

Repeated four times

= 116 500 N/mm
Composite modulus (ses 14.4.1):
Xiam _ 116 500 2
ELam = = = B46O N
Lam = T 1277 BABON/mm

Recalcuiate tg, (Dg = 1527.6 mm)
. 0.4pF L\
tmin & ﬁu (ELAM X Do )
04x5x10"% x4
8460

= 1527.6

« 1200 \9%4
15276
13.6 mm

This is tess than but close to the assumed thickness

which is thus the minimum required to resist external

pressure,

A check is now required to ensure suitability for the

longitudinal compressive loading of 40 N/mm, using

equation {13) in 14.3.3:

0. = 0.6 x 13.6 x 116 500
" 4 x 1527.6

which is greater than 40 N/mm hence the proposed

laminate with a thickness of 13,77 mm s satisfactory.

Alternatively the vessal may be redesigned.

I the stiffener spacing is reduced to 500 mm,

from equation {16} and again using t = 6.64 mm as an
initial value, a thickness of .74 mm is obtained.

This thickness is used to assume a new construction of:
1.5 kg/m* CSM
0.8 kg/m* WR
0.45 kg/m* CSM

Which yields the following properties:
¢ = 8,76 mm
XLAM = 78 300 mem
Epam = 8023 N/mm?

= 155.6 N/mm

repeated three times

A further calculation from equation (16) using the new
values gives a thickness of 9.72 mm which is {ess than
but close to the assumed thickness,

The assumed construction is therefore sufficient to
carry the external pressure but & check is necessary in
respect of the Jongitudinal compressive toading using
equation {13):
_ 0.6 x 8.76 x 78300

P 4 x 15195
‘This is greater than the required value of 40 N/mm
therefore the laminate should aiso be suitable for the
longitudinal compressive foading.
This design required that two circumferential stiffeners
symmetrically disposed along the vessel and 500 mm
apart be included, The sacond moment of area of the
stiffeners would require to be determined in accordance
with equation (17} in 14.4.2,
In practice, if the vessal is to be mounted horizontally
the stiffeners wauild probably be required at the planas
of the supports and this might determine the effective
length between stiffeners to be used in calculations,

= 75.44 N/mm

D.4 Mat and filament wound construction

D.4.1 Consider the cases of two alternative forms of barrel
construction using continuous filament winding to
reinforce an inner CSM backing to the chemical barrier,
{The chemical barrier is not considered to contribute to
the strength of the laminate.)

For the purpose of this example and o simplify calcuiation
the foliowing design data is assumed:

Circumferential loading Qy = 80 N/mm
Longitudinal loading @, = 40 N/mm plus 10 N/mm
compressive joad

Design factor K= 10

The following calculations are made.
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(a) Strains, Maximum allowable strains:
200
10 x 14 000
Continuous filaments strain
500
" 10 x 28 000
.~ Design strain €4 = 0.143 % (0.00143)

{b} Type of construction. To be layers of 0.6 kg/m?*
C5M applied to the chemica) barrier and helically over-
wound by unidirectional filaments.

In case {i) the proposed winding angie is £ 55 °.
Ins case {ii) the proposed winding angle is £ 80 °.
{c) Allowable loads
{1} CSM per 0.6 kg/m* fayer:
L/ = 14 000 x 000143 x 0.6 = 12.01 N/mm
{2) Unidirectional filamaents per ka/m?* {from 9.2.7).

CSM strain = x 100=0.143 %

x 100=0179 %
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In case (i} (winding angle = 55 °)%:
Circumferential U, = 9500 x 000143 x 0.5
{from equation 5(a})
=6.79 N/mm
= 4500 x 0.00143 x 0.5
{from equation 5({b))
= 3,22 N/mm
In case (i} (winding angie + 80 °}:
Circumferential U/, = 26 000 x 0.00147 x 1.0
(from equation 5(a})
= 37,18 N/mm
=4400 x 0.00143 x 0
{from equation 5(b))
=0
{d) Proposed construction {above chemical barrier)
{1) Two layers of 0.6 ka/m? CSM;
11 kg/m? unidirectional filament at + 55 °,
Allowable unit loads:
Circumferential Uy amg =2 x 1201 +11x6.78
= 98.71 N/mm {> 80)
=2x1201+11 x 3,22
= 59,44 N/mm
(> 40 (40~ 10) - 10)
hence propoesed construction satisfactory.
(2) Two layers of 0.6 kg/m?® CSM;
3 kg/m? unidirectional filament at + 80 °.
Allowable unit Joads:
Circumferential Upapg =2 x 12.01 +3 x 37.18
= 136.56 N/mm {> 80}
=2x 1201+3x0
= 24,02 N/mm
{< 40, (40 - 10} - 10)
therefore greater axial strength required.

Longitudinal {/,

Longitudinal {/,

Longitudinal U/ aps x

Lonpitudinal U am x

Revise construction to:

Four layers of 0.6 kg/m* CSM;

3 kg/m? unidirectional filament at + 80 °.
Allowable unit foads:

Circumferential (/) amo =4 x 1201 +3 x 37.18
= 15058 N/mm (> 80}
=4 x 1201+3x0
= 48,04 N/mm
(> 40, (40 - 10) - 10}
This appears satisfactory but as the winding angle is
greater than 75 ° it is necessary to check that the
tongitudinal strain does not exceed 0.1 % (see 9.2.7),
From equation {12} in 14,3.3 and using table 5 and
figure 3, as appropriate.

Longitudinal Uy am

In longitudinal direction:
Xiamx =4 x 0,6 x 14000 +3.0x 1.0 x 4400
= 33 600 + 13 200
= 46 800 N/mm
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4 = §,000855
46800

Longitudinal strain =
={,0855 % <0.1%

which is satisfactory

if, however, the circumferential and longitudinal loads

are applied simuitaneously then, from 9.2.7, the maxi-

mum allowable loads may be less than the foregoing

values calculated for individual unit loads.

This has to be checked by means of a biaxial design
envelope the four guadrants of which can be constructed
from values of /| am ¢ 8nd (/) am x {positive for tension
and negative for compression, as appropriate) as follows.
If Oy >0 and G, > 0 {i.e. both tensiie).

Then U¢, = ULAMg;, and Uy = Upamx.

If Qy <0 and @, <0 {i.e. both compressive).

Then Ug = U amg and Uy = U amx-

If Qp >0 and Oy <0

or

Gy, <0and O, >0

{i.e. Qg and Q,, of opposite sign)

Then, for a given required value of Uy, Uy am « the
maximum allowable value for Uy is equal to;

Uy
Yiame { 17 Uiam
X

and, for a given reguired value of Uy < Uy am ¢ the
maximum aliowable value for U is equal to:

Uy
1 -
Yyama

where Uy and Uy are the maximum allowable simui-
taneous circumferential and longitudinal unit loads
under biaxial loadings.
i these are less than the required design values the
laminate has to be redesigned.
The biaxial design envelopes for the above example are
shown in figure 39, indicating the required coincident
loads:

Qy = 80 N/mm and Q, =40 N/mm, point A

@, = 80 N/mm and Q, = (40 - 10} = 30 N/mm,

point B

0y = 80 N/mm and Q, = - 10 N/mm, point C
each of which falls within the boundaries of ervelopes.

Uiamx

£.4.2 Consider constructions as in D.4.1 applied to a
static head tank where:

Q4 = B0 N/mm (circumferential Joading due 1o static
head of content)

., =+ 18 N/mm {longitudinal loading due to
bending under wind pressure)

Q,; = -2 N/mm {longitudina! loading due to dead
waeight of tank barrel and crown)

The effective compressive longitudinal loading Q, is thus
the algebraic sum of 0y, and Oy, :

105

0, = (- 18 - 2) = - 20 N/mm
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The design envelopes of D.4.1 apply and reference to

figure 39 shows that for the value of Oy = 80 N/mm,

case (i} permits an approximate maximum allowable
comprassive value for Qy of lttie more than ~ 11 N/mm,
which is inadequate, whareas case (ii) allows almost

~ 24 N/mm which is satisfactory for the required coincident
values of Qg = 80 N/mm and Q, = (- 18 -2} = -20 Nfmm
{point D).

Thase maximum permitted values for compressive loading
would be calculated from: : .

‘ B 7/
U =Uame (1 - "&_QL")
LAM x

using the values appropriate to constructions {i) and (i}
respectively (from D.4.1):
{a} Construction (i} {windings at + 55 °):

80
Uy = -5944 (1- ——
= ~11.16 N/mm (< -20 N/mm}

inadequate,
{b} Construction {ii} {windings at + 80 °):

80
Ux = -48.04 ( 159.53)

= - 23,96 N/mm (> -20 N/mm}
Satisfactory.

D.5 Branch design

D.5.1 General

The design conditions are taken from D.2, 1t is proposed to
fit a 150 mm branch in the eylindrical portion of the
vessel, It is assumed that the branch will be subject only to
the design pressure of 0.2 Nfmm?>.

Branch calcuiations are mainly of two separate parts,

The first part sizes the branch laminate and the second part
sizes the attachment or overlay laminate.

D.5.2 Branch laminate calcuiation
From equation (7} in 14.2 the circumferential unit loading
will be:

0.2 x 150

b = 2 = 15,0 N/mm

As pipework and fittings are supported such that they
impose no excessive ioads on the vessel branchaes, it is
agsumed for this example that O, will not exceed Q.
As in D,2.2 the value of K = 10.89 and v, = 18,36 N/mm
per kg/m? glass.
Assuming an ail-CSM construction and using the simpler
form of equation {6} {as in D.2.2):

Q= uy lmy ng}
Total mass {m, n;) = 16/18.36 = 0.82 kg/m*,
A total mass of glass to satisfy the pressure requirements

waould thus be 0,9 kg/m*. In practice, howaver, it might be
considered praferable to make the branch with a minimurmn

of 1.2 kg/m* and the final thickness including ovarlay
laminates, etc, shouid be not less than the minimum
thickness required by 13.3,

B.5.3 Thicknass calculation

Assume a glass content of 30 % for CSM, From figure 5
the thickness would be;

25%x1.2=3.0mm,
which may require to be increased as detailed in D.5.2.

D54 Design of compensation {from 20,2.3)
The compensating laminate shall have a load capacity A .
AL = dc x U
As In this example there is a 150 mm branch in the cylinder
of the vessel of D.2:
d; = 160 mm approx. {for set-in branch)
U, =Qy (of D.2) = 175 N/mm
AL =160 x 175
=28 000 N

This has to be resisted by A_, the effsctive load capacity of
the compensation:

Ag = {d, - dg} x Uove
d, will be chosen from the detail branch construction as
shown in figure 20,

For this example assume a value of d,, of 160 mm and
choose a value of d, as required by 20.2.4, Assume d, =
2,8d,, =376 mm;

Ac
(dr - dc}
28 000
375 - 160
130.2 N/mm

Assuming an ali-CSM construction as used for the shell
in D.2:

Voyy = Uz {mzny)
So that total mass {m, n,} is equat to:

130.2

e = 7,08 kg/m?

18.36 o/m
One convenient construction would consist of 12 layers of
0.6 kg/m? C5M and resin-rich surface layer with binding
tissue,
Check the lap shear area is adequate to transfer shel| {oads
in shear:

Uoyy =

I

lap shear strength
F

From table 5 the lap shear strength for CSM layers with
resins other than furane = 7 N/mm?:

F = the design factor K = 10.89
_ 7x04
*7 1089
= 20575 N
This is greater than the required A of 28 000 N,

A= x 0.4 x {d,® - d )

x (3752 - 160%)
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Figure 39, Biaxial design envelopes
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Alternatively, find the effect of interleaving five layers of
the 0.6 kg/m* CSM compensation into the main shell
laminate layers,
From these calculations:
A, ={375- 160} x 12x 0.6 x 1836 =28 421N
Ay =(375-160)x 5% 0.6x1836=11842N
Aco=1(375- 160) x 7 x 0.6 x 18.36 =16 579 N
A, =20675> A,
From 20.2,3(d), where {zyers of compensation are inter-
teaved with the main shell laminate fayers it is required

that A, be not less than Age. This condition is complied
with,

The required minimum of 1.2 kg/m? CSM plus a rein-
forced gel coat (see 20.2.3) is applied to the inside of the
branch and vessel and the outer 1.5 kg/m® CSM of the
compensation (S;) is overlfaid on the outside of the branch
wall:

C for outer overlay = u, {m; n,)
=18.36 x 1.5
= 27.5 N/mm
Pull out toad from 20.2.6 (equation (62)):
pdy
G, = 3
_ 0.2x 150
PT g
As the overlay laminate is designed to withstand
27.5 N/mm it will be adequate.

Because the pull out load may be resisted by the internal
overlay the external overlay is not necessarily subject to
the fult peel load.

Maximum unit loading which can be applied to the external
overlay will be:

m X Uy = joad carrying capacity of external overiay
1.5 x 18.36 = 27.54 N/mm
whare
m is the total mass in the external overlay;
uy is the design unit loading of CSM.

The minimum length over which the overiay has to be
applied to carry the interlaminar shear loads will be L, or
75 mm, whichever is the greater, where:

FxQ,
Lap shear strength
and where F is taken as K or Koy
{the 1ap shesr strength is taken as 7 N/mm?,
from table 5, for this exampie)

108975

w —m——— = 117 mm

Lo 70 7

Thus, the required overlay length will be 76 mm,

= 7.6 N/mm

Lo=

D.6 Loaded rectangular panel

A rectangular panel 1000 mm wide and 4000 mm long is
required to withstand a distributed load of 0.000 75 N/mm?
or a live load of 900 N on a 150 m radius circular area.

The edges of the panel can be assumed to have type 1 edge
conditions.

Calculate the thickness of a solid panet using only deflec-
tion criteria.

For distributed load:

@ pht\ 925 .
t= ( L ) {second term zero)

ELam
_{ 0.0284 x 0.000 75 x mno‘) 025
B 5772
= 7.79 mm
where afb = 4, From tabie B, a; = 00284,
For local load:
t= (M) o {first term zero}
ELam
_{0.0791 x 900 x moo’) 0.25
- 5772
= 10.54 mm

where a/b = 4. From table 9, a; = 0.0791.

The farger thickness will be used for determining the
sandwich construction. Assume a 12 mm thick core,

From equation (39) in 17.8.3:
te= (63 +c3 )0
- “0543 + 123 ,0,33
= 13,88 mm
From equation {40):
- (tt - ¢)
i 2
13.88- 12
2
0.94 mm
In order to comply with 17.8.2(a) a minimum thickness of
3 mm is required,
The number of layers in the skin under consideration,
fgsw is given by:
Nesm = fs = 3 =
tgMesm 2.3 x045
= 3 layers of 0.45 kg/m? CSM
In order to check that the design unit loading is not

exceeded the bending moment has to be determined for
each case.

it
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For distributed load:
M=p,pb?
= 0,083 x 6.000 75 x 1000?
= 62,25 N-mm/mm
For local load:

w, 26
= =l (13 =)+
M, an (1.31In{ p Y482}
a00 2 x 1000
= — ] - +0.067
M= (8 (50! )
= 138.4 N-mm/mrm
My = )
= 0,168 x 900

= 151.2 N-mm/mm
Use the {argest moment for calculating Q,
From equation {41) in 17.8.3:
Mgty
42

151.2 x 18

152
12.1 N/mm

Q=

.

For three layers of 0.45 kg/m? CSM (taking nominal values):

Q = tcsmMesm Nosm
=1B.03 x046x 3
= 24,3 N/mm
Check shear stress in core for distributed joad:
pab  pressure load
2a+2b periphery
_0.000 75 x 1000 x 4000
{2 x 100D} + {2 x 4000)
= 0,3 N/mm
For local load:
W iocal load

2nr  circumference of circle of application
_ 800
27150
= 0.958 N/mm
From equation {42):

r=

_ 0.955
15
0.0636 N/mm?
Use a core with a minimum ultimate shear stress of
0.255 N/mm? to give the minimum factor of 4 (see 17.8.3).

it
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D.7 Stiffener requirements for vertical
multi-straked tank

A vertical cylindrical tank with a fully supported fiat
bottom and a shallow conical roof is required to also
withstand a vacuum of 6 mbar and an externa! wind
pressure. The tank is 4 m inside diameter and 10 m high
over parallel shell. Find the required number{s} and
position{s} of stiffeners to resist collapse using the ealcula-
tions of clause 15,

Take dynamic wind pressure g = 1000 N/m?,
{This would be caiculated from design wind speed and co-
efficients of CP 3 : Chapter V : Part 2 (see also clause 15).)
Design partial vacuum = 6 mbar = 600 N/m*,
Design external pressure

= Dynamic wind pressure + design partial vacuum

= 1000 + 6000

= 1600 N/m?
Tank has eight strakes of varying heights, thickness and
laminate construction, Using these characteristics first
calculate the equivalent height, h,, as related to the thick-

ness of the top strake, for the other seven strakes using
equation (21),

Construct a table as follows (using appropriate values for
the proposed construction).

Strake Struke | Ovaral! Strake Equivalent
no. height, | unit thickness, haight,

h modulus | ha

XL am

mm N/mm  { mm mm
1 {top} 850 651 546 7.81 {ty) | 850.0
2 1700 72612 §{ 10.11 8194
3 1700 93678 | 1240 467.6
4 1700 1114744 | 1469 256.0
5 1700 136810 | 16.99 209
6 850 |156876 | 19.28 720
7 850 164 496 | 20.66 61.9
8 {bottom) | 660 177942 | 2157 41.0

51 546 781 \1*
ie hey =1700 ('—*—) —_ ) = 819.4 mm

72612) \10.11
51546\ [7.81 \°
has = 1700 22 =467,
o (93 678) 12.4 ) 67.6 mm

and so on for remaining strakes.
H, is the sum of ali the values for h, and equais 2809 mm.

108



BS 4994 : 1887
Appendix D

Maximum permitted height between stiffeners, Hy,
at thickness, tma, is given by:

Xy am mlntﬂrmrlLs
04FpD*
_ 51646 x 7.81'°
" 0.4 x 40X 1600 x 10-% x 401565

Hp =

= 1727 mm
HolH,, = 2808/1727 = 1.627 .
i.e. My > M, and one stiffener is requiired, for example,
at M = H,/2 = 1405 mm from tank top.

By inspection of column 5 of the table it is obvious that
this point is in the second strake from the top.

To find the equivalent distance from top of second course,
hye, Zhe for top course is 850 mm and /1o = 1405 - 850
= 555 mm.

The true distance from the top of stiffened strake:

1.5
XM n « th
XLAM min Emin

72612\ [ 1011} *°
- 558 (51 546) (“5“51_)
= 11561.5 mm
The true distance from stiffener to top of tank from
eguation {23):
Hpy=h+Zh
= $151.5 + 850
= 2001.5 mm

The proportions of the intermadiate stiffener should now
be determined to comply with 14.4.2 i.e. the minimum
required second moment of area for the stiffener should
be calculated from equation {17) using:

Ay =hyg X

o Hgq
inthiscase L =H = (—2—-) = 1405 mm

and

X 51646
LAM min = B600 N/mm?

tmin
A check should be made of the primary stiffening at the
upper edge of the top course, either external stiffener or
inherent stiffness, again using equation (17), but in this
case L will equal /2 = 702.5 mm and the value of £ am
will be unchanged. As the tank is subjected to axial
compressive ioading due to hending under wind pressure
plus self weight and possibly snow loading, further checks
using equation (13} in 14.3.3 are necessary 1o ensure that
the laminate of each strake is capable of taking the axial
load imposed at that level.

D.8 Design of conical end with fabric-
backed thermoplastics liner

Consider the vesse! detailed in D.2 of all-CSM construction,
but with fabric-backed thermoplastics liner, for which a
conical end is to be provided,

Inside diameter of shell 1780 mm.

Design pressure 2 bar.

It is desired to construct the cone without a transition

* knuckle at the sheil/cone intersection as the canfiguration

is within the permitted parameters of 18.4.1.
Assume a glass content of 30 % by mass and a resin of
relative density 1.1, From figure 5 the anticipated thick-
ness of laminate is 2.5 mm per kg/m? glass,
From D.2 the design unit loading u; is 18.36 N/mm per
ka/m? glass.
The shell circumfarential joad Q is 175 N/mm, proposed
laminate 9.6 ka/m?* CSM with a thickness, £, of 24 mm.
The design of the cone and the shell/cone intersection are
required to comply with equations (47) and (49) in 18.4.3.
From equation (47) the unit loading in the hoop direction
has to be not less than:
a- 0.5 x 0.2 x 1750
tos 45
Check to see if this satisfies equation (48) for the
minimum required unit load in the axial direction.

For this unit load of 247.48 N/mm the required mass of
C8M is:

= 247.49 N/fmm

247.49
18.36
The thickness appropriate to this glass mass is:
t. = 13.48 x 2,6=33.7 mm
The ratio of thickness to inside diameter is thus:
t, 337

Mesp = = 13.48 kg/m®

= e = (3 (}19
D, 1750 0.0193
By interpolation from table 13:
Koz =3.05

Substituting this value in equation (49} gives:
Q,, =05 x 0.2 x 1750 x 3.056 = 533.76 N/mm

As this is greater than Q calculated from equation (47)
some increase in thickness and unit load is necessary at the
shell/cone intersection and further iterative calculation is
required.
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First trial

Assume K, = 2.75 and recalculate equation (49}
Oy, = 0.5 x 0.2 X 1750 x 2.76 = 481,25 N/mm

For this unit load the required glass mass is:

481,25
Mesm = o oe 26.21 kg/m*

The thickness appropriate to this giass mass is:
t. = 26,21 x 2.5 =65.53 mm

The ratio of thickness to inside diameter becomes:
te _ 65583
D, 1750

By interpolation from table 13:
K¢q = 2.5 {assumed 2,75)

This suggests that the assumed value of 2.75 was too high
and a second tria! is necessary.

=0,0374

Second trial

Assume K¢; = 2.5 and recalculate equation (49):
Q,; =05x 0,2 x 1750 x 2.6 = 437.6 N/mm

For this unit load the reguired glass mass is:
Mesm = %‘%‘2 = 23.83 kg/m*

The thickness appropriate to this glass mass is:
t. = 23.83 x 2.6 =58.58 mm

The ratio of thickness to inside diameter becomes:
t; _ 5958
D, 1750
By interpolation from table 13:
K.y = 2.4 {assumed 2.5)
This suggests that a further small reduction could be made
to obtain optimum value for K¢p therefore make a further
trial using a value of 2.45.
Third trial
Assume K3 = 2.45 and recalculate equation (49):
Q,, =0.5 % 0.2 x 1750 x 2.45 = 428.75 N/mm

= 0,034
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The required glass mass becomes:

428.75

Mesm T 1836

The thickness appropriate to this aiass mass is:
1, =23.35x 25=5838 mm

= 23.35 kg/m?

58,

LI —-§-§— = (,0334
b, 1750

By interpolation from table 13:
Kgz 15 2,45,

There is thus close agreement between the assumed and the
calculated values for K1 and the required vaiue can be
taken as 2,45 from the preceding calculation,

Q,; = 428.75 Nfmm
The required mass of CSM is 23.35 kg/m? with a thickness
of 58.38 mm. This has to extend on to the shell and on to
the cone by at least the distance, L, determined by
equation (60):

1750 x 5838\ °
Lo = § e = 380 mm
° ( cos 45 )

Beyond this distance and its associated tapers the laminate
is not to be less than that calculated for the cylindricat
shell and cone, respectively,

D.8 Design of conical end of mixed
laminate construction with fabric-backed
thermoplastics liner

For a mixed laminate construction the same process wouid
be followed as in D.8 but it should be noted that the
reinforcement is required to be distributed through the
faminate in a balanced mannar {see 18.4.1),

A first estimate of the required vajue for K., can be derived
from figure 40 but its accuracy should be confirmed by
calculation as in D.8.
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Appendix E. Selection procedure
for factor k>

E.1 General

The factor k, is related to the loss in strength of an
unstressed GRP laminate when exposed to the process
conditions for the design lifetime of the vessel. In cases
where this data is directly available, then method A

{see E.2} may be used. In the absence of such data,

then reference should be made to the resin manufacturer’s
chemical resistance tables for the selected resin in conjunc-
tion with method B (see E.3).

E2 Method A

If loss in strength is < 20 % of original ultimate tensile
strength then use kg = 1.2,

If loss in strength is > 20 % and = 50 % then interpolate
between

ky = 1.2 for 20 % strength Joss; and
ky = 2.0 for 50 % strength loss.
If loss in strenath is > B0 % then material is unsuitable.

E.3 Method B

A full description of a method specific to GRP is given in
ASTM C 581. A more general approach covering all plastics
is given in BS 4618, The latter does not cover details of
GRP sampie preparation contained in ASTM C 581,

E4 Examples

Example A. Select ko for 100 % carbon tetrachloride
at 20 °C.

Since this is the most severe duty possible, k, = 2,0,

BS 4994 : 1987
Appendix &

Example B, Select k; for agueous caleium bisulphite
at 60 °C.

For solution at 80 °C, k; = 2.0
Eor solution at 20 °C, ky = 1.2

60 -
For solution at 60 °C, k, = 1.2+ 0.8 :Bo - zg;

=173
Example C. Select k, for 10 % sulphuric acid at 80 °C.
For 10 % acid at 100 °C, k; =2.0
For 10 % acid at 20°C, k; = 1,2

For 10 % acid at 80 °C, k = 1.2 + 0.8 X % -18

Example D, Select k, for 70 % sulphuric acid at 60 °C.
For 70 % acid at 70 °C, k;, = 2.0
A judgement now has to be taken on whether 70 % acid
at 20 °C can be associated with k3 = 1.2 or whether a
higher value should be chosen, in the absence of manufac-
turer's data for this application assume that a higher value
should be assigned, again using an interpolation technique,
For 70 % acid at 20 °C:
{100~ 70)
kp=12+08 ————
2 (100 - 20}
ky =15
Hence for 70 % acid at 60 °C interpolate between 1.5
and 2.0:
(60 - 20)
ks =16+0b —m
: {70 - 20)

k2=1.g

This procedure is illustrated in figure 41 and it may often
be preferable to estimate k, values graphically in this way
rather than by direct calculation.

Example E. Select ko for 50 % sulphuric acid at 50 °C.

A judgement should be made on whether it is allowable to
interpolate for B0 % acid between the published data for
10 % and 70 % acid. In this example it is permissible 1o do
so but note that this may not always be the case, e.g. if
the mechanism of chemical attack changes from acidic
hydrolysis to oxydizing acidic.

The interpolation is shown in figure 42 and the value of &,
can be read off:

k2=1“7
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Appendix F. Design calculation for tank
and vessel anchorage

NOTE. This appendix applies only to vertical eytindrical tanks or
vessals whaere there may be s tendency for the base to lift off its
support,

F.1 The design uplift on the anchorage shall take into
account the following conditions:

{a} hydrostatic head and/or internal pressure;

(b} wind overturning pressure;

{c) seismic force, not in combination with {b),
where applicable;

{d} weight of cylindrical shell, roof and associated
structure;

(e) weight of shell and roof insulation where fitted;
(f) test pressure {see also note to 39.2).

F.2 The overturning force due to wind loading shall be
calculated in accordance with CP 3 : Chapter V : Part 2,

F.3 The anchorage shall be designed to withstand the
maximum overturning moment due to wind loads and other
causes. The number and size of anchorage bolts shall be
calcutated by taking the total resisting moment as equal to
the maximum overturning moment.

NOTE, It is recommended that the number of snchorage points be
a muitiple of four, that they be evenly spaced around the diameter
and that the spacing should not exceed 1500 mm,

If the contribution to the resisting moments of the tank
weight is ignored and if only those bolts on the windward
side of the cylinder are assumed to act at the base, then the
load per anchor bolt, F {in N}, is given by:

aM prnbD? 1
F= - W+t — n
Dpe 4 Ny

where
M s the total overturning moment {in N/mm);
D;  is the internal diameter of vessel {in mm};
D, is the pitch circle diameter of anchorage bolts
{in mm);
W s the minimum weight of vessel shell {in NJ;
Ny is the number of anchorage bolts;
p is either:
for vessels and tanks with fully supported flat

bottoms: p = the internal pressure at the top
of the shell cylinder {in N/mm? ) {see also 38.2);

for other vessels: p = 0.
NOTE. If Ny < 8 use above equation with W= 0

F.4 The design temperatuse of the anchorage and anchor-
age attachments shail be the design temperature of the
tank, Heat transfaer from hot parts shail be such that
unacceptable characteristics do not develop which may
lead to failure of the anchorage or its bond to the shell

of the tank.
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Appendix G. Stresses from local loads, etc:
recommended methods of calculation

G.1 General

This appendix is based on appendix G of BS 5B00-: 1985
and has been modified to take account of the difference in
properties between GRP and metals, The method should be
used up to the points of establishing the unit bending
moments My and M,,, and the unit membrane forces Ny
and N, to evaluate the laminate strain. The criterion of
acceptance for a GRP load system is that of maximum
strain. The evaluation is carried out in accordance with
saction three. In no case shouid the principle of ‘shake
down' be applied to a GRP vessel or tank,

This appendix is in accordance with reference [17], and it
deals with methods of calculating stresses due to local
attachments on pressure vessels in some common cases.

The information in reference [18] may be useful in
simplifying the approach to local load calculations.

The following figures are reproduced by courtesy of the
American Weiding Research Council,

Figure 72 was originatly published as Fig. 2 on page 21 of
WRC Bulletin 80 September 1963.

Figure 73 was originatly published as Fig. 3 on page 21 of
WRC Bulletin 90 Septemnber 1863,

Figure 74 was originally published as Fig. 7 on page 24 of
WRC Bulletin 90 September 1963,
Figure 75 was originaily published as Fig. 8 on page 24 of
WHRC Bulletin 90 September 1963,

Figure 76 was originally published as Fig. 9 on page 25 of
WRC Bulletin 90 September 1963,

Figure 77 was originally published as Fig. 10 on page 25 of
WRC Bulletin 90 September 1963,

Figure 78 was ariginally published as Fig. 11 on page 26 of
WRC Bulletin 90 September 1963.

Figure 79 was originaily published as Fig. 12 on page 26 of
WRC Bulletin 90 September 1963.

G.2 Localloads on pressure vessel shells

G.2.1 General

This appendix is concerned with the effect on the sheli of
a pressure vessel of local forces and moments which may
come from supports, equipment supported from the vessel,
or from thrusts from pipework connected to branches,
Limits on vessel/attachment geometry, without which the
methods given may be unreliable, are also stated.

Stresses due to local loads and moments applied to

cylindrical shells through attachments, including nozzles,
are dealt with in G.2.2 and G,2.3.
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The methods in G.2.2 cover the determination of stresses
at the edge of the loaded areas {G.2.2.2), stresses away
from the edge of the loaded area {G.2.2.3) and deflections
in a cylindrical shell due to the application of radial load
(G.2.2.4)

Details are given in G.2.3 of how to treat circumferential
moments {G.2.3.2) and longitudinal moments (G.2.3.3)

in order to determine the maximum stresses at the outer
edge of the actual loaded area (G.2.3.4} and the rotation
of the attachment due to the application of these moments
{G.2.3.B} to a cylindrical shell,

Stresses due to local loads and moments applied to spherical
shells through attachments including nozzles are dealt

with in G.2.4 and G.2.5,

A method is given in G.2.4 for calculating stresses and
deflections due to radial loads {G.2.4.3} and stresses and
deflections and slopes due to an external moment {G.2,4.4}
when applied to a spherical shell, G.2.5 deais with the
method of caleulating stresses arising at a nozzle/shel]
junction due to application of pressure, external joad and
external momaent to a spherical shell. The method is based
on the analysis given in reference [19].

The data are presented in the form of charts in terms of
non-dimensions| functions of the variables so that any
convenient system of consistent units may be used,

The following symbols represent the notation used in this
appendix and recommended for general use,

Notation
¢ half length of side of square loading area {in mm)
C; half side of squivalent square loading area {in mm)

C, half length of rectangular loading area in tongitudinal
direction (in mm)

Ce half length of rectangular loading area in circumferen-
tial direction (in mm)

d distance from centre of applied load to mid-length
of vessel {in mm)
£  modulus of elasticity (in N/mm?}
F, resuitant longitudinal stress {in N/mm?®)
fo resultant circumferential stress (in N/mm?)
i rotation of a fitting by an external moment (in radians}

C, longitudinal length of loading area for an external
longitudinal momaent {see figure 64) {in mm)

Cp circumferential length of loading area for an external
circumferential moment (see figure 63} {in mm)

L length of cylindrical part of shell {in mm}

L, equivalent length of shell {in mm)

M external moment applied to a branch or fitting

{in N/mm)}

longitudinal or meridional bending moment per unit

circumferance {in N-mm/mm}

circumferential bending moment per unit length

{in N-mm/mm}

N, longitudinal membrane force per unit circumference
{in N/mm}

Ny circumferential membrane force per unit length
{in N/mm)

r  mean radius of cylinder or sphere {in mm)

ro mean radius of branch (in mm)

t  wall thickness of shel) {in mm}

W external load distributed over loading area (in N}

x  longitudinal distance of a point in vessel wall from
centre of a ioading area (in mm)

&  defection of a eylinder at Ioad or at any pomt ofa
sphere {in mm) -

8, deflection of a cylinder or sphere at positions detailed
in G,2,3.5 and G.2.4.4 {in mm)

8 polar co-ordinate of a point on a spherical vessel
{in radians)

¢ cylindrical eo-ordinate of a point in vessel wall
{in radians}

G.2.2 Radial loads on cylindrical sheils

G.22.1 General, The methods in this clause are not con-
sidered applicable in cases where the length of the cylinder
L is less than its radius r {reference {20] }. This applies
either to an open-ended cylinder or a closed-endad cylinder
where the stiffness is appreciably maodified from the case
considered. For off-centre attachments the distance from
the end of the cylinder to the edge of the attachment
should be not less than r/2,

in addition the Cy/r ratio should not exceed that given in
figure 43, depanding on the value of r/t for the vessel (see
reference [20]). This is because in thin shells, the iongi-
tudinal axis is refatively flexible and free to deform in
relation to the transverse axis, causing the {atter to carry a
disproportionate share of the load. The applicability of the
methods to thick shells is also limited in specific cases by
the range of r/t values against which data s given,

For values of C, /r > 0.25, the data should be used with
caution {see reference [171).

These restrictions apply enly in relation to the method of
analysis in this appendix. They are not intended for
practical cases where experimental or other evidence may
support the validity of the design falling outside these
restrictians.

fn cases where the applicability of the method given in this
clause may be in doubt further data may be found in
refarance {20].

G.2,2,.2 Stresses at the adge of the Joaded ares

G.2.2.2.1 General. The maximum stresses are at the edge
of the loaded area. Figure 44 shows a cylindrical vesse!
subjected 1o a radial load distributed over a central
rectangular area 2Cy X 2Cy. '

The cylindrical shell wall of the vessel is assumed to be
simply supported at the ends, which means that the radial
deflections, the banding moments and the membrane forces
in the shell wall are assumed to be zero there. Since the
stresses and deflection due 1o the load are local and die

out rapidly away from the loaded area, this is equivalent to
assuming that the loaded area is remote from the ends.
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G.2,2.2,2 Off centre loading. If the loaded area is distant
d from the centre of the langth of a vessel of length £,

the deflections, bending moments and membrane forces

may be asstmed to be equal to those in a vessel of Jength
L, loaded at its mid-length. L, is called the equivalent

{ength and can be found from

Lo=t~—

{78)

Figure 45 shows a cylindrical sheil loaded in this way and

figure 46 gives a graph of L,/L again

used to find L.

G.2.2.2.3 Determination of stresses. The rasultant
longitudinal stresses in the shell is given by:

. _I_V",L . 64,
e T
The resultant circumferential stress is given by:
6M,
fo = % =7
t t

N, and N are positive for tensile membrane stresses.
M, and M,, are positive when they cause compression at

the outer surface of the shell.

These quantities depend on the ratios:
longitudinal length of ioaded area  2C,

actual or equivalent Jen
and

gth L

circumferential jength of loaded area 20,

longitudinal length of toa

Cy should be taken as 0.85r.

ded area 2C,
For a radial nozzle or a circular area of radius r, Cy and

s@_d{L which can be

{79)

(80)

Far an oblique nozzie or eliiptical area, Cy, and Cx should
be taken as 0.42 x the major and minor axis of the inter-

section of the shell or area as appropriate. Non-dimensional
functions of each can be expressed in terms of the non-
2

~£- 2 . The numerica factar 64

I
is a scale factor without thaoretical significance and the
value of the expression can be found by ealculation or
from figure 47 when r, t and C,, are known, The moments
and membrane forces are found by interpolation from the
graphs of figuses 48, 49, 50 and 51.
Each of the four graphs in each set is for a given value of
the ratio 2C, /L and has curves for four values of the ratio
C¢/C,(u
The circumnferential moment M,, is found from figure 48,
The longitudinal moment M, is found from figure 49,
The circumferential membrane force Ny is feund from
figure 50, The iongitudinal membrane force A, is found
from figure 51.
A moment is considered as positive if it causes compression
at the outside of the vessef,

dimensional group 64

A membrane force is considered as positive if it causes
tension in the vessel wall.

G.2.2.2.4 Effect of internal and external pressure. A con-
servative result is obtainad for total stresses if the stresses
due to the pressure are simply added to those due to local
radial loads already calculated,

The method cannot be used for vessels under external
pressure because the deflection dus to the radial load
always increases the out-of-roundness of the shell. For the
same reason it should not be applied to a cyiindrical shell
subject to a fongitudinal load as well as a radial load.

In these cases the deflection due to the radial load should
be found as in G.2,2.4 and the effect thereof assessed in
relation to shape requirements given in table 17 for such
vessels,
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Figure 45, Vessel with radial load out of centre
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Figure 49, Cylindrical shells with radial load: longitudinal moment per
millimetre width (see G.2.2)
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G.2.2.3 Stresses away fram the edge of the [oaded area

G.2.2.3.1 Gensral. Aithough the maximum strasses occur
at the edge of the load, it is necassary to find those at other
positions when the effect of one load at the paosition of
another is required.

This happens;

{a} when longitudinal or circumferential moments are
resoived as in G.2.3;

{b) when loads are applied close together, e.g. if a
bracket is fixed close tc a branch,

in general the effect of one load at the position of another
can bs disregarded when the distance between the centres
of the loaded areas is greater than Ky Cy for loads separated
circumferentially or K, €, for loads separated longitu-
dinally, where K, and K, are found from table 18 and Cy
and C, are for the greater load.

Tabls 18. Values of K'; and K3
r Cx 2 2Cx
64— | — B —— K K
t ( r ) L ! 2

04 0.01 8 8
0.05 6 8
0.2 3 4
0.4 1.5 2

10 0.01 3 8
0.05 25 8
0.2 1.5 3
0.4 1.5 2

200 0.01 5
0.05 - 4

Negligibi

0.2 glalbie o5
0.4 1.75

3200 Alf values | Negligible 25

NOTE. The value of the non-dimensional factor

64 (r/tHCy/r}* can be found from figure 47,

G.2,2.3.2 Variation of stress round the circumference,
No exact analytical treatment of the variation of stress
round the circumfsrence away from the edge of the loaded

area is available. The following treatment is an approxima-
tion sufficiently accurate for practical purposes. For an
experimental verification of it see reference [21].

Consider a radial line {oad of length 2C,, applied at the
mid-length of a thin cylinder as shown in figure 52{a}.

The maximum stresses due to this load at points away from
it are on the circumference passing through its mid-fength
as A in the figure. The radius through A makes an angle

@ with the line of the load.

The moments and membrana forces at A, My, M, Ny, Ny
can be found from the graphs of figures 52, 53, 54 and 95
in which the functions Mg /W, M. /W, Ny t/W and Ny t/W
are plotted against the non-dimensionat group ¢,r/Cy.

The diagram showing the load and its geometry,
as figure 52(a), is repeated on each chart for convenience.

Line loads are, of course, unusual in practice, and loads
distributed over an area having an appreciable circum-
ferential width 2C, are treated as follows.
{a) Find the value of the function My/W, M, /W, Nyt/W
or N, /W at the edge of the load for the known values
of Cy/Cx and 2C, /L from the graphs in figures 48, 49,
50 and 51.
{b} Enter the corresponding graph in figures 52, 53,
54 or 55 at this value,

The intercept on the curve for 2C, /L gives a value of
017/Cx = 2, e.9. if B4 {r/t) (Cyir)? = 10, 20, /L =0.01
and Cp/Cx = 1. Figure 48 gives Mp/W = 0.185. Entering
figure 52 at M, /W = 0.185 gives £ = 0.55 for 20, /L=
0.01 as indicated by the dotted lines in the left-hand
graph of figure 52.
{c} The value of My/W¥ at A is then found by substitut-
ing (¢1r/Cy + Z ~ Cp/Cy) for the actual value of ¢,r/Cy
in the same graph.
The other guantities M, /W, Npt/W, and N, t/W can be
found in the same way. This method is used in order to
avoid the use of a separate set of four charts for each
value of Cy/Cy considered,
Diagrams for circumferential bending moments and forces
are printed up the page to distinguish them from those
for longitudinal moments and forces which are printed
across the page.
When the centre of the Joad is away from the mid-length of
the cylinder, the equivalent length L,, found as in G.2.2.2,
should be substituted for L in all cases.
For variations of stress along the cylinder due to radial
loading see G,2.2.3.3.
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NOTE., These charts apply in any consistent system of units.
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Figure 53, Longitudinal moment from radial line load variation round circumference (see G.2.2.3.2)
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Figure 55. Longitudinal membrane forces from radial line load variation round circumference {see G.2.2.3.2}
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G.2.2.3.3 Variation of stress along the cylinder. Consider

a radial line load, W, distributed over a length 2C as shown
in figure 66{a).

Values of My, My, Ny and N, at A can be found from the .
graphs of figures 56, 57, 5B and 59, respactively.

In these charts values of My /W, M, /W, Ngt/W and N, t/W
are plotted against x/Cy for given values of 64 (r/t} (C /r)?
and 20, /L.

The resultant stresses in the shell at A are given by:

. . Ny &My
circumferential stress fg = — N
t t
- N, 6M,
longitudinal stress £, = -t—~ £ -
t

The values for x/C, less than 1.0, for which no curves are
plotted, fall within the loaded lengths, and the curves
should not be extended into this region, The values for
x/C, = 1 correspond 1o the maximum stresses found from
figures 48, 49, 50 and 51 for Cp/Cyx =
The loading diagram as figure 56{a} has been repeated on
each chart for convenience,
Diagrams for circumferential bending moments and forces
are printed up the page to distinguish them from those for
tongitudinal moments and forces which are printed across
the page.
For aload distributed over an area 204 x 2Cg, the moments
and membrane forces at any value of x/Cy are reduced in
the same ratio as the corresponding values at the edge of
the load found from figures 48, 49, 50 and 51, e.g. in the
ratio:

value for actual Cy/Cy

value for Cp/C = 0

Example, A vessel is 2.5 m diameter x 6 m long X 12 mm
thick. A radial load W is applied to an area 300 mm square
at the mid-length of the shell, Find the circumferential
moment at a position 600 mm from the centre of the
ipaded area measured along the axis of the vessel.

Cy = Cy = 150 mm; r = 1260 mm; r/t = 104;
Cofr=0.12; 2C./L = 0.08; x/Cyx = 4.

For a line load, interpolating in figure 56:
My /W =0.054 at x/Cy = 4

From figure 48 at the ends of g line load when:
Cp/Cx =0, B4 (rft){Cy/r)? =90, and 2C, /L = 0,05,
Me/W=0.153

BS 4984 : 1987
Appendix G

and when Cy/Cy = 1.0, Mp/W = 0.072

~.when the load is distributed over an area 300 mm square:
0.072

0.1563

.. the circumferential moment at x = 0.026W.

M /W Bt x = D.064 X = 0,025

G.2.2.4 Deflections of cylindrical shelfs due to radial loads,
The deflections of a cylindrical shell due to a local load are
required for:
{a) finding the movement of a vessel shell due to the
thrust of a pipe connected to it;

{b) finding the rotation of a branch due to a moment
applied by a pipe connected 10 it. (See G.2.3.)
The deflection of the shell due to a radial load is a function
of the non-dimensional parameters rft, §Er/Wand L/r
which is given by the full lines in the charts as follows:
figure 6C{a) for values of rft between 15 and 40;
figure 60{b) for values of r/t between 40 and 100;
figure 61 for values of r/t greater than 100,
For a central load L is the actual length of the vessel.

For a load out of centre L is the equivalent length L,
found as in G,2,2.2.

For a point load, the value of 8 Er/W is given by the full
line from the appropriate horizontal L/r line in the top

right-hand extension of each diagram as in the example

with figure 60.

For a load distributed over a square of side 2C, the vaiue

of & Er/W is given by a line joining the intersections of the
L/r and C/r lines in the top right-hand and bottom left-hand
extensions of each diagram as shown by the dotted line and
example on figure 61,

The deflection due 1o a load distributed over a circutar

area of radius r, is approximately the same as that for a
square of side 1.7r,.

The deflection due to 2 load distributed over a rectangular
area 20, X 2Cy is approximately the same as that for an
equivalent square of side 2C;, where C, is obtained as
follows:

€, =/CsCx when Cx > Cy (81)
€1 = {Cp)*% x (C)™°7 when Cg > Cx (B2}

{or from figure 62).
Equation (81) applies to a rectangular area in which the
tong axis is lonoitudinal,

Equation (82) applies to a rectangular area in which the
long axis is circumferential.
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Figure 57. Longitudinal moment due to a radial line load variation along cylinder (see G.2,2.3.3)
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Figure 59. Longitudinal membrane forces due to a radial line load variation along cylinder {see G.2.2.3.3})
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1000000
900000 40
800000 LT 30
700000 A\ \
600000 Z % 20
A /»' 15
>1000 AL \ \\ 0,
400 000§ AAAAA g L/r
z A ——
300000 ra Ty £ 15
pAl 40wy v r b
//// A2 ‘ Y 3
200000 raw. e mrirawaar.av.4 VS URN VY
.
150000 A d
E r pd rllr/’ //, : /I > - - W
6 T /I’/ /I s 7 P v ya ~ é
100 Oﬂﬁ I’ I/I A, - .4
S e
7 AV A7
000022220z A AP A LT 2
60000554,202 ’,/:,,;f - 2
50000 ] <
ZEA |
Ao 000 . l[ /1 -z - f
A - - g
30000 Tl G e :
AP P 7
% .Y ZT7
20H 20000 &= [
1 D] 15000]
B 1.7 Example. Find 5 ErfW for L/r=5,
Sy Cr Cir=%, rft=180, Enter L/r=5
[:: \ \| 10000 gt both sides of chart, move
\ N 100 110 120 130140150 180 200 220 240 260280 300 herizontally to C/r =%. Join
3”3 -l ol Intersection polints. Enter r/t ot
A g B r/t 180, movs vertically to intersection
——t o .
T C_"; -~ ting, then move horlzontally and
c b read § £ r/W=55 000,
o
oo
NOTE 1. For values of rft less than 100 see figure 60.
NOTE 2. Values of & are exclusive of the deflection of the whole shell as 8 beam .

Figure 61. Maximum radial deflection of a cylindrical shell subjectad to a radial load, W,
uniformly distributed over a square 2C x 2C
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{a) When Cy is less than Oy
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Co/ts

{b) When C, is greater than Cy

Figure 62. Graphs for finding the square 20, X 2C) equivalent to a
rectangular loading area 2Cy x 2Cy

136



1111}

G.2.3 Externs! moments spplied to cylindrical shells

G.2.3.1 General, External moments can be applied to the
shall of a vessel by a load on s bracket or by the reaction
at a bracket support,

For design purposes external morments are considered as
described in G.2.3.2 to G.2.3.5.

The results are not considered applicable in cases where
the length of the cylinder L is less than its radius r {see
reference [20] }. For off-centre attachments the distance
from the end of the cylinder to the edge of the attachment
should be not less than r/2.

In addition, the ratios Cy/2r (G.2.3.2) and Cy/r {G.2.3.3)
should not exceed those given in figure 43, depending on
the value of r/t for the vessels.

For corresponding vaiues of Oy /r and £,/2r > 0.25 the
data should be used with caution {see reference [17] ).

These restrictions apply only in relation to the method of
analysis in this appendix. They are not intended for
practical cases where experimental or other evidence may
support the validity of the design falling outside the above
restrictions,

In cases where the applicability of the method given in this
clause may be in doubt further data may be found in
reference [20].

G.2.3.2 Circumferential moments. A circumferential
moment applied to a rectangular area Cy X 20, (see
figure 63) is resolved into two opposed loads:

tW=

acting on rectangles of sides 2Cy x 20,
i

C
where Cy = —5- . which are separated by a distance of

2C
»-é-g betwean centres, For a round branch £ = 1.7r,
=2Cy.

G.2.3.3 Longitudinal moments. Similarly, a longitudinal
moment, applied to an area 2Cy x C; {see figure 64) is
resolved into two opposed loads:

ey 1M

acting on rectangles of sides 20, x 2C,,
z

c
where C,, = 6_2' which are separated by a distance of

2C
—?3—5 between centres. For a round branch C, = 1.7r,
= 2C¢,

G.2.3.4 Maximum stresses. The maximum stresses due to
the moment occur at the outer edges of the actual loaded
area. The circumferential and longitudinal moments and
membrane forces are given by:

My = Myy - My
My = Myy - My
Ny = Nyy - Nga
Ny =Nyy ~ Ny

BS 48584 : 1987
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The quantities with subscript 1 are equal to those for a

load W distributed over an area of 2( x 2Cy and are found

from figures 48, 49, 50 and 51.

Quantities with subscript 2 are equal to those due to 2
similar load at a distance x = BC, from the centre of the
loaded area for a longitudinal moment or at an angle of

C
@y=5 «;53- from the radius through the centre of the

loaded area for a circumferential moment. These can be
neglected if the value of K,, from table 18, corresponding

+o the value of ZC, /L for a longitudinal moment, or that ; -

of K; corresponding to the value of 2C, /L for a circum-
ferential moment, Is less than 5.0. Otherwise they are
found as foliows.

{2) For a longitudinal mornent

{1) Take x/C, = 5.0 and obtain values for a radial
line from figures 56, 57, 58 and 59, 1t may be
necessary to use different vatues of L, (see G.2,2,2)
for the two resolved loads if the moment is distri-
buted over an area which is not small compared
with its distance from the nearer end of the vessel,

{2} Correct these values for a total circumferential
width equai to 2Cy as in the example in G.2.2,3.3.

{b} For a circumferential moment

{1) Find the values at the edge of ths loading area
2C4 % 2C, from figures 48, 49, 50 and 51.

{2) Enter the corresponding graph in figures 52, 53,

54 aor 55 at this value, The intercept on the curve for

2C, /L gives a value of -%-—i =Z

X

{3} the values for quantities with subscript 2 are then

4
given by the ardinate for -%i»i = M(::e

X x

+ Z from the

same graph.

G.2.3.5 Rotation dus to external moments. [t is sometimes
required to find the rotation of a branch or bracket due to

a moment applied to it. This is given approximately by

LT . .
=5 for a circumferential moment or
o
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for a longitudinal moment, where &, is the

x
deflection produced by one of the aquivalent loads

1.5M 1.5M
W= or

Co C;

as defined in figures 63 or 64, §, is found from figures 60
and 61,
Example. A vessel is 2,6 m diameter X 4 m long X 12 mm
thick; £ = 1.86 x 10° N/mm? (i.e. steel).
Find the maximum strass due to a longitudinal moment

acting on an area of 2C, X 20,

of 1.13 x 10° N-rmm applied to a branch 350 mm diameter

at the mid-length, and the siope of the branch.
C.
Cy= -2-‘- = 0,85 x 175 ~ 180 mm

1.5% 1.13 x 10°
2 x 180

1.5M
C;

W= =+ 5650 N

C.
W acts on an area 2Cy x 2Cy, where Gy, = '65" = 50 mm,

For this area: 99- = i =3; & = -§E— =0,04;
w2 r 1250
20, 2x80
= = 0,02
L 4000 °

. 2
From figure 47, 64 —;—(f—") =

The diractgﬁedt of each load W is found by interpolating
. for Cp/Cy = 3.0 in the charts of figures 48, 49, 50 and 51
for 2C, /L = 0.025 which gives:

My /W =0,09; My,/W=0076; Ngt/W~=-0.155;
Ny tiw=-0,14, .

The effect of one load at the outer edge of the other is
found by interpolating for 64 [r/1){C,/r)? = 10, x/C = 5.0
and 2C, /L = 0.025 in the charts of figures 56, 87, 58 and
58 for a radial line load, and muitiplying the results by a
correction factor for the circumferential width of the load
as in G.2,.2.3.3,

The values interpotated from figures 56 to 59 denoted by
subseript 3, are:

M /W= 0.085; Mys/W=0.012;
Ny3t/W = +0.025; Nyat/W=-0.085,

Quantity Values for | Figure | Correction factor =
ColCy =0 valus for Cp/Cy = 3
vatus for €y /Cx = 0
Moz 0.09
e 0.255 48 — = {},353
w 2 0.255%
7 0.076
0.16 4 e = (475
w 9 0.16 0
Nyat 0.155
—$2- -0.18 50 ——— =0.861
w ~-0.18
Nyt -0.14
e -0,17 51 — = (}, 824
W -0,17
Hence
Mgy
W = +{,065 x 0.353 = 0,023
Nyat
;2 = +0,025 x 0.861 = 0.0215
My -
v =+0,12 x 0.475 = 0.005
N
;:t = -0.085 x 0.824 = -0.070
My My
My=w {2 - =22 = 09-0,
4 ( W W 5650 (0.09 - 0.023)}
= 5650 x 0.067 = 379 N-mm/mm
Mei  Mya
M= W= - =3 =5G60{0.076 - 0.
; ( - m {0,076 - 0.0057)
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&
u

t w w
5650
= — (-0.156 -0.0215}
12
= 470 x -Q.1765 = - 83 N/mm
Wi Nt Nyat 5650
Ny = — - = -0.14 +0.07
ot ( w w 12 ‘ )
= 470 x ~0.07 = - 33 N/mm
. . . Ny  6M,
Maximum circumferantial stress = fip = -;m + ?5—-
B3  6x379
W = -§92%158
o=~ 12 * Traa !
Maximum circumferential compressive stress
= -22.72 Nfmm*,
Maximum circumferential tensile stress = +8,88 N/mm?.
M
Maximum longitudinal stress = '";5* + tzx
33 6x39
L - = -278+165
F 12 144

Maximum {ongitudinal compressive stress = - 19,25 Nfmm?,

Maximum longitudinal tensile stress = +13.75 N/mm?,

Slope due to moment. For this area Cy/Cy = 3, and from
figure 62(b) the half side of the equivalent square C;
= 2.8C, = 140 mm.

in figure 60(b):
Cir=0.112;
Lir=32;
rit = 100;

whence § Er/W =17 000

1.7 x 10° x 5650

= =0.414
" 1.86 x 10° x 1250
. 35
and from G.2.3.5, the slope j = ——
CI
_3x0414
300

H

0.004 14 radians

G.2.4 Laocat loads in spherical shells, rigid attachments

G.2.4.1 General, The methods in this clause are not
considered applicable in cases where the ratio ro/r is larger
than 1/3.

G.2.4.2 Initial development. This clause is concerned with
the stresses and defiections due to Jocal radial loads or
moments on spherical shells. Because these are jocal in
character and die out rapidly with increasing distance from
the point of application, the data can be applied to jocal
loads on the spherical parts of pressure vessel ends as well
as to complete spheres.

For convenience, the loads are considered as actingon a
pipe of radius ro, which is assumed to be a rigid body fixed
to the sphere. This is the condition for the majority of
practical cases.

BS 4994 : 1987
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Loads applied through square fittings of side 20, can be
treated approximately as distributed over a circle of radius
rq = Cx.

Loads applied through rectangular brackets of sides 20,
and 2Cy can be treated approximately ss distributed over
a circle of radius ry =+/CxCy.

The following forces and moments are set up in the wall of
the vessel by any local load or moment,
{a) Meridional moment M, acting per unit width on a
normal section, formed by the intersection of shell with
a cone of semi-vertex angle:
¢=sin"* (x/r) (see figures 66 and 69},
{b} Circumiferential moment My: acting per unit width
on a meridional section passing through the axis of the
sheli and the axis of the branch,
{e) Meridional membrane force: acting per unit width
on a normal section as for the meridional moment M,
{d} Circumferential membrane force: acting per unit
width on a meridional section as defined for the circum-
ferential moment M.
A moment is considered as positive if it causes compression
at the outside of the vessel.
A membrane force is considered as positive if it causes
tension in the vessel wall.
A deflection is considered positive if it is away from the
centre of the sphere.

These forces and moments and the deflection of the shetl due
10 the load can be found in terms of the non-dimensional

parameters:
1.82x
s —
\rt
and
1.82r,
uw

v

The parameter s defines the pasition in the shell at which
the force, moment or deflection is required.,

The parameter v defines the area over which the load is
distributed.

These two factors can be found quickiy from the chart
in figure 65, given x, ro and the ratio r/t.

The charts in G.2.4,3 and G,2.4.4 (figures 67 to 71) give
graphs of non-dimensional functions of the deflection,
forces and moments listed in {a) to (d) plotted against

the parameter s for given values of ¥ which have been
derived from references [22] and [23].

The full curves in each set of graphs give conditions at the
edge of the loaded area where v = s. The most unfavourable
combination of bending and direct stresses is usuatly found
tiere.

The dotted curves for particular values of v give conditions
at points in the shell away from the edge of the loaded

area where x is greater than r, and ¢ is therefore less than s,
Since the charts are non-dimensional they can be used in
any consistent system of units.
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The stresses and deflections found from these charts will
be reduced by the effect of internal pressure but this
reduction is small and can usually be neglected in practice.
(See references [23] and [24] .}

G.2.4.3 Stresses and deffections due to radial loads,
Figure 66 shows a radial load applied to a spherical shell
through a branch of radius r,,.

The deflections, moments and membrane forces due to the
load W can be found as follows from figures 67 and 88,
For explanation of these curves see G.2.4.4. For an example
of their use see G.2.4.5.

(a} Deflection from figure 67 and the relation:
. Wr
& = ordinate of curve X ——-
Et?
{b) Meridional moment M, per unit width from
figure 68 and the relation:
M, = ordinate of M, curve X .

{e} Circumferential moment M, per unit width from
figure 68 and the relation:

My = ordinate of My curve x W,

{d} Meridional membrane force N, per unit width from
figure 68 and the relation:

N, = ordinate of N, curve x W/t,

(e} Circumferential membrane force Ny per unit width
from figure 68 and the relation:

Ny = ordinate of Ny curve x W/t.

-04 T
N\ \\ 1.82x
N ] 5=
1 a
-03 Yoo u= 1.82fo
Nt
£ N 1 U=09 Found from figure 65
W 1 Ny
LJFull curve N . =15
Uzs IS
-0 i~ - ~
i =
0 0s 20 25 30 35 L0

Figure 67. Deflections of a spherical shell subjected to a radial ioad, W
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G.2.4.4 Stresses, deflections and slopes due to an external  where 8, is the maximum deflection at the edge of the
moment, Figure 69 shows an external moment appliedtoa branchforf =Dandu =3, i.e.:
spharical sheli through a branch of radius r,.

r
In this case the deflections, moments and membrane forces ~ ';,"

depend an the angle & as well as on the distance x from 8= T, x ordinate of full curve in figure 70
the axis of the branch, They can be found as follows Et

from figures 70 and 71. For explanation of these curves forx =rg.

see G.2.4.2,

{a) Deflections from figure 67 and the relation:

r
M cos \/r:
& = ordinate of curve X —TTTTT /’{

Et*

{b} Meridional moment M, perunit width from figure 71 9///
and the relation: M, ] M,

. M cos 6 r La.
M, = ordinate of M, curve X =
s\t X
{c} Circumterential moment My, per unit width from N, : N, meridional
figure 68 and the relation:

Mcos @ ¢

Vrt

{d) Meridional membrane foree N, per unit width from
figure 71 and the refation:

My = ordinate of M curve x

Mcos 8

ta/rt
a} Circumterential membrane force er unit wiot
{e} Ci f ial b f N¢ p it width

from figure 71 and the relation:
Mcos @

ta/rt

Egual and opposite maximum values of all the above
guantities occur in the plane of the moment, i.e. where
6 (see figure 69) =0 ° and 6 = 180 °.

The slope of the branch due to the external moment is

N, = ardinate of N, curve x

Ny = ordinate of My curve X

Figure 89, Spharical shell subjected to
an external moment

found from;
.5
fp =
b r
=01 1.82x
FITT RN
P4 ok =t ol EN
{03 - i prd :’ ~ §= 1.82!‘2
7 u=0.4} NN rt
=,
r ’! . f n S found from figure 65
2 - +
6. £t 02 ./1 =09 N
M F tos § 1 ] L
f Full curve NAT LT B T
01 y=g olt=151 N
- o
B e,
i) | =) i
: =5
0 05 10 15 20 25 30 35 L0
s
Figure 70, Deflections of a spherical shell subjected to an external moment, M/
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G.2.45 Examples

G.2.4.5.1 Aload of 4500 N is applied to a sphere 2.5 mm
diameter and 12.5 mm thick through a branch 150 mm
diameter. (€ = 1.86 x 105 N/mm?, i.e. steal.}

Find the deflection and the stresses;

(8} next to the branch;

{b) 225 mm from the centre of the branch,
L1250 00, Lo= T2 208,
t 125 r 1250

{a} Next to the branch

5= u = 1,09 {from figure 65)

Ordinate of full curve in figure 67 = - 0,145,

i _— wr

.. Deflection = -0.145 x =l

~0.145 x 4500 x 1250
= . S = 0.0281 mm
1.86 x 10° x {12.5)

Ordinate of full M,, curve in figure 68 = +0.067
7 Meridional moment M, = +0.067W = 301 N-mm/mm
Ordinate of full My, curve in figure 68 = 40,02
.. Circumferential moment M, = +0.02W
=80 N-mm/mm
Ordinate of full NV, curve in figure 68 = - 0.11
~0.11W

J» Meridional membrane foree N, =

-0.11 x 4500

© 125
Ordinate of full My curve in figure 68 = - 0,034
-0.034  -0.034 x 4500

= -38.6 N/mm

BS 4994 : 1987
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i Wr
When deflection = - 0.022 —=
£t
_ 0.022 x 4500 x 1250 _ -D.004 25 mm

1.86 x 10° x (12,5
Interpolating simitarly in figure 68 gives:

M
=X 0,01; —2 =+0,005;
w
Nt Nyt
X - .p.04; —= =+0.015,
W w

Whance:

meridional moment M,, = -45 N-mm/mm
circumferential moment My = +22.6 N-mm/mm
meridional membrane force A, =~ 14.4 N/mm
circumferential membrane force Ny = +6.25 N/mm
The resulting meridional stresses are:
~jﬁ . 6 x45
125 (1250
= -1.15 + 1.73 = +0.68 N/mm?;
at the inside £, =~ 1,15 - 1.73 = ~ 2,88 N/mm?.
The resuiting circumferential stresses are:

625 6x 225
at the outside fg = —— - ———
125 (125)

=+0,5 -0.865 = -0.365 N/mm?*;
at the inside fy, = +0.5 +0.865 = +1,365 N/mm?*.

Hence the deflection and stresses due to the load are
negligible at 225 mm from the centre of the branch,
which itlustrates the local nature of the stresses,

at the outside £, =

= - 12,2 N/mm G.2.4.5.2 A moment of 1.13 x 10° N-mm is applied to

¢ t 12.5 the branch in example G.2.4.5.1. Find the maximum
The resulting meridional stresses are given by: deflection, the maximum stresses next to the branch,
N, 6M, -30.6 6 x 301 and the rotation of the branch due to this moment,
fu= — % = * if £=1.88 x 10° N/mm? (i.e. steel).

r 125~ {125)
.. At the outside , = ~3.17 - 11.5 = ~ 14.67 N/mm?
{compression}
At the inside f,, = ~3.17 +11.5 = +8.33 N/mm? {tension)
The resulting circumferential stresses are given by:
Ny 6My -122 Bx80
fo= —— £ === * 2
t t 12.5 {12.56}
. At the outside f, = ~0.98 -3.46 = -4.44 N/mm*
{compression}
At the inside fy = ~0.98 +3.46 = +2.48 N/mm? (tension)
(b} 225 mm from the centre of the branch

X 225
u = 1,09 as before; == 1250 ={.18;

from figure 65, 5 = 3.25

Interpolating between the dotted curves in figure 67
atu = 1.09 and 5 = 3.25 gives:

SEL?

= 0,022

145

As before -E— = 100; L2 = 0,06, and, next to the branch,
f

s=u =108 (from figure 65},

The maximum stresses and deflection are at = 0:

M cos 9\/5
S 3

Er?
017 x 1,13 x 10° x 1 x 10
© 1.86x 10° x {12.5)°
< Maximum defiection = -~ 0.0066 mm.

The deflection at & = 180 °, on the opposite side of the
branch, will be +0.0066 mm,

~cosf8 =1

From figure 70,5 = 0,17 x
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From figure 71:
Mcos @

vt

0,175 x 1.13 x 10°

V1250 x 125

158 N-mm/mm

! —
CHCUIHIGI entia |“0H|ﬂ“t‘“¢ - 0-055 X

meridional moment M, = 0.175 x

B

rt
= 49 6 N-mm/mm

Mcos
metidional mambrane force N, = -0.129 t /L

= ~9.3 N/mm

Cilcuuﬂete“tl&l tIIEIIIbIaIIB ioice 1U¢ = 0..039

= -2.81 N/mm
The maximum stresses are the resulting meridional stresses
given by
N, 6M, -53 6x158
— = 4
t t2 125 (1250
= At the outside f, = -0.74 ~6.04 = -6.78 N/mm*
{compression}.

At the inside . = - 0.74 +6.04 = 6.3 N/mm? (tension).
The slope of the branch due 1o this moment will be:

5, 0.0066

LT

f =

= 8.8 x 105 radians

G.2.5 Local toads on spherieal shell nozzie attachments

G.2.5.1 Gensral. The method of caleulating focal stress
levels at a nozzle junction is based on data given in
reference [19]. Using this data it is possible to estimate
the maximum stress which can oceur at a sphere/nozzie
attachment due to the application of internal pressure,
thrust, external momaent and shear force, The method
covers both flush and protruding nozzles. in the original
work the nozzle length is treated as semi-infinite without
any restriction on its length. 1t is, however, cansidered
necessary to stipulate a lower iimit on the internal protru-
sion equal to +/2rt. Nozzles with internal protrusion less
than +/2rt should be treated as flush nozzles. In this way
some additional conservatism will be introduced for those
protruding nozzles where the internal projection does not
satisfy this restriction.

All the stress concentration factors given in figures 72 to 79
inclusive are based on the maximum principal stress theory,

The stress concentration factors given in G.2.5.210 G.2.5.7
are based on data obtained for a sphere of constant thick-
ness T', whereas in practice 7' is looked upon as the local
shell thickness adjacent to the nozzle, the main vessel being
of a smaller thickness T. For these curves to be valid the
thickness of the shell should not be reduced to 7 within a
distance H, where H is measured from the outer surface of
the branch pisce or the bore of the opening, if no branch

is fitted, and is the smaller of H = Dy/2 and H=+/DT",

Work in progress shows that when the vassel thicknass is
reduced from 7’ to T at a distance H from the nozzle,
higher stresses than those given in figures 72 to 79 inclusive
may occur for small values of p and high values of T
Further guidance cannot be given at the present stage.

This procedure provides a method of computing maximurm
stresses which occur in the shell rather than in the nozzle.
in some instances calculated stresses may be higher in the
nozzle walf than in the vessel shell, especially for very thin
nozzles. These are not considered for the reasons stated

in referance (28],

For the purposes of G.2.5 to G.2.6, which are applicable
to radiat nozzles only, the following additional notation
applies:

is the externsl moment applied at a nozzle {in N-mm)
is the internal pressure (in N/mm?)

is the radial thrust applied at a nozzie

is the mean radius of sphericai shell {in mm)

is the mean radius of nozzle (in mm}

is the shear |load applied at a nozzle {in N}

is the local wall thickness of shell, adjacent to nozzle
{in mm)}

is the local wall thickness of nozzle {in mm)

il

£

~0Y oY

~

. . . r
p s the non-dimensional parameter = ""E' -

Omex 15 the maximum stress due to local loading

G.2.5.2 Maximum stress at a sphere/nozzle junction due
to application of internal pressure. Figure 72 gives plots
of stress concentration factors (SCF) ageinst the non-
dimensional parameter p, for various nozzle/shell wall
t/T’ ratios for flush nozzles, The maximum stress, Omax.
is then calculated by multiplying the SCF thus obtained

by the nominal pressure stress given by 5'7':; e
PR
Omax = SCF x '{7-,7

Figure 73 gives similer plots for protruding nozzles.

Before using figure 73 a check should be made to ensure
that the internal nozzle protrusion is equal to or greater
than+/2rt; if it is not, figure 72 should be used as for a

flush nozzle.

G.2.5.3 Maximum stress at a sphere/nozzle junction due

to application of radial load or thrust. Figure 74 gives plots
of stress concentration factors against the non-dimensional
parameter p for flush nozzies. The maximurn stress is calcu-
lated by muitiplying the SCF obtained from figure 74 by:

a R
R A
2arT T
SCF a A
Omax — X e
me 2TV T

Figure 75 gives similar plots for protruding nozzles,

Before using figure 75 a check should be made 1o ensure
that the internal nozzle protrusion is equal to or greater
than+/2rt; if it is not, figure 74 should be used for obtain-
ing the SCF.
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G.2.5.4 Maximum stress at a sphere/nozzle junction due to
application of external moment, For flush nozzles the
maximum stress at a sphere/nozzle junction can be
determined by using figure 76, The first step is to read

off the SCF for the appropriate vessel nozzle geomeiry.
The maximum stress is then obtained by multiplying the
SCF thus obtained by the factor:

v R
arr T’V r o

M A

wfT'V T

For protruding nozzles, the equivalent maximum stress is
determined in the same manner by using figure 77 for
obtaining the SCF.

A check should be made to ensure that the length of the
internal nozzle protrusion is equal to or greater than
~/2rt; if it is not, the procedure for flush nozzles should
be used.

OUmax = SCF X

G.2.5.5 Maximum stress at a sphere/nozzle junction due
to application of shear load. Figure 78 should be used for
determining the SCF for flush nozzles, The maximum
Stress, Omax . 15 then calculated by muliiptying the SCF
obtained in the first step by the factor §/ar T, ie.:

o =8CF x
mex 2ar7’

For protruding nozzles the procedure is identical with the
aforementioned procedure except that figure 79 should

he used.

A check shouid be made to ensure that the length of the
internal nozzle protrusion is equal to or greater than«/2rt.
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If this condition is not satisfied the procedure given for
flush nozzles should be used.

G.2.5.6 Maximum stress at a sphere/nozzle junction under
combined loading. For a conservative estimate of the
stresses occurring under the action of combined loading
the maximum stresses obtained from each of the individual
joadings should be added together. This will aiways be
consarvative because the maximum stresses for individual
Ioadings may occur at different locations and different
direction {gp and/or a,).

{3.2.8.7 Stresses away from the loaded area. The method
given in G.2.5 for calculating local stresses at a sphere/
nozzle junction caters for the maximum stress tevels only,
No information is given on stresses away from the loaded
area,

Stress distributions in the vicinity of the sphere/nozzle
junction are required in cases where other loaded areas are
in the proximity 1o the one under consideration. kit is pro-
posed to use the data already available in G.2.4 to deter-
mine these stresses. The assumption here is that, although
the magnitudes of local stresses may differ, the piot of
stress level versus distance from loaded area remains
basically similar, The stress distribution away from the
loaded area can then be calculated by the procedure
outlined in G.2.4 and the vaiues so obtained are to be
multiplied by a factor K, where K is the ratio of gy,

as determined in G.2.5, to the stress at the edge of the
attachment, as calculated in G.2.4, where applicable,

This method is conservative, but an alternative approach
is available in reference {26].
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Figure 75. Maximum stress in sphere for thrust loading (protruding nozzles)
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G.2.6 The offect of extarnal forces and moments at
branches

{ arge external forces and moments can be applied to the
branches of vessels by the thermal movernents of pipawork.

The stresses due to these are likely 1o be greatly over-
estimated 1F the forces in the pipe systern are determined
by assuming that the connection to the vessel is equivalent
to an anchor in the pipe system,

More accurate values of the terminal forces and moments
can be found if the deflection due to 2 unit radial load and
the slopes due to unit longitudinal and circurferential
moments distributed over the area of the branch and its
reinforcement are known.

These can be found for a given vessel and branch by the
methods given in G.2.2.4 and G.2.3 for cylindrical vessels
and by methods given in 8.2.4.3 and 6.2.4.4 for spherical
vessels. Recent experiments in the USA, discussed in
teference [21], have shown that slopes and defiections
calculated in this way are sufficiently accurate for practical
purposes except that the siope of a branch due to a
sircumferential moment is about 75 % of the calculated
value because of the effect of local stiffening of the branch,

When the loads from the pipework are known, the local
stresses in the vessel shell can be found by the methods
given in G.2, except that, in a branch with an external
compensating ring of thickness £, subject to a circumferen-
tial moment there is an additional circumferential moment
in the shell at the edge of the reinforcing ring to Nyt, /4
and reference [21] recommends that this amount should
be added to the value of My calculated in G.2.3.

This correction and that to the slope of the branch given
above apply only to circumferential moments and are due
to the effect of the rigidity of the attachment of the branch
which has little influence on the effect of longitudinal
moments.

The tension at the inside of the sheli due to the focal
circumferential bending moment My, is added to the circum-
ferential membrane stress due to internal pressure, but this
stress will not be present when the vessel is under hydraulic
test.

Appendix H. Recommended supports for
vertical vessels and tanks

The recommended supports for vertical vessels and tanks
are either:

(a} a suitably prepared concrete plinth; or

(b) a steel plate supported on an adequate grillage and

of sufficient thickness to ensure that locai strains in the

flat bottom are not greater than the design’s strain,
Levelled off earth bases whether or not in-filied with sand
or other granular material are not adequate supports and
should not be used.
When concrete bases are specified, departure from nominal
level shoutd not exceed £ 1 mm/m, Before bedding the tank
or vessel, the cancrete should be covered with bitumen sand
to a thickness of 256 mm,

A suitable bitumen sand can be produced by hot mixing in
the following proportions by mass:

99%+06% nontoxiccut back bitumen (i.e. fluxed
with keroseng and not creosote);
filler either limestone dust passing a
sieve of nominal aperture (size 75 pm in
accordance with BS 410) or Portland
cement;

B1% + 1,5 % clean dry washed sand in accordance with

table 2 of BS 882 : 1883,

As an alternative to the sand, crushed rock, types 1to 7,
slag or limestone in sccordance with table 53 of BS 4987 :
1973 may be used,
Loose sand should not be used to bed vessels on concrete
bases.

10%E1%

Appendix J. Design of metallic lifting
lugs and trunnions

4.1 Consideration should be given to how the vessel is to be
handled during loading for transport, unioading, storage,
installation and removal for maintenance, Chain and wire
rope shouid not be in direct contact with GRP.

J.2 The number, position, orientation and type of lifting

fittings, i.e. lug or trunnion, should be determined.

The following cases are typical.
{a) Tower: a pair of trunnions at the top end, a tailing
lug {at 90 ° 1o trunnion) at the lower end {see figure 8Q).
{b) Tall vertical cylindrical tank: a pair of paratlel lugs
on a diameter on the flat roof (iifted from a spreader
beam) and a tailing lug near the base (at 80 ® to the
diameter joining the top lugs) {see figure 81).
{c} Short vertical cylindrical tank; a pair of lugsin a
plane on a diameter on the flat roof (see figure 82) or
three equi-spaced radial lugs on the roof periphery
{see figure 83).
{d} Horizontal tank: a pair of lugs in a plane on the top
centreline (see figure 84) or no jugs, if webbing slings
used.

J.3 The most severe load on each lug or trunnion should
be calculated, taking account of load direction.

J.4 The lug should be designed to match an equivalent
load capacity steel shackle {BS 3032},

NOTE 1. A lug dasign procedure exists in DIN 28086,

The trunnion shauid be designed to match wire rope sling
{BS 1290) or webbing sling {BS 3481 : Part 2}

NOTE 2. A trunnion design procedure exists in DIN 28085 : Part 1.

J5 The substructure should be designed to connect the lug
ot trunnion to tha vessel. Generally this will be a steel ring,
pad or framework to spread the load over a large area,
Refer to BS 449 for welded steel structures,

J.6 The attachment of the substructure to the GRP vessel
should be checked for adequate strength in peel and shear,

4.7 Where appropriate, local load strains in the vessel wall
should be checked in accordance with appendix G.
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Figure 80, Trunnions

Figure 82. Lugs in & plane on a diameter

Figure 81. Parallel lugs

Figure 83, Equispaced radial lugs

L] L]

Figure 84. Lugs in a plane on a horizonta! vessel
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