























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































out-of-plane bending, a = 90-deg, R/r =2
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Fig.A7.4 Flexibility factor for 90-deg pipe elbows subjected to out-of-plane bending:
@ RFr=2,(b)Rr=3
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out-of-plane bending, & = 90-deg, R/r = 6
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Fig.A7.4 Flexibility factor for 90-deg pipe elbows subjected to out-of-plane bending:
(¢) R/r=6,(d) R/r =10
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out-of-plane bending, @ = 180-deg, R/r =2
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out-of-plane bending, & = 180-deg, R/r =3
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Fig.A7.5 Flexibility factor for 180-deg pipe elbows subjected to out-of-plane
bending: (a) R/# =2, (b) R/r =3
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out-of-plane bending, & = 180-deg, R/r =6
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Fig.A7.5 Flexibility factor for 180-deg pipe elbows subjected to out-of-plane
bending: (¢) R/r =6, (d) R/r = 10




out-of-plane bending, @ =30-deg, R/r =2
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Fig.A7.6 Stress-intensification factor for 30-deg pipe elbows subjected to out-of-

plane bending: (a) R =2, (b) R/r =3
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out-of-plane bending, @ =30-deg, R/r =6
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Fig.A7.6 Stress-intensification factor for 30-deg pipe elbows subjected to out-of-

plane bending: (¢) R/» =6, (d) R/r =10
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out-of-plane bending, @ =45-deg, R/r =2
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Fig.A7.7 Stress-intensification factor for 45-deg pipe elbows subjected to out-of-

plane bending: (a) R» =2, (b) R/r =3
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out-of-plane bending, a =45-deg, R/r =6
)
4l N S
gt \
\‘~
“::k —e—p/pmax = 0.0
3 o« = e— e ---- p/pmax = 0.2
e ) L =~
’ rh——]T 8T —eo— p/pmax = 0.4
4 P = 3= plp
& A,‘,{‘ == :% -~ plpmax=0.6
2 i — —a— p/pmax = 0.8
--A- p/pmax = 1.0
1
0 - -
000 006 012 0.18 024 030 036 042 048 054 0.60
A
()
out-of-plane bending, a = 45-deg, R/r =10
4.0 '
35 i .\\
. \ . ,4
[ N
= T ——
26 e N . e
pe—— \\-.~ - - =V.
] ,-——:}\ —e— p/pmax = 0.4
iZ.O'***fr*— - & = = -
| L4 g A= --0-- p/pmax = 0.6
154 7**4(:74 P —a— p/pmax = 0.8
& J -4~ p/pmax = 1.0
1.0 [
05 % W[ ]
0.0 T T T T }
000 010 020 030 040 050 060 070 080 090 1.00
A

(d)

Fig.A7.7 Stress-intensification factor for 45-deg pipe elbows subjected to out-of-
plane bending: (¢) R/» =6, (d) R# =10
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out-of-plane bending, @ =60-deg, R/r =2
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Fig.A7.8 Stress-intensification factor for 60-deg pipe elbows subjected to out-of-

plane bending: (a) R» =2, (b) R/r =3
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out-of-plane bending, a =60-deg, R/r =6
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Fig.A7.8 Stress-intensification factor for 60-deg pipe elbows subjected to out-of-

plane bending: (¢) R# =6, (d) R/r =10
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out-of-plane bending, @ =90-deg, R/r =2
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Fig.A7.9 Stress-intensification factor for 90-deg pipe elbows subjected to out-of-
plane bending: (a) R/» =2, (b) R/r =3
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out-of-plane bending, @ =90-deg, R/r =6
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Fig.A7.9 Stress-intensification factor for 90-deg pipe elbows subjected to out-of-
plane bending: (¢) R =6, (d) R =10
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out-of-plane bending, & =180-deg, R/r =2
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Fig.A7.10 Stress-intensification factor for 180-deg pipe elbows subjected to out-of-

plane bending: (a) R/# =2, (b) R/r =3
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out-of-plane bending, @ =180-deg, R/r =6
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Fig.A7.10 Stress-intensification factor for 180-deg pipe elbows subjected to out-of-

plane bending: (¢) R/+ =6, (d) R/ =10
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Appendix C7 (Continued)

The following Tables summarise the location of maximum stress for out-of-plane
bending. The location is expressed as (8, @), where @ is longitudinal position
measured from the junction of the bend and the fixed tangent and ¢ is circumferential

position measured from the crown toward the intrados.

Continue to the next pages...—
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Table 7A-1 Location of maximum stress (6, ¢) for &= 30-deg

Rir=2 Rr=3 Rir=6 Rr=10
t'r = 0.0260 (15, 30) (15, 30) (15, 45) (15, 45)
t/r = 0.0300 (15, 30) (15, 45) (15, 45) (15, 45)
t/r =0.0417 (15, 45) (15, 45) (15, 45) (15, 45)
t/r = 0.0550 (15, 45) (15, 45) (15, 45) (15, 45)
t/r = 0.0625 (15, 45) (15, 45) (15, 45) (15, 45)
tr =0.0677 (15, 45) (15, 45) (15, 45) (15, 45)
¢r = 0.0833 (15, 45) (15, 45) (15, 45) (15, 45)
t/r = 0.0937 (15, 45) (15, 45) (15, 45) (15, 45)

Table 7A-2 Location of maximum stress (6, ¢) for &= 45-deg

Rir=2 Rir=3 RA=6 Rir=10
t/r =0.0260 (24, 30) (24,30) (24, 30) (24, 45)
t/r = 0.0300 (24, 30) (24,30) (24, 45) (24, 45)
tr = 0.0417 (24, 30) (24,30) (24, 45) (24,45)
tr = 0.0550 (24, 45) (24,45) (24, 45) (24, 45)
tr = 0.0625 (24, 45) (24,45) (24, 45) (24, 45)
t/r =0.0677 (24, 45) (24,45) (24, 45) (24, 45)
tr = 0.0833 (24, 45) (24,45) (24, 45) (24, 45)
tr=0.0937 (24, 45) (24, 45) (24, 45) (24, 45)

Table 7A-3 Location of maximum stress (6, ¢) for = 60-deg

Rir=2 Rir=3 Rr=6 Rr=10
t/r = 0.0260 (30, 30) (30, 30) (33,30 (39, 45)
t/r = 0.0300 (30, 30) (30, 30) (33,30) (39, 45)
tr =0.0417 (30, 30) (30, 30) (36, 45) (39, 45)
tr = 0.0550 (30, 30) (33, 45) (36, 45) (39, 45)
tr = 0.0625 (30, 30) (33,45) (36, 45) (39, 45)
tr = 0.0677 (30, 45) (33,45) (36, 45) (39, 45)
tr =0.0833 (30, 45) (33,45) (36,45) (39, 45)
tr =0.0937 (30, 45) (33,45) (36,45) (39, 45)
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Table 7A-4 Location of maximum stress (8, @) for a= 90-deg

Rir=2 R/r=3 Rr=6 Rr=10
tr = 0.0260 (45, 20) (57,30) (63, 30) (66, 45)
tr =0.0300 (45, 30) (57, 30) (66, 45) (66, 45)
tr =0.0417 (48, 30) (60, 30) (66, 45) (66, 45)
t/r = 0.0550 (48, 30) (63, 45) (66, 45) (66, 45)
tr =0.0625 (48, 30) (63, 45) (66, 45) (69, 45)
tr =0.0677 (51, 30) (63, 45) (66, 45) (69, 45)
tr =0.0833 (57, 45) (63, 45) (66, 45) (69, 45)
t/r = 0.0937 (57, 45) (63, 45) (66, 45) (69, 45)

Table 7A-5 Location of maximum stress (6, @) for &= 180-deg

Rir=2 Rir=3 Rir=6 Rr=10
tr=0.0260| (153,10) (153, 30) (153, 30) (159, 45)
tr =0.0300 (153, 30) (153, 30) (153, 30) (159, 45)
tr=0.0417 (153, 30) (153, 30) (153, 45) (159, 45)
tr =0.0550 (153, 30) (153, 30) (153, 45) (159, 45)
tr = 0.0625 (156, 45) (153, 45) (153, 45) (159, 45)
tr =0.0677 (156, 45) (153, 45) (153, 45) (159, 45)
tr =0.0833 (156, 45) (153, 45) (153, 45) (159, 45)
tr = 0.0937 (156, 45) (153, 45) (153, 45) (159, 45)
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CHAPTERS8

CONCLUSIONS AND RECOMMENDATIONS

Detailed non-linear elastic large deformation finite element analyses of the behaviour
of pressurised piping elbows have been carried out. The main aim was to reassess the
pressure reduction effect on flexibility and stress-intensification factors, but it was
extended to obtain similar results for the ovalisation factor. The combined loading of
internal pressure with separated in-plane closing moment, in-plane opening moment,
and out-of-plane bending has been considered. Approximate formulae for
ovalisation, flexibility and stress-intensification factors have been obtained. Prior to
develop approximate formulae for the pressure reduction effect, formulae for

bending load only was first established.

8.1 Conclusions

Detailed finite element study carried out in Chapter 4 shows that their structural
behaviour is a conservative system (path-independent structure). Accordingly, the
order of the bending and internal pressure is applied does not affect the final results

for stresses and deformations.

The following concluding remarks apply for unpressurised conditions:
(1) The general behaviour of piping elbows depends on its geometry: bend angle o
thickness to cross-section radius ratio, t/, radius ratio, R/r, and pipe bend

parameter, A.



(2) The behaviour of a pipe elbow under in-plane bending in term of ovalisation is
different between closing and opening mode. Ovalisation factor for closing mode
can be expressed in a power law, while ovalisation factor for opening mode can
be expressed in an exponential law. Overall, the ovalisation factor under closing
mode is bigger than under opening mode for low pipe bend parameters, but
become level for high pipe bend parameter.

(3) For in-plane closing bending, the ovalisation factor is directly proportional to the
bend angle for short-radius pipe elbows. For long radius pipe elbows, the
ovalisation factor is directly proportional to the bend angle only for bend angle
less than 90-deg.

(4) For in-plane opening bending, the ovalisation factor is directly proportional to the
bend angle for short radius. For long radius pipe elbows, the ovalisation factor is
directly proportional to the bend angle for 90-deg bend angle and smaller.

(5) Flexibility factors can be expressed as the asymptotic solution of Clark and
Reissner [20] multiplied by a factor obtained from a linear equation in logarithm
of pipe bend parameter, 4 for each radius ratio, R/r.

(6) Flexibility factor for in-plane closing bending obtained from the present analysis
is bigger than the ASME code [120] for bend angle of 45-deg and greater. It is
expected that the difference result from the large deformation effects.

(7) Flexibility factor under in-plane bending is directly proportional to the bend
angles regardless the magnitude of radius ratio. Flexibility factor for out-of-plane
bending is not directly proportional to the bend angle. The reason for this is that
the pure bending assumption can not be applied for this case. If the bending load
is applied such that one end of the bend is subjected to pure bending, the other
end of the bend is subjected to bending and torsion, in which the amount of
bending and torsion at this end being strongly depends on the bend angle. For 90-
deg pipe bend, this end is subjected to pure torsion, while for 180-deg bend, this
end is subjected to pure bending. However, for bend angle less than 60-deg
(probably less than 90-deg), the flexibility factor is directly proportional to bend
angle. Overall, the flexibility factor under in-plane bending is bigger than under
out-of-plane bending, For in-plane bending, flexibility factor under closing mode

is bigger than under opening mode bending.
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(8) The maximum stress at the outer and inner surfaces are opposite in sign, but
different in magnitude. This fact violates the in-extensibility assumption adopted
in many theoretical developments.

(9) For in-plane bending, the maximum stress was located at crown for 180 and 90-
deg elbows and moves progressively toward the intrados as the bend angle
becomes smaller

(10)  For out-of-plane bending, the location of maximum stress in the longitudinal
direction is at the mid-section for small bend angle and between the mid-section
and the junction with the loaded tangent for large bend angle. The location of
maximum stress in the circumferential direction is generally at 45-deg from the
crown toward the intrados, except for short radius, thin-walled, large angle bend.

(11)  Stress-intensification factor under in-plane bending is bigger than under out-

of-plane bending. For in-plane bending, stress-intensification factor under closing

mode is bigger than under opening mode.

Of course, the reader will now be all too aware that a simple piping elbow under
straightforward loading exhibits very complex stress and deformation behaviour: the

preceding represents only a summary of the main features.

Finally, the following concluding remarks apply for pressurised conditions:

(1) The effect of internal pressure on ovalisation is different for in-plane closing and
opening bending perhaps as expected, but not quantified previously in the
literature. For closing mode, there are limitations for value of »/t where the
formulae developed can be applied. If the value of r/# below certain limit, the
effect of internal pressure is no longer reduce the ovalisation, but increase the
ovalisation. As a result, the corresponding formulae need to be modified.

(2) For in-plane bending, the effect of internal pressure on flexibility is the opposite
of the preceding conclusion. Internal pressure reduces the flexibility for closing
bending for all pipe bend parameters. For opening mode, internal pressure
reduces the flexibility for thin-walled pipe but increases the flexibility for thick-
walled pipe. Again, the formulae for the pressure reduction on flexibility factor
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need to be modified for opening bending. For out-of-plane bending, internal
pressure always reduces the flexibility factor.

(3) For both in-plane and out-of-plane bending, internal pressure always reduces the
stress-intensification factor for thin and thick-walled pipe.

(4) The effect of internal pressure on flexibility and stress-intensification is more

pronounced for smaller wall thickness

8.2 Recommendations for Design Formulae

The approximate formulae proposed for design purposes are summarised for
convenience in Appendix A for unpressurised conditions and in Appendix B for
pressurised conditions. It is clear that the structural behaviour of piping elbows is
completely different for in-plane and out-of-plane bending. In addition, the
behaviour of piping elbows under in-plane bending are different under closing and

opening mode.

The formulae given in the Appendices are recommended for using in piping design
as an alternative to the current piping code [120]. It can be seen from the Appendix
for unpressurised conditions that the flexibility factor under in-plane closing bending
for 90-deg bend and larger is very close to the current ASME Code for long-radius
bends. This fact validated the assumption involved in most theoretical development
that the radius of the bend is much bigger than the radius of pipe cross-section.
Formulae for various bend angle and radius ratio developed in this study show that
different formulae should be used for different bend angle, radius ratio, and direction

of bending load,

Design formulae for pressurised conditions summarised in Appendix B are further
recommended for design purposes. For the flexibility factor, the magnitude of the
pressure reduction used in the ASME code [120] is significantly smaller than the
proposed formula developed in this study. However, if the ASME formula is applied

for in-plane opening bending and out-of-plane bending, the pressure reduction is
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much bigger than the proposed formulae. It is clear that different formulae for

pressure reduction on flexibility should also be used for different bend angle and

direction of bending load.

The formula in the ASME code for pressure reduction on stress-intensification is
considerably smaller than the present analysis for in-plane closing bending and out-
of-plane bending. However, if the ASME code is applied to in-plane opening
bending, it overestimates the pressure reduction obtained from the present analysis. It
is again recommend that different formulae for pressure reduction on stress-
intensification should be used for different bend angle and direction of bending load.

8.3 Recommendations for Further Study

The work and analysis conducted in this study has identified several areas where

further research might be required:

(1) A further parameter survey for other large bend angle (120 and 150-deg) to refine
the formulae obtained from the present analysis in order to further simplify the
formula for the pressure reduction effect in term of bend angle.

(2) A study to obtain the end rotation for in-plane bending from the axial
displacement of all nodes at the bend-straight pipe junction rather than from the
axial displacement of only extrados and intrados node at that cross-section.

(3) A review of the concept of end rotation to define the flexibility of a pipe bend
subjected to out-of-plane bending. The concept of end rotation is more suitable
for in-plane bending where the pure bending assumption can be tolerated. For
out-of-plane bending, the pure bending assumption is not truly applicable for out-
of-plane bending. The concept of strain energy might be applied as alternative
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APPENDIX G:

DESIGN FORMULAE FOR UNPRESSURISED CONDITIONS

This appendix summarises approximate formulae and Tables for ovalisation,
flexibility, and stress-intensification factors for bending load. The approximate

formulae for the pressure reduction effect are given in Appendix H.
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(1) Ovalisation factor for in-plane closing bending

&= 0;325 [a+b5In(2)]

in - plane closing bending

G-1)

Table G1-a Value of coeffecient “a” in equation (G-1) for in-plane closing bending

R/ir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.4434 0.6346 0.7722 0.9501 1.1437
3 0.5395 0.7603 0.9193 1.1179 1.2303
4 0.6006 0.8293 0.9936 1.1430 1.2145
5 0.6577 0.8922 1.0509 1.1651 1.1801
6 0.6897 0.9050 1.1024 1.1781 1.1247
7 0.7235 0.9279 1.1187 1.1907 1.0705
8 0.7528 0.9454 1.1096 1.1542 1.0362
9 0.7787 0.9593 1.0751 1.0915 1.0074
10 0.7968 0.9554 1.0115 0.9996 0.9669

Table G1-b Values of coefficient “b” in equation (G-1) for in-plane closing bending

Rir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.0543 0.0954 0.1266 0.1682 0.2156
3 0.0686 0.1219 0.1635 0.2177 0.2463
4 0.0756 0.1356 0.1802 0.2251 0.2352
5 0.0800 0.1414 0.1866 0.2161 0.2182
6 0.0816 0.1418 0.1812 0.1966 0.1806
7 0.0792 0.1326 0.1625 0.1705 0.1599
8 0.0732 0.1152 0.1310 0.1261 0.1196
9 0.0636 0.0896 0.0867 0.0673 0.0703
10 0.0526 0.0539 0.0324 0.0001 0.0151
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(2) Ovalisation factor for in-plane opening bending

& =1.656exp(~1.1754)a - bA)

in - plane openng bending

(G-2)

Table G2-a Value of coeffecient “a” in equation (G-2) for in-plane opening bending

R/r Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.7216 0.8675 0.9507 1.0393 1.1102
3 0.7194 0.8624 0.9421 1.0254 1.0657
4 0.7172 0.8602 0.9406 1.0244 1.0280
5 0.7140 0.8580 0.9414 1.0242 1.0035
6 0.7108 0.8561 0.9425 1.0239 0.9882
7 0.7076 0.8547 0.9435 1.0147 0.9676
8 0.7044 0.8533 0.9445 1.0105 0.9538
9 0.7012 0.8522 0.9453 1.0062 0.9417
10 0.6954 0.8513 0.9469 1.0000 0.9291

Table G2-b Values of coefficient “b” in equation (G-2) for in-plane opening bending

RAr Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg

2 1.5307 1.4318 1.2443 0.9026 0.4071
3 0.8669 0.7529 0.5938 0.3452 0.1146
4 0.5185 0.4516 0.3747 0.1502 0.1075
5 0.3144 0.2582 0.2086 0.0535 0.0557
6 0.1998 0.1229 0.0644 0.0466 0.0553
7 0.0811 0.0372 0.0188 0.0068 -0.0034
8 0.0082 -0.0319 -0.0405 0.0024 -0.0219
9 -0.0485 -0.0856 -0.0866 0.0009 -0.0363
10 -0.1149 -0.1142 -0.1236 0.0002 -0.0431
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(3) Flexibility factor for in-plane closing bending

1.65

k=

6
A

[a-bIn(2)]

in - plane closing bending

(G-3)

Table G3-a Value of coeffecient “a” in equation (G-3) for in-plane closing bending

R/r Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.3340 0.5120 0.5237 0.6715 0.7090
3 0.4545 0.6110 0.6990 0.7800 0.8290
4 0.5659 0.6734 0.7659 0.8133 0.8692
5 0.6280 0.7380 0.8010 0.8551 0.8950
6 0.7097 0.7853 0.8453 0.8775 0.9090
7 0.7644 0.8325 0.8679 0.9183 0.9470
8 0.8118 0.8757 0.8850 0.9433 0.9607
9 0.8536 0.9157 0.8982 0.9654 0.9714
10 0.9028 0.9470 0.9130 0.9880 0.9990

Table G3-b Values of coefficient “b” in equation (G-3) for in-plane closing bending

.74 Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.2142 0.1866 0.1911 0.1716 0.1812
3 0.2000 0.1744 0.1593 0.1485 0.1624
4 0.1707 0.1565 0.1520 0.1560 0.1499
5 0.1558 0.1486 0.1421 0.1450 0.1397
6 0.1177 0.1201 0.1240 0.1364 0.1278
7 0.0912 0.1019 0.1120 0.1230 0.1180
8 0.0647 0.0837 0.1012 0.1120 0.1089
9 0.0382 0.0655 0.0914 0.1010 0.1005
10 0.0074 0.0433 0.0820 0.0774 0.0901
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(4) Flexibility factor for in-plane opening bending

1.65

k=—=

A

[a-bIn(4)]

in - plane opening bending

G-4

Table G4-a Value of coeffecient “4” in equation (G-4) for in-plane opening bending

Rir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.5483 0.8000 0.9438 1.0926 1.2190
3 0.6131 0.8140 0.9352 1.0580 1.1480
4 0.6797 0.8360 0.9268 1.0217 1.0931
5 0.7307 0.8566 0.9250 0.9980 1.0497
6 0.7690 0.8735 0.9280 0.9800 1.0215
7 0.8149 0.8993 0.9358 0.9770 1.0007
8 0.8509 0.9214 0.9484 0.9797 0.9951
9 0.8840 0.9440 0.9658 0.9912 1.0021
10 0.9220 0.9700 0.9900 1.0084 1.0266

Table G4-b Values of coefficient “b” in equation (G-4) for in-plane opening bending

R Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg

2 0.0961 0.0286 -0.0135 -0.0584 -0.0970
3 0.0865 0.0304 -0.0076 -0.0475 -0.0750
4 0.0613 0.0300 0.0009 -0.0261 -0.0466
5 0.0391 0.0247 0.0029 -0.0156 -0.0290
6 0.0305 0.0120 0.0020 -0.0077 -0.0144
7 -0.0053 0.0039 -0.0051 -0.0096 -0.0124
8 -0.0275 -0.0116 -0.0151 -0.0141 -0.0134
9 -0.0497 -0.0305 -0.0291 -0.0236 -0.0206
10 -0.0719 -0.0581 -0.0472 -0.0385 -0.0316

475




(5) Flexibility factor for out-of-plane bending

1.65

k=—

A

[a+bIn(A)]

out - of - plane bending

(G-5)

Table G5-a Value of coeffecient “a” in equation (G-5) for out-of-plane bending

Rr Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.8110 1.0880 1.2427 1.1760 0.4617
3 0.8650 1.1224 1.2618 1.1930 0.5860
4 0.9181 1.1440 1.2714 1.2039 0.6468
5 0.9570 1.1633 1.2772 1.2132 0.7037
6 0.9890 1.1850 1.2800 1.2180 0.7480
7 1.0187 1.1930 1.2840 1.2272 0.7894
8 1.0443 1.2050 1.2861 1.2328 0.8234
9 1.0674 1.2157 1.2877 1.2378 0.8535
10 1.0910 1.2322 1.2900 1.2440 0.8788

Table G5-b Values of coefficient “b” in equation (G-5) for out-of-plane bending

R Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.1320 0.2001 0.2510 0.2520 0.0020
3 0.1603 0.2300 0.2800 0.2727 0.0346
4 0.1871 0.2404 0.2967 0.2904 0.0552
5 0.2143 0.2636 0.3179 0.3107 0.0818
6 0.2424 0.3000 0.3385 0.3341 0.1062
7 0.2687 0.3100 0.3603 0.3558 0.1350
8 0.2959 0.3332 0.3815 0.3807 0.1616
9 0.3231 0.3564 0.4027 0.4074 0.1882
10 0.3501 0.3880 0.4242 0.4348 0.2146
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(6) Stress-intensification factor for in-plane closing bending

1.89

k =—y[a—bln(l)] (G-6)
,1 3

in - plane closing bending

Table G6-a Value of coeffecient “a” in equation (G-6) for in-plane closing bending

Rir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg

2 0.2558 0.4175 0.5823 0.5617 0.7706
3 0.3932 0.5748 0.7312 0.7715 0.8953
4 0.4866 0.6576 0.7897 0.8617 0.9126
5 0.5476 0.7318 0.8287 0.9241 0.9087
6 0.6032 0.7620 0.8547 0.9342 0.8944
7 0.6414 0.7948 0.8733 0.9150 0.8826
8 0.6716 0.8203 0.8872 0.9019 0.8723
9 0.6961 0.8407 0.8980 0.9018 0.8633
10 0.7215 0.8410 0.9067 0.8785 0.8537

Table G6-b Values of coefficient “b” in equation (G-6) for in-plane closing bending

R/fr Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg

2 0.1333 0.1637 0.1540 0.2092 0.2145
3 0.1256 0.1437 0.1276 0.1650 0.1674
4 0.1218 0.1298 0.1106 0.1550 0.1508
5 0.1180 0.1210 0.1010 0.1500 0.1427
6 0.1158 0.1128 0.0952 0.1390 0.1440
7 0.1137 0.1103 0.0977 0.1516 0.1501
8 0.1118 0.1118 0.1070 0.1656 0.1607
9 0.1102 0.1173 0.1231 0.1884 0.1636
10 0.1092 0.1311 0.1501 0.2054 0.1711
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(7) Stress-intensification factor for in-plane opening bending

in - plane opening bending (G-7

Table G7-a Value of coeffecient “a” in equation (G-7) for in-plane opening bending

Rir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.4320 0.7277 0.9776 1.2553 1.4185
3 0.5314 0.7992 1.0033 1.1992 1.3031
4 0.6005 0.8266 1.0045 1.1541 1.1765
5 0.6422 0.8452 1.0017 1.1085 1.1033
6 0.6685 0.8692 0.9931 1.0606 1.0413
7 0.6934 0.8666 0.9861 1.0227 1.0014
8 0.7102 0.8733 0.9699 0.9823 0.9636
9 0.7236 0.8785 0.9481 0.9435 0.9314
10 0.7400 0.8826 0.9217 0.9078 0.9029

Table G7-b Values of coefficient “b” in equation (G-7) for in-plane opening bending

R/ir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.0380 -0.0052 -0.0616 -0.1259 -0.1389
3 0.0283 -0.0140 -0.0638 -0.1062 -0.1182
4 0.0246 -0.0166 -0.0627 -0.0802 -0.0896
5 0.0220 -0.0181 -0.0573 -0.0555 -0.0651
6 0.0203 -0.01585 -0.0476 -0.0355 -0.0330
7 0.0191 -0.0139 -0.0345 -0.0061 -0.0161
8 0.0182 -0.0082 -0.0171 0.0186 0.0084
9 0.0175 -0.0001 0.0043 0.0433 0.0329
10 0.0169 0.0129 0.0309 0.0706 0.05639
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(8) Stress-intensification factor for out-of-plane bending

1.89
k=22
F

[a+bin(2)]

out - of - plane bending

(G-8)

Table G8-a Value of coeffecient “a” in equation (G-8) for out-of-plane bending

Rir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 0.4749 0.5725 0.6331 0.6726 0.7468
3 0.5473 0.6564 0.7074 0.7818 0.7964
4 0.5965 0.7227 0.7707 0.8229 0.8159
5 0.6343 0.7578 0.8168 0.8297 0.8352
6 0.6793 0.8096 0.8494 0.8509 0.8461
7 0.6913 0.8100 0.8622 0.8276 0.8486
8 0.7140 0.8136 0.8615 0.8248 0.8427
9 0.7339 0.8244 0.8452 0.8219 0.8284
10 0.7424 0.8332 0.8167 0.8065 0.8081

Table G8-b Values of coefficient “b” in equation (G-8) for out-of-plane bending

R/ir Bend angle
30-deg 45-deg 60-deg 90-deg 180-deg
2 -0.0031 -0.0217 -0.0163 0.0236 0.0143
3 0.0038 -0.0049 0.0001 0.0573 0.0239
4 0.0103 0.0239 0.0335 0.0650 0.0353
5 0.0145 0.0390 0.0491 0.0648 0.0403
6 0.0176 0.0493 0.0620 0.0610 0.0404
7 0.0175 0.0494 0.0551 0.0554 0.0383
8 0.0163 0.0447 0.0455 0.0408 0.0313
9 0.0133 0.0334 0.0275 0.0196 0.0203
10 0.0099 0.0114 0.0041 -0.0029 0.0005
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APPENDIX H:

DESIGN FORMULA FOR PRESSURISED CONDITIONS

This appendix tabulated approximate formulae for pressure reduction for ovalisation,

flexibility, and stress-intensification factors.

Continue to the next pages...—
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Table H1.1 Ovalisation factor

o, deg In-plane closing bending In-plane opening bending Out-of-plane bending
30 £ - £ 3 3
p 19/ 0.165 r % 0.206
110.405(315) 3(5) 1+175(3) (5)
E At r t r
45 £ - £ £ - £
P 1% 0275 ) 4 % 0333
110.305(315) [5) 1+126(£Il) (5)
EMNt r ENt r
60 £ - & 7 £ - 3
7 19/ 0355 14 % 0.43
1£0 255(£— 5) (5) 1+100(£I£) (ﬁ)
EAt r EMNt r
90 £ - & £ = &
7 1% 0464 P % 057
1i0.205(£ 5) (5) 1+7 215) (5)
EANt r EMNt r
180 £ = & £ = &
= 1y 0.590 r- %4 0.725
110155(3 1) 3(5) 1452 2 i) (5)
EAMNt r EAt r
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Table H1.2 Ovalisation factor (Continuied)

a, deg In-plane closing bending In-plane opening bending Out-of-plane bending
30 & &
5 = f = 1.1
p 10110 22 |1 R\ " less !i’iﬂ%(i) ;
T 3D N4 \r 3D R
45 & &
S, = Sp =
" oo 22 Y LY(R)T BT Lud ﬂ%(L]ms
- 3D ANA) \r 3D
60 & &
& = 6p =
3 Y 0.765 14 3 0.905
prPY1Y?(R pr }g(r)
+ 2 1= — 1+27. -
oo YT () S(w}‘ ;
90 &
$p = &=
3 JA 0.36 P 0.765
pr’Y1Y3(R (L)
1£0 —1— — 1+21
05{3 3 %) ﬂ( )‘ R
180 £
S = $, =
3 Y 097 4 3 061
pr {1)°(R 1414 .EL %(L)
R EATRE N EArE
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Table H2.1 Flexibility factor

k
k =
4 % 0412
1+9.2s(£I£) (5)
EAt r

a, deg In-plane closing bending In-plane opening bending Out-of-plane bending
30 k k k
k = k = k =
d % 0.096 P 19 0.037 P 19 0.033
1+18.{£Ii) (5) 1¢0.300(£X5) (5) 1+o.385(£X5) 6(5)
EAt r E\Nt r EANt r
45 k k k
k = k = k =
4 % 0177 P 1 0.174 P 19 0.149
1+15.6S(£X£) 4(5) 110.225(3\ (1) %(5 140205 2| - %R
E\t r EAt r EAt r
60 k k k
k = k = k =
4 9 P 1 y P 19 y
QT || e
EAt r E\t r TT\EAt r
90 k k k
p 9 031 4 16, 0.376 P 19 0.322
1+11.75(£Ii)/4(5) 1i0.145(£\ (—)A(ﬁ 1+0.175 21 Z & 5)
ENt r At r EAt r
180
k = k k = k
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Table H2.2 Flexibility factor (Continuied)

k =
p 33 0338
1425 ﬂﬂx(i
30 /" \R

o, deg | In-plane closing bending In-plane opening bending Out-of-plane bending
30 k k
= r? }/ r 0.654 kP - 3V 1 )4 R 037 kP = 3 JA 0.199
l+5.10(—p—}14 —) 1+0.084 27| ~ (_) 1+0.106 £2— 1)*R
3D R 3D A A r 3D \A r
45
r 0.573 kp = 3;(1 }A R 0.507 kP = 3 u }A R 0316
1+43({ }1 —) 1+0.062] 22 —) (—) 1+0.080 22 l) (—)
R A4 r 3D AA r
60 k k
k k = k =
P 0503 P v 1 \X4 0.599 r 3 ¥ 0.411
3 34(L 140,051 £ l) 3(5) 1+0.062 2 Vl) 6(5
R AA r 3D A4 r
90 k k
kp = rﬂ y(r 044 kp = Y1 Y R 0.709 kP = 3\(1 }A R 0.489
1+3.29 22 1a ‘(——) 1+0.040l 27— _) (_) 1+0.048 27— _) (_)
3D) \R 3D AA) \r 3D ,U r
1
80 K = k=

4

1 % 0.553
1+0.057 —
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Table H3.1 Stress-intensification factor

o, deg | In-plane closing bending In-plane opening bending Out-of-plane bending
30
Y, = \:r\% R 0.197 P , l% 0245 Y, = \ z A R\ono
1+16.90(£ r (—) 1+0.330(£X—) ( ) 1+19.o( ) (
EANt) \r E At E M\t r)
45
yp: \tr\% R 0318 71’ \ r\l% R 0.393 7”: \7 % R\°29°
1+12 50(” r (—) 1+0.230| £ (— 1+12.3(1’ ) (
At) r EA:) \r E\t r)
60 y 4
% R 0.407 Y= Vr\l% R 0.502 Y, = , % R 0.394
1+10. 25(—1 (—) 1+0.183(—p— r (—) 1+9.7(£X—) (—)
r E)Kt) r E At r
90 ¥
% R 0435 Y,= v \l% R 0.546 % R 0426
1+1025( X (—— 1+0172(£ r (—) 1+92§( Ii) ( )
r E)Lt) r t r
180 Y /4
Y, = 19/ 0685 Y=

B ()

485




Table H3.2 Stress-intensification factor (Continuied)

o, deg | In-plane closing bending In-plane opening bending Out-of-plane bending
30 y, = z y, = z y, = z
4 oy pr \,1% (L)o.n P 1 +0.001 ﬂi\ (l)}g(i)o.m P 1452 pr /%%(L)o.m
D) R T 3D AA) \R 3D) \R
45 /4 4 4
7P = 3 / 0.35 yP = 3 }' =
A2 }/ 0.726 b4 3\ 0.378
13 22 J4( ) 1006 22 LY (2 134 22 (£
3D; \R 3D A1) \R 3D) R
60 7/ = 7 }/ =
p 3 }/ 0.835 P 0273
1+282(”' }ly L 1+0.050 2 l)’(i) 142,67 £~ )ﬂ%(i)
R 3D \A) \R R
90 ¥ ¥y
7p = yp = 0.240
,. AV 1 JA 5" pr3 %(r )"
1+2.8 — 1+0.047| £ _) (_) 142,53 = (A3 —
({ )A R (31) A1) \R 3D R
180 4 /4
Yo = ; Y, = 0201
Y 1\4% 1.019 P
1+205( % 1+0.03 13”D %) 3(% 1+229( ),1%( )
N
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