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ABSTRACT
The stress field in and around bulges in cylindrigad

oval pressure vessels is examined using lineatieléisite

element models. The effects of bulge size and shapexial
and hoop stresses are examined under internalupegissding.
Stress components at the center of the bulgegiemiire bulge,
and in the vessel outside the bulge are analyzéd do the
inside and outside surfaces of the vessel waladdition, the
effects of vessel ovality (out-of-roundness) arelltication of a

bulge relative to ovality on these stress companarg studied.

This study provides engineers with a detailed labkulging-
induced stresses and the limitations of stressebfisess-for-
service assessment of bulges in pressure vessels asi
refinery coke drums.

NOMENCLATURE

o stress component
p pressure

r vessel radius

t wall thickness

INTRODUCTION
Under internal pressure, the wall of a long cylicakr
vessel with a large diameter-to-thickness ratioegeigmces a

mostly biaxial stress field. Nominal axial and hatpesses are:
br

P (1)

br

= )

Oaxial =

0-hoop =

This nominal stress field changes when a geometric

imperfection such as a localized bulge or ovalibut{of-

roundness) is present. Higher localized stressdsstiains can
potentially lead to global failure (plastic coll&)slocal failure,
buckling, or fatigue failures.

The impact of geometric imperfections on the meaan
integrity of pressure vessels is a major concerrefgineers in
process industries such as refineries and petrachepiants.
The APl 579-1/ ASME FFS-1 Standard of 2007 is aelid
used document that provides methods for the fitf@sservice
assessment of pressurized equipment with variopestyof
defects. Part 8 of the Standard addresses weldlignisent
and shell distortions including bulges and outaindness.
The Standard provides three assessment levelsvrat in
conservatism, limitations, and complexity. Leveislthe most
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conservative and simplest. Level 3 is the most derxmand has
the least limitations.

According to the Standard, Level 1 assessment lgeBLis
conducted based on fabrication tolerances of thginai
construction code. Level 3 assessment of bulgesais
comprehensive analysis that requires the use oferiuai
techniques such as the finite element method. Alfsem the

around bulges especially when combined with ovalitiis
study examines the effects of bulges and ovalitythenstress
field in cylindrical vessels using finite elementdels. The
study is limited to linear elastic stress analysisler internal
pressure and excludes the effects of residualsstsesnd strains
that may be present in and around bulges. As witisueh
numerical simulations, findings of this study mawpt rbe

document is the Level 2 assessment procedure tlet w applicable to all geometries and loads.

included in the first edition of the document of0ROwhen it
was an API
method was removed because of potentially mislegaivd un-
conservative results that users may obtain fronsttess-based
assessment method. Since then, several unsucces&ulpts
have been made to develop alternate closed-foressstvased
solutions. At the time of writing this paper, no vie¢ 2
assessment technique is expected to be includedhen
upcoming 2014 edition of the Standard.

Bulges are different from other vessel defectsvo ways:
(1) The creation of a bulge typically involves highastis and
complex patterns of residual stresses that areulifto
predict and simulate, and
Just like architectural arches and domes, bulges in
cylindrical shells can increase local stiffness andble
them to better resist certain types of loads. €fisct may
be misinterpreted as a benefit to having bulggs@ssure
vessels.

(@)

Typically, bulges in internally-pressurized vessalan
result in two failure modes: local failure and/ fatigue. The
common assumption that failures in cyclically lodde
equipment at discontinuities are solely due togfadi is not
necessarily accurate.

Coke drums which are large cylindrical refinery sads
usually experience bulging under their normal ofiega
conditions. Typically, the severe cyclic thermo-imacical
loads that develop in these vessels result in plelfarge and
sometimes interconnected bulges that can incréasdiameter
of the vessel by several inches. Bulging is usuetiynbined
with significant global and/or local ovality. Theseessels,
which probably represent the most extreme caseaulgfiry in
industry, commonly experience cracking at the pefkulges
and less frequently at their trough. Due to the glem and
random nature of the thermo-mechanical loads timaty t
experience, a full Level 3 assessment per AnnexoBAPI
579-1/ASME FFS-1 is infeasible.

Linear elastic stress analysis of bulged drums unhé
internal pressure loading has been attempted ireffomt to
determine the severity of bulging and predict ikelihood of
bulging failures in coke drums. Our experience st that
neither the magnitude nor location of maximum stres
amplification at bulges correlate well with repart@ilures. In
addition, our experience suggests that cracks #diuby
bulging alone are likely initiated by excessiveastr (local
failure) and not fatigue.

Because of the above difficulties with stress asialyf
bulges, there is a need to better understand dtedds in and

Recommended Practice. The old assessmentMODEL

The general-purpose finite element analysis softwar
Abaqgus was used to create and solve the modehésafeport.
The study was based on the following:
- Vessel dimensions:
0 120" radius
500" tangent-to-tangent length
2:1 ellipsoidal top head
60" long support skirt
45° conical bottom head
o 1" wall thickness
- Material: Steel with a linear elastic model
0 Elastic Modulus = 30E6 psi
0 Poisson’s Ratio = .3
- Linear-geometry solution

O O 0O

Shell models were created using three-dimensianabt
quadrilateral reduced-integration shell elemented®s were
loaded (except for the support skirt) with a unifopressure of
10 psi and were restrained in all three directiohsranslation
at the bottom edge of the skirt.

Stress fields in the vessel were examined due to:

a. bulging,
b. vessel ovality, and
c. both.

The models used in this study were built using the
following vessel geometry and loading:

p =10 psi,
r=120", and
t=1".

Under these conditions, Equations 1 and 2 can bd tes
calculate nominal axial and hoop stresses of 60@ms$ 1200
psi, respectively.

As shown in Figure 2, “Bulge depth” is defined & t
maximum distance of bulge protrusion from the badythe
vessel. For example, the peak of a two-inch dedgebis two
inches outside the vessel wall. A fillet radius ide$ the
concave transition between bulge and vessel. Aet fihdius
increases, the transition area becomes longer.agpect ratio
of a bulge is defined as the length (circumferémtistance) of
the bulge divided by its width (axial distance).e8k lengths
are straight distances calculated between the d#mes of
transition fillets.

The surface of a bulge is modeled as a spherd|ipsoé,
or an axisymmetric geometry (uniform profile around
circumference). Except for the axisymmetric geomdiulges
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are defined using a “vertical radius” and a “honitad radius”.
In a sphere, the radii are equal and, hence, awnevég the same
in both directions. In an ellipsoid, they are uraqand
curvature is not the same. An axisymmetric bulgeléfined
only using a vertical radius. Bulges were simulagtdmid-
height of the vessel.

In the case of spherical bulges, aspect ratio isctdy
proportional to the radius of the sphere. In etligal bulges, it
is a function of the two radii of the ellipse. Faxisymmetric
bulges, since an aspect ratio is not definablerepeesentative
large number of 10 is used.

For oval vessels, the ovality ratio is defined lzes tatio of
the length of the major axis to that of the minarsaof the
vessel. The ratios 1.25, 1.54, and 2.00 are corsidim this
study. While a ratio of 2.0 is unusually large fgobal vessel
ovalization, such a ratio is commonly encounteretbcalized
ovality of vessels with large diameter-to-thickneaos such
as coke drums.

A total of twenty three models were utilized insthgtudy,
as shown in tables 1 and 2. An example mesh is show
Figure 1. In six of the models, both ovality andding were
present. Since stress fields are influenced byldbation of a
bulge relative to an oval cylinder, bulges weresated both
on the “short side” and the “long side” of oval sels as shown
in Figure 2.

RESULTS

Examples contour plots of the four stress companent

(axial inside, axial outside, hoop inside, and hoogside) are
shown in an axisymmetric bulge in Figures 3 torbaivessel
with an axisymmetric bulge in Figures 7 to 10, itoeal bulge
in Figures 11 to 14, and in a vessel with a locadi in Figures
15 to 18.

Using these models, we studied the relationshipvéoet
the following parameters and the stress field:
- Fillet Radius
- Bulge Depth
- Bulge aspect ratio
- Vessel ovality ratio

Results are summarized using graphs that relagssstr
concentration factors (SCF) to above parameters. 3GF is
found by dividing axial or circumferential stressbg the
respective nominal stress of the undistorted vessel

From each model, SCFs were reported per location,

magnitude, and type as follows:
- Location on vessel:
0 Center of bulge refers to the farthest point from
the axis of the vessel in the bulge.
o Bulge refers to the convex part of the bulge only
(i.e. exclusive of the fillet).
o0 Vessd refers to the entire model excluding the
“bulge”, both heads, and skirt.
- Extreme values: maximum and minimum values within a
specified region.
- Stress component: axial and circumferential (hoop).

- Surface of the wall: inside and outside.

DISCUSSION

Some of the key observations are discussed belowhe
discussion below, unless stated otherwise, SCFer r&d
maximum values at stated locations.

Round vessel

- Effect of bulge depth:

0 Center of bulge: Hoop and axial SCFs had very
different trends, Figure 19. Hoop SCFs were always
tension, less than nominal (under 1.0), and mostly
unchanged versus depth. At the minimum depth, axial
SCF was 1.2 (tension) and -0.1 (compression) on the
inside and outside surfaces, respectively. At marim
depth, axial SCFs on the inside and outside susface
switched magnitude and direction (tension to
compression and vice versa).

0 Bulge: All four SCF components were in tension,
higher than 1.0, and increased with the increase of
bulge depth, Figure 20. SCF components increased
more on the outside surface than they did on the
inside. On both surfaces, axial SCFs were comparabl
but slightly higher than hoop SCFs.

0 Vessd: Maximum SCF components were in tension,
higher than 1.0, and increased with the increase of
bulge depth, Figure 21. Minimum SCF components
which were in tension but lower than 1.0 at the
smallest bulge decreased with the increase of depth
until they became compressive at the deepest bulge
(with the exception of hoop SCF on the outside
surface which remained in tension).

- Effect of fillet radius

0 Center of bulge: Hoop and axial SCFs stayed mostly
unchanged versus fillet radius, Figure 22. It is
important to note that, for the bulges in this dragll
hoop and axial SCFs at the center of the bulge were
significantly less than 1.0.

0 Bulge Maximum hoop and axial SCFs decreased in
the bulge by approximately 10% as fillet radius
increased from 20 to 80 inches, Figure 22. Forlgebu
depth of 2 inches and vertical and horizontal ratiii
100 inches, maximum hoop and axial SCFs in the
bulge were all between 1.4 and 2.5. Outside surface
SCFs were higher than those on the inside surface.

0 Vessd: Maximum hoop and axial SCFs were
comparable in magnitude to those in the bulge, iéigu
23. Minimum hoop and axial SCFs on the outside and
inside surfaces were tensile and mostly compressive
respectively. For a bulge depth of 2 inches and
vertical and horizontal radii of 100 inches, albpo
and axial SCFs in the vessel were between -0.5 and
2.8. Maximum SCFs on the outside surface were
higher than those on the inside surface.

- Effect of aspect ratio:

o In the graphs below, the aspect ratio of 10 remitsse

axisymmetric bulges.
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0 Center of bulge: Bulges in Figure 24 have a depth of
2" and a fillet radius of 40”. At low aspect ratj@xial
SCFs at the center of the bulge on the inside and
outside surfaces are similar and less than ufitey
both start in compression and become in tensiom wit
the increase of aspect ratio. At the extreme highaf
aspect ratio, when the bulge becomes axisymmetric,
the SCFs diverge, increase in magnitude (more than
unity), and become opposite in sign (inside in
compression and outside in tension). This suggests
that axial bending is relatively small at the cemte
this localized spherical bulge, but becomes domninan
as length increases relative to width. The oppasite
true for hoop bending which is significant at low
aspect ratios with the inside in tension and oetgid

compression. As aspect ratio increases, hoop SCF on

the inside and outside decrease in magnitude tineyl
intersect and then change sides. At the extremenwh
the bulge turns axisymmetric, the inside becomes in
compression and outside in tension. The patterns
described above are only true for the bulge depth o
2". As shown in Figure 25, SCF magnitudes and
trends significantly vary when the depth of thegaul
increases from 2" to 4”.

0 Bulge: Maximum SCFs in entire bulges exhibit totally
different patterns from those at the center of ésig
Figure 26 and 27 show trends for the same bulges in
Figures 24 and 25, respectively. By examining these
graphs, two conclusions can be made: (1) maximum
SCFs in bulges are not located at the center afelsul
and (2) SCFs in bulges do not follow a clear trend
relation to bulge’s aspect ratios.

0 Vessd: Figure 28 shows an example of the variation
of maximum and minimum SCFs in the vessel as a
function of a bulge’s aspect ratio. The non-monimton
curves demonstrate that, similar to SCFs in bulges,
clear trend can be established between the stedds f
and a bulge’s aspect ratio. Also, compared to [eigur
24, it is clear that a bulge may result in SCFthan
vessel that are significantly higher than SCF&en t
bulge itself.

Oval vessel

An oval vessel under pressure develops SCFs piopalt
to the degree of ovality. However, as shown in FégeQ, axial
SCFs are significantly larger than hoop SCFs batthe inside
and outside surfaces of the wall. At the high efithe range,
when ovality ratio is 2, axial SCFs approach 15t@tension
side and 25 on the compression side. At the low @&hl.25,
axial SCFs are at 5.

When a 2" bulge is located on the short side of dhal
vessel, SCFs in the vessel (outside the bulge) gehan
different manners, Figure 30. Compared to the savaévessel
without the bulge, compressive axial SCFs incréagetensile
axial SCFs decrease. As for the hoop directiorh kemisile and
compressive SCFs increase. However, when the bidge

located on the long side of the oval, almost theosge

happens, Figure 31. Compressive axial SCFs decrbate
tensile axial SCFs increase. In the hoop directiensile and
compressive SCFs are little changed.

As shown in Figures 32 and 33, to a large extéet,same
patterns described above for SCFs in the vessdy appghose
in the respective bulges. Magnitudes of SCFs agatst lower
in bulges than they are in vessels.

The most profound effect of bulge location relatiice
vessel ovality is one observed at the center ofthige. As
shown in Figure 34, SCFs at the center of the bulgerse
direction (tension to compression) and can be séwenes
larger in magnitude depending on where the bulg®dated
relative to drum ovality. In most cases, the effeicovality on
SCFs is more significant than that of bulging.

CONCLUSION
This limited scope study clearly explains the diffty that

has been encountered in fithess-for-service asszdsrof

bulges using stress analysis techniques. Somehefkey
findings are:

- Stresses at the center of a bulge can be signilfyclanver
than nominal stresses in the vessel without a bilihgenost
cases examined, if stresses at the center of & ldge to
be used for fitness-for-service assessment, thewmdd
come up with the erroneous conclusion that theeless
would be better off with the presence of a bulge.

- Maximum stresses are often located in the vesgsidsu
the bulge.

- Maximum stresses in the bulge and vessel are Hiraatl
almost linearly proportional to the depth of thégau

- The fillet radius of the transition between bulgel aessel
has a relatively minor effect on stresses in tHgdand
vessel.

- Stresses in the bulge and vessel can be highlyeinfled
by and have a non-monotonic relationship with thigé's
aspect ratio.

- Vessel ovality and the location of a bulge relatvan
oval vessel can have more impact on stresses inullge
and vessel than bulging does.

This study explains why the assessment of bulges in

pressure vessels using linear elastic stress asahgy lead to
erroneous conclusions especially when the domitfiaihire
mode is strain-based and when a bulge is locates vessel
with global and/or local ovality.
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Table 1: List of round vessel models

Bulge | Fillet | Bulge radii (in) Bulge size (in)
depth | radius Length Width | aspect
Bulge type (in) (in) |Vertical | Horizontal | (circumferential) | (axial) | ratio
spherical 2 20 100 100 92.5 43.6 2.12
spherical 2 40 100 100 93.5 47.2 1.98
spherical 2 80 100 100 94.8 53.5 1.77
spherical 1 40 100 100 68.4 33.4 | 2.05
spherical 3 40 100 100 110.8 57.7 1.92
spherical 4 40 100 100 124 66.5 1.86
spherical 4 40 75 75 80.3 60.1 1.34
spherical 4 40 50 50 58.1 53.1 1.09
spherical 4 40 25 25 42.6 44.9 0.95
spherical 2 40 75 75 58.6 42.7 1.37
spherical 2 40 50 50 42 37.7 1.11
spherical 2 40 25 25 30.8 32 0.96
ellipsoidal 2 40 50 75 105.5 37.7 | 2.80
axisymmetric 2 40 50 N/A 754 37.7 | 10.00

Table 2: List of oval vessel models

vessel Bulge | Fillet | Bulge radii (in) Bulge size (in)
ovality Bulge depth | radius Length Width | aspect
ratio location (in) (in) [Vertical|Horizontal | (circumferential) | (axial) | ratio
no bulge
long side 2 40 25 25 30.9 32 | 0.966
1.25 | short side 2 40 25 25 30.8 32 | 0.963
no bulge
long side 2 40 25 25 31.1 32 0.972
1.54 | shortside 2 40 25 25 31.3 32 [ 0.978
no bulge
long side 2 40 25 25 31.3 32 [0.978
2 short side 2 40 25 25 34.3 32 1.072

Figure 1: Typical mesh
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Figure 2: Schematic of bulge characteristics
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S, S11 (CSYS-1)

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.710e+02
+8.271e+02
+6.833e+02
+5.394e+02
+3.955e+02
+2.516e+02
+1.078e+02
-3.613e+01
-1.800e+02
-3.239e+02
-4.678e+02
-6.116e+02
-7.555e+02

Figure 3: Axial stress on the inside of an example
axisymmetric bulge (depth=2", Fillet=40", V-

S, S11 (CSYS-1)
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.924e+03
+1.795e+03
+1.667e+03
+1.538e+03
+1.409e+03
+1.281e+03
+1.152e+03
+1.024e+03
+8.950e+02
+7.664e+02

+6.378e+02
+5.092e+02
+3.806e+02

radius=50")

S, S11 (CSYS-1)

SPOS, (fraction = 1.0)

(Avg: 75%)
+1.975e+03
+1.831e+03
+1.687e+03
+1.543e+03
+1.399e+03
+1.255e+03
+1.111e+03
+9.667e+02
+8.226e+02
+6.785e+02
+5.344e+02
+3.903e+02
+2.462e+02

Figure 4: Axial stress on the outside of an example
axisymmetric bulge (depth=2", Fillet=40", V-

radius=50")

S, $22 (CSYS-1)

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.237e+03
+1.115e+03
+9.919e+02
+8.691e+02
+7.464e+02
+6.237e+02
+5.009e+02
+3.782e+02
+2.554e+02
+1.327e+02
+9.922e+00
-1.128e+02
-2.356e+02

Figure 5: Hoop stress on the inside of an example
axisymmetric bulge (depth=2", Fillet=40", V-

radius=50")

S, 522 (C8YS-1)

SPOS, (fraction = 1.0)

(Avg: 75%)
+1.007¢+03
+9.723e+02
+9.372e+02
+9.021e+02
+8.670e+02
+8.319e+02
+7.968e+02
+7.617e+02
+7.266e+02
+6.915e+02
+6.564e+02
+6.213e+02
+5.862e+02

Figure 6: Hoop stress on the outside of an example
axisymmetric bulge (depth=2", Fillet=40", V-

radius=50")

Figure 7: Axial stress on the vessel inside for an
example axisymmetric bulge (depth=2", Fillet=40", V¥
radius=50")

S, 511 (CSYS-1)
SPOS, (fraction = 1.0)
(Avg: 75%)

+8.234e+02
+6.958e+02
+5.681e+02
+4.405e+02
+3.128e+02
+1.851e+02
+5.750e+01
-7.016e+01

-1.978e+02

-3.255e+02

-4.531e+02
-5.808e+02
-7.084e+02

Figure 8: Axial stress on the vessel outside for an
example axisymmetric bulge (depth=2", Fillet=40", V¥
radius=50")

S, S22 (CSYS-1)
SNEG, (fraction = -1.0)
(Avg: 75%)
+2.081e+03
+1.998e+03
+1.914e+03
+1.830e+03
+1.747e+03
+1.663e+03
+1.579e+03
+1.496e+03
+1.412e+03
+1.328e+03
+1.244e+03
+1.161e+03
+1.077e+03

Figure 9: Hoop stress on the vessel inside for an
example axisymmetric bulge (depth=2", Fillet=40", V¥
radius=50")

S, 822 (CSYs-1)
SPOS, (fraction = 1.0)
(Avg: 75%)
+1.588e+03
+1.537e+03
+1.486e+03
+1.435e+03
+1.384e+03
+1.334e+03
+1.283e+03
+1.232e+03
+1.181e+03
+1.130e+03
+1.080e+03
+1.029e+03
+9.781e+02

I |
i

Figure 10: Hoop stress on the vessel outside for an
example axisymmetric bulge (depth=2", Fillet=40", V¥
radius=50")



S, S11 (CSYS-1)

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.115e+03

+8.317e+02
+7.609e+02
+6.901e+02
+6.192e+02

+5.484e+02
+4.776e+02
+4.067e+02
+3.35%e+02
+2.651e+02

Figure 11: Axial stress on the inside of an example
local bulge (depth=2", Fillet=40", V/H-radius=100")

S, S11 (CSYS-1)
SPOS, (fraction = 1.0)
(Avg: 75%)

+1.386e+03
+1.271e+03
+1.156e+03
+1.041e+03

S, §11 (C8Ys-1)
SNEG, (fraction = -1.0)
(Avg: 75%)
+8.484e+02
+7.743e+02
+7.002e+02
+6.261e+02
+8.519e+-02
+4.778e+02
+4.037e+02
+3.296e+02
+2.554e+02
+1.813e+02
+1.072e+02
+3.305e+01
-4.107e+01

Figure 15: Axial stress on the vessel inside for an

]

4

f
x

&

+8.105e+02
+6.954e+02
+5.803e+02
+4.653e+02
+3.502e+02
+2.351e+02

Figure 12: Axial stress on the outside of an examgpl
local bulge (depth=2", Fillet=40", V/H-radius=100")

example local bulge (depth=2", Fillet=40", V/H-
radius=100")

S, S11 (CSYS-1)
SPOS, (fraction = 1.0)
(Avg: 75%)
+1.590e+03
+1.468e+03
+1.345e+03
+1.223e+03
+1.101e+03
+9.790e+02
+8.569e+02
+7.347e+02
+6.125e+02
+4.904e+02
+3.682e+02
+2.461e+02
+1.239e+02

Figure 16: Axial stress on the vessel outside fona

«

example local bulge (depth=2", Fillet=40", V/H-
radius=100")

S, $22 (CSYS-1)

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.899e+03
+1.724e+03

+1.3746+03
+1.199e+03
+1.024¢+03

Figure 13: Hoop stress on the inside of an example
local bulge (depth=2", Fillet=40", V/H-radius=100")

S, 522 (CSYS-1)

SPOS, (fraction = 1.0)

(Avg: 75%)
+2.640e+03
+2.434e+03
+2.228e+03

Figure 14: Hoop stress on the outside of an example
local bulge (depth=2", Fillet=40", V/H-radius=100")

S, 822 (CSYSs-1)
SNEG, (fraction = -1.0)
(Avg: 75%)
+2.151e+03
.E +1.9396+03
+1.726e+03
+1.514e+03
+1.301e+03
+1.089e+03
+8.765e+02
+6.640e+02
+4.516e+02
+2.392e+02
+2.672e+01
-1.857e+02
-3.982e+02

Figure 17: Hoop stress on the vessel inside for an
example local bulge (depth=2", Fillet=40", V/H-
radius=100")

S, $22 (CSYS-1)
SPOS, (fraction = 1.0)
(Avg: 75%)
+2.893e+03
+2.713e+03
+2.534e+03
+2.354e+03
+2.174e+03
+1.995e+03
+1.815e+03
+1.635e+03
+1.455e+03
+1.276e+03
+1.096e+03
+9.162e+02
+7.365e+02

Figure 18: Hoop stress on the vessel outside for an
example local bulge (depth=2", Fillet=40", V/H-
radius=100")
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Figure 19: SCF at the center of the bulge vs. bulge
depth
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Figure 20: Maximum SCF in the bulge vs. bulge
depth
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Figure 22: SCF in the bulge and center of bulge vs
fillet radius
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Figure 21: SCF in the vessel vs. bulge depth

Figure 23: SCF in the vessel vs. fillet radius
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Figure 24: SCF at the center of a 2” deep bulge vs.
aspect ratio
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Figure 25: SCF at the center of a 4” deep bulge vs. Figure 28: SCF in the vessel due to a 2" deep bulgs.
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Figure 26: SCF in a 2" deep bulge vs. aspect ratio Figure 29: SCF in an oval vessel without a bulge
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Figure 27: SCF in a 4" deep bulge vs. aspect ratio

Figure 30: SCF in an oval vessel with a 2" bulge on
the short side

10 Copyright © 2014 by ASME



Ovality vs. SCF Ovality vs. SCF
Vessel Bulge
35.00 25.00
=¥ Hoop Outside Max ~ @ Hoop Outside Min = == Hoop Outside- min ~ @ Hoop Inside- min
3000 = = Hoop Inside Max = = Hoop Inside Min Axial Outside- min Axial Inside - min
: —— Axial Outside Max == Axial Outside Min —W Hoop Outside-max = = Hoop Inside- max
e Axial Inside Max e Axial Inside Min 000 =—— Axial Outside- max i Axial Inside- max
25.00
Two inch bulge on long side
2000 + 1500 Fillet Radius = 40
V/H Radius = 25
15.00
1000
Q 1000 g
50
5.00 +
0.00 + 0.00
a8 08 22
-5.00 +
Twoinchbugeonlongside S _— "~ 00
-10.00 Fillet Radius = 40
V/H Radius = 25
15.00 10.00
Ovality Ratio Ovality Ratio
H . H H ” H . H ” H
Figure 31: SCF in an oval vessel with a 2" bulge on Figure 33: SCF in a 2" bulge on the long side an aV
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Figure 32: SCF in a 2” bulge on the short side anval
vessel

Figure 34: SCF at the center of a bulge on the long
and short sides of an oval vessel
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