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RAI Numbers 6.2-96, 19.2-39, 19.2-40, 19.2-42, 19.2-43,
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NRC RAI 6.2-96

In ESBWR DCD Tier 2, rev 01, Section 6.2.5.4, which addresses 10 CFR50.44(c)(5) -
Hydrogen Rule, GE states that the pressure capability of the containment's limiting
component is higher than the pressure (GE does not quantify this pressure) that results
from assuming 100% fuel clad-coolant reaction. Provide the following information:

a) the estimate of the internal pressure loading on the ESBWR containment structure,
assuming an "accident that releases hydrogen generated from 100 percent fuel
clad-coolant reaction accompanied by hydrogen burning."”

b) where the estimate is in response to question (a), above, documented in DCD Tier
2.

¢) what the estimated temperature of the containment structure is at the time of this
event discussed in question (a).

d) a justification for the use of ambient temperature material properties, in the case
that the estimated temperature is higher than ambient temperature, or a revision to
the Service Level C pressure capabilities for each containment structural
component, consistent with its estimated structural temperature.

e) details of the analysis described in the last paragraph of ESBWR DCD Tier 2, rev
01, Section 6.2.5.4.2, for the concrete containment, "A nonlinear finite element
analysis of the containment concrete structure including liner plates is performed
for over-pressurization.”" If the analysis is contained in another section of the DCD,
provide the reference.

f) the estimate of the Level C pressure capability of the drywell head if evaluation of
instability is NOT included? Provide details of the calculation.

g) the estimate of the Level C pressure capability of the drywell head if the method of
Code Case N-284-1 (linear bifurcation buckling prediction, capacity reduction
factor for imperfections, capacity reduction factor for inelastic response, SF=1.67
for Level C) is used, instead of DCD Tier 2, rev 01, Section 6.2.5.4.2, Eq. (6.2-2).
Provide details of the calculation.

GE Response

a) Burn of hydrogen was not considered because of inerting. There is residual oxygen
(~3%), but burning this makes the containment pressure lower. The concentration
is too low for detonation so no pressure is added, only heat. This amount of heat is
small compared with decay heat, so it can be effectively removed by the PCCS -
which is not at its heat removal limit 4 hours into the scenario (the earliest time of
core melt that was calculated).

b) Itis notin Tier 2.
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c)

d)

g)

Temperature is not relevant because of the PCCS. The saturation temperature at
pressure should be used.

As a first stage, room temperature material properties were used in determining
Containment Ultimate Capacity and the results extrapolated for higher temperatures
(see NEDO-33201 Rev. 1 Table B.8-2, and response to RAI 19.2-45 and 46). In
addition, the way high temperature Drywell Head material is considered is
explained in response to RAI 19.2-55.

A confirmatory analysis was performed taking into account high temperature effects
explicitly. The results are shown in response to RAI 19.2-47.

Details of the nonlinear finite element analysis of the containment concrete structure
performed for over-pressurization are contained in report 092-134-F-C-0004, which
is available for NRC review at GE San Jose offices.

The estimate of the Level C pressure capability of the drywell head excluding
instability is 1.684MPa which is the pressure required to result in the primary
membrane stress equal to Service Level C allowable based on the ASME B&PV
Code Sec. 111, Subsection NE-3324.8(b). The details of calculation are described in
DC-0G-0052, “Structural Design Report for Containment Metal Components”,
Revision 1, which is available for NRC review at GE San Jose offices.

The method of Code Case N-284-1 is not used since evaluation of instability is not a

RG 1.7 Rev. 3 requirement for demonstration of containment structural integrity to
meet NE-3220, Service Level C Limits.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-39

In DCD Tier 2, Section 19.2.4, General Electric (GE) provides a containment performance
assessment for the ultimate pressure capability. This assessment was described in the
context of the containment pressure fragility estimates. However, it is the staff’s
expectation that deterministic containment performance assessment addressing the criteria
in SECY 93-087 and 10 CFR 50.44(c)(5) be located in this section and the structural
calculations and assumptions need to be presented in Chapter 19 or in Section 3.8. All
relevant structural assessments of the critical elements necessary to maintain containment
performance and integrity, such as reinforced concrete containment structure, drywell
head and its connections, critical bellows and their connections, large diameter piping
connections, instrumentation or power supply penetrations should be described and
discussed in Chapter 19.

Provide the following information for the deterministic containment performance
assessment in this section:

a) A discussion of the deterministic containment performance assessment of the
ultimate pressure capability of all relevant critical elements of containment
integrity and performance.

b) In order to ensure that the as-built plant implements the containment performance
as reviewed by the staff for the design certification, it is necessary to provide
essential details and drawings of critical sections of all critical components and
connections in the table of Inspection, Test, Analyses and Acceptance Criteria
(ITAAC) with clear statements related to as-procured engineering specifications,
certified as-built engineering reports, test data and results, walk down and
measurements of dimensions, as appropriate.

¢) A discussion of how 10 CFR 50.44(c)(5) is met, and, if the issue is addressed in
other sections of the DCD Tier 2, provide a direct reference.

d) SECY-93-087 requires satisfaction of Service Level C limits, including
considerations of structural instability, for the more likely severe accident
challenges for approximately 24 hours following the onset of core damage under
the most likely severe accident challenges, and, following this period, the
containment should continue to provide a barrier against the uncontrolled release
of fission products. Provide:

1) a discussion of how the SECY-93-087 requirements are addressed in the GE
deterministic containment performance analysis, include any transient condition
in which the containment could be subjected to negative external pressure
caused by condensation of internal hot gases and,

2) the estimate of the Service Level C pressure capability of the ESBWR
containment and associated failure modes for the challenges discussed in
response to question (1) above.
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GE Response

a)

b)

d)

PRA report NEDO-33201 Rev 1, Appendix B.8 contains evaluation of ultimate
pressure capability for all critical elements (concrete shell, drywell head, PCCS heat
exchangers, liner plates, and penetrations), along with the uncertainties in the
prediction of the failure pressure.

Inclusion of design details and drawings in ITAAC Tables is not warranted. DCD
Tier 1 ITAAC Table 2.15.1-1 already contains sufficient requirements to ensure that
the containment is built according to design configuration.

10 CFR 50.44(c)(5) regulation is met following RG 1.7 Revision 3 requirements for
demonstration of containment structural integrity by meeting ASME Service Level

C/Factored Load Category limits. Service Level C pressure capability evaluation is
contained in DCD Section 6.2.5.4.2.

It is GE’s understanding that the SECY-83-087 requirements are reflected in RG 1.7
Revision 3. The structural evaluation performed in accordance with RG 1.7 as
stated above also satisfies SECY-83-087.

No DCD changes will be made in response to this RAI
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‘NRC RAT 19.2-40

In DCD Tier 2, 6.2.5.4 and 19.2.4, respectively, GE provides a deterministic analysis and a
fragility analysis for the containment performance under internal pressurization. However,
neither information nor discussion of adequate anchorage of the drywell head into the top
concrete slab to ensure the anchorage capacity exceeds the load capacity of the drywell
head is provided in these sections. The design pressure for the ESBWR containment is 0.31

MPa (45 psi); the stated Service Level C pressure capability for the drywell head is 1.182
MPa (171 psi), which is about 4 times the design pressure. Provide the following

information:

a)

b)

In determining the Service Level C pressure capability for the drywell head, how
was the primary axial load path through the bolted flange closure (DCD Figure
3G.1-51, Detail B), to the anchored support cylinder (DCD Figure 3G.1-51, Detail
C), and into the concrete evaluated?

Include in the DCD details of the calculation which demonstrates that the Service
Level C pressure capability for the bolted flange closure, anchored support
cylinder, and supporting concrete exceeds 1.182 MPa (171 psi), including: (1) a
description of the load transfer from the drywell head, through the bolted closure,
to the overall concrete upper slab; (2) the location and magnitude of the maximum
radial shear load due to internal pressure; (3) the location and magnitude of the
maximum shear stress in the concrete; (4) a discussion of potential leakage through
the bolted flange closure at 1.182 MPa (171 psi) internal pressure; and-(3) a
discussion of potential bolt failure due to combined axial tension and transverse
shear loading.

GE Response

a)

b)

The primary axial load of the drywell head under internal pressure is resisted by the
bolted flange closure in the form of bending, by the anchored support cylinder
through the lower flange and gusset plate in the form of bending and shear, and by
the concrete in the form of bearing.

The Service Level C pressure capability of the bolted flange closure, anchored
support cylinder and supporting concrete was evaluated by stress analysis under
internal pressure loading equal to 1.182 MPa, the controlling Service Level C
capability. The results are summarized in Tables 19.2-40(1) through (4). All
stresses satisfy Service Level C allowable based on the ASME B&PV Code Section
HI, Subsection NE and CC; hence their Service Level C pressure capabilities are
higher than 1.182 MPa. The details of calculation are described in DE-ES-0024,
“Stress Analysis Report for Drywell Head under Severe Accident Condition”,
Revision 1, which is available for NRC review at GE San Jose offices. It should be
noted that under internal pressure load, no transverse shear is developed in the
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flange bolts and no radial shear in the anchorage system. See response to RAI 19.2-
52 for potential leakage through the bolted flange closure.

Figure 3G.1-51 of DCD Tier 2 Appendix 3G will be revised in the next update as
noted in the attached markup.

Table 19.2-40(1) Summary of Stress Evaluation for Flange

unit: MPa
Condition Stress Result Limit
Level C SH 201 1.5Sm¢ 227
SR 99 1.0Smc 151
ST -24 1.08 ¢ 151
(SH+SR)/2 150 1.0Smc 151
(SH+ST)/2 89 1.0Smc 151

Table 19.2-40(2) Summary of Stress Evaluation for Flange Bolt
unit: MPa
Condition Stress Result Limit
Level C o 212 228 | 439

Table 19.2-40(3) Summary of Stress Evaluation for Other Metal Parts

. unit: MPa

Evaluation Point SEZI:IC Result PL+PIt:imit
Lower Flange Plate Level C 386 01r.213§5mscy 393
g‘;;sge; e of Lower Level C | 334 | 0P | 393

Table 19.2-40(4) Summary of Stress Evaluation for Concrete Portion

unit : MPa
Evaluation Compressive Limit
Point Stress
Concrete Portion ’
near the Lower Flange Plate 16.4 0.6fc 207
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NRC RAI 19.2-42

What provision has GE made in the DCD to ensure that the containment structure
geometry, critical dimensions and details, and materials of construction will not be subject
to change without prior review and approval by the staff?

GE Response

Critical sections will be identified in the next update of DCD Tier 2 as Tier 2* items which
will require NRC Staff approval prior to implementing a change.
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NRC RAI 19.2-43

In DCD Tier 2, Section 19.2.2.4, GE provides a brief summary of the seismic fragility
evaluation using the Zion method in NUREG/CR-2300. However, the details of the
fragility results are presented in Section 15.0 of the PRA. These fragility results should be
included in this DCD section. Further, the seismic fragility results and the ultimate
containment pressure capability results should be adequately included in ITAAC tables of
DCD Tier 1. Provide the following information:

a) Include the seismic HCLPF values from Tables 15-1 through 15-13 of the ESBWR
PRA in DCD Tier 2, Section 19.2.2.4 and make appropriate entries into DCD Tier
1, ITAAC tables.

b) Also make appropriate entries into DCD Tier 1, ITAAC tables that address the
ultimate containment pressure capability results from both the deterministic and
fragility containment performance assessments.

GE Response

a) A summary of HCLPF margins is included in Table 19.2-4 of DCD Tier 2 Chapter
19 Rev. 1. Such information will not be included as ITAAC items in Tier 1 since
the existing ITAAC items for various SSCs will ensure that the plant has adequate
seismic margin beyond the design basis SSE due to the various conservatism
introduced in the normal design process.

b) Inclusion of ultimate containment pressure capability results in ITAAC Tables is
not warranted. DCD Tier 1 ITAAC Table 2.15.1-1 already contains sufficient
requirements to ensure that the containment is built according to design
configuration.

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-47

In PRA Appendix B.8.2.1, GE provides an estimate of containment pressure capacity at 500
°F temperature. This estimate was based on an ANL study, which concluded that the
failure pressure for RCCV at temperatures up to 700°F was reduced by about 11% from
that predicted at ambient temperature, for pressure load alone. Provide:

a)
b)

d)

a discussion of the applicability of the ANL study to the ESBWR containment.

a discussion of an estimate of the containment pressure capacity at 500°F, if the
ANSYS model had been used (Repeat the ANSYS analysis with degraded material
properties at 500°F), and a comparison of the ANSYS analysis result for 500°F with
the pressure capacity reduction estimate of 10% based on the ANL study.

a justification for using 500°F, based on the NUREG-1540 analysis of Oyster Creek
drywell. This analysis considered an accident scenario where the uniform
temperature was 800°F. Is 500°F just "typical”, or is it the true maximum accident
temperature that needs to be considered? Does 500°F represent a creditable upper
bound to the temperature challenge?

a discussion of any available test data of containment pressure capacity at high
temperatures for containments similar to ESBWR.

GE Response

a)

The cited ANL study considered an axisymmetric analytical model of the 1:6 scale
model of a reinforced concrete containment structure tested for over-pressurization
capacity at Sandia National Labs. The axisymmetric model used in the study was
based on a “clean” slice through the structure away from penetrations and thus
considered a global failure mode of the RCCV, namely failure of the hoop rebar at
mid-height of the barrel. Comparative analyses were considered for increasing
internal pressure at ambient temperature (70 °F everywhere) and for 3 thermal
conditions; steady state temperature distributions (linear through the wall thickness)
with the liner at 400 °F and at 700 °F, and a simulated transient condition (bilinear
temperature distribution through the wall) with the liner at 700 °F. The analyses
showed that the internal pressure that would cause failure of the hoop rebar splices
dropped from 185 psig for ambient temperatures to 165 psig for the700 °F steady
state condition. Note that the tested specimen did not fail in this global failure
mode, but rather reached a limit of 145 psig when liner tears prevented further
pressurization in a “leak before burst” mode. The lowest failure pressure in the
ANL study corresponded to the steady state thermal condition with 700 °F liner
temperature because the rebar had about 23% degradation in ultimate strength due
to the higher penetration of temperatures into the RCCV wall. The ANL study
concluded that the global failure mode for over-pressurization would not change
due to the associated thermal conditions, and that the reduction in capacity is
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b)

mainly associated with material property degradation at temperature. For the mode
of failure considered in the ANL study, the capacity was governed by the ultimate
strength of the hoop rebar and splices.

The results are applicable to the ESBWR analyses provided in Appendix B.8.2.1
because they are applied in a consistent manner. This static capacity analysis is
based on an axisymmetric model for the global failure of the RCCV. The capacity
of the RCCV is not expected to be the limiting capacity of the ESBWR primary
containment system, and the mode of this global failure under internal pressure is
not expected to change with temperature. While the failure mode in the
axisymmetric model for the ESBWR is found to be section shear capacity at a
horizontal floor connection (rather than hoop rebar capacity), a similar reduction in
capacity due to concrete and rebar property degradation at temperature was deemed
appropriate. Some conservatism is included in adapting the 10% reduction in
pressure capacity at elevated temperature from the ANL study to the ESBWR
axisymmetric global analysis. The ANL study found an 11% reduction at 700 °F,
whereas the ESBWR analysis considers a 10% reduction for a 500 °F condition. In
addition, for the section shear capacity failure mode, the thermal loading also has a
counteracting effect to the material property degradation. Any additional
compressive stress acting on the section due to restraint against thermal expansion
will increase the shear capacity of the section.

To better assess the true pressure capacity of the RCCV and the effects of
temperature on this capacity for the ESBWR containment system, an independent
and a more detailed analysis using 3D modeling is performed. This analysis
employs the ANACAP-U concrete and steel model coupled to the ABAQUS
general purpose finite element program, and is based on the modeling performed
for the thermal stress analysis of the LOCA conditions as part of the design basis.
Thermal-stress analyses are performed for a half-symmetric, 3D model for the
RCCV and reactor building using temperature dependent material properties. As a
best estimate calculation, this analysis is based on median or expected values of
material properties. This 3D model is better equipped to capture the non-
axisymmetric configuration of the top slab and upper pools. The pressure capacity
is determined for normal operating thermal conditions and then for the 500 °F
accident condition case using a steady state temperature distribution with the
drywell liner temperature increased to 500 °F. The wet well is considered to have a
3 psi differential (lower) pressure than the drywell and with a temperature
corresponding to that of saturated water vapor at that pressure in the suppression
pool.

Figures 19.2-47(1) and 19.2-47(2) plot the temperature contours for the normal
operating condition and for the 500 °F condition, respectively, to illustrate the
modeling. Figures 19.2-47(3) and 19.2-47(4) plot contours for the maximum
principal strains in the concrete (with steel liners removed) with deformations
magnified by 10 at an internal pressure of 4 times the design pressure for the normal
operating and 500 °F cases, respectively. These figures illustrate the deformation
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patterns and that the critical location for pressure capacity of the RCCV is at the
connection of the top slab to the upper drywell wall. Cracking damage and trauma
in the upper pool girders are also evident in the figures. It is found that the pressure
capacity of the RCCV component of the primary containment system is limited by
shear failure in the pool girders that span the top slab. This loss of structural
integrity in these girders will then lead to rapid failure of the containment boundary
at the connection of the RCCV wall to the top slab. For normal operating
conditions, shear failure in the pool girders occurs at an internal pressure of 2.135
MPa or 6.88 times design pressure. For the 500 °F accident condition, the pool
girders fail in shear at an internal pressure of 1.915 MPa or 6.17 times design
pressure. Note that the mode of failure does not change because of the elevated
temperatures, and that the reduction in the pressure capacity due to temperature is
about 10%. This confirms that the 10% reduction factor used in the ANSYS
analysis is appropriate.

¢) The design envelope for temperature, which is a bound on possible maximum
anticipated temperatures, during a LOCA includes an initial spike to 171 °C (340
°F) and a long term temperature of 150 °C (302 °F). The best estimate temperature
history for a large break leading to DCH conditions, see response to RAI 19.2-
57(1), considers a temperature spike of ~1600 °C lasting only a few seconds, with a
long term equilibrium temperature of about 200 °C (392 °F). Based on these severe
accident temperature histories, the steady state temperature distribution with the
liner at 500 °F is considered a representative maximum accident temperature
distribution with regards to the containment pressure capacity. The pressure
capacity for the RCCV is most affected when temperatures penetrate well into the
wall depth because the strength reduction is most affected by material degradation
at elevated temperature. Even a much higher temperature spike that lasts only a
few seconds will have little effect on the pressure capacity because the temperatures
within the RCCV wall are not affected. Note that in the ANL study, the pressure
capacity for the 700 °F transient thermal distribution case was higher than the 400
°F steady state distribution case.

d) We are unaware of any available test data for containment pressure capacity at high
temperatures for containments similar to ESBWR. However, refer to response to
RAI 19.2-41 c) for some discussion of available test data for containment pressure
capacity at ambient temperature relative to the ESBWR containment design.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-48

In PRA Appendix B.8.2.1.2, GE presents the results of its analysis for estimating the
ultimate pressure capacity for the drywell head at 500°F. Failure of the drywell head is
either by buckling (elastic or inelastic) in the knuckle (toroidal) region or rupture due to
tensile strains approaching the material ultimate strain limit. GE's analysis relies on the
use of two (2) approximate equations. GE claims that the Shield and Drucker equation
(B.8-1) addresses plastic yielding, and the Galletly equation (B.8-3) addresses buckling.
Please address the following:

a)

b)

d)

The staff noted that the Shield and Drucker equation (B.8-1) and the Galletly
equation (B.8-3) give essentially identical results. Using the geomelric parameters
from DCD Figure 3G.1-51, equation (B.8-1) predicts 0.005156 Sy and equation
(B.8-3) predicts 0.00503 Sy. The staff also noted that both equations include the
yield strength, but not the elastic or tangent modulus. It is unclear to the staff that
these equations consider 2 different and distinct modes of failure. GE is requested
to submit the 2 referenced papers for staff review, and to provide additional
documentation in the DCD that supports its claims.

GE has compared the Galletly equation (B.8-3), taken from Reference B.8-3, to "all
known test results (43 in total)" taken from Reference B.8-2. Reference B.8-2 is
dated June 1961. This reference also contains the Shield and Drucker equation
(B.8-1). GE is requested to submit the test data used, including geometry and
materials of the test specimens, and to confirm that there is no new test data
available on failure of torispherical heads since this compilation in 1961.

The first step in accessing the applicability of the test results to the ESBWR drywell
head is to compare the key geometric ratios tested and the materials tested to the
ESBWR drywell head parameters, to ensure inclusion in the test database. If
included, then the factor of conservatism should be developed using only the subset
of test data that applies to the ESBWR drywell head. If excluded, then there is no
basis to develop a factor of conservatism based on this test data. The staff noted
that in PRA Figure B.8-2, it appears that the highest ratio of predicted pressure to
yield strength for any of the test specimens is about 0.0026. For the ESBWR
drywell head, this ratio is 0.00503. GE is requested to provide its technical
Justification why this test data is applicable to the ESBWR drywell head,

Explain how the Reference B.8-2 test data was used to develop and/or correlate
with the Shield and Drucker equation (B.8-1), which is presented in the same
reference. "

In the absence of buckling in the elastic stress range, the actual failure mode will
likely be either gross yielding at the apex of the head or inelastic buckling in the
knuckle region, depending on the specific material plastic behavior and the
geometric parameters of the torispherical head. As the material yields at loads
above the elastic limit, the stiffness is reduced due to a decrease in the tangent
modulus. For mild steels, exhibiting a pronounced yield point and plateau up to
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about 3% strain, a buckling instability in the knuckle region, in the presence of a
compressive stress field, would be expected. However, there may be residual post
buckling strength because the stress field in the head is predominantly tensile. GE
has relied on simple semi-empirical formulas to predict the ultimate pressure
capacity of the limiting structural element of the containment. There is a long
history of study of failure of torispherical heads under internal pressure. Many
options exist for conducting computer-based numerical analysis, including
consideration of inelastic behavior, buckling failure, and even post-buckling
behavior. GE is requested to discuss the correlation between the semi-empirical
equations used and available numerical analysis methods (e.g., BOSORS5) in
estimating the ultimate pressure capacity of the ESBWR drywell head.

At the end of PRA Section B.8.2.1.2, in the comparison of failure pressures between
the plastic yielding failure and buckling, the pressure for the buckling failure mode
was estimated based on a best estimate value (factor of 2.27 applied to Equation
B.8-3), while the plastic yielding failure pressure was computed directly from
Equation (B.8-1). Discuss whether Equation (B.8-1) was intended for design
purposes, and represents a lower-bound prediction, or if it is considered to be a
best-estimate prediction. If it is intended to be a lower-bound prediction, explain
the technical basis for the comparison of the lower bound yield pressure with the
best estimate (median) buckling pressure.

GE Response

a)

The requested papers are attached in response to this RAI.

b) Reference B.8-2 is attached to this RAI. As stated in NEDO-33201 Rev. 1, the

Galletly equation (B.8-3) and the 43 cited results are based on References B.8-3,
B.8-4 and B:8-5 dated November 1986, August 1979 and August 1985,
respectively. All these papers were published well after June 1961.

The Galletly equation B.8-3 was developed to prevent internal pressure buckling
(unsymmetric buckling mode) in fabricated carbon steel or stainless steel
torispheres. That effect occurs typically for D/t ratios greater than 400 or 500 (D is
the diameter of the attached cylinder, and t the thickness of torispherical shell). The
ESBWR design has a D/t ratio equal to 260, well below 400 (the material is SA-516
Gr. 70 with clad).

The Galletly equation is checked in Reference B.8-3 against 44 experimental
buckling tests. The key geometric ratios tested were; D from 1.35 m to 20.3 m, D/t
from 373 to 2,325, t/D from 0.04 to 0.173, and Rs/D from 0.72 to 1.10. In addition,
yield points ranged from 197 N/mm?® to 293 N/mm? (r is the radius of the cylindrical
shell, and Rs the radius of the spherical cap).

The actual values for the ESBWR drywell head are: D = 10.4 m, D/t = 260, 1/D =
0.173, and Rs/D = 0.90 and yield point equal to 260 N/mm2. All the ratios are
within the range of applicability, with the exception of D/t ratio, which is slightly
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out of the range of the tested geometry ratios, but conservatively so (more
thickness).

Accordingly, PRA Figure B.8-2 is not the range of applicability of the equation.
This means only that the predicted yield pressure and the tested yield pressure are in
relation 1 to 1.5 as a lower bound.

As for the applicability of the Shield-Drucker equation B.8-1, it was derived in
accordance to Reference B.8-2, for values of r/D between 0.06 and 0.16, Rs/D
between 0.6 and 1.0, t/D between 0.002 and 0.014 and H/D between 0.16 and 0.28
(H is the height of the non-cylinder-shaped part of the head). Again, all the ESBWR
ratios are within the range, with the exception of r/D (=0.173), which is slightly out
of the range, but conservatively, as shown in References B.8-2 figures. The
ESBWR H/D ratio is 0.249.

See attached Reference B.8-2 for details on the developing of Equation B.8-1
(Shield and Drucker).

BOSOR 5 computer program was already used to develop the Galletly equation as
stated in References B.8-4 and compared to available data (Reference B.8-5) Note
that they yield a reasonable agreement.

Shield and Drucker formula B.8-1 is considered a best-estimate prediction for
plastic yielding. Some comparisons between the Shield-Drucker formula and
average of upper and lower bounds on limit pressures can be found in Reference
B.8-2. They show a good agreement with data. Accordingly, Shield-Drucker
formula B.8-1 is considered a best-estimate prediction and its result can be
compared to that from 2.27 times the Galletly equation value (best-estimate for
buckling pressure).

No DCD changes will be made in response to this RAI.
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NRC RAI 19.2-51

In PRA Appendix B.8.2.2.1, GE stated that the thermal induced loading would not pose a
challenge to liner buckling since the increase in internal pressure could be much faster
than the heat conduction through the containment wall for the typical temperature load
(GE stated that the representative severe accident temperature for the ESBWR containment
is 500°F). However, a postulated direct containment heating (DCH) event could induce
much higher temperature than 500°F within a short period of time due to particle
entrainment. In PRA, Section 21.3.4.5, GE stated that strains in liners due to DCH induced
thermal stresses are about 8% (which could be considered high for carbon steels).
Provide:

a) a description of the characteristics of a DCH induced temperature load in liners
above 500°F;

b) a discussion of the possible DCH induced thermal load build-up before the build-up
of internal pressure sufficient to prevent the thermal induced buckling in liners,

¢) adiscussion of liner materials to sustain high strains, especially near penetrations;

d) discussion of thermal induced local liner tearing, including any test data if
available.

GE Response

a)& b) Detailed analysis of DCH is described in Section 21.3 of NEDO-33201 Rev 1.
A discussion on DCH induced temperature loads is also presented in the
response to RAI 19.2-57 and a resulting drywell temperature history is shown
Figure 19.2-57(1). The associated drywell pressure history is shown in Figure
19.2-51(1). Detailed model calculation presented in NEDO-33201 Rev 1
Section 21.3 and related physical understanding show that in a hypothetical
DCH event the pressure and temperature transients in the upper drywell and
the wet-well atmospheres would develop in tandem, with the pressure
transient” “leading the way”. Note that in the lower drywell we assume
localized liner failure due to direct contact with the melt.

c) The liner material used in the ESBWR containment is SA-516 Gr. 70 carbon steel,
which has a long history of application as a liner material in reinforced concrete
containment designs where the design requirement is to provide a strong, ductile
material as the leak tight boundary for the concrete. This material has a specified
minimum elongation of 17% at room temperature, and the expected median value
will be 20%. While no specific elongation data on A516 Grade 70 at high
temperature has been found, the available data indicates that for temperatures over
800 °F, the ductility of carbon steel increases significantly. Figure 19.2-51(2)
illustrates median data for A36 structural steel, developed from testing on steel
taken from the World Trade Center [Ref 1], and median data for SA533 pressure
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vessel steel from testing following the Three Mile Island accident [Ref 2]. Based
on this data, the expected median elongation of A516 steel would be about 39% at
temperatures around 1100 °F.

To evaluate calculated strains from finite element analyses against material
elongation data for tearing, two additional factors must be considered. First, the
actual ductility of the material depends on the biaxial or triaxial state of stress, so
that the elongation data from uniaxial tension tests must be reduced to account for
the biaxial loading in the liner. For liner connections with thickened plates at
penetrations, where tearing is likely to occur, the ductility is generally taken as
60% of the uniaxial elongation data. This assumes that the material is in biaxial
tension where the hoop direction is 2 times the axial direction, i.e. pressure
loading for the barrel portion of the containment. Secondly, the calculated strains
must be factored to account for strain concentrations that are not captured by the
mesh at these types of connections. This factor depends on the fidelity of the
mesh and the refinement detail of the model. For global, axisymmetric type
models, a factor of 10-15 on the far field liner strain is needed to estimate the local
strain in the liner at a penetration. For 3D global models that include some
representation of the penetration, a factor of 4 to 5 on the calculated liner strain
near the penetration of interest is sufficient to establish the peak local strain. For
detailed local models that include the connection of interest, a factor of 1.5 to 2 is
generally appropriate.

For the liner buckling model described in Section 21.3.4.5 of NEDO-33201 Rev
1, the peak strain occurs midway between the anchor studs remote from any
connection or discontinuity, and the modeling has good mesh refinement. Thus,
the calculated strain of about 8% could be compared to the expected ductility of
about 23% under biaxial loading at elevated temperature. This shows a large
margin against tearing. However, the reported calculation is not representative of
the liner anchorage configuration specified for the ESBWR. The referenced
calculation assumes the liner is anchored with studs, whereas the ESBWR
anchorage design is for continuous vertical T stiffeners spaced 50 cm apart.

Thus, a detailed local model for the liner, T anchors, and thickened plate near a
representative equipment hatch for the ESBWR design was developed to evaluate
strain and possible tearing near the penetration under hypothetical DCH
conditions. This model is a sub-model from a local model of the penetration and
portion of the RCCV wall that is currently being used to further assess the
capacity of the containment system to internal pressure. Figure 19.2-51(3)
illustrates the local model of the penetration and RCCV wall, and Figure 19.2-
51(4) illustrates the more detailed local model of the liner and anchorage system.
This model takes boundary conditions along the cut surfaces from the local
penetration model (Figure 19.2-51(3)), and the local penetration model takes its
boundary conditions from a global model of the ESBWR primary containment
system. The temperature and pressure histories, representative of a large break
DCH condition, are used to evaluate liner strains near the equipment hatch
penetration under DCH conditions. The temperature history used is provided as
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Figure 19.2-57(1). The associated drywell pressure history is shown in Figure
19.2-51(1). The models are initialized to steady state operating conditions, and a
nonlinear, dynamic thermal stress analysis is performed using the temperature and
pressure transients. Figure 19.2-51(5) plots contours for the effective plastic
strains in the liner at the time of peak temperature when the temperature on the
inside surface of the liner is 1629 °C. This figure shows that general yielding is
widespread in the liner due to the high compressive stresses with somewhat larger
plastic strains along the connections of the liner with the T-anchors. Also, clearly,
the highest plastic deformations occur around the connection of the liner with the
thickened plate at the penetration with peak plastic strains of 4%. Considering a
strain concentration factor of 2 for the mesh refinement used, the calculated
strains are well within the ductility of 23% for the liner at the elevated
temperature. Furthermore, a check of the principal membrane stresses shows that
the material is yielding in compression. Membrane tension is needed before liner
plates will tear. Therefore, liner tearing at the penetration will not develop under
this DCH condition.

The expected performance of the ESBWR liner and anchorage system can also be
illustrated based on full-scale test data as described below.

Full scale testing of a steel lined RCCV wall was performed in Japan [Ref 3] to
evaluate the liner and anchorage performance under LOCA conditions in
association with the ABWR design. The liner and anchorage design for the
ABWR is the same as that for the ESBWR, namely 6.4 mm thick A516 Grade 70
steel liner plate attached to vertical T-bar embedded anchors 50 cm apart. A
section of a 2 m thick concrete wall and a liner anchored with vertical T sections
were tested by heating the liner to 171 °C for 6 hours as representative of LOCA
conditions. The test was performed with the liner unconstrained for out-of-plane
deformation and also for cases where the liner is pressed against the concrete wall.
These tests showed bulging of the liner between the anchors under the elevated
temperatures. A maximum bulge at the midspan of the liner between anchors of 6
to 13 mm was found for the unconstrained cases, and a maximum bulging of only
2-3 mm was found for the constrained cases. Moreover, for the unconstrained
case having 13 mm bulging at temperature, the maximum bulge between
stiffeners was only 3.4 mm after the liner cooled back down. This implies that the
bulging causes some plastic deformation under the thermal induced compressive
load, sufficient to prevent the liner from fully returning to the original
configuration (no pressure on liner). However, the recovery was significant,
indicating a good margin against tearing, and, indeed, no tearing of the liner was
found in these tests.

For the DCH conditions, a much higher temperature spike would be anticipated,
but this spike occurs and dissipates within a few seconds, as illustrated in 19.2-
57(1). The longer-term temperature for the DCH condition is about 200 °C,
which is very similar to the LOCA conditions that were tested. In addition, at the
high temperatures, the material softens considerably, which means that it develops
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less thermal stress and is more easily flattened against the concrete by the internal
pressure. The pressure and temperature transients would develop in tandem, and
the liner experiences two counteracting effects under the DCH conditions,
namely, in-plane compression due to restrained thermal expansion, and in plane
tension (limited by the RCCV wall) due to internal pressure, which acts to push
the liner against the concrete wall. Consequently, thermal induced compressive
yielding and bulging of the liner away from the wall is anticipated, but local liner
tearing is unlikely to occur under the hypothetical DCH conditions.
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Figure 19.2-51(1) Drywell Pressure History for Large Break DCH Conditions
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2 m Thick
RCCV Wall

16 mm Steel Shell

Bolted Connections

38 mm Collar
Figure 19.2-51(3) Local Model of Representative Equipment Hatch for ESBWR
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. Concrete Elements

Liner Thickened Plate

T Anchors

Steel Plate Thickness

Red 38 mm
Blue 16 mm
Green 6.7 mm
Gray 6.4 mm
Yellow 5.6 mm

Concrete Layer Removed

Figure 19.2-51(4). Local Model of Liner and Anchorage System at Equipment Hatch
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Figure 19.2-51(5) Accumulated Plastic Strain at Time of Peak Temperature
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NRC RAI 19.2-52

In PRA, Revision 1, Appendix B.8.2.2.2, GE used a Sandia-proposed springback for
leakage prevention at seals. According to PRA, Revision 0, Section 8.2.1.3, the allowable
technical specification leakage is 0.5% of containment air volume per day at rated
pressure. GE further stated in the same section that based on MAAP test runs, the effective
flow area required to allow 0.5% of the containment air volume to leak per day at design
pressure is approximately 3.4E-6 m2 (3.4 mm2). However, in PRA, Revision 1, Appendix
B.8.2.2.2, GE estimated that the seal gaps for the drywell head and both drywell and
wetwell hatches exceed the springback limit and possibly have a flow area greater than the
allowable technical specification leakage area. Provide justification for the statement that
the resulting maximum gap of 0.077 mm is deemed small.

GE Response

Bolted flanges of the drywell head, drywell and wetwell hatches have been strengthened to
achieve no leakage potential under severe accidents for pressures up to the containment
ultimate capability pressure. This is an example of design improvement resulting from
PRA insights. PRA report Sections B8, B8.2.2.2 and B.8.2.3 will be revised in the next
update as shown in the attached markups.

In addition, Figures 3G.1-51 through 3G.1-53 of DCD Tier 2 Appendix 3G will be revised
in the next update as noted in the attached markup.
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NRC RAI 19.2-53

In PRA, Revision 0, Section 8.1, GE stated that "However, for source term calculations,
leakage in terms of leak areas is conservatively estimated for pressures below the
capability pressure.”" However, Section 8.1.2.2 "Leakage Potential” seems to conclude that
the leakage potential for the liner and penetrations is negligible. FExplain the apparent
discrepancy.

GE Response

The statement "However, for source term calculations, leakage in terms of leak areas is
conservatively estimated for pressures below capability pressure" has been deleted from
Section B.8 in Rev. 1 of PRA report.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-54

In PRA, Appendix B.8.3, GE treated the failure pressure due to plastic failure mode
calculated using Equation (B.8-10) as a median value. Provide justification for this
judgement, including a description of the development of this equation, assumptions used,
stress-strain relation assumed, and magnitude of failure strain, as well as test data
available to support the median failure pressure capacity estimate.

GE Response

The paper [19.2-54(1)] from which PRA Equation (B.8-10) was taken, came up with a
formulation to account for internal buckling pressure and axisymmetric yielding pressure
for perfect torispherical shells in the range; Rs/D =1.0 and 0.8, /D =0.05-0.20, D/t=300-
1500, yield point =207 N/mm2, 310 N/mm2, 414 N/mm2 and E =207,000 N/mm?2,
(conservatively bounding the ESBWR drywell head characteristics).

The authors made a series of calculations using BOSOR 5 computer program, to determine
the values of both failure modes, which were then transformed, using curve-fitting
techniques, into simple approximate equations. The approximate equation on axisymmetric
yielding failure is PRA Equation (B.8-10).

Among others, a comparison was carried out there, between the suggested formula PRA
(B.8-10) and the Drucker-Shield equation (PRA Equation (B.8-1), both dealing with
axisymmetric yielding failure mode). It was found that Drucker-Shield equation leads to
higher values (between 1.2 and 1.8 times). This is the reason to consider Drucker-Shield
PRA Equation (B.8-1) as a best estimate, and PRA Equation (B.8-10) as median.

There are no stress-strain information or failure strain data available in the available paper.
Reference 19.2-54 (1):

Galletly, G.D., and Blachnut, J., Torispherical Shells Under Internal Pressure — Failure Due
to Asymmetric Plastic Buckling or Axisymmetric Yielding, Proc. of Institution of Mech.
Engineers, Vol. 199, No C3, 1985. :

No DCD changes will be made in response to this RAIL
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NRC RAI 19.2-58§

In PRA, Appendix B.8.3, GE described the development of a containment pressure capacity
fragility curve using a lognormal distribution. Confirm that this fragility is developed for
500°F and it also bounds the ambient temperature.

Also provide a detailed description of the ultimate pressure capacity estimates for 1000°F
as shown in Table B.8-2, including material models at 1000°F for both concrete and steels.

GE Response

The containment pressure capacity fragility curve is developed for 500°F and
conservatively covers the ambient temperature. Temperature effects are taken into account
by means of the yield strength variation with temperature.

Refer to response of RAI 19.2-46 for details on calculation of RCCV ultimate pressure
capacity at 1000°F. Refer also to RAI 19.2-47 about the confirmatory analysis for the effect
of temperature.

No DCD changes will be made in response to this RAI
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NRC RAI 19.2-66

In PRA, Revision 0, Section 15.1.3.1.1, GE described a method for calculating the ultimate
shear strength of reinforced shear walls. This method utilizes the Barda Equation, which
applies to low rise flat reinforced concrete shear walls with the height/length (h/l) ratio less
than two. According to studies (Figure C4.2-1 of ASCE 43-05), which compared the Barda
Equation with test data for shear walls with different aspect ratios (W/l), the Barda equation
gives results that are consistent with the median of the test data, when code-specified
minimum material strengths are used in the equation.

However, GE stated that in computing ultimate shear strength with this equation, the
median material strengths of the concrete and reinforcing steel are used. This appears to
double count for the material strengths, since the Barda Equation has already taken the
median effect into consideration.

Provide justification for applying median values of material strengths in the Barda
Equation for the ultimate shear strength of reinforced concreted shear walls.

GE Response

Note that the Barda equation uses actual properties of material and not code-specified
minimum strength. Therefore, the use of median material strengths is correct when
applying the Barda equation.

However, the associated strength factors will be updated as necessary in the HCLPF
reevaluation due to the revision of the design spectra definition as mentioned in response to
RAI 19.2-67.
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NRC RAI 19.2-67

In PRA, Revision 0, Section 15.1.3.1.1, GE described a method for calculating the ultimate
shear strength of reinforced shear walls. GE also described the shear strength calculation
for the reactor building as an example. In Table 15-3, GE presented the seismic fragility
for containment walls, and the governing failure is described as the lower wall with shear
failure mode. GE did not describe the detailed analysis for containment walls, which have
cylindrical geometry (Note that the Barda et al. equation does not apply to this geometry).
Provide the following information:

‘' a) Provide a detailed description of the calculation for the strength factor for the
reinforced concrete containment, including assumptions and data applied.

b) Provide a description of criteria used for the ultimate strength determination for
both shear and flexural modes of failure of the reinforced concrete containment.

¢) Provide the containment HCLPF value in terms of spectral acceleration, and the
fundamental frequency of the reinforced concrete containment structure.

GE Response

As a result of the single envelop revision to the design spectra for the ESBWR, revision of
the results for the fragilities will be submitted in the next revision of the DCD.

a) To calculate the strength factor for the RCCV the SSE stresses calculated from the
finite element stress analysis were used. Depending on the failure mode that
controls, the appropriate ultimate capacity is used to establish the strength factor as
a ratio of the demand to the capability.

b) Methods of calculating ultimate capacity follows the guidance in EPRI-6041
document for containment structures. Tangential shear capacity guidance is
obtained from Appendix N of the same EPRI report.

The containment HCLPF in terms of spectral acceleration will be provided in the planned
revision described above due to changes in the generic spectra shape.
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NRC RATI 19.2-68

In PRA, Revision 0, Section 15.1.3, GE used a fragility method for calculating structural
HCLPFs, based on scaling the design seismic response with safety factors and associated
aleatory and epistemic uncertainty values. The determination of these uncertainty values
typically requires substantial subjective inputs as compared to the deterministic
engineering approach such as CDFM (Conservative Deterministic Failure Margin).

Provide a discussion of the selection and basis for the aleatory and epistemic uncertainty
values in Table 15-3 used for the RCCV HCLPF calculation.

GE Response

The selection of aleatory and epistemic uncertainty values follows the guidance in EPRI
Report TR 103959s. The values will be updated as necessary in the HCLPF re-evaluation
due to the revision of the design spectra definition as mentioned in response to RAI 19.2-
67.



NEDO-33201 Rev 2

B.8§ CONTAINMENT ULTIMATE STRENGTH

This section describes the analysis and evaluation used to estimate the containment internal
pressure capability and associated failure mode and location. The ultimate pressure capability of
the containment structure is limited by the drywell head whose failure mode is plastic yielding of
the torispherical dome. The pressure capability is 1.204 MPa gauge at 533K (500°F). It is a
typical temperature for most severe accident sequences. The containment is conservatively
assumed to depressurize rapidly when the pressure capability is reached. No leakage through
penetrations is anticipated before the capability pressure is reached.

The primary function of the containment structure is to serve as the principal barrier to control
potential fission product releases. The design basis event for this function is a postulated loss-of-
coolant accident (LOCA). Based on this functional requirement, the containment pressure vessel
is designed to withstand the maximum pressure and temperature conditions which would occur
during a postulated LOCA. The ESBWR containment system employs pressure suppression,
which allows a design pressure of 0.310 MPa and a design temperature of 444°K (340°F) for the
primary containment pressure vessel. In addition, the suppression pool retains fission products
that could be released ‘in the event of an accident. In this section the capability of the
containment structural system of the ESBWR standard plant to resist potentially higher internal
pressures and temperatures associated with severe accidents is evaluated.

Primary containment, also referred to as “RCCV” for reinforced concrete containment vessel, is
a cylindrical structure of steel-lined reinforced concrete. The containment is integrated with the
reactor building (RB) walls from the basemat up to the elevation of the containment top slab.
The top slab, together with pool girders and building walls, form the IC/PCCS pools and the
services pools for storage of Dryer/Separator, fuel handling, new fuel storage and other uses.
The elevation view of the reactor building/containment structural system along 0°-180° direction
is shown in Figure B.8-1. The containment is divided by the diaphragm floor and the vent wall
into a drywell chamber and a suppression chamber or wetwell chamber. The drywell chamber
above the diaphragm floor is called the upper drywell (U/D). The drywell chamber enclosed by
the RPV support pedestal (a part of RCCV) beneath the RPV is called the lower drywell (L/D).
The major penetrations in the containment wall include:

(1) Drywell head

(2) The upper drywell equipment and personnel hatches at azimuth 307° and 52°
(3) The lower drywell personnel and equipment hatches at azimuth 0° and 180°

(4) The wetwell hatch at azimuth 115°

(5) The main steam and feedwater pipe penetrations at the level of the steam tunnel
Additional detail of the containment design is provided in Section 4.0.

The pressure boundary of the containment structure consists of the reinforced concrete
containment vessel (RCCV) and the steel drywell head. The structural integrity of the RCCV is
investigated for its global strength under internal pressure beyond the design basis using the
ANSYS computer program, which is based on the nonlinear finite element method of analysis
for 3D reinforced concrete structures. During various severe accident conditions, the ESBWR

B.8-1
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containment could also be challenged by high temperatures with a typical temperature of 533°K
(500°F) for most accident sequences). At typical accident temperature of 533°K (500°F), the
controlling pressure capability is 1.204 MPa associated with the plastic yielding of the drywell
head.

In order to evaluate liner response to over-pressurization, liner plates are included in the ANSYS
analysis. The analysis results show that the liner strains are much smaller than the ASME code
allowable for factory load category when the internal pressure is as high as 1.468 MPa. A
separate evaluation further demonstrates that at the governing containment failure pressure of
1.204 MPa at 533°K (500°F), the liner and anchor system will maintain its structural integrity
and no liner tearing will occur.

No leakage potential through penetrations is expected.

In conclusion, the ultimate pressure capability is limited by the drywell head. The postulated
failure mechanism is the plastic yield of the drywell head. The pressure capability is 1.204 MPa
gauge at 533°K (500°F). The pressure capability evaluation described above is based on the
deterministic approach. The uncertainties associated with the failure pressure are assessed in
Section B.§8-3.

B.8.1 RCCV NON-LINEAR ANALYSIS

This subsection describes the non-linear analysis performed for the reinforced concrete
containment vessel (RCCV) of the ESBWR Standard Plant. Computer code ANSYS was used
for evaluation of the RCCV.

B.8.1.1 Finite Element (FE) Model Description

The containment and the containment internal structures (excluding GDCS pools structures) are
axi-symmetric while the RCCV top slab together with the reinforced concrete girders even
though not axi-symmetric, are idealized and included in the axi-symmetrical model. Solid
elements are used to represent the girders at the top of the RCCV, approximating the stiffness of
the actual structure from a detailed model of the walls and slabs in the upper pools.

To represent the restraining effects of the floors outside the containment, horizontal restraining
slabs are used with equivalent material properties. The model includes concrete elements, the
reinforcing steel, the steel liner plate of the drywell, the drywell head, the wetwell with the vent
wall and diaphragm floor structures.

The model consists of 3780 nodal points and 2160 elements. There are 1497 elements
representing concrete, whereas 249 elements are isotropic, representing steel plates. The soil
below the foundation mat was modeled as 72 spring constants, 342 concentrated mass elements.
See Figure B.8-1 for the model.

The ANSYS computer program permits the specification of bi-linear, brittle or ductile material
properties. The concrete and soil elements are specified to have properties with no or low tensile
capability. The steel plate elements and the rebar elements are specified to have ductile material
properties with the same strength in tension and compression. The capability of the ANSYS
program to accommodate ductile material behaviors permits both concrete cracking and yielding
of steel and rebar. This allows the program to consider redistribution of forces throughout the
structure due to the non-linear behavior such as concrete cracking.

B.8-2
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Equation B.8-4 is based on the assumption that significant leakage can be prevented as long as
positive compression of the gasket is maintained. Equation B.8-5 is empirical based on test
results that even a degraded gasket can effectively prevent leakage if the separation of the sealing
surfaces is equal to or less than 0.127 mm (0.005 in).

For the pressure-unseating drywell head closure and equipment hatches, the pressure required to
separate the sealing surfaces is a function of the bolt preload, axial stiffness of the bolts and the
compression flanges, and the differential thermal expansion between the bolts and the
compression flanges. The separation pressure (Ps) for operable penetrations is calculated in
accordance with the following formula, as per Reference B.8.8, even the seal degradation
temperature of about 533°K (500°F) has reached.

E
[(Kb + Kf)K—*+ K, (& —gTb)LJ
P, = L

(1 +2v —K-"-J el
Kf

Where the subscripts f and b denote the compression flanges and bolts respectively.

B.8.6

Fi: total bolt preload

K: total axial stiffness

e1: thermal strain

L: bolt grip

N: Poisson’s ratio (0.3)

r: inside radius of penetration

The adequacy of this approach has been recently confirmed by the Sandia hatch leakage tests
(Reference B.8-9) in that the predicted leakage onset pressures were in favorable agreement with
the test results. The drywell head anchorage to the top slab has a pressure capability higher than
the drywell head shell and the leakage path of the drywell head assembly before the failure
pressure is reached is through the flanges.

The drywell head is a 10.4-m diameter closure with double seal. One hundred twenty 80-mm
diameter bolts hold the head in place. There are 2 drywell equipment hatches and 1 wetwell
hatch in the containment wall. The diameters are 2.4 m for drywell equipment hatches and 2.0 m
for the wetwell hatch. The drywell equipment hatches have twenty 43 mm diameter bolts, and
the wetwell hatch has twenty 38 mm diameter bolts. According to Equation B.8-6, the
separation pressures are: 1.3 MPa for the drywell head, 1.4 MPa for the drywell equipment
hatches and 1.6 MPa for the wetwell hatch. All of them are higher than the 1.204 MPa capability
pressure. This means that no separation of the flange surfaces can be expected, and no leaks
through the penetrations.

For equipment hatches, another potential leakage mechanism is ovalization of the sleeve which
causes the sleeve to slide relative to the tensioning ring (or the cover flange). An initiation of
leakage due to sleeve ovalization, however, requires significant deformations of the containment
shell around the equipment hatch. The average circumferential membrane strain in the shell that
is needed to result in the initiation of leakage from ovalization for equipment hatches identified

B.8-8
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in the ANL survey (Reference B.8-8) was found to range from 2.5% to 7.3% by SNL (Reference
B.8-8). For the equipment hatches under consideration, the ovalization leakage onset strain
which is the ratio of the sleeve wall thickness at the sealing surface to the sleeve radius ranges, as
a maximum, from about 5.8% to 7.0%. At a pressure of 1.468 MPa, the maximum radial
deflection of the wetwell wall was calculated to be 13.02 mm (0.512 in.) from the ANSYS
analysis (Table B.8-1). The corresponding hoop membrane strain is 0.072%. It is less than 1.2%
and no leakage from sleeve ovalization of the equipment hatches will occur before the capability
pressure is reached.

B.8.2.3 Summary

The ultimate pressure capability of the containment structure is limited by the drywell head
whose failure mode is plastic yield of the torispherical dome. The pressure capability is 1.204
MPa at 533°K (500°F). No liner leakage will occur before the capability pressure is reached. No
leakage through penetrations is expected.

B.8.3 UNCERTAINTY IN THE FAILURE PRESSURE

The uncertainties in the prediction of the failure pressure generally result from uncertainties in
the two general areas listed below:

Material Strength (yield strength, tensile strength, modulus of elasticity, etc.)

Modeling (differences between the model and reality, use of simplified models or empirical
correlations, uncertainty in dead-loads, etc.)

In a number of the areas listed above very little data may be available to guide the structural
analyst in characterizing the uncertainty. Consequently, it is generally necessary to rely to a large
extent on engineering judgment and past results to quantify these uncertainties.

As noted above a significant contributor to the uncertainty in the prediction of ultimate capacity
derives from uncertainties in the material properties. For most structural materials the lognormal
distribution has been shown to be a good model for the variability in material strength. Largely
for this reason the lognormal distribution is generally selected to characterize the uncertainty in
the prediction of the ultimate pressure capacity for structural components.

The most common form of the lognormal probability density function is:

1 111 (P
p;(p) = ————exp —i—ln[iﬂ (B.8-7)

py278, Be \Pre
where:
P«P) = the lognormal probability density function for failure pressure,
B.= logarithmic standard deviation on the pressure capacity p,
P e = the median pressure capacity.

B.8-9
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A Simple Design Equation for Preventing Buckling in
Fabricated Torispherical Shells Under Internal Pressure

G. D. Galletly'

A simple equation is proposed which will enable a designer to
estimate the onset of buckling in internally pressurized steel
torispherical end closures. The equation applies to both crown
and segment ends and spun ones. Apart from a factor which
accounts for strain hardening, the same equation applies to
both carbon steel and austenitic stainless steel torispheres. The
proposed equation for the allowable internal pressure was
checked against all known experimental buckling results and a
minimum factor of sqfety of 1.5 was found. The equation was
also checked against a number of full-scale vessels, some of
which had failed in service. Once again, the equation was
Jound to be satisfactory.

Nomenclature
» = internal pressure
P, = internal buckling pressure of perfect torispherical
shell (plastic buckling herein)
axisymmetric yield pressure of perfect torispherical
shell
Pps = Drucker-Shield limit pressure of perfect torispherical
shell

P =

design (allowable) pressure of fabricated

-torispherical shell (equation (1))

radius of toroidal portion (knuckle) of torisphere

(see Fig. 2)

thickness of cylinder and torispherical shell (in

design equation, 7 is minimum thickness in knuckle

region)

diameter of attached cylinder (see Fig. 2)

modulus of elasticity

%5, OF 0.2 percent proof stress, of material

height of head (see Fig. 2)

length of attached cylinder (see Fig. 2)

radius of spherical portion of torisphere (see Fig. 2)

:;;ain—hardening factor modifying F (sec equation
)

yield point of material

I N/mm? = 145 Ibf/in?

Pp =

~
]

PRI TN )
[/ B A ]

Professor of Applied Mechani
Usiversity of Liverpool, Liverpool, U K.

mhm by the Pressure Vessels and Piping Division for pubiicaionia the

Pr v hme Te M ived by the
cssels Division, Novembu 26, l9ﬂ$ revised manuscri

Peceived December 11, 1985, i

of Mechanical Engi

doumnal of Pressure Vessel Technology

cal Briefs

Introduction

Fortunatcly, there have not been many failures of large in-
ternally pressurized dished ends. One well-known case was the
45-ft- (= 14-m-) dia fluid coker which failed in a brittle man-
ner during its hydrostatic proof test at Avon, California in
1956. An elastic stress analysis of this vessel by Galletly [1, 2}
showed that the direct hoop stresses in the knuckle region of
the torispherical shell were compressive and exceeded the yield
point of the material in several locations. It was also pointed
out that buckling of the head was a possibility for some vessel
geometries.

A limit analysis of the Avon vessel by Drucker and Shield
[3} agreed with the basic findings of the elastic analysis; subse-
quently, the limit pressures of many torispheres and toricones
were determined and the results were presented in the form of
charts [4]. As a result of this work, the provisions relating to
torispherical shells were modified in several Codes to take ac-
count of the limit pressures.

In recent years, the application of large-deflection shell
theories to the problem has shown that the limit pressures are
sometimes conservative for the higher values of ¢,,. However,
the limit pressures do have the merit of being

The foregoing resuits on limit pressures apply to the axisym-
metric failure mode, which has yield circies at three locations
in the vessel. However, they do not apply to the unsymmetric
buckling mode, which has waves, or wrinkles, in the hoop
direction in the knuckle (see Fig. 1). As rules to prevent this
buckling mode are not available, Codes have tried to circum-
vent its occurrence by limiting the D/r-ratios of the heads
which may be constructed. In the U.K. and the U.S,, the limit
is normally D/t = 500 (or ¢/D = 0.002). Heads are, of course,
fabricated which have D/s-ratios greater than 500; but, in such
cases, special arrangements are usuzlly made with insurance
companies in relation to the safety of the heads.

With the very thin heads (say, D/t > 1000), buckling of
torispheres due to internal pressure is certainly a possibility.
One occasion on which it happened was with a 60-ft-(18.6-m-)
dia oil storage vessel; it has also occurred several times with
brewing tanks of about 3 m diameter which had D/¢-ratios of
about 900. Very recently, plastic buckling of internally-
pressurized torispheres has occurred with D/r-ratios of 350
[5]; these cases are not catered for by the present Codes.

Although there have been few major accidents so far which
have involved ellipsoidal or torispherical shells under internal
pressure, it seems clear that it is time that Code rules on the
subject of internal pressure buckling were formulated. The use
of such shells as roof structures on PWR containment vessels
and in LMFBR primary tanks (e.g., in France) gives added in-

centive to the development of these rules.

In this note, a possible design equation to prevent internal
pressure buckling in fabricated steel torispheres is suggested.
It applies both to crown and segment heads and spun ones.
The same equation holds for carbon steel and stainless steel
heads (other materials have yet to be studied). The equation

NOVEMBER 1986, Vol. 108/ 621
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() Inward buckle
Fig. 1 Buckling due to Internal pressure In a 3-m-dia stainiess stee!
torispherical shell

was also applied to several vessels which had failed in service.
If the equation had been available before, some of these
vessels might have survived.

Brief Background to the Problem

In 1972 and 1976, experimental results on the buckling of
austenitic stainless steel internally pressurized torispheres were
published in references [6 and 7). Both crown and segment and
spun heads were tested and the diameters of the shells varied
from 1.4 to 4.0 m. The situation with regard to carbon steel
heads is not as good and the only test results available are the

522/Vol. 108, NOVEMBER 1986

recent ones published in [5] on 0.5-m spun heads. There haye
also been some tests on small torispherical models (0,14.p,
diameter) machined from aluminum alloys but these lagtey
tests will not be considered further herein.

With the Kemper [6} and Staniey/Campbell [7] models, teg
coupons were not taken from the heads in the as-formeq
knuckle regions. With the Roche et al. tests [5], both the as.
received and the as-formed properties were determined it is
necessary to have the latter if one is trying to check theory angq
experiment).

Besides strain-hardening effects, there are other difficulties
in the way of good agreement between theory and experiment,
These include residual stresses (forming and welding), infor.
mation about actual radii of curvature, thickness variations
and initial geometric imperfections. With the present buckling
problem, the latter do not seem to have a very significan;
effect.

For the present purpose of obtaining an approximate buck-
ling design equation, the experiments taken into account were
those in [5-7). In addition, the following procedure was
adopted for the design equation: ’

(i) the as-reccived (or minimum specified) mechanical pro-
perties and the nominal radii of curvature were used;

(#é) the shell thicknesses were the minimum values meagured
in the toroidal, or knuckle, sections of the torispheres;

(#ii) all residual stresses and geometric imperfections were
ignored; and

(iv) strain hardening (of interest for cold-spun heads) was
accounted for empirically via a factor y (see equation (1)).

On the theoretical side, the publication of Bushnell’s
BOSOR $ shell buckling program ([8) in 1976 enabled the
plastic buckling pressures of perfect shells of revolution to be
calculated. This program was utilized by Galletly and
Radhamohan in 1979 {9} and, from the computer results, they
derived a simple equation for the plastic buckling pressures of
perfect, constant-thickness, torispherical shells made from
elastic, perfectly plastic material, This equation was applied to
both the Kemper and the Stanley/Campbell models in [10-12)
with reasonable success. The differences between perfect
torispheres and those used in practice are discussed in the
foregoing references.

The latest numerical results on this problem were published
recently by Galletly and Blachut (13). These authors extended
the results of [9] down to D/ ~ 250 and they also considered
more values of o0,,. The buckling equation for perfect
torispheres which was proposed in [13) was similar to the one
proposed in [9] but was not quite the same. Also, the buckling
equation in [13] came from the results obtained with the defor-
mation theory of plasticity while that in [9] utilized flow
theory.

Two recent papers which also discuss design equations for
this problem are [S, 14]. In [5) a design equation suggested in
the 1982 edition of the French Pressure Vessel Code, i.c.,
CODAP {15}, is mentioned but the derivation of it i not
discussed. In the Appendix of [12], it is shown that the
CODAP equation can be derived from the equation suggested
by Galletly and Radhamohan [9], but with knock-down fac-
tors added.

The most recent paper on the subject [16]) Jooked at three
possible design equations which were based on equations for
perfect torispheres proposed by the Liverpool group [11-13]-
The constants in these equations were chosen so that the
minimum value of the Tatio Py /Pogn Was 1.5. All three
equations were satisfactory for design purposes. As the ex-
ponents on (D/7), etc., in the equations differed slightly, 8
composite (or average) buckling design equation was Su8-
gested. This equation is discussed in the next section.

Transactions of the ASME

-ap—— . gy — ———

- —— e——

——




-~

- m—— | — —

- — p——
"

b1

-

proposed Design Equation for Preventing Buckling in Thin
Torispherical Shells Subjected to Internal Pressure
In this section the aforementioned design equation will be
given and then its predictions will be compared with all known
experimental results on fabricated torispheres. In addition, !he
equation will be applied to some large pressure vessels which
failed in service, to see if use of the equation would have
prevented the failures.
The proposed design equation is as follows:
JoFe 80(,-/0)0.!15
Po/v (D/I)"’(R,/D)""

where pp =allowable internal design pressure (safety factor >
1.5)

a)

y= { 1.0 for crown and segment steel heads

1.6 for cold spun steel heads
F=a,, or 0.2 percent proof stress, of the as-received
plate material
t=minimum thickness in the knuckle region of the
torisphere and 7, R, and D are as shown in Fig. 2.

4
”

Fig.2 G y of torispherical shell

v

In essence, equation (1) is based on the equations for perfect
torispheres given in [9 and 13) and with knock-down, or
reduction, factors added.

Equation (1) applies to both stainless steel and carbon steel
heads. The factor 4 allows for the enhancement of the
mechanical properties in the knuckle due to thinning caused in
the forming operation. If it is desired to use the 1.0 percent

Table 1 Comparison of experimental buckling pressures with the predictions of the proposed design

equation, i.e., equation (1)
a,, or p,

vt o . y 0.2 petent proof from | P

Toi om om. tress P, uation (1 ~—
no. e /D R./D N/mm? N/mim? “IN/mm? Pp

Stainless stee—crown and segment heads [6, 7); 1.35m <D <4.0m
SCI 409 0.167 1.0 293 1.931 0.647 2.98
sC2 412 0.167 1.0 293 1.917 0.640 3.00
SC14 628 0.167 1.0 293 0.828 0.340 2.4
SC1s 659 0.167 1.0 293 0.738 0.316 231
SC7 844 0.167 1.0 293 0.414(® 0.218 1.90
SCi3 931 0.167 1.0 293 0.566 0.183 3.01
K1 825 0.159 0.91 293 0.366 0.242 1.51
K2 880 0.163 1.0 293 0.317 0.201 1.58
K3 915 0.166 1.0 293 0.290 0.192 1.51
K4 730 0.162 0.89 293 0.483 0.303 1.59
Stainless steel—pressed and spun heads [6, 7); 1.3S m< D<4.0m
sC3 482 0.111 1.0 293 1.710 0.578 2.96
SC4 535 0.074 1.0 293 1.366 0.354 3.86
SCs 505 0.074 0.83 293 1.917 0.478 4.01
SC6 495 0.074 0.78 293 1.917 0.529 1.6
SC16 730 0.074 1.0 293 0.655 0.222 2.95
SCi17 n7 0.074 0.83 293 0.738 0.282 2.62
SC8 1213 0.111 1.0 293 0.483 0.145 | 293
SO 964 0.074 1.0 293 0.428 0.146 133
Sc10 947 0.074 0.83 - 293 0.538 0.186 2.89
sci 1049 0.074 0.72 293 0.593 0.188 3.15
SC12 947 0.056 1.0 293 0.45S 0.119 k¥~
Ks 1045 0.083 1.0 293 0.228 0.142 1.61
Carbon steel—spun heads [5]; D = 0.5m

T1 543 0.06 1.10 230 0.425 - 0.205 2.07
T2 532 0.06 1.10 259 0.44 0.229 1.92
T3 3n 0.06 1.10 290 1.13 0.453 2.4
T4 365 0.06 1.10 280 119 0.452 2.63
TS 538 0.04 1.0 263 0.36 0.190 1.90
T6 538 0.04 1.0 279 0.34 0.201 1.69
Ly 1000 0.04 1.0 219 - 0.062 -
T8 1000 0.04 1.0 219 0.158 0.062 2.58
2 365 0.04 1.0 239 0.75 0.308 2.44
TI0 357 0.04 1.0 270 0.72 0.360 2.00
™ 1087 0.10 1.0 197 0.255 0.105 243
T2 1064 0.10 1.0 197 0.176(% 0.109 1.61
T13 536 0.10 1.0 253 0.617 0.370 1.67
Ti4 571 0.10 1.0 253 0.54 0.355 1.52
Tis ass 0.10 1.0 262 115 0.664 1.73
Tié 79 0.10 1.0 262 110 0.680 1.62

') This value seems low in comparison with SC13.
{4 This model had a large initial geometric imperfection.
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proof stress, rather than the 0.2 percent proof stress, then the
constant of 80 will need to be modified slightly.

As all the buckling tests considered herein were carried out
at room temperature, equation (1) should not be used for
elevated temperatures without further investigation.

The test resuits to be checked against the predictions of
equation (1) are those in [5-7]. Details of the geometric ratios
and material properties of the models are given in Table 1,
together with the internal buckling pressures, p,, , recorded
in the tests. The thicknesses given are the minimum
thicknesses in the knuckle region and the radii of curvature are
the nominal specified ones. The design pressures, pp,
predicted by equation (1) are also given and the last column of
Table 1 shows the ratios p,,,/pp. As may be seen from a
perusal of this column, the minimum ratios of p..,/pp occur
with the carbon steel spun head T14 and the stainless steel
crown and segment heads K1 and K3. The minimum ratio for
the stainless steel spun head K3 is a little higher (1.61 instead
of 1.5) but this could be reduced to 1.5 as well, if y for
stainless steel were to be changed to 1.7.

From Table 1, it will also be observed that the ratios of
Peg/Pp for the SC-heads are considerably higher than those
for the K-heads. This was noted in [10] but the reason for it is
not known. Both sects of heads were made by the same
manufacturer (APV pk). '

Since some of the p,.,./p,-ratios are quite high (=~ 4.0), it
could be argued that the functional form of equation (1) is
perhaps not the best one to use. It is quite possible that further
study of the influence of strain hardening on the buckling
pressures (included in equation (1) in only a very approximate
manner) and residual stresses might produce a better buckling
design equation.

Application of the Proposed Design Equation to Some Large
Vessels Which Failed in Service

Another test of the usefulness of equation (1) is to apply it
to some vessels which failed and to see what its predictions
would have been. The vessels chosen for this purpose were:

(i) the fluid coker (= 14-m diameter) at Avon which failed
during its hydrostatic proof test [1, 2, 23]—even though this
failure was ascribed to a weld defect, and the vessel failed in a
brittle manner, it is instructive to determine its predicted
buckling pressure;

(ii) the large oil storage vessel (= 18-m diameter) which

buckled and which was discussed by Fino and Schneider (17),
(iif) two torispheres (= 5-m diameter) recently tested by
CBI Industries [18];

(iv) asomewhat smaller vessel (2-m diameter) which buck).
ed in service due to a gummed-up valve [19]; and

(v) a large vessel (20-m diameter) which was proof-testeq
but did not buckle {20)—this case only serves to check tha;
cquation (1) predicts a buckling pressure higher than the tey
pressure.

The geometric ratios, material properties, etc., for the
foregoing torispherical shells are given in Table 2, together
with the experimental and predicted buckling pressures, Ag
may be seen from Table 2, all the values of p,, are lower than
the experimental buckling pressures and the ratios p,.,/p,, are
all greater than 1.5. Thus, if equation (1) had been available to
check the operation of these vessels, some of them might not
have failed.

Axisymmetric Yielding Versus Sinusoidal Buckling

It was noted earlier that the two static failure modes in inter-
nally pressurized torispherical heads are axisymmetric yielding
(with the formation of yield circles) and buckling of the
knuckle in the hoop direction (with the formation of waves
or wrinkles). With very thin heads, buckling will be the con-
trolling failure mode whereas yielding will control in the
thicker heads. In the range 300 < D/t < 500, buckling or ax-
isymmetric yielding can occur, despite the fact that most
Codes do not consider the occurrence of buckling in this D/z-
range.

The experimental results in (5 and 7], and listed in Table 1,
show that buckling can indeed occur for D/t < 500. The
theoretical results of Galletly/Blachut [13] also predict that
buckling can occur for D/t < 500 and one of their figures is
shown in Fig. 3 (». is the large-deflection axisymmetric
yielding pressure and p, is the asymmetric, or sinusoidal,
plastic buckling pressure). Depending on #/D, R,/D and Opps
either buckling or yielding may control the design.

In addition, the limit pressures pps obtained by a Drucker-
Shield analysis [4] (and also associated with an axi i
failure mode), are shown in Fig. 3. It is clear that they are
lower than both the values of p, and p,.. From the ppg-curves,
one would deduce that the failures would always occur by
axisymmetric yielding in this D//-range. However, from the
Saclay test results [5], it is known that buckling failures can
occur for D/t = 370, 0,, =~ 290 N/mm?, r/D = 0.06 and

Table 2 Buckling pressures (p,,,,) of several large crown and segment heads compared with the predic-

tions of equation (1)
Oyp or Pp
- 0.2 percent proof from

D Nom. Nom. Nom. stress P P, equation :(l) L.}
Reference (m) Materiasl D/t r/D  R,/D Nmm* Nom?  N/mm® Pp
Fino-
Schaeider Carbon
28]} 18.5 steel 2325 0.173 0.91 248 0.0862 0.0464 1.86
Avon Carbon
{1,2,23}) 13.8  steel 430 0063  0.8] 207 0.414t@ 0.245 1.69
Blenkin . Carbon :
120} 20.3  steel 1420  0.106 1.0 241 0.08621%) 0.0567  1.52
CBI Ind. Carbon
{18, 24] 4.92 steel 170 0.17 0.9 344 0.731 0.338 2.16
CBI Ind. Carbon

492 steel 1025 0.17 0.9 n 0.40 0.238 1.68
Stennett Stainless
19} 1.95 steel 950 0.108 1.0 293 0.276 0.125 2.21
(#) Brittle failure of head [23)
(®)Max test pressure; no buckling observed
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Fig. 3 Theorstical values of p, and p, mm(a 10? I-”)lum<
DR < 600, R,/D = 1.0, 0D = o.uma 0.15 (from [13D

R,/D = 1.10. From Fig. 3 (for R,/D = 1.0) it may be seen
that (ignoring the ppg-curve) either buckling or axisymmetric
yielding can occur for /D = 0.06, D/t = 400 and 0,, = 310
N/mm?, Test and theory are, therefore, in msona’ile har-
mony for this case.

Elastic Buckling

With torispheres that have high D/¢- or c,,/l'.‘-rauos. inter-
nal pressure buckling can occur in the elastic range. This topic
has not been discussed in this note. However, elastic buckling
formulae for perfect torispherical shells are given in [21}.
Some experimental results obtained on plastic torispherical
models are discussed in [22] and the relative magnitudes of the
elastic and plastic buckling pressures of some steel
torispherical shells are indicated in Fig. 8 of [11].

Discamion of the Proposed Design Equation
. Equation (1) has the merits of being simple to apply and of
a safety factor of at least 1.5 on all known internal
Ppressure buckling tests on torispherical shells. It seems to be
applicable to both crown and segment heads and to spun ones
and the material of construction can be either carbon steel or
stainless steel.
Residual stresses were, of course, ignored and strain-
was only treated in an approximate manner. In ad-
dition, there are criticisms which could be directed at the ex-
Mmmlaldatabue Some of these are:

(1) As the SC- and K- stainless steel heads were made by

Slm manufacturer, why were the values of p,, for the

SC heads 50 much higher than those for the K- heads? If one

the result for SC7, then the experimental results for

heads were 1. SwLSumahishuuumlhose for the K-

- In the absence of any adequate explanation for this

result, the test results for the K-heads (being the lower) will

control the constant in the design equation. This means that

the design equation will give allowable design pressures which
Are sometimes very conservative.

Joumnai of Pressure Vessel Technology

(i) The stainless steel buckling test results come from on-
ly one type of austentic stainless steel (304 S65).

(iiiy With the carbon steel spun heads, a number of the
models had /D = 0.04 or R,/D = 1.10. These geometric
ratios are outside the limits allowed by some Codes. If the cor-
responding tests are excluded from consideration, then the
number of relevant tests is very small.

(iv) There do not seem 10 be any tests of carbon steel
crown and segment models.

Despite (iii), the range of values of p,.,/py, for the T-heads
in Table 1 was only 1.52 to 2.63 i.c. a factor of 1.73. This does
not seem intolerable. In relation to (iv), the results in Table 2
for the larger vessels are at least reassuring.

However, it must be agreed that the number of relevant
buckling test results is small. More tests are needed if a design
equation which has been properly validated experimentally is
to be obtained.
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Analysis of Hnl!-l’ipe Heating Channels on Pressure
Vessel Shells

A. E. Biach!

Half-pipe heating channels are used on the outside of pressure
vessels such as agitators, mixers, reactors, elc., to avoid the
high external pressure associated with heating Jad'eu- No ap-
Dlicable method of analysis is contained in the ASME Code
and proof tests are normally reguired for registration with
governing authorities. An analytical method is presented
- which permits the evaluation of stresses in shell and half pipe;
numerical examples are included.

Nomenclature

= thickness of shell plate

= half-length between adjacent pipes
internal pressure in heating pipes
thickness of half-pipes

modulus of elasticity

ASME Code welding joint efficiency
moment of inertia

discontinuity moment
nondimensional moment
discontinuity force
nondimensional force

radius of half-pipe

stress in shell plate

stress in half-pipe

nondimensional parameter
nondimensional parameter
displacement

rotation

Poisson’s ratio

nanueoew

vo eV ORI T et wx

nnebanwnd

Introdaction

Half-pipe heating channels as shown in Fig. 1, are often
used on the outside of pressure vessels and tanks such as
agitators, mixers, autoclaves and reactors, in order to avoid
the high external pressures of heating jackets. The design and
analysis of stresses in such heating channels is not covered by

" TConcordia Uni y, M ), Canada.

Contributed by the Pressure Vessels and Piping Division for publication in the
Jou oF P Vesser Tec| ocY. M ived by the
Pressure Vessels and Piping Division, February 7, 1985; revised manuscript
received November 7, 1985.
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Fig. 1 Malt-pipe heating channels

ASME Code rules, except possibly by Appendix 13 of Sectiog
VI1I, Division 1 [1], which gives rules for vessels with circular
cross section and a longitudinal dividing plate through the
center. Although similar in appearance, the problem of half
pipe welded to a flat or slightly curved plate is quite different
from the problem of a cylinder restrained from uniform defor-
mation by a ‘‘tie’* at the center.

This paper provides a method of analysis of stresses in both
the half-pipe and the vessel shell to which it is welded.
Numerical examples and values of proof tests conducted on
test assemblies constructed for this purpose are also included.

Method of Analysis

Both the half-pipe and the vessel plate are considered in-
finitely long in the axial direction and flat in the lateral direc-
tion; a reasonable assumption, since normally the ratio of
heating pipe radius to vessel radius is very small. The pipe is
analyzed as a curved beam subject to uniform pressure and the
vessel wall as a continuous beam.

Using the nomenclature indicated in Fig. 2, equations for
rotations and displaccments are written and solved in terms of
discontinuity forces and moments. A complete stress distribu-
tion in the assembly is then obtained.

Half-Pipe Equations

For the half-pipe shown in Fig. 3, the radial upan:ion can
be found from the membrane theory 2)

)

A. s C E ] F. ..
- 2R - -

Fig. 2 Dimeansions and free body diagram
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{t is important that the data contained in technical patm‘n be mndoo' r&a.dny ani:a.l:‘lodm design engl-

neers. In order to sa

these needs of industry,

udes » concise

tation of data and information drawn chiefly from pa previously published by the Applied
schanics Division of The American Society of Mechanical ggm ' by P

Design of Thin-Walled Torispherical and
Toriconical Pressure-Vessel Heads'

R. T. SHIELD? and D. C. DRUCKER?

Summary

The failure under hydrostatic test of a large storage vessel de-
signed in accondanee with eurrent practice stimulated earlier
analvtion] studies.  This paper gives eurves and a table useful for
the dexign and analysis of the knuckie region of a thin torispheri-
eal or turiconical hend of an unfired exlindrical vessel. A simple
but surprisingly adequate approximate formula is preented for
the limit pressure, np?, at which appreciable plastic deformations
ocveurs

up? ( r)l
e - O 58— ) -
o 033 + 3 p) L

+ 2s(1 — 22 ;)) (;:) — 0.0006,

where p? is the design pressure, oy is the yicld stress of the ma-
terial, and n is the factor of safety. The thickness { of the knuckle
region is assumed uniform. Upper and lower bound caleulations
wore made for ratios of knuckle radius r to eylinder dia:ueter D
of 0.06, 0,08, 0.10, 0.12, 0.14, and 0.18, and ratios of gpherical cap
radius L to D of 10,09, 0.8, 0.7, and 0.6. Toriconical heads may
he designed or analyzed closely ennugh by interpreting <o in
Table 1 as the complement of the half angle of the cone.

Introduction

The design of pressure verals requires the long expericnce dis-
tilled into the ARME Cude to avoid overlooking many important
fiwtors, In principle, the most strnightforward of the difficult
prolilems is the devign of an unreinforeed knuckle region of uni-
form thickness in an unfred pressure vesaed subjected to interior
pressure.  This topic ix discussed at length in the Code and it
might well be expected that Jittle remained to be resolved.  Sur-
prisingly, analyticenl studies*® stimulated by reports of a failure

' The results prescated in this paper were obtained in the couyrse of
rencarch sponsored hy the Office of Naval Research under Contract
Nour 56201 with Brown University, Providence, R. 1.
I =Il‘rof¢mr of Applied Mathematies, Brown University, Providence,
R. 1.
3 Professor of Engincering, Brown University. Mem. ASME.
¢Q. D. Galletly has studicd elustic behavior in “Torispherical
Shell—A Caution to Dexigners,” Journal of Engincering for Indue-
try—TRaxa, ASME, vol. 81, Serics B, 1059, pp. 51-682, and *On
Particular Integrals for Toroidal Shells Subjected to Uniform Ine
ternal Pressure,” JounsaL oF ArPLIED MECHANICS, vol. 25, Taans,
ASME, vol. 80, 1938, pp. 412-413.
$ D. C. Drucker and R. T. 8hicld have studied plastic hehavior in
“Limit Strength of Thin-Walled Pressure Vessels With an ASME
Btandard Torispherical Head,” Proeceedings, Third U. 8. National
Congress of Applied Mechanics, ASME, 1958, pp. 665-672, and " Limit
Analysis of Symmetrically Loaded Thin Shells of Revolution,” Joun-

282 / sune 1961

under hydrostatic teit demonstrated conclusively that the thick-
ness required by the Code is inndequate for a range of designa.
This range is one of small pressures and consequently of vesaels
whose wall thicknews is smiall compared with the knuckle radius
as wel' as the radius of the vessel itself. It did not, in all likeli-
hood, engage the serious attention of the framers of the Code who
were concerned primarily with pressures exceeding several hun-
dred pounds per square inch. At theee higher pressurce, a sharply
curved knuckle would have a radinx which is not very large com-
pared with the wall thickness, and so the knuekle would not he
flexible and weak.

A design of adequate strength must provide a reasonable factor
of safety againet reaching the limit pressure, the pressure at which
significantly large plastic deformation will take place. Many ad-
ditional practical matters ns well must be tuken into account in
the design.  Among these are corrusion allowanee, thinning al-
lowance, and joint efliciency. They will not be considered here
except by implication in the designation of the limit pressure as
np®, where n is a factor of xafety and p? is the design or working
pressure,

The limit pressure is cspecially significant in a cold environ-
ment for thosc steels which are prone to brittle fracture. Ap-
preciable plastic deformativn below the transition temperature is
almost certain to initiate a brittle fracture. Ahove this rather
ill-defined transition temperature, the shape of a vessel of ductile
nmaterinl will be able to change sufficiently to carry the pressure
without catastrophic failure. The pressure simply cold forms the
head to a quite different hut much better shape for containing
pressure.

A Qualitative Discussion of the Behavior of Pressure Vessels

A thin-walled vessel under interior pressure is most cfficient
when it can carry the pressure as a membrane in biaxial tension.
However, the shape reyuired for this desirable membrane be-
havior® hns o height of head H = 0.26D which often appears too
large from the fabrication or space utilisation point of view. Tori-
aphericul heads are employed to reduce H appreciably, but they
cannot act in bhiaxial tension; they must earry circumferential
compression un the knuckle and also resist bending. Their lowd-

NAL OF APPLIED MECHANITS, vol. 20, TraNs, ASME, vol. 81, Scries E,
1859, pp. 61-68.

¢ R. A. Steublo, “Biezeno Pressure Vessel Heads,” Jounnat or
as:uln MecuaNics, vol. 23, Trava, ASME, vol. 78, 1956, pp. 642

Discussion of this paper should be addressed to the Beecrctary,
ASME, 20 Woat 30th Street, New York 18, N. Y., and will be
acoepted until July 10, 1961, for publication at a later date. Dis-
cussion recived after the closing date will be returned.

Manuscript received by ASME Applied Mechanies Division, Sep-
tember 20, 1960.
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DESIGN DATA AND METHODS

Toble ¢
I A r o .II ] pyD _l,_ r o H ] » "l?
D D (deg) D Doyt D D (deg) n )
1.0 006 2701 01600 0 06l 0.9 006 31.39 084 0.0M
oOs 2716 01815 0.08T 0.08 3Rl 01037  0.108
0.10  26.3v 01837 0111 0.10 3000 0.2072 0.1
0.12 2358 02068 0.13% 012 MG o8 0171
0.14 2475 0210 0163 .14 2827 0.2 0203
.16 2358 02319 0.1 016 2733 02427 00
0.8 006 3648 0.2050 0.0 0.7 0.06 43.43  0.2358  0.134
008 3560 0.2152 0139 0.08  42.64  C.2440  0.181
0.10 348 0.2236 0.17H 0.10  41.81  0.2398 0.8
012 33OT 0.2300 0221 0.12 40493  0.26lv  0.296
0.14 33.06 0.2468 0.265 0.14 40.01  0.2710  0.357
0.1 200 0.2577 0.312 0.16 W02 0.s01T 0.4
0.6 006 51.57 0289 0.185 H =L —(L =7 cosem
0.08  53.87  0.203%1 0256 (, , ) ( L ;
010 5313 03000 0.333 sinegm| - — o~ / - )
0.3068 U417 2 b b b

0.12 5234
0.14 51.50
0.16 80.60

0.3036 0.507
0.3207 0. 606

carrying eapacity as pure membranes (no moment resistance),
shown in Table 1 as pY D /20y and plotted on some of the graphs
at {70 = 0, is extremely low. Actually, a very thin shell acting
as & membrane would buckle in eircumferential compression.

As the pressure builds up, it tends to foree the spherieal cap
outward along the axis and the meridional membrane tensions
pull the torvidal knuckle inward toward the axis. 1f the torus
wall is thick cnough to avoid buckling but thin compared with
the radius of the knuckle, and the material does not work-harden,
a plastie hinge circle will form at B, Fig. 1, to permit the central
region of the knuckle to compress in the circumferential direction
and bend inward. A hinge circle will form at C in the spherical
cap and the third hiuge circle A usually forms in the cylinder,
The entire knuckle region between A and C is plastic because
inward motion of appreciable extent means plastic contraction
of the circumference. A thin-walled sharply curved knuckle
region ia far weaker than the main part of the spherieal cap or the
cylindriea) portion of the vesrel. On the other hand, if the torus
wall is not so thin compared with the knuckle radius, the knuckle
region is stiff and strong and acts somewhat like a stiffening ring
at the junction of a spherical eap and a cylinder. The ASME
Code which requires very little variation of np?D/oy with (/D
apparently contains the implicit assumption that ordinarily
the resistance to inward motion of the knuckle region is ade-

Fig. 1 Torispherical houd, showing dimensions and lecstiens of hinge
clrcles A, B, C. (The equivalent fericonical head Is shown by the dashed
line which is fangent te the ferys @t iis lewaer end.)

Journal of Applied Mechanics
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quately high, Although true for vessels designed to earey large
pressure, the assumption ix not valid for many stornge vessels
and other low-pressure containers.  For these thin-walled vessels
there is a large variation of the value of np?D/f20od with 1D as
shown in Tige. 2-5. On the other hand, the dotted lines for
values of npPD /20y greater thun unity show that, for Jess sharply
curved knuckles and for relatively thick knuckles, the knuckle
region is stronger than the muin evlindrieal part of the vessel.

i 4

° 3

)

2 ]

50 1 ]

A
AV

GE5EE88 R 8 BRRgR R

gt s g e ¢

o P

o 3 . 2
§3335 3
/0
Fig. 2 Upper (unsale! HSeund on Bmit presswre. L/D = 0.6, 0.8, 1.0,
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Design Curves and Formula

The upper and lower hound theorems of limit analysis and
dezign® were used to caleulate the liit prowsure,  Therefore, even
within the usunl idealizations of the theory of plasticity, the
exact answer is hounded rather thae determined direetly, Curves
ure plotted in Figs. 2 and 3 for p''/204, the upper (unsafe)
valies computed for np?D/2ad. and in Figs. $and 5 for pth/ 204,
the Jower (oversafe) values. The designer then cun make an in-
tependent judgment of the appropriate values to use.

However, if moderate aceuraey ix good enough or if a prelimi-
nary dexign i sought, Fig. 6 should prove a very helpful alternan-
tive.  Ap approximate plot of {70 versus B D for diserete values
of npP/e., it giver n clear picture of the penalty to be paid for the
advantage of deereasing the axial kength of the vesse),  The agre-
ment with the mean of the upper and lower bound ealeulations,
ulso shown in Fig, 6, varies with . D and L D but to 1 much
smaller extent than might be expeeted.

Remarkably good agreement with the limit exadenlations ean be
achieved through use of the varinble ¢/4 which is of prime im-
portance in the AXME Code. The execllent tit of the <imple
formla

L R AN
o0 (0..{.{ + 5.5 l)) 1.

+ 28 (1 - 22 ;)) (;) — 000

is illustrated in Fig. 7, & plot of 1/7L versus wp?. g, for two values
of r7D. The relatively minor variation with L7D is albo u
feature of the Code. However, the Code ealls for a linear varia-
tion of t/L with increasing presure, and there i no way of adjust-
ing a atruight line to the proper curves without being unsafe or
far too sufe. The Lwk of safety in all too evident in Fig. &, a

7 D. C. Drucker, W, Prager, and H. J. Greeubera. “Extended Limit
Devign Theorems for Continuous Medin,” Quarlerly of Applied

Fig. 4 lewer (safe) bownd en (imit presswre. L/D = 0.6 0.8, 1.0. Vathcmatics, vol. 9, 1952, pp. 381380,

U/ sune 196
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x L/0= 10
o L/D=09

¢+ L/D=08
* L/D= 07

Fig. ¢ Appreximate curves for 1/D versws H/D for censtant ap’’/o. (for
1/D = 0.6, H/D veries frem 0.29 o 0.32)

plot of the formuia for diserete values of r70, which permits the
designer to seleet ¢ L for a given pressure or to cheek the pressure-
currving capaeity of an existing dexign.  Agnin the dexigner 1
urged to return to Figs, 2-3 to obtain upper and lower bounds on
his factor of ifety if he ix foreed to design with a very smaldl
margin.

The Appendix containe detailed information on the busis and
the methodx of ealenlation of Fige. 2-5. It supplements the dis-
cussion contained in the earlier papers® and iz not complete in
itsoll.  In exxence, the Trmea or maximum shearing stress
eriterion of yiehl is employed and the yield surface for the shell
ix u cut-off parabolic approximation to the exact shapne for n sy-
metrically loaded exlindrical shell.

Toriconical Heods

The values of £ L and 2p? 0w plotted for a given torms apply
equally well to torispherieal and to toriconieal heads.  Table 1
s he wsesl to abtain the appropriate interpolated value of LD
for Fige. 2-5 if desinal. The angle ¢ ix the complement of the
torus angle amd therefore the camplement of the half angle of the
rone,

APPENDIX

The equations of equitibrium for the various portions of the
versel, exlinder, toris and sphere are given in the references of
footnote 3. The term involving the cireumferentinl bending
moment Mg ix omitted from the equations of equilibrium for the
torus and the xphere as Mg has little influenee in carrying load
for thin shells at sections not too near the axis of symmetry. The
meridional bending moment Wy, is similarly omitted but its
derivative ix retained.

Ar My in conridered s & passive moment in the curved portions
of the shell ax well us in the eylinder, full use of M, and the
meridional and circumferentinl foree resultants Ny and Ny in
carrving the internal preesure p ix obtained hy using the vield
condition on NV, No. My for the cylinder.  In order to approxi-
mate to this vield condition or surfuce, the circumeseribing surface

Journal of Applied Mechasics
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consisting of a parabolic eviinder with four ent-off planes is
used.® In the region of interest between the hinge cireles A, B,
C of Fig. 1, Vs tensile and Vg is compressive,  Far this region
to be at yield, the parabolic prism yiekd surface reguires

No=No=od. M) < -:- odtfl = (Npio)). (D)

Tt i asecumied that at the hinge cireles A and Cin the eylinder and
the sphere, M, attains ita largest negative ralue, and at hinge
cirele B in the torua, A, sttaine ita largest positive value. The
shear foree Q is zero at the hinge circlea.  Under thee conditions
the equations of equilibrivm can be integratad to provide the dis-
tribution of Y. Ny, M, and Q in the plastic region,

Tt is found that in the exlinder,

o Lot~ (22)

! 5 4 P .
+ _—2'0 b (’ + "“.J—) (rs = )8 ()

Q= —Ooé (" + —D) (o — 1), 3)

Q04
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DESION DATA AND MITHODS

where z measures distance from the junetion with the torus and
x¢ defines the location of the hinge circle A. In the torus,

LIZ W 1-(L’2.)'('?+"..i"..¢’-)’.}
rod "1 204 D3 sint ¢,
_ PR (1 — con(p - ¢u)]
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¢ is the angle between the meridional normal and the axis of the
shell, and ¢, is the location of the hinge circle B. In the sphere,
with the assumption that ¢ — ¢y is small,

M, 1 pL } Yoo
Lod T L {l (”v.l) + 2 (0=, (7

..Q_- —-—
il Sl 2 (8)

where ¢, defines the location of the hinge circle C.
The four quantities p, ¥, ¢, and x, are determined from the
conditions that 3/, and Q are continuous at the junctions of the

eylinder and torus (r = 0, ¢ = x/2) and the torus and sphere
(¢ = ¢v). These conditions can be written
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where the functions not previously defined are given by
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Equations (9)—(12) were solved for pl)/20y, ¢, ©@., and 2/D for
given values of the parameters /D, L/D, and r/D which define
the geometry of the vessel. The following values of the parame-
fers were used:

/D = 0.002, 0.004, 0.000, 0.008, 0.010, 0.012, 0.014
L/D = 10,09, 0.8, 0.7, 0.6
r/D = 0.06, 0.08, 0.10, 0.12, 0.14, 0.16

In the numerical method used, a trial value ¢.* was chosen for
¢ and the functions of ¢, occurring on the right-hand sides
of equations (9)-(12) were evaluated. By elimination of ¢y — ¢,
between (11) and (12), a quadratic equation was obtained for
pD/20¢. The positive root of this equation was then subetituted
in (9) and (10) to give two valucs of (x/D)2. The difference be-
tween these two values was evaluated and the procedure was re-
peated with another trial value ¢.* for ¢, and again the dif-
ference between the two values ol (24/D)* was found. Linear
interpolation between ¢,° and ¢,® was then used to give a better
approximation to the true value of ¢,. The process was re-
peated until the magnitude of the difference between the twe
values of (x4/D)* as provided by (9) and (10) was lees than 10-7.

For a few of the thinner vessels (12 out of the 210 considered),
the upper hinge circle A does not lie in the cylindor but is Jocated
in the torus, and the analysis requires a straightforward modifi-
cation. The details of this modification will not be given here.

The value of the pressure p obtained from equations (0)-(12)
(or from the modified analysis) is the limit pressure p¥ for the
head with the parabolic yield surface. As this surface circum-
scribes the exact yield surface for the cylinder, p¥ is an upper
bound to the true limit pressure. The values of pV are shown in
Figs. 2and 3. A lower bound pt = Ap% is ohitained by choosing
the factor A so that the stress points ANy, ANy, AM,, lie within
the yield surface for the cylinder for all sectious of the plastie
region. The factor is given by

A= (Pt — 4P 4 12)/APt = 4P + 8), (23)

where P = p"D /20y, the critical section being the hinge circle
A in the cylinder. The factor varies from 0.82 to 0.90 as P varies
from 0.5 to 1.0, and the values of ptD /20 are given in Figs. 4
and 5. The average of the upper and lower hounds will he suf-
ficiently close to the true limit pressure for practical purpoecs.
Thus we put np® = (p¥ + p¥)/2, where pP it the design pres-
sure and n the factor of the safety against collapee.

For a given thickness ratio {/D, the limit pressure np? in-
creases ns r/D increases, and decreases a8 L/D increases. The
ratio H/D of the height of the head to the diameter depends
similarly on the ratios r/D, L/D, as can be seen froin Table 1.
In Fig. 6, approximate curves for {/D versus H/D for constant
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values of »p?/0, are shown for the range 0.17 < H/D < 0.28
covered by the ranges 0.06 to 0.16 for r/D and 0.7 to 1.0 for L/D.
Actual points for np®/cs = 0.004, 0.010, 0.016, and 0.022 are
also shown for comparison with the approximate curves.

It was found that, for a fixed value of /D, the variation of
npP/as with {/L is almost independent of the ratio L/D. For
L/D = 0.7 and 0.8, the formuls

ap? AN
- (0.33 + 5.5 D) L

a1 ~22 L) (L) - oo (2
+28(1-225 )\ (24)

provides values of np?/ao which are very close (e.g., within 3 per
cent for /L = 0.010) to the values caleulated from np? =
(p¥ + p% /2. Formula (24) is also adequate for L/D = 1.0, 0.9,

DESIGN DATA AND MITHODS

and 0.6 as can be scen from Fig. 7, in which the formula (24) is
compared with the valucs calculated from np? = (pV + p&) /2
for the cases r/D = 0.06 and 0.16. Comparison with the ASME

Code for Unfired Pressure Vessels is also made in Fig. 7. The
ASME Code gives
S 0 L s
E -2 L/(.u+o- ) (25)

where M = {3 4 (L/r)'/%, S is the maximum allowable stress,
and E is the efficicney of the welded juinta. For the present pur-
poses, SE was taken to be 0o /n.
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Hydrodynamic Lubrication of a Roller Bearing—
Introduction of Parameters to Chtain Charts for Calcalation

F. W. v. HACKEWITZ!

Nomenciolure
E = modulus of clasticity (21,000 kg/w; mii for ateel),
kg/sq mm

P = radial load on eylindrical roller per unit effective
roller length, kg/mm
P* = relative load on cylindrical roller °/R;, kg./sq mm
R = rulius of eylindrical roller, mm
R; = radius of inner ring raceway, mm
* = relati ; tindri L
R relative radius of cylindrical roller T RIK
h = smallest oil-film thickness to be found 1 t contact be-
tween rolling body and inner ring, m'a
A* = relativo oil-film thickness A/ R
kyke, ks = constant cocfficients
n resultant rotating speed of the bearing, i.c., rotating
speed of inner ring relntive to outer ring, rpm
peak pressure in contact area between roller and
inner ring, kg/sq mm
paramcter, angle deg
reduction parameter R*p2/k%:
reduction parnmeter A%/ky
pressure coefficient of viscosity of lubricating oil at
operating temperuture [2),* 8q mm/kg, The co-
efficient 7y supposcs an oil where log [7(p)/m) is
proportional to the pressure p as to justify n(p) =
e, Some lubricating oils obey this law, but
there are other oils in use, which show deviation.
Thus a verification of the proper pressure de-
pendence of viscosity is advisable for each particu-
lar cnse.
17 = viscusity of lubricating oil at atmospheric pressure
and operating temperature, kg sec/sq mm
7. = resultant viscosity of lubricating oil at the rolling
contact [3), kg see/sq mm
g = deformation parameter which is defined in Dorr's

Py
'
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work [1]. The parameter’s definition fixes two
limiting end points: One for g = 0, where no
elastic deformation occurs at the rolling contact,
and the other for g = 2, with maximum elastic
deformation, i.c., no oil ilm separating the contaet-
ing rolling bodies (Hertzian casc). Dérr devives
simplilied formulas valid for 0 € g € L7, thus
covering the greatest part of the parameter range,
Our caleulation iv based on these simplitied
formulus.

vy = Poisson’s ratio (0.303 for steel)

T = 3150, .

e = 271828, ..

Introduction

IN A recent note (3} hydrodyuamie formulas have been pro-
posed to ealculute contitet pressure and oii-film thickness in a
lubricated cyvlindrieal roller bearing. These formulas use Dorr's
derivations for elastic deformation at the rolling eontact {1}, and
a pressuredependent vireoeity {2]. Their numerical evalnation
is cumbersome, demanding extensive ealeulation.

Relutive and dimensionless magnitudes are introduced in the
following. They help to estallish charts which represent iso-
thermal results for different bearing design and various running
conditions, thus aiding in the engineer's rapid investigation,

The charts show 1 minimum oil-film thickness at eertain com-
binations of roller lond and running speed.

General Calculation

Conditions are more severe at the inner contact than at the
outer contact. We ealculate, therefore, relationships for the
inner contact only. Introducing the following reduction pa-

rameters
kR,
Yty Mt ]
R =14 rm, @
P* =P[R, kg'sq mm @
h*=h/R : ®

‘-'=___I

=50 kg/sq mm @
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Torispherical shells under internal pressure—
failure due to asymmetric plastic buckling or
axisymmetric yielding

G D Galletly, ScD, DEng, FICE, FIMechE and J Blachut, PhD
Department of Mechanical Engineering, University of Liverpool

In the diameter-to-thickness range 250 < D/t < 1000, internally pressurized torispherical shells can fail either by plastic buckling or by
axisymmetric yielding. However, the present Code rules cater only for the axisymmetric yielding mode and they also restrict the D/t
ratios to being less than 500. The rules are based on limit analysis results and these can be conservative for this problem. With regard
to internal pressure buckling, there are as yet no design rules in either the American or the British pressure vessel Codes to prevent its
occwrrence.

To provide guidance for a more accurate formulation of design rules for both of these failure modes over the range 300 < Dft < 1500,
the authors have e a series of calculations to determine the values of p,, (the internal buckling pressure) and p_ (the axisymmetric
yielding pressure) for perfect torispherical shells. The availability of these results, obtained with a finite-deflection shell theory, enables
curves to be drawn showing when guckling is the controlling failure mode and when axisymmetric yield controls.

A comparison is also made, for Dt < 600, between the controlling failure pressures mentioned above and the Drucker-Shield limit
pressures. The ratio between the former and the latter varied between 1.2 and 1.8, depending on the geometry of the shell and the
magnitude of the yield point, o,,. Considerable economies in the designs of many torispherical shells could, therefore, be achieved if the
relevant sections of the Codes were to be modified to take advantage of the foregoing results.

The controlling failure pressure curves also indicate how Code rules to prevent plastic buckling for Dft > 500 might be formulated. For
the benefit of designers, the numerical values of p., and p, were transformed, using curve-fitting techniques, into simple approximate

equations. Although these equations are for perfect torispherical shells, they should be very beneficial when analysing the related

problems of fabricated torispheres in practice.

NOTATION
P internal pressure
Per internal buckling pressure of torispherical shell
(usually plastic buckling herein)
P2, pf. p.. obtained using the deformation or flow
theory options in BOSOR 5

Py pressure at yield (see Fig. 4)

Poy Pe, axisymmetric yielding pressures of a torispheri-
cal shell (see Fig. 4)

J Pe, OF P,

Pos Drucker-Shield limit pressure

Peeae  controlling failure pressure

r radius of toroidal portion (knuckle) of tori-

sphere (sce Fig. 2) .

thickness of cylinder and torispherical shell
diameter of attached cylinder (see Fig. 2)
modulus of elasticity

length of attached cylinder (see Fig. 2)
angle used in definition of p, (see Fig. 4)
deflection of the crown of the torisphere
yield point of material

Note: 1 N/mm? = 145 1bf/in?

=Q SR MMM~

1 INTRODUCTION

Torispherical shells are frequently used as end closures
on cylinders subjected to internal pressure and applica-
tions can be found in various ficlds, for example the

The MS was received on 8 Ociober 1986 and was occepted for publication on 18
January 1985,
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aerospace, brewing, food processing, chemical, nuclear
and oil industries. In the first three industries cited the
vessels usually do not exceed 5 m in diameter whereas
the diameters can be greater than 20 m in the others.

One well-known failure of a torispherical shell
occurred in 1956 during the hydrostatic proof test of a
15 m diameter fluid coker at Avon, California. An
elastic stress analysis of this head was carried out subse-
quently by Galletly (1, 2) and it showed that (a) the
direct hoop stresses in the knuckle were compressive
and cxceeded the yield point of the material at a
number of locations and (b) buckling of the knuckle in
the hoop direction was a definite possibility for some
geometries. Metallurgical information about the brittle
failure of this head may be found in (3).

The buckling prediction in (2) was verified experimen-
tally in (4). Another case of buckling under internal
pressure occurred with a 20 m diameter oil-storage
vessel and is described in (8). Since that time, the only
internal pressure buckling failures of torispheres to have
been reported in the literature are those on the small
diameter (3—5 m) heads used for brewing vats and food
processing vessels (sce, for example, Fig. 1). However,
internally pressurized torispheres having larger diam-
eters have been used in recent years on pressure vessels
in the nuclear industry, for example in the vessels con-
taining the liquid sodium in fast-breeder reactors and as
roof structures for containment vessels of pressurized
water reactors. As an agreed set of design rules for this
internal pressure buckling problem is still not available,
nuclear engineers sometimes have to test fairly large-
scale models of their vessels in order to satisfy the cer-
tifying authorities of the integrity of their designs.

Proc Instn Mech Engrs Vol 199 No C3
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(L)

Fig. 1 Plastic buckling due to internal pressure in a 3 m diameter stainless steel torisphere:

(a) outward buckles

With regard to the yielding of the foregoing tori-
sphere at Avon, an elastic-plastic stress analysis of it
should have been carried out. This would have been
difficult to do at the time and Drucker and Shield (who
were consulted about the problem) therefore undertook
a limit analysis of the torispherical head (6). In their
analysis, they assumed that failure would occur when
three plastic hinge circles developed in the head.

One result of both the elastic and the limit analyses of
the Avon vessel was that it showed that the then current
edition of the ASME Code was in need of revision for
certain torispherical geometrics. The aspect of the
problem which Drucker and Shield chose to investigate
was the axisymmetric yielding mode. They were able to
calculate the limit pressures for a wide range of torisp-
herical geometries and presented their results in the
form of design curves (7). These curves were restricted
to diameter-to-thickness (D/t) ratios which were less
than 500, as it was thought that buckling might occur
for torispheres having D/t > 500 (it is now known that
circumferential buckling can occur in some torispheres
which have D/t < 500). Drucker and Shield did not
investigate the buckling problem.

Nowadays, there are scveral sophisticated shell buck-
ling computer programs available and, in principle, one
can compute (for perfect torispheres) the internal buck-
ling pressures p., and the axisymmetric collapse
(yielding) pressures p.. The problem is non-linear, both
geometrically and materially, and, when calculating the
internal buckling pressures (for which both the pressure
p and the number of circumferential waves at buckling
have to be estimated), the solutions can sometimes be
rather time consuming to obtain. Nevertheless, some
numerical solutions for both p_, and p_, for torispherical
shells with D/t ratios in the range 500 < D/t < 1500,
were published in the literature several years ago (8-10);
similar solutions for 2:1 ellipsoidal shells were given in
(11-13).

As there are two possible static failure modes for

Proc Instn Mech Engrs Vol 199 No C3

(b) inward buckle

torispheres under internal pressure (corresponding to
Pe: OF p.), & designer will need to know which of the two
is the lower, as it will be the controlling one. A few
approximate controlling failure mode curves have been
given before for perfect torispheres (14, 15) but more
accurate ones need to be determined.

With regard to Code rules, there are, as yet, no design
rules for the prevention of internal pressure buckling of
torispherical shells in either the British (BS 5500) or
American (ASME) Codes. Work on the problem is
under way, but residual stresses, strain-hardening, etc.
[see (15)] complicate the issue. Some possible design
equations for preventing buckling in internally pressu-
rized torispheres having D/t > 500 have been discussed
within the British Standards Institution (BSI) already.
These equations were compared with all known test
results on intermal pressure buckling of fabricated
torispheres (mainly for D/t > 450) and seem quite satis-
factory (15). However, when the proposed buckling rules
were compared with the provisions of BS 5500, at the
maximum value of D/t allowed by the Code (that is
D/t = 500), it was found that, in many cases, the buck-
ling rules would have permitted smaller shell thick-
nesses than would have been allowed by the Code.

It was, therefore, decided to extend the earlier calcu-
lations (8, 9) to lower values of D/t and more values of
o,,. It is clearly of interest to resolve the above
anomaly, both from the scientific and economic points
of view.

2 OBJECTIVES AND SCOPE OF THE
PRESENT STUDY

The primary aims of the present study on perfect tori-
spheres under internal pressure are:

(a) to determine, over the range 300 < D/t < 1500,
when plastic buckling controls the failure mode and
when axisymmetric yiclding controls it,

© IMechE 1985
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D2

Fig. 2 Torispherical shells considered in computer analyses

(b) to resolve the discrepancy, mentioned in the pre-
vious section, between the limit pressure predictions
and the buckling predictions at D/t = 500 and

(c) to derive simple approximate equations for p. and
P, Which will be of assistance to designers and to
Code-writing bodies.

The range of the torispherical shell parameters inves-
tigated in the study were as follows (see Fig. 2):

R/D =1.0and 0.8
Geometric r/D = 0.05-0.20

D/t = 300-1500
0,, = 207 N/mm?, 310 N/mm? and
Material 414 N/mm?
E = 207000 N/mm?

The material of the shell wall was taken to be elastic,
perfectly plastic and the finite-deflection BOSOR 5
program (16) was used to determine the values of p, and
P.,- Although not considered in this paper, materials
which strain-harden can be handled by BOSOR 5. The
strain-hardening is assumed to be isotropic and the von
Mises yield criterion is used. Some calculations on
:;mphem incorporating strain-hardening are given in

9). :

A sketch of the torispherical shells employed in the
analyses appears in Fig. 2. As may be seen, the thick-
nesses of the spherical cap, the torus and the cylinder
are the same and are constant throughout. This is not
always the case in practice, of course. The L/D ratio
used in aH the calculations was 1.0.

With regard to the structural design problems of
actual welded torispheres in practice (as opposed to
perfect ones), these will be discussed in a companion
paper.

3 BRIEF RESUME OF PREVIOUS WORK

3.1 Circumferential buckling

The first theoretical solution for the buckling of perfect
internally pressurized torispheres appears to be that

© IMechE 1985

given in 1962 by Mescall (4) of Watertown Arsenal. He
became interested in the problem after the failure of the
vessel in Avon, California, and the prediction of buck-
ling in (2). His solution was a small-deflection elastic
one, obtained with the aid of the Rayleigh-Ritz method.
An elastic finite-deflection numerical solution of the
problem was given a few years later by Thurston and
Holston (17). Brown and Kraus (18) discussed the inter-
nal pressure buckling of the related ellipsoidal shells
and, in 1976, Bushnell published his shell buckling com-
puter program BOSOR 5 (16). With the availability of
this program, it became possible to solve elastic—plastic
buckling problems of perfect shells of revolution incor-
porating finite deflections. The BOSOR 5 program has
been used in several investigations of internally pressu-
rized torispheres, for example (8-10, 19-22). Nowadays,
there are some finite element programs which will also
solve the problem, for example (23, 24).

Some simple equations for the internal plastic buck-
ling pressures p,., which were derived from the BOSOR
5 computer results were suggested in 1979 by Galletly
and Radhamohan (8). However, the lowest value of D/t
considered in that investigation was 500 and the main
value of o,, investigated was the relatively low one of
207 N/mm*. The elastic internal buckling pressures of
internally pressurized torispheres and the pressures at
which first yielding occurred were also determined by
Aylward and Galletly and are given in (13). Some addi-
tional results for the plastic buckling pressures p., were
given in a recent publication of the Liverpool group (25)
and the problem i$ under study in Germany (24),
France (26), Austria (27), the United States (28) and
Sweden.

In addition to the numerical computer studies, some
small-scale experimental work has been carried out on
0.14 m diameter machined torispherical shells under
internal pressure at Manchester (29, 30) and Liverpool
(31, 32). These tests will be discussed briefly later.

32 Axisymmetric yielding
As mentioned carlier, the pioneering work on the limit
pressures of internally pressurized torispheres was done
by Drucker and Shield in the early 1960s. In the decade
that followed, several elastic-plastic finite element prog-
rams appeared which cnabled the elastic~plastic stress
analysis (but not the buckling analysis) of perfect shells
to be undertaken. One such investigation, applied to
ASME standard torispherical heads, was carried out by
Popov, Khojasteh-Bakht and Sharifi (33). Using the
small-deflection theory of shells, and assuming an
elastic, perfectly plastic steel, they confirmed the conclu-
sions of Galletly and Drucker-Shicld on this problem.
They were also able to follow the development of plastic
zones through the thickness of the shell and to make
reasonably accurate plots of the load—deflection behav-
jour of the shell. In all the cases investigated by them,
yiclding began at the inner face of the toroidal knuckle
and, with increasing internal pressure, propagated along
and across the thickness of the wall. At a load level
which varied between 1.5 and 2.0 times the elastic load
limit, a single hinge circle formed in the torus.

One of the problems encountered in their analysis
was how the collapse load should be defined, since the
load-deflection curve keeps rising (even though at a
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Fig. 3 Crown deflection versus internal pressure for a tori-
spherical shell (D/t =300, R,/D =10, r/D 0.06,
,, = 207 N/mm?)

reduced rate); sce Fig. 3. Gerdeen (34) has discussed
various possible solutions to this problem and two of
the possibilities will be used in this paper. These are
outlined in the next section.

The next step was to include finite deflections in the
analysis and this was done by several investigators. The
BOSOR 5 computer program was onc of these prog-
rams and was the one used by Radhamohan and Gal-
letly (9) to calculate the axisymmetric p, values for some
torispherical geometries.

Experimental information on the finite-deflection
axisymmetric yielding pressures is rather sparse, parti-
cularly in the region 300 < D/t < 600, where some cir-
cumferential buckling failures can occur. The few tests
reported in the literature are discussed in (9).

4 DEFINITIONS OF p, AND p. USED IN THE
PAPER

A detailed description of the BOSOR 5 program is
available in Bushnell (16). It is a variational finite-
difference program; earlier versions of the method, as
applied to shells, appeared independently in (35) for
buckling and vibrations and in (36) for vibrations. The
BOSOR S program has been used by a number of
investigators on many different problems (37) and it is
accepted in the profession as being reasonably accurate,

When BOSOR 5 is used for plastic stress analyses,
any strain-hardening which occurs is assumed to be iso-
tropic. With plastic buckling analyses, flow
(incremental) theory is used for the prebuckling phase
and, in the bifurcation buckling phase, one can select
either the flow or the deformation theory of plasticity.
However, the shear modulus used in the flow theory for
the buckling phase is that corresponding to deformation
theory. Bushnell’s reason for incorporating this modifi-
cation into his program was to eliminate much of the
discrepancy between the flow and the deformation theo-
ries in buckling predictions [sec (38)].

The practical effect of having two buckling options in
BOSOR 5§ is that one can usually obtain two predic-
tions for p.,, with the one from deformation theory
being the lower. In addition, sometimes a prediction of
buckling is obtained when the deformation theory is
used but not when the flow theory is used {examples
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Fig. 4 Definition of the axisymmetric yiclding ressures p,
and p,, used in the paper

will be given later). These points were noted in (20). The
flow theory (modified) predictions are presumably more
correct than the deformation theory ones but there is
very little experimental evidence on shells available on
this point.

With regard to the determination of the axisymmetric
yiclding pressure p_, a typical plot of internal pressure p
versus the crown deflection & of a torispherical shell is
shown in Fig. 3. Even though elastic, perfectly plastic
{no strain-hardening) materials are being considered,
the knee of the p—& curve will be rounded, as shown in
Fig. 3 (it is assumed that buckling does not occur for
these cases). As may be seen, there is no pressure which
could definitely be called the collapse pressure. The two
definitions used in this paper for the axisymmetric yicld-
ing pressure p, are shown in Fig. 4. They are:

(a) p.,,» which is the internal pressure at which the
crown deflection reaches twice the yield point
deflection, that is § = 25, and

(b) p.,, which is the internal pressure at which a line
drawn from the origin and having a slope of a meets
the p-6 curve.

The above definitions of p, were used in (9, 12) and
were suggested by Gerdeen, who studied various defini-
tions of collapse in (34). As may be seen, the definitions
of p. given above are somecwhat arbitrary; they also
underestimate the collapse pressure.

In determining the p. values which are given later in
the paper, the values of 6 corresponding to a given
internal pressure were found from the finite-deflection
BOSOR 5 program. The p-d curves were then drawn
using increments of pressure, and yield was assumed to
have occurred when the deflections started to increase
substantially. .

With regard to the development of plastic zones in
the shell at p = p,,, two sample torispherical shells were
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considered. Both of them had R,/D = 1.0 and g, = 207
N/mm? and the other geometric ratios were r/D = 0.06,
Dt = 300 and r/D = 0.10, D/t = 500. In both cases, the
plastic zones propagated right across the shell thickness
but, at these pressure levels, only a single hinge circle
had formed.

5 EXPERIMENTS ON ‘NEAR-PERFECT’
INTERNALLY PRE&SUgIl‘ZLED TORISPHERICAL
H

Torispherical shells in practice contain residual stresses
(due to the welding and/or forming operations) and
initial shape imperfections; also, if they are cold-spun
from austenitic stainless steel, their stress—strain curves
will, due to strain-hardening, be considerably different
from those of the ‘as-received’ plate material. In conse-
quence, tests on fabricated torispheres are not very suit-
able when one is attempting to assess the adequacy of
any theoretical treatment of the buckling of perfect
torispheres.

4

However, some small (0.137 m diameter) machined
‘near-perfect’ torispheres have been made at UMIST
and the University of Liverpool. Most of the models
were machined from 0.15 m diameter solid billets of an
aluminium alloy and had a wall thickness of 3 mm (D/t
was about 540). Some mild steel models were also made
and some models had { mm wall thickness. Unfor-
tunately, it was not possible to achieve a reasonably
constant thickness in the hoop direction with the $ mm
thick models.

The UMIST tests (29, 30) have been analysed by
Lagae and Bushnell (21) using the BOSOR 5 program.
The overall agreement was reasonably good, the ratio
Pept/Pines Varying from 0.82 to 1.05. The experimental/
theoretical ratios found in the Liverpool tests on alu-
minjum alloy models (31, 32) were broadly similar (that
is 0.90-0.98), although higher values were found for
some mild steel models.

Even though the above agreement between experi-
ment and theory is quite good, it should be noted that

A

D/t

A A A A Ao Y
S00 1000 >

D/

Fig. § Curves of p,, (F = flow theory, D = deformation theory) and p,, for internally pressurized

torispheres (R,/D = 1.0, 0,, = 207 N/mm?)
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\ r/D=0-10

U S W'Y L’

D/t

D/t

Fig. 6 Curves of p,, (F = flow theory, D = deformation theory) and p., for internally pressurized

torispheres (R/D = 1.0, o,, = 414 N/mm?)

the number of tests which have been conducted to date
on near-perfect models is quite small In the main, only
aluminium alloy models having D/t ~ 540 and R/D =

1.0 have been investigated, with o, = 310 N/mm?.

6 NUMERICAL RESULTS FOR PERFECT
TORISPHERES

The BOSOR 5 finite-deflection computer program was
employed to obtain the numerical results in this section.
It would be uscful to have an independent check of
some of these results using one of the finite element
programs which are available. However, the only cross-
checks known to the authors are those carried out by
Waunderlich (39).

6.1 Unsymmetric plastic buckling

Numerical values of the internal buckling pressures,
Per/ 0y, for perfect steel torispherical shells are given in

Proc Instn Mech Engrs Vol 199 No C3

Table 1 for R/D = 1.0 and Table 2 for R/D = 0.8. Both
the deformation and the flow theories of plasticity were
used in the calculations (as noted before, the flow theory
option in BOSOR § uses the deformation theory shear
modulus in the bifurcation buckling calculations). The
plastic buckling resuits for R/D = 1.0 are also shown
graphically in Figs 5 and 6 for a,, =207 and 414
N/mm? respectively (on these figures, D = deformation
theory and F = flow theory).
From the tables and figures it may be seen that:

1. The internal buckling pressures predicted by defor-
mation theory are less than, or equal to, those pre-
dicted by flow theory (this is the usual situation with
the two plasticity theories).

2. For some values of the geometric parameters and
o,,, buckling is predicted by the deformation theory
whereas flow theory does not predict any buckling.

3. The values of p,,/o,, predicted by the deformation
theory are not, over the range of yield points studied,
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transition between the axisymmetric yielding mode and
the plastic buckling mode. As is evident, the D/t values
at which the transition in failure mode occurs depends
on o,, and the geometry of the torispherical shell. The
transitional values of D/t also depend on whether the
flow or deformation theory values of p., are employed
in the analysis. In what follows, the deformation theory
values of p., will be chosen, as they are always lower
than the flow theory values. As may be seen from Figs 5
and 6, this will mean that the failure mode is not always
predicted correctly (the flow theory values of p,, could,
of course, be used if this should prove desirable).

6.4 The controlling failure pressure curves

As has been discussed, a torispherical shell subjected to
Internal pressure can fail by asymmetric buckling (p.,)

© IMechE 1985

TORISPHERICAL SHELLS UNDER INTERNAL PRESSURE 2
5 » Table 1 Values of p,,/a,, x 10° for steel internally pressurized
E 0-009t torispheres having R/D = 1.0
o, =414 N/mm? : o
. - ° ki
0-007 op =310 N/ “‘“‘: /mm? Deformation theory Flow theory
g 0y, =207 N/mm
° o-00st Dyt 207 310 a4 207 310 414
at‘: r/D = .06
0-003F ) 1500 030  029(109) 028 033 03298 029
b~ r0~02 1200 043 04097 038 047 04435 043
o-o01} }—r/D=0-t 1000 053 0.53(86) 052 057 05873) 058
. el —— s . a 800 073 0.71(60) 070 083 080(60) 0.78
0 200 500 1000 1500 600 107 1.09(59) 110 123 Lis49) 1D
D/t 500 140  14249) 147 173 160(43) 157
o ; 400 193 2.00(44) 200 253 23134 23
Fig. 7 The variation of p, /o, with g,, for two values of r/D 300 3.10 3.1 (34) 327 NB 41825 387
(R/D = 1.0)
/D = 0.10
very sensitive to the value of g,, chosen in the calcu- 1500 042  041(76) 040 045 040(75) 040
lations. With the flow theory predictions, the values :0288 057 05%69) 053 062 05865 053
of p./s,, vary slightly with o,,, with the higher o,, 00 Ty oiMen  0e8 083 Q76D a7
. ! 98(56) 095 120 104S2) 103
values giving the lower values of p./o,,. 600 153 14746) 147 187 18733) 182
| Bom g o ow e
. . 34 1)
s 6.2 Axisymmetric yielding mode 300 437 43627) 437 NB NB NB
Two values of the axisymmetric yielding pressure were r/D = 0.15
calculated for all the torispheres investigated. These 1500 060 O
. . ! 60(60) 058 063 06069 062
were designated p,, and p,, (see Fig. 4) and the values 1200 083 08049 080 093 o&w; 0.0
obtained from BOSOR $ are given in Tables 3 and 4. 1000 107 10242) 100 125 107%9) 100
From these tables it may be noted that p., > p,, (as it % ;;; ;_gg;; l{g IN7: ;‘ ﬁ;‘g ;‘g
’ should) and both p_ /o, and p.,/0,, are shgl}tly depen- 00 287 27609 761 NB Nb 163
dent on the value of o,,. As an example, Fig. 7 shows 400 303 37825 373 NB NB NB
how p./a,, varies with D/t and o,, for shells having 300 620 60420) 600 NB NB NB
RJD = l.d,pr/D =0.10 and 0.20. As may be seen, the b =020
lowest values of p,,/o,, occur with the lowest value of i
<. :g 082  087(57) 088 083 08860) 088
sk ; LIS L.11(43) 117 123 L1140y 117
The theoretical internal pressure-crown deflection 1000 147 14203) 143 LT3 14730) 143
curve for a torisphere having R/D = 10, r/D = 0.6, 800 200 19627) 193 NB 2225 203
D/t = 300 and Oyp = 207 N/mm? is shown in Fig. 3 and 600 310 3042Y) 308 NB NB 382
i the pressure p,, is marked on the curve. It may be 500 400  396(21) 3% NB NB NB
* observed that p,, is well below the failure pressure. Also, % 593 5708 560 NB NB NB
at this pressure level, it can be shown that only one N3 NB N8 NB NB NB
plastic zone has propagated through the shell thickness. e mbers i parenthescs are the peedicted nuamber of G ) vave ut
. i are shown only for o,, = 310 N/mm?,
A 6.3 Axisymmetric yielding (p.,) or asymmetric plastic 2. NB = 0o buckling found.
(pe)
The p,, curves have been plotted with the plastic buck- or axisymmetric yiclding (p.). The mode which occurs
ling curves in Figs 5 and 6. The intersection of the p,, will be the one which has the lower failure pressure;
curve with the p_ curves indicates the approximate that is, this will be the controlling one. From the values

given in Tables 1 to 4, it is possible to construct the
controlling failure pressure curves for the various values
of r/D. Figures 8 and 9 show these normalized curves
for R/D = 1.0 and g,, = 207 and 414 N/mm? (for the
p., curves, the averages of the deformation theory values
given in Table 1 were used). The approximate location
of the transition in the failure mode is shown by vertical
arrows on the curves; the arrow pointing downwards
refers to the g, = 414 N/mm?* curve while the upwards-
pointing arrow refers to the o, = 207 N/mm? curve. To
the right of any arrow plastic buckling is the failure
mode which will occur, whereas axisymmetric yiclding
occurs to the left of it. As may be seen, an increase in
6,, moves the transitional D/t to the left. This is, of .
course, what one would expect.

From these curves for R,/D = 1.0, it may be observed
that the effect of a,, is not very pronounced and also
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Table 2 Values of p_/o,, x 10° for steel internally pressurized
torispheres having R,/D = 0.8

[

——tle
/mm? Deformation theory Flow theory
D/t 207 ‘310 414 207 310 414
r/D = 0.0§
1500 035 0.34(129) 033 0.38 0.372(90) 0.38
1300 043 0.42(125) 042 045 047(87) 045
1000 0.60 0.62(99) 0.62 0.63 0.62(75) 0.65
800 0.80 0.87(81) 0.85 093 0.89(66) 093
600 127 12965 130 160 14251) 142
500 1.73 1.76(54) 1.88 220 2.04(45) 200
400 240 2.40(46) 248 NB NB NB
300 393 3.91(37) 398 NB NB NB
#/D = 0.10
1500 0.53 0.51(101) 0.51 0.53 0.51(34) 0.51
1300 0.63 0.60(77) 0.61 0.66 0.62(64) 0.63
1000 093 0.88(62) 0.90 1.20 1.02(53) 1.13
800 126 1.24(51) 1.26 1.80 1.60(38) 1.50
600 200 1.91(46) 1.90 NB NB NB
500 2.60 2.58(39) 255 NB NB NB
400 3.67 3.69(33) 363. NB NB NB
300 6.00 5.91(26) 5.87 NB NB NB
r/D =015
1500 030 0872 030 093 08572) 083
1300 096 0.93(67) 0.96 1.00 0.97(50) 0.96
1000 1.30 1.33(42) 1.30 1.46 1.3341) 1.30
800 1.80 1.77(36) 1713 193 1.91(33) 1.87
600 267 2.62(30) 257 NB NB NB
500 346 3.3827) 3.38 NB NB NB
400 5.00 4.89(23) 4.77 NB NB NB
300 NB NB NB NB NB NB
/D = 020
1500 115 1.17(56) 1.16 1.06 1.0%59%) 1.06
1300 140 1.37(45) 143 1.50 1.37(44) 143
1000 2.00 1.91(31) 191 220 1.95(30) 1.91
800 2.53 2.56(26) 250 NB 2.84(24) 263
600 393 3.8523) 3.86 NB NB NB
500 493 4.89%(20) 4383 NB NB NB
400 NB NB NB NB NB NB
300 NB NB NB NB NB NB
Ness

1. Numbess in p beses are the predicted N A
buckling. They are shown only for ¢,, = 310 N/mm?.
2. NB = no buckling found.

waves at

that plastic buckling occurs for D/t > 400 and most
values of r/D when o,, = 414 N/mm?. Whereas, for
0,, =207 N/mm?, axisymmetric yielding occurs for
D/t < 800 when r/D =0.06 and for D/t < 500 when
r/D = 0.20. For D/t > 800, plastic buckling is the con-
trolling failure mode for both values of ¢,, and all four
values of r/D.

The situation with respect to the normalized control-
ling failure pressure curves for R,/D = 0.8 is broadly
similar to that for R,/D = 1.0.

7 A COMPARISON OF THE DRUCKER-SHIELD
LIMIT PRESSURES WITH THE CONTROLLING
FAILURE PRESSURES

The Drucker-Shield limit pressures (ppg) for torispheri-
cal shells were published more than twenty years ago (7)
and were obtained using small-deflection shell theory
and limit analysis techniques. However, in the last
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TORISPHERICAL SHELLS UNDER INTERNAL PRESSURE 233
4 Table 3 Axisymmetric yielding (R,/D = 1.0). Values of p_/a,, (x 10%) and
‘ Do,/ (% 10%) for steel internally pressurized torispherical shells

¢,, = 207 N/mm? ¢,, = 310 N/mm? 0,, =414 N/mm?
DIt pfoy POy P/, PofSyp  PofOyy Pl

r/D = 0.06

¢ 900 0.57 0.60 0.58 0.7t 067 0.88

700 0.73 0.80 0.80 093 0.8s 1.08

500 1.13 123 1.18 14 1.30 1.65

‘ 300 207 233 222 2.58 235 2.82
. r/D= 0.10

900 0.80 095 090 110 1.05 1.34

5 700 113 1.23 1.20 142 133 1.68

500 1.67 1.80 1.80 207 187 2.35

300 293 327 2.89 3s1 kR k) 4.10
r/D = (.15

990 120 153 138 1.78 1.63 200

700 1.53 1.93 1.82 233 2.00 257

500 240 273 2.76 3.20 3.00 343

N 300 407 473 4.40 5.29 487 593
r/D = 0.20

900 1.90 217 202 233 223 240

700 233 27 2n 302 287 303

500 i 39 378 4.22 4.07 450

300 5.50 6.80 575 730 6.10 7.60

: Table 4 Axisymmetric yielding (R,/D = 0.8). Values of p, /o,, (x 10%)
and p, /o, (x 10°) for steel internally pressurized torispherical
shells

' a,, = 207 N/mm? o,, = 310 N/mm?’ 0,, = 414 N/fmm?

Djt P., /0,y Pe,/Oyy P../0,, Pe,/%,, P./0,, Pes/%y
7/D = 0.05
900 0.62 0.70 0.80 0.72 073 107
700 073 093 0.96 118 098 132
500 L17 1.40 1.29 1.58 137 1.75
300 207 2n 2.40 3.07 263 327
; /D = 0.10
1000 083 097 093 L 105 130
800 1.20 133 124 147 1.38 L.72
600 1.60 183 169 204 187 233
400 266 290 286 124 3.00 an
200 573 6.66 591 7.38 673 807
7/D = 0.15
! 1000 146 1.70 1.58 1.84 176 208
800 1.86 200 200 231 223 260
600 247 27 266 320 296 3.50
400 387 427 391 am 446 520
200 8.00 9.07 844 9.68 9.40 10.6
M r/D =020
‘ 600 347 407 3.69 420 410 440
500 4.13 4.30 451 50 495 5.30
400 541 613 5.60 633 633 667
300 733 g0 7.56 8.18 8.13 553
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Table § A comparison of p,,/,,, P./0,, and pps/a,, ( x 10°) for internally pressurized steel torispheri-

cal shells over the range 300 < D/t < 600

Dt 300 400 500 600
By Pu Pm Py P P Py P2 Pm Py P P
r/D %y r» Ovs 23 Oy Oy Oy Oye %y ry S %y
R/D =10

233* 1.70 1.23 097

0.06 258 312 1.87 184 198 1.25 140 143 0.82 111 1.09 0.60
282 217 165 1.30
37 237 1.30 143

0.10 3.51 437 257 262 m 1.74 207 197 125 1 149 093
4.10 290 235 197
473 357 273 227

0.15 529 6.08 346 391 381 241 320 2 1.7 m 216 138
593 443 343 283
6.80 500 393 320

020 1.30 NB 429 529 5.7% 307 422 395 232 e 3.06 1.83
7.60 5.55 4.50 3.60

R/D =08

273 193 . 1.40 L10

0.05 307 393 227 209 243 148 1.58 1.78 1.03 129 129 0.75
o 247 185 150
430 290 22 1.83

0.10 4380 593 337 324 3.66 232 25 258 n 204 191 131
520 an 28 233
59 427 33 27

015 6.7 NB 447 471 487 3.16 33 341 238 32 262 1.88

15 520 42 s

810 613 48 407

0.20 8.18 NB 5.51 633 NB 399 50 488 308 42 389 244

8.53 6.67 53 44

* Three values are shown for p,,/¢,,, corresponding to o, = 207, 310 and 414 N/mm®. NB = no buckling found.

decade, several authors have used large-deflection shell
theories to analyse torispherical shells. Due to the
changes in shape which occur under pressure, the
torispheres are stronger than predicted by linear theo-
ries. Several authors [for example (31)] have noted that
some of the Drucker-Shield limit pressures are lower
than the corresponding axisymmetric yiclding pressures
obtained from finite-deflection shell theories.

Since several national pressure vessel Codes (for
example the American, the British, the French) incorpo-
rate the Drucker-Shicld limit pressures in their regula-
tions for torispherical shells, it is of considerable interest
to know how conservative the limit pressures arc. In
consequence, they were determined over the range
300 < D/t < 600, using equation (25) of (7) with n = 1.
The ppg values thus found are approximately 4(p® + p“),
where p® and p* are the upper and lower bounds to the
limit pressures. The values of ppe/o,, do not depend on
Gy
"Ihe values of Pps are given in Table 5 (Drucker and
Shield actually limited their analysis to D/t = 500). In
addition, three values of the finite-deflection axisym-
metric yielding pressure (p.,/0,,) are given for each
torisphere. The upper value is for o,, = 207 N/mm?, the
middle one for o,, = 310 N/mm? and the lower one for
414 N/mm?. The values of p,, in Table 5 are the aver-
ages of the deformation theory values in Tables 1 and 2
and they are denoted by p3,.
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Comparing the various quantities in Table 5, it may
be seen that:

1. All the Drucker-Shield limit pressures (pps) are lower
than their corresponding p,, values.

2. All the pyg values are lower than their corresponding
plastic bucklin% pressures found from deformation
theory, thatis p; .

3. From 1 and 2 the lowest predicted failure pressures
for all the shells in Table 5 arc the ppe values.
However, this predicted failure mode cannot always
be correct, as the controlling failure mode is plastic
buckling for several of the shells in Table 5 when
a,, =414 N/mm’ Some experimental results on
shells which failed by buckling and had D/t ratios in
the range 350 < D/t < 500 (40) tend to support this
observation.

The Drucker-Shield limit pressures have also been
plotted on Figs 8 and 9 and it is again clear that the ppg
values are always lower than the controlling failure
pressures. The ratios between the two vary with o,, and
the geometric parameters, and some values are listed in
Table 6. As the values given for D/t = 500 vary between
1.2 and 1.8, this means that the shell thicknesses calcu-
lated from the limit pressures (on which the relevant
section in BS 5500 is based in part) will be greater than
those found from the buckling rules (41). Hence, a mis-
match in the required thicknesses will occur unless steps
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TORISPHERICAL SHELLS UNDER INTERNAL PRESSURE 235

Table 6 Ratios of the controlling failure pressures (p.oa,) to
the Drucker-Shield limit pressures (ppg)

Dft = 300 D/t = 500
Pcuu/Pm Pu.../Pns
[ [ 8 = o=
27 N/mm?! 414 N/mm* 207 N/mm? 414 N/mm?
D RJD = 08
0.05 1.36 1.72 121 1.44
0.10 1.29 149 128 154
015 1.39 145 132 1.68
0.20 1.57 157 147 155
R/D =10
0.06 1.50 174 125 151
010 144 1.58 127 1.60
015 1.53 1.5 1.37 1
020 1.70 170 159 177

are taken to prevent it. This explains the anomaly men-
tioned in the Introduction.

The ratios in Table 6 are also very relevant to a
number of national pressure vessel Codes, as their rules
for internally pressurized torispheres are, for D/t < 500,
based on the Drucker-Shield limit pressures. As may be
seen from Table 6, considerable economies could be
obtained by modifying the relevant sections of the
Codes in line with the finite-deflection results given
hercin.

It should be noted that, even though the present
investigation has been limited to steel shells, some of the
results will carry over to other metallic shells. For
instance, the plastic buckling p_, values of aluminium
shells are not very different from those of steel shells (8),
despite the threefold difference in E values. Again, the
axisymmetric yielding pressures of aluminium shells are
somewhat higher than those of comparabie steel shells
(9). Thus, the above conclusion on more economic
designs of torispheres will not be limited to steel shells
only. With materials having low E values, the possibility
of elastic buckling should also be checked (13).

Y 3%16:!.: Apanoxmxm El?gATIONS FOR
TORISPHERICAL SHELLS

It is very helpful to designers of fabricated torispherical-
shells to have simple approximate equations availabie
for predicting both the plastic buckling pressures and
he axisymmetric yielding pressures of internally pressu-
rized torispheres. Some equations in this category, for
perfect torispheres and for the range 500 < D/t < 1500,
were given by Galletly and Radhamohan in (8, 9) (for
pzand p, )
The present calculations have extended the previous
results in several respects, particularly to lower values of
Djt. One could perhaps have improved the simple equa-
tions in (8, 9) using this information. However, the
modified flow theory in BOSOR 5 does not predict any
buckling for certain values of r/D, D/t and o,, (see Figs
5 and 6) and various limits would have to be placed on
the equation for pf, .
A simpler way of proceeding is to utilize the internal
buckling pressures calculated using deformation theory,
that is pB . As noted earlier, the quantities po/o,, are
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almost independent of ¢, and this makes the functional
relationship between them and the geometric par-
ameters a little simpler. The p®, values are always lower
than the pf values, so this approach will be on the
conservative side.

With regard to the axisymmetric yielding mode, the
P, values depend on o,, to some extent. What was
done, therefore, was to determine an approximate equa-
tion for p., from the lowest values obtained, that is for
0,, =207 N/mm?> The effect of o,, was considered
later.

From previous work, it was known that D/t and r/D
were important geometric parameters and that R,/D
also had a noticeable effect on the failure pressures.
However, the functional forms of the desired equations
were not known and some were, therefore, assumed.
The equations which follow may not be the best ones
that could be found. However, they are recasonably
satisfactory approximations to the computer results,
and the errors involved in using them, over the ranges
studied, are as indicated.

For the internal buckling pressures, the following
equation was found:

2; - lz(x’./D)o.ll

o~ DI RIDT™ @
and, for the axisymmetric yiclding pressures,
0.85
Py, _L/D) (1 + 0001430 @

o,y ~ (D/I)I.IO(RJD)OSS

The errors in equation (1) over the range 300 <
D/t < 1500 are +12 and — 16 per cent and in equation
(2) are 1 16 per cent. .

An equation for pZ, which gives errors within 10
per cent is

.c)r D 1.5 -1.318
o= (D/;gr(/&/m‘-" {l + °'°5('lr5) } ©

and an equation for p_, which agrees with the computer
results for o,, = 207 N/mm? and ¢,, = 414 N/mm? to
within 3-8 per cent is

P - mr/D)l.'ll L -1.37
o~ DI RJDP ™ {‘ +°"(D) }
x (1 4+ 0.0010);") . )

Comparing equations (1) and (3), it may be seen that
the former is not just a simplified version of the latter.
This is also the case with equations (2) and (4). The
minimization routine used to derive the exponents in
the equations has, presumably, arrived at different local
minima for the various cases (one can also vary the
magnitudes of the exponents and constants slightly and
obtain equations which give errors that are not much
larger than those quoted above).

It would have been preferable to arrive at simpler
equations than those given above and which perhaps
incorporated other groupings of the gcometrical par-
ameters. This has not been accomplished so far. For the
internal buckling pressures for a constant R/D, it has,
however, been observed that the quantities pl/o,,
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Table 7 Controlling failure pressures (p /o, or phfo ) X 10? for R/D = 0.8 and 1.0. A comparison of BOSOR 5 predic-

tions with those of equations (3) and (4)

/D 0.05 0.10 0.15 0.20
Equations (3) . Equations (3) Equations (3) Equations (3)
ot BOSOR § and (4) BOSOR $ and (4) BOSOR § and (4) BOSOR § and (4)
R/D =08
27 240(Y) 430(Y) 391(Y) 5.90(Y) 5.65(Y) 8.00(Y) 1.68(Y)
300 32?/% 313(Y) 5.20(Y) 5.10(Y) 7.50(Y) 73%Y) 29(Y) 1001(Y)
19XY) 1.76(Y) 2.90(Y) 287%(Y) 427(Y) 4.15(Y) 6.1(Y) 5.63(Y)
400 2 45(B/Y) 2.31(B/Y) 3.66(B) 3.57(B) 4.87(B) $.06(B) 6.67(Y) 6.78(B)
1. 1.38(Y) . 22000 2.26(Y) 3.30(Y) 3.26(Y) 4.80(Y) 44%Y)
500 1.%/\’) 1.70(B) 2.58(B) 2.60(B) 3.41(B) 3.6%B) 48%B) 4.94(B)
L10(Y) 1.14(Y) 1.8)Y) 1.85(Y) 2.62(B) 2.68(Y) 3.8%B) 3.64(Y)
600 29B) 1.31(B) 191(B) 201(B) 2.62(B) 284(B) 38%B) 3.81(B)
0. 08 1.25B) 1.33(B/Y) 1.77(B) 1.3%(B) 2.$)(B) 25%B)
&00 oa:; o.a;g; 1.25(B) 1.3XB) 1.77(B) 1.8%B) 2.53(B) 2.5%®)
0.60(B, 0.63(B) 0.90(B) 0.97(B) 1.31(B) 1.38(B) 1.94B) 1.84(B)
1000 o.é“s’((a{v) 0.63(B) 090(B) - 097(B) 1.31(B) 1.38(8) 1.94(B) 1.84(B)
1300  04%B) 0.44(B) 0.61(B) 0.67(B) 0.95(B) 0.95(B) 1.40(B) 12%B)
1500  0.34B) 0.36(B) 0.52(B) 0.55(B) 0.30(B) 0.80(B) 1.16(B) 1.04B)
{/D 0.06 0.10 0.15 020
D/t
R/D =10
23 22%Y) 3.27(Y) 3 47XY) 4.66(Y) 6.30(Y) 63%Y)
300 28% 2.89(Y) 4.10(Y) 4&3 5.9%Y) 5.87(B) 7.60(Y) 7.36(B)
1.7(Y) 1.6XY) 237(Y) 236(Y) 1.57(Y) 341(Y) 5.00(Y) 4.64(Y)
400 198B) 1.97(B) 2.77(B) 2.75(B) 381(B) . 350(B) 5.55(Y) 5.22(B)
1.239) 1.28(Y) 1.80(Y) 1.86(Y) 2.7XY) 2.65(Y) 393Y) - 36%Y)
500 143(B) 1.4)B) 197(B) 2.00(B) 277(B) 2.84(B) 3.95(B) 3.80(B)
097(Y) 1.0%Y) 14Y) LSXB/Y) 2.16(B) 219(B/Y) 3.06(B) 293(B)
600  1.09(B) 1.11(B) 1.49(B) 1.54(B) 216(B) 219(B/Y) 3.08(B) 29%B)
0.80(Y) 0.89(B/Y) 1.18(B) 1.24(B) 1.72(B) 1.76(B) 2.40(B) 2.36(B)
700 087(B) 0.89(B) 1.18(B) 1.24B) 1.72(B) 1.76(B) 2.40(B) 236(B)
0.60(B/Y) 0.62(B) 0.82(B) 0.87(B) 1.20(B) 1.23(8) 1.67(B) 1.65(B)
900  9.60(B) 0.62(B) 0.82(B) 037(B) 1.20(B) 1.23(B) 1.67(B) 1.65(B)
1200  0.40(B) 0.41(B) 0.54(B) 0.58(B) 0.31(B) 0.82(B) 1.14B) 1.10(B)
1500  029(B) 0.30(B) 0.41(B) 0.42(B) 0.5%(B) 0.60(B) 0.86(B) 0.80(B)
Netes '
L. Y = axisy
B= ri buckt

zhu:hwhmnmthmnmmﬁmmuyubtn = 207 N/mm* and the sccond is for a,, = 414 Njmm?.
3. ‘l‘heBOSOlStmdlm;prumu(mrkedB)mthenv«app‘ulmmhbleS.

(D/1)** are appsoximately constant for ecach value of
r/D. This result is, of course, consistent with equation

(W

9 A COMPARISON OF THE PREDIC]‘IONS OF
EQUATIONS (3) AND (4) WITH TH
COMPUTER RESULTS

Bquations (3) and (4) were employed to determine the
controlling failure pressures for all the perfect tori-
spheres considered in this paper. The predictions of the
cquations were thcn compared with the computer
results for p,, and p5,. The results of this exercise are
given in Table 7 for o,, = 207 and 414 N/mm?. For
cach value of /D, two oolumns are given. The first
columns are the BOSOR 5 computer results and give
the lower of p,, and p2 (the latter being the average of
the corresponding value in Tables 1 and 2). The second
columns come from equations (3) and (4) and, in each
case, the lower value is recorded. The letter B after an
entry signifies that the buckling mode is predicted to

Proc Instn Mech Engrs Vol 199 No C3

control and the letter Y means that axisymmetric yield-
ing controls. '

For R,/D = 1.0, the computer results and the approx-
imate predictions of the controlling failure pressures are
compared graphically in Figs 10 and 11. From these
figures and Table 7, it may be seen that the overall
agreement between the predictions of equations (3) and
(4) and the computer results is fairly satisfactory and the
crrors are smaller with the higher value of o,,. The
prediction of the controlling failure mode may also be
seen to be usually correct (it will be recalled that the
computer results from deformation theory are being
employed in this discussion).

10 CONCLUSIONS

1. Using the BOSOR 5 computer program, values of
the internal buckling pressures (p_,) and the axisym-
metric yielding pressures (p.) have been obtained for
perfect steel torispheres over the range 300 <
D/t < 1500.
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Fig. 11

2. From the above results, the controlling failure press-
ure curves (that is the lower of p_, and p.,) for perfect
steel torispheres under internal pressure can be deter-
mined. Over the range 300 < D/t <600, the
Drucker—Shield limit pressures were compared with
these controlling failure pressures and the ratio

© IMechE 1985

between the two varied between 1.2 to 1.8. These
results indicate that considerable economies could be
achieved in the design of many torispherical shells if
the various national Codes took advantage of the
foregoing.

3. Using curve-fitting methods, simple approximate
equations for p2 and p,, were determined over the
range 300 < D/t < 1500. These equations give ade-
quate predictions of the failure pressures and modes
for perfect internally pressurized torispherical shells.
They should be a useful guide to similar equations
for fabricated torispheres.
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