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Containment Vessel/Code Case(s)
Analysis Working Meeting - Summary

A working meeting was held on December 8, 1982 to resolve
NRC concerns to the Containment Vessel/ASME Code Case(s)
Analysis. The presentations and subsequent discussions
responded to NRC concerns in the following areas:

1) The 1974 versus 1980 ASME Code Comparison (NRC
Question 220.25)

2) The Ultimate Capacity of Containment (NRC Question
220.30)

3) The NRC Audit Findings
4) 7The ldentification of Closed Issues

The presentations highlighted the essential elements of the
Applicants responses to the NRC concerns. From subsequent
discussions of the presentations and the Applicants'
developed responses to the NRC concerns it appeared that the
Applicants had closed all of the subject issues. However,
the NRC reviewers indicated that some minor clarifications
would be needed in the information formally transmitted.

See Attachment (1) for a list of closed issues, Attachment
(2) for clarifications of formal responses to NRC concerns,
Attachment (3) for formal responses to NRC concerns,
Attachment (4) for meeting viewgraphs, Attachment (5) for
the meeting agenda and Attachment (6) for meeting attendees.
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Attachment (1)
CR-783:VF:82-598

Responses to NRC Comments on Previous
Question Responses

NRC Question 220.25

a)

b)

c)

NRC

a)

what is the justification for assuming that the
external containment pressure (Ppy is 0 for the
assessment ol containment buckliﬁg according to Code
Case N-2847

Status: Closed Issue

Provide further information on the effect of the
equipment access hatch on the margin against
buckling. The N-284 buckling evaluation provided by
the Applicant as part of the response to NRC
Question 220.25 does not adequately address the
effect of the equipment access hatch. Describe the
methodology used in design including consideration
of buckling.

Status: Will provide additional information at FSAR
stage, closed issue for SER.

Nozzle piping transition. The comparison included
in the response to NRC Question 220.25 relies on
engineering judgement. Provide numerical
comparisons for typical piping penetration.

Statueg: Closed Issue
Question 220.30

The ultimate capacity prediction for the containment
should be expanded to include the effect of all
discontinuities and the capabilities of all
penetration components including seals, deors, etc.
Appropriate thermal effects should be included.

Status: Closed lIssue



3.

NRC Audit Findings (May 1982)

a)

b)

c)

d)

Finding (1.C.1.A) = In evaluating the equipment and
personnel airlock for seismic loads, an assumption
was made that it penetrates containment in a radial
direction. To develop the dynamic model for the
airlock, only two degrees of freedom were allowed;
radial and rotatien about a horizonal axis. In
addition, with the maximum live load in the extreme
end of the airlock, it is fundamental frequency is
below the peak of the design response spectrum for
that location. To adeguately evaluate the airlock
the following nec.n to be done.

A three-degree-of-freedom model needs to be
developed that includes the skewed penetration angle
effects, The additional degree of freedom should be
rotation about the vertical axis.

Stetus: Closed lssue

Finding (1.C.1.B) - Amounts of live load that allow
the fundamental frequency to fall on the peak of the
design response spectrum should be considered.

Status: Closed Issue

Finding (1.C.2) = The seismic lumped mass model
includes stiffness coupling terms to s.mulate the
fundamental dome breathing mode. The frequ :ncy and
m¢ de shape of this mode needs to be confirmed with a
more refined model.

Status: Closed lssue

Finding (1.D.3) -~ All significant computer codes
used for structural design need to addressed in the
PSAR along with verification documentation,

Status: Closed I1ssue, a brief description
will be incorporated in Appendix A of the
PEAR. The detailed verifications are
* included in Attachment (3).
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Supplement to: Why was Pe = 0 used in the N-284 analysis.
New question: What would be the effect if Pe = .5 psig instead of

Pe - 0.
Response: The buckling safety factor would be reduced less than 10%
(see below). This information has been supplied as re-

quested; however, there is no requirement for these loading

conditions to be analyzed.

N-284 SAFETY FACTORS

Pe = 0 Pe s .5 psig
OBE 25" 2.4*
SSE 1.8% v

*See response to 220.25 for calculations
wwSame calculations were used for Pe = .5 psig

***Calculation not performed, however, the percentage change is expected
to be similar to the OBE calculation.




Supplement to:
New question:

Response:

220.25 Equipment Hatch Buckling

Evaluate the stress in the shell above the equipment hatch
and the horizontal stiffener.

The stress in the shell above the equipment hatch and the
horizontal stiffener will be analyzed and a qualified
summary will be provided in the FSAR.



The calculations in Table 3-10 (CRBRP-3, Vol. 2, Rev. 0, Page 3~8) were
based on the applicable 1975 ASME Code requirements. As requested by the
NRC, the ultimate capacity calculations (Question 220.30) were gone in
accorgance with a |ater Code Case N-284, al though the design criteria
re.:ins as those of the 1975 ASME Code.

Using the 1975 code and the CRBRP developed interaction equations, it was
determined that the critical failure mode was shel | buckl ing and not the
hatch cover. Shell buckling calculations were therefore used to devel op
Table 3-10.

.

The recent (220.30) ultimate capacity calculations were performed to the ~
more recent Code Case N-284 and therefore differ slightly. The significant
difference is that the hatch buck!ing becomes more critical- than the shel |
due to the aoplication of the more conservative N=284 criteria.

Results from the new (N-284) analysis are quite close to the previous
predictions in Table 3-10; i.e., at 4500F, the N-284 analysis predicts

tailure of the hatch at 40 psig and the earlier analysis predicts "yiel ding"
of the sheil at 39 psig.

Therefore, the most recent calculations performed in response to Question
220.30 are reasonably consistent with the ear|ier predictions in Table 3-10,
and no change to the PSAR is considered necessary.
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Question

What is the justification for assuming that the external
containment pressure (Pg) is 0 for the assessment of containment
buckling according to Code Case N2847?

Response

"External pressure” is an expression for a positive pressure
measured from outside the containment vessel to inside the
containment vessel. There is no known mechanism for actually
generating a positive pressure outside the containment; rather,
the concern is the potential for generating a negative pressure
inside the containment vessel which has the effect of creating a
positive differential from outside to inside.

Py was set equal to zero for the analysis of the critical
buckling region (just above the operating floor) using N -284
criteria and PSAR loading combinations for SSE and OBE. This was
done because an external pressure condition is not postulated to
occur in combination with a seismic event for reasons given
below.

The design specification for the CRBRP containment vessel
identifies a negative "design pressure” of 0.5 psig. This
pressure was conservatively chosen early in the design of the
plant to assure that there would be no event which could
independently challenge the capability of the vessel to contain a
negative pressure. This pressure was not mechanistically derived
but is included in the equipment specification and analyzed as a
conservative assessment of vessel capability.

The only identified scenario which could cause a measurable
negative pressure in the steel containment would be a large
sodium fire followed by cool down of the containment atmosphere,
without in-leakage of the outside atmosphere. The bounding case
of such a scenario is presented as part of the containment
building design evaluation in Section 6.2.1.3 of the PSAR.

The pressure in containment, following the large sodium fire
discussed in Section 6.2.1.3, would not become negative until the
containment atmosphere has cooled down for more than fifty hours.
The negative internal pressure attained in the steel containment
is limited by operation of the vacuum breakers. The set point of
the vacuum breakers is 3.5 inches water gauge (0.13 psig).
Therefore, once the pressure inside containment has become
negative, it will remain negative only until the vacuum breaker
set point is reached. When the vacuum breakers open, the
pressure differential across the containment will drop until the
low set point on the vacuum breaker valves (1.75 inches water
gauge) is reached and the vacuum breakers close. Thus, the set
point of the vacuum breakers (3.5 inches water gauge) is a
reasonable upper-bound value of the external containment pressure
following a large sodium fire.



The pressure relief function of the vacuum breakers is assured by
(1) providing redundant separated penetrations with vacuum
breakers, (2) sizing each vacuum breaker for adequate inlet flow
to ensure that the negative pressure differential in containment
would not exceed 3.5 inches water gauge, (3) sizing each vacuum
breaker penetration to provide adequate inward flow assuming
failure of the vacuum breaker(s) on the other penetratior and (4)
designing and qualifying the vacuum breaker “valves" to assure
that they will open at their design set point during or after any
design basis sodium fire inside containment.

Analysis has shown that there is a negligible difference in loads
that set Pg = 0 and loads that set Py = 3.5 inches water gauge
(0.13 psig) as input to the loading combination. Even though the
external pressure was selected to be zero for the analysis of the
critical buckling region, a reasonable upper-bound value of 3.5
inches water gauge for the external pressure would not
significantly affect the outcome of the analysis.

Summary

An external containment pressure condition is not postulated to
occur in combination with a seismic event. Nonetheless,
selection of a reasonable upper-bound value of 3.5 inches water
gauge for the external pressure would not significantly affect
the outcome of the critical buckling region analysis using N -284
criteria and PSAR loading combinations for SSE and OBE.
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A DISCUSSION OF HATCH OPENING EFFECTS ON VESSEL BUCKLING

The hatch opening has a diameter of 44'-6", which is approximately 25% of the
vessel diameter. The opening has been reinforced by area replacement rules
of the ASME Code, Section III, Subsection NE. In addition, a stiffening
system around the opening has been provided to maintain continuity of the
ring stiffeners. (See attached sketch.)

The local area arocund this large opening is stiffened by the insert plate,
barrel neck and the stiffening system. Unsupported plate areas within the
stiffening system are small enough that local plate buckling is not a
consideration.

For overall shell buckling analysis, it has been assumed that the buckling
strength of the containment vessel is not reduced by the presence of this
large opering. This assumption has been justified by assuring that the

local vessel stiffness, in both directions, is equal to or more than the
stiffness required for the unpenetrated shell. The basic principle of the
buckling design of a stiffened shell, such as we have here, is that the
stiffeners be capable of carrying all loads in case local panels have

buckled and are not capable of carrying any loads. By maintaining the
required stiffness continuity of the ring stiffeners, it is assured that
overall compressive loads, in both directions, can be carried around the
opening, without causing buckling. The stiffening system around the opening,
in fact, has a much greater stiffness than that required tc maintain continuity.
(See Sheets H7.7 and H7.8 of the Design Report)

To assure that stiffening system members do nct disproportionately share in
carrying loads causing local failure, a frame analysis has been performed

around the opening. The results of this frame analysis indicate that individual
members of the stiffening system can properly carry their portion of the load.
The proximity of the barrel neck, insert plate and the stiffening system result
in their acting together. This results in guite large beam and column sections
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CHICAGO BRIDGE & IRON COMPANY

Location _QAK BROOK ENGR,

(see Sheets H8.6 and 8.8 of the Design Report), which are more than adequate
to safely carry the loads.

To eliminate the possibility of the vertical stiffeners attracting a dispro-
portionate share of the meridional compressive loads, causing panel buckling
in the plate immediately above these stiffeners, the portion of the ring
stiffener at elevation 856' between the vertical stiffeners is designed as

a beam. This stiff beam and the diagonal stiffeners carry the meridional
lcads into the vertical stiffeners, without any significant "bunching" of

the stress lines above the vertical stiffeners.

As a further justification for assumption that an opening the size of the
equipment hatch, if properly reinforced, will not deteriorate the buckling
capability of the vessel, we refer to a paper entitled "Experimental Stbdy
of the Buckling of Cylindrical Shells With Reinforced Openings". This paper
authored by C. D. Miller was presented at the Second Joint ASME/ANS Nuclear
Engineering Conference, Portland, Oregon, July 25-28, 1982. Figure 2 of
this paper presents the results for Model #1 which had an opening with

r/vRT of 6.36 which is identical to that of the hatch opening. This figure
indicates that the buckling capability of the cylindrical shell under axial
compression was not reduced by the presence of the opening, when the ooen1ng
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INSERT A

A number of other investigators have demonstrated by tests that for
cylinders under axial compression, a reinforced opening could be_of fairly
large size without deteriorating the critical buckling capability of the
shell. This is particularly true for fabricated shells under axial com-
pression where the imperfection knockdew :actors from classical buckling
values are significant. Effects of the penetration are found to be ﬁore
significant than imperfections and test results including penetrations are
within the scatter of test results of unpenetrated shells. The CRBRP
containment shell has been evaluated against ASME Code Case N-284 which’
uses knockdown factors established from lower bound test data of fabricated
vessels without penetrations. Test results also indicate these knockdown
factors will provide lower bound values to test data obtained from vessels

with penetrations.

’
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In summary, we believe that by providing the extensive amount of stiffening
around the hatch opening, local shell buckling is precluded. Also, by
providing stiffness continuity of ring stiffeners and conservatively
checking members locally as beams and columns to carry the loads around

the opening, the buckling capacity of the vessel is not adversely affected.
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CHICAGO BRIDGE & IRON COMPANY

PP Oak Brook Engineering

EQUIPMENT PERSONNEL AIRLOCK - RADIAL STUDY

This study concerns the analysis of the equipment personnel airlock as a
nonradial attachment in order to demonstrate that the cuntainment vessel
shell is adequate for these effects. The analysis of the airlock in C8I's
Design Report demonstrates that the shell is adequate for the lcads of the
airlock as analyzed as a radial attachment.

This study Jemonstrates that the effect of the nonradial analysis of the
airlock has an insignificant effect on the containment vessel. The anilysis
of the stresses in the containment vessel has been performed in the same man-
ner as shown in CBI's Design Report, Section F. The dynamic model, however,
was analyzed using CBI program E1724A (SAP IV) and includes the skewed effect.

The results of the analysis shows that the accelerations either were reduced
or remained approximately the same as the radial analysis. The loads applied
to the containment vessel shell in general showed a red:ction for the radial
and :onq:tudinn di:cct;on ang th: loads applied in the circuanrenﬂﬂ di-
rection increased significant . - i en
S T Dy B e SR I atwlerie

The results of the membrane stress analysis of the nonradial loads show that
the maximum increase in the vessel stress intensity will be approximately 11%.
The maximum stress intensity in the shell will be reduced, however, since the
Tongitudinal (vertical) moment and the radial load hewe been reduced.

In conclusion, the results of the nonradial analysis shows that the additional
skewed effect of the airlock will produce an insignificant effect on the con-

tainment vessel and it will actually reduce the stress intensities.
L P TR T
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EQUIPMENT PERSOKNEL AIRLOCK - NONRADIAL STUDY
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EQUIPMENT/PERSONNEL AIRLOCK LIVE LOAD

Section F, "Equipment/Personnel Airlock Effects on the Shell" of the contain-
ment vessel design report develops the frequency and accelerations of the
airlock and the airlock's effects on the shell, moments and forces. The
dynamic analysis in Section F considers the full live load (40k) at the end
of the airlock as encompassing the worst condition. During a recent NRC
Design Review, the location and magnitude of the live load became a

concern of the reviewers. The reviewers felt that if the live load was
reduced or relocated away from the end of the airlock, the frequency of the
airlock may increase enough to result in an increased acceleration and an
increased load on the shell. The final result being that the "worst condition"
may not have been used for design.

In response to the stated concerns of the reviewers, the dynamic analysis in
Section F was reexamined and we offer the following explanation to the
reviewers in response to their concern.

If the live load magnitude is reduced from 40k and/or the live load is moved
toward the center of the airlock, the following anticipated effects would occur.

1. The center of gravity of the airlock would move toward the center of the
airlock. This would reduce the moment arm distance. With a reduced
moment arm, the circumferential moment and the longitudinal moment would
be reduced significantly whether or not the live load itself was reduced.

2. The frequency of the airlock would increase but wouid remain approximately
within a 10% range. A higher frequency would result in a slightly higher
first mode spectral acceleration. However, the final airlock accelerations
would only change an insignificant amount. This insignifigant change in
acceleration would not be greater than the significant reduction which
would occur from Item #1.

3. The force or moment on the shell will decrease.
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A detailed listing of the anticipated effects are listed on pages

Our examination of the effects of a reduced or relocated live load reveal

that the accelerations will either remain the same or will decrease and the
radial force and moments on the shell will decrease.

LIVE LOAD IN AIRLOCK

Max. LL 40
Assumed at End of Lock
Result
RADIAL - f) = 3.42 cps left of peak spectral acceleration
fo = 6.96 on the peak spectral acceleration
0BE SSE
Acceleration 1.585 2.083 ¢
Rotation 0.00897 (Radians) 0.0127 (Radians)
F 277" 364K
M 16332~ 2317 1k
VERT. EQ - fl = 3,74 cps left of peak
f2 = 126.14
0BE SSE
Acceleration 2.166 g 3.385 g
ML 2981-k 505 1k
CIRC EQ - fy = 2.74 cps left of peak
fa = 126.14
0BE SSE
Acceleration 1.07 ¢ 1.74 g
M a181-k 7301-k
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I. Liveload <40k at End of Lock
A. Anticipated Results (Radial)

1. Frequency will increase slightly, still approximately within 10%.
Note: a. Response spectra curve is adjusted 10%.
b. CBI uses a 10% adjusted factor frequency +10% to
arrive at maximum spectral acceleration.
c. First mode frequency gives higher spectral acceleration.
However, the second mode frequency will remain on peak.
The second mode frequency has a high participation factor
2. Location of C.G. will change.
3. Acceleration of iock will change insignificantly.
4. Radial force on shell will go down (less mass).
5. Summary

a. Acceleration unchanged.
b. Load on shell less.

B. Anticipated Results (Long. Eq.)
IR
-

C.G. of Tock will be closer to shell.
Frequency will go up slightly, approximately within 10% range.
Note: a. Respcnse Spectra curve is adjusted 10%.

b. CBI uses a 10% adjusted factor f +10% to arrive at

maximum spectral acceleration.

First mode spectral acceleration will go up slightly.
Acceleration of system changes insignificantly. C.G. closer to shel
M_ decreases. C.G. closer to shell + less mass.
Summary
a. Acceleration changes insignificantly.
b. Moment on shell will decrease.

C. Anticipated Results (Circ Eq.)

-

-

1. C.G. of lock will be closer to shell.

2. Frequency will go up slightly, approximately within a 10% range.
Note: a. Response spectra curve is adjusted 10%.
b. CBI uses a 10% adjusted factor f +10% to arrive at a
maximum spectral acceleration.
SUBJEL T -ARoAtHlv CHNeD By oy c-u;al ~NO.
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First mode spectral acceleration will increase slightly.
Acceleration of system changes insignificantly.

Mc decreases, C.G. closer to shell + less mass.

. Summary

a. Accelerations remain the same.

b. Moment on shell decreases.

o ;s w

I1. Liveload = 40X Located Away From End

A. Anticipated Results (Radial)
1. Frequency will increase slightly, still approximately within 10%.
Note: a. Response spectra curve is adjusted 10%.
b. CBI uses a 10% adjusted factor frequency +10% to
arrive at maximum spectral acceleration.
c. First mode frequency gives a higher spectral acceleratior
However, the second mode frequency will remain on the
peak. The second mode frequency has a high participatior
factor.
Acceleration of lock will change only insignificantly.
3. Radial force on shell will decrease slightly.
Summary
a. Accelerations change insignificantly.
b. Load on shell less.

B. Anticipated Results (Long. Eg.)
1. C.G. of lock will be closer to shell. :
2. Frequency will go up slightly, approximately within 10% range.
Note: 1. Response spectra curve is adjusted 10%.
b. CBI uses a 10% adjusted factor f +10% to arrive at
maximum spectral acceleration.

3. First mode spectral acceleration will go up slightly.
4. Acceleration of system changes insignificantly.
5. M_ decreases. C.G. closer to shell.
6. Summary
a. Accelerations change insignificantly.
b. Moment on shell will decrease.
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. . Location__OAK BROOK ENGR.
C. Anticipated Results (Circ. Eq.)
1. C.G. of Tock will be closer to shell.
2. Frequency will go up slightly, approximately within a 10% range.
Nota: a. Response spectra curve is adjusted 10%.
b. CBI uses a 10% adjusted factor f +10% to arrive at a
maximum spectral acceleration.
3. First mode spectral acceleration will increase slightly.
4. Acceleration of system changes insignificantly.
5. M. decreases, C.G. closer to shell.
6. Summary
a. Accelerations remain approximatel, the same.
b. Moment on shell decreases.
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CHICAGO BRIDGE & IRON COMPANY

Location Qak Brook Engineering

TOP HEAD STIFFNESS VERIFICATION

To account for the vertical "dome breathing" mode of the steel containment
vessel top head, a stiffness matrix coupling the mass points in the dome
was developed. This stiffness matrix is described in subsection 5 of the
Section E, Seismic, of the Containment Vessel Design Report. The purpose of
this study is to compa-e the frequency and mode shape of this method with a
more refined model.

A dynamic shells of revolution model was chosen to provide this confirmation.
The shell model used for this comparison is shown on sheet 2.

Subsection 5 of Section E provides a complete stiffness matrix for a vertical
model as shown on sheet £A-5.19 of Section E. The frequency and mode shape
was not provided in subsection 5. Therefore, a lumped mass model analysis
with the stiffness matrix shown on Sheet EA-5.19 was developed. An addi-
tional mass point was added 60 inches above the base to facilitate the
analysis. This additional mess point does not effect the top head stif-
fness matrix.

A comparison of the results of the two methods is shown on sheet 7. The
plotted mode shapes are in very close agreement and the frequencies are
within 10% In conclusion, the dynamic shell of revolution analysis compares
favorably with the vertical "dome breathing" mode provided in the contain-
ment desian report,
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'(/ , NRC__Requlations
15

\ The intent and requirements of Appendix J to 10 CFR Part 50,

“Primary Reactor Containment Leakage Testing for Water-Cooled Power Reactors",
will be complied with, as applicable. A listing of exceptions to 10CFRS0
Appendix J is provided in Section 6.2.1.4.

3.8.2.2.4 Appltcable CRBRP General Desian Criteria (GDC)

The applicable CRBRP GDC are listed below.

Criterion 1: Quality Standards and Records.

Criterion 2: Design Bases for Protection.

Criterion 3: Fire Protecticn.

Criterion 3.a Protection Against Sodium Reactions.
Criterion™ <~ Environmental and Missile Design Bases.
Cerrecinn /4 ConTaNMmeNnT s an

Criterion 5Q:4{ Containment Building Structure Design Bases.

Criterion S1:42 Fracture Prevention of Reactor Containment Boundary

Criterion '52;45 Capability for Containment Leakage Rate Testing.

6f-\> Criterion™\:44 Provisions for Containment Testing and Inspection. 7E>
Criterion B +4< Piping Systems Penetrating Containment. |
Criterion 554 ls Reactor Coolant Bounc:ry Penetrating Containment. Q
. |
Criterion %:47 Reactor Containment lsolaticn.
Criterion 57:48 Closed Systems Peneirating Containment.
an Cisonue
Criterion $8+a:' Containment Atmosphers €ontred.

D Cuenanse
Criterion‘sesi: Inspecticn of Containment Atmosphere <€entreol

Systems. .
. - CennJIpP
Criterion 987 Testing of Containment Atmosphere €entrot
Systems.

Criterion B&S(& Monitoring Radioactivity Releases.

|
|
|

Amend. 15
Apr. 1976

) 3.8-4
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INTRODUCTION

This program is a complete revision of Program 655. Pro-
gram 655 hae some deficiencies in the manner of programming.

These are as follows:

l. Only finds displacements and forces on the loaded ring
and the two adjacent rings (3 rings total). If more
than one ring is loaded erronecus results will be ob-

tained.

2. Has option of using partial structure.

These were changed in the revision to:
1. Displacements and forces are found on all rings, loaded
6: unloaded.
2. No partial structure is used in the soluticn.
3. Option: Displacements, forces, and stresses may be

calculated fcor one portion of consecutive bays.

Additions and limitations are as follows:

l. Ring geometry is read in to obtain the stresses in the
ring and shell. Program has option whether or not to
calculate stresses.

2. Loads are printed out in single table, not at the ring
before the loaded ring.

3. Displacements, forces, and stresses may be printec out
at the points of load:ng. This is opticnal.

4. Total number of lcad points (if printed ocut) plus number

& s - ‘4 } b | [ *tamars F 3 & 3 .y
ol increments must be £145. Haximum of 929 for cich tyy

W

ocad.

e

- 1-1
e
P———=



Additions and limitations (continued)

5.

This is a finite element program with very simple
elements. These elements are:
a. Ring element which only bends in its own plane,
b. Cylindrical membrane element with constant shear

(one element between rings).

Therefore, since there is only one very simple element

between rings, the rings must be close together, etc.

1-3



DISCUSSION OF THEORY

This program is a result of the Technical Note NACA 1219,
"Stress Analysis by Recurrence Formula of Reinforced Circular

Cylinders Under Lateral Loads" by John E. Duberg and Joseph Kempner.

This paper contains the development of a general recurrence

formula suitable for the stress analysis of cylinders that may

be nonuniform in construction, arbitrarily supported at the bound-
aries, and arbitrarily loaded in the planes of the reinforcing
rings. The development is based upon the maintenance of continuity
of deformation between the rings and shell. 1In any particular
problem the recurrence formula together with appropriate boundary
equations are used to obtain sets of simultaneous linear eguations

for the corrections to the stresses given by the elementary theory.

In the cdevelopment of the recurrence formula that can e used
to obtain the Cesired stress corrections, several simplifying as-
sumptions are made: 4hat part of the sheet area which is con-
sidered to resist normal stresses is added to the stringer area
and the combination is uniformly distributed about the periphery
of the cylinder. This resulting combination is an effective sheet
thickness that resists normal stresses. The actual sheet area is
considered capable of supporting cnly shear stresses. It then
follows that within a bay the shear stresses vary in the circum-
ferential direction but are constant in the longitudinal direction.
Inextensional deformation, of rings zad lheet is also assumed, and

Poisson's ratio is considercd to be zero.

The elementary theory of ring analysis usedé herein is from
"Formulas For Stress and Strain," bv Raymond J. Reark, MaGraw-Hill &

Book Co., Inc., New York, N.Y., 1954, = =
1-4 e



FORM OF EQUATIONS

From “"Theory of Elastic Stability" by Timoshenko and Gere,
page 279, comes the cxpression for the differential equation

for the deflection of a ring.

2
d'w _
[+ +]

=
=

where
M = bending moment
E = modulus of elasticity
I = moment of inertia
R = radius
w = radial deflection (positive inward)

¢ = angular location of point on center line from reference

Furthermore, from the equilibrium equations, compatibility

equations, and constitutive equations the following expressions

are found:
g% ~-w =20
@ = gar re- 5
e.%(g‘;;w)

where

v = tangential displacement (positive clockwige)
Q = shear force
5 = rotation 1’5

F = axial force



w e’

Sign convention

g = shear flow

P = radial load
T = tangential locad

Mc = concentrated mcment
Therefore, the forces and displacements are as follows:

b = b + b i.e. the sum of the tangential

t.,in m,in

load and concentrated moment effects.

i,n

For the shell:

nmax

qi(o) - E a,, sin n3y ¢ bin cos ne]
n=2

-6
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For the ring:

4 _Mmax
R 1 - -
w, () = w, ¢ E—Ii _ﬁ[(‘i,n 'i-l.n\c‘” ne
nep nin®-1) /
(b;.n b:'.-l.n)“‘" no]
4 Pmax
R 1
vile) = v + E—i- —5—7—2-1 [(.i,n a, 1'“)six': n¢ +
mey B (07-1)
(bi.n bi-l.n) cos n‘]
"max
2 2 1 - -
M;(9) =M +R Z —3—[(31'!‘ 'i-l,n)°°' né
neg n(n7-1)
(bi.n-bi-l.n)sin na]
n

max

1 .
§; (s) " RZ x[-(‘i,n"i-l,n)"" n¢ -

a=2
(bi , n'bi-l.n)c‘” n‘]

L}
0
+

"max
n
Fi(O) -F_¢ i I;[(ai'n a; ) n)cos né
n=2
(bi.n-bi-l.n)sin m]
B Pmax
1 ;
6(s) = &_ + == ———[-(a -a sin ne -
e El, 2 s i,n "i-1l,n
i G=p nn 1)
(bz,n-bi-l.n)cos nc]
The sutscript e refers to the elementary solutions.
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VERIFICATION OF PROGRAM 655

Two studies have been performed to verify the results obtained
from Program 655. First, the results of Program 655 were
compared to the results of Program 781, "Shells in Revolution®.
Second, to verify that ten harmonics were sufficient, compar-
isions of stress results were made using a varying number of
harmonics.
1-15

The models used for Program 655 are shown on Sheets bty and

ds . Both models consist of a stiffened shell with the
top head modeled as an sxteansion of the shell rising to 1/3
the elevation of the head. 1In Model 1 an ASME Code stiffener
is modeled at elevation 924.1', while Model 2 is fixed at that
elevation. Results from Model 1 were used in Seccion J of the
Design Report. The mcdel used for Program 78. is shown on
Sheet kbt

-0

To reduce the number of harmonics required for Program 781,
loads were applied over 30° of the circumference. In Program
781, a uniform distributed load was applied over 30° using
harmonics. In Program 655, 21 .qf‘ﬁl concontrlgzg loads were
spread over the 30°. Sheets thru show
comparisions of inside and outside hoop stresses due to applied
radial and tangential loads. In the cage of the inside stresses
due to an applied radial load (Sheet W=y ) there is a
significant difference in Programs 655 and 781 results. A
correction factor of 30% will be used to correlate the inside
stresses of Program 655 with those of Program 781. co~T PlYa

L andallhe
Sheets xiwmtsSs thru show comparisons of Program 655
stress results using a varying number of harmonics. The results
show that convergence of the recurrence formula has occured

using ten harmonics. A- 4
L Nl L MADE By | CHuD B8 B CHaARGE NO.
RAW > S=-41121

o
%.%5 OATE | % | Snne
i0/78 |10/78 Dare T ddaetns.




CB&I's analysis uses the peak values only. Therefore, variation at
other locations need not be addressed. The plots of the inside and
outside stresses caused by a tangential 1load (see Pages 1-21 and
1-22) also indicate a significant difference. However, the program
655 analysis predicted higher stress vilues, S0 no adjustment was
required.
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PROGRAMS E0781A AND E0781S - KALNIN'S SHELL OF REVOLUTION ANALYSIS

3.1 Comparison of 2/1 Ellipsoidal and Torispherical Heads

The structure consists of a torispherical and 2/1 Ellipsoidal head
connected with a cylinder. The loading consists of a uniformly
distributed pressure acting on the inner surface of the struc-
ture. This problem checks the progradk ability to generate cyl-
indrical, torisphercal, and ellipsoidal shapes. The results

are compared to show the differences, between the hoop force and
longitudinal bending in the two heads. These results are then
compared with published results.

Cylindrical Water Tank with Tapered Walls

The problem considered here is a cylindrical water tank with a
tapered inner wall. The loading consists of a linear pressure
applied to the inside wall. The esults are compared with the
theoretical solution.

Circular Hole in Plate

The problem consists of a plate with a circular hole subject to
uniform axial tension. This problem illustrates Program E0781S's
capability to evaluate a stress distribution generated by a
harmonic series. The KALNIN's results are compared to the
theoretical solution.

Inclined@ Cvlinder under Hvdrostatic Loading

The problem considered is a inclined cylinder which is fixed
at one end ané free at the other end. The structure 1s analyzec
for an internal nvdrostatic loading. The KALNIN's results are

compared with a published shell solution. 3-1
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PROGRAMS E0781lA AND E0781S - KALNIN'S SHELL OF REVOLUTION ANALYSIS
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COMPARISON OF 2/1 ELLIPSOIDAL AND TORISPHERICAL HEADS

Introduction

This problem illustrates Program E078lA's ability to generate
cylindical, torispherical, and ellipsocidal shapes.

A comparison is made to an experimental investigation of 2:1
ellipsoidal heads subjected to internal pressure (see reference
3." -

Problem Definition

The problem consists of comparing a 2/1 ellipsoidal head to an
equivalent torispherical head subjected to the same uniformly
distributed internal pressure. An equivalent torisphere will
be defined as one having the same height above the tangent line
as the ellipsoid and a minimal L/b ratio (thus having the least
possible discontinuity between the torus and the sphere). For
the geometry shown in Fig. 3.1.1:

(L=b) sii @, = A0 (1)
(L-b) cos @, = L-B (2)

Minimizing L/b using (1) and (2):

tan @, = B/A = 0.5019
Po = 26.65%F°

L/A = c :4c!-2c

c=B/A+ A/B = 2,494
1819 [2.5 + 5.22-4.99:, = 32.778 inches

B [B/A-L/A] + A= 09.13 [.5019-1.8019§] + 18.19 = 6.32 inches

L
b

Note: For purpcse of calculation
A = 18.19 inches
B = 9.13 inches

from Fig. 3.1.2

3-4
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Fig. 3.1.1
CZOMETRY OF TORISPHERICAL AND ELLIPSOIDAL HEADS

(Fit to correspond to geometry of ellipsoidal head in reference 3.1)

3%
Sve.Cs” o “aADE B Cams WY 3 ) o J CoeBGE NO.
EQT78LA PM l.‘ —
PO 0aTR gl S=e®
o 1 6,77 | g St —




CHICAGO BRIDGE & IRON COMPANY

Location_OB_ENG. SERVICES

(g ®beg ‘S -joy woij)
1°ON peadl Tejuawriadxg ul UOTIETIEA SS3UNOTUL paanseay

z2°'1°¢ *bra

saaibaqg ‘@ ‘®3eurpioo)

°F = o 09 0s ov ot 0z
d ' ' | 1 T T

P20

woLyVIIVY PR SSY = = .

~opoQq poa0SOIY ~ @

520

ot -0

Jse -0

“ov-o

S3YDUT ‘SEIUNDTYL

CmalGE ~O.

=y

L B

CmnD

AR |

A du

“ADK & | Cmaul By

CatE

OavE

ffos.ec’

GO WY




GO '?

35

Thicknegs,inchcl
w
o
|

CHICAGO BRIDGE & IRON COMPANY

LocationOB ENG. SERVICES

weld Location

® — Measured data

25 |=
— - Assumed variation
20 =
Y | 1 | 1 L |
0 5 10 15 20 25 30
Coordinate, 2, inches
Fig. 3.1.9
Thickness Variation In Cylinder No. 1
(From Ref. 3 - Fig. 4)
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Segment lengths used are: Location
cylinder - [Tt = J18.16 (0.31) = 2,37
torisphere

from 5° to 10° - 4 segments @ 1.25°
from 10° to 26.567° - 4 segments @ 4,13°
from 26.567° to 90° - 6 segments @ 10.57°

ellipsoid
from 5° to 10° - 4 segments @ 1.25°
from 10° to 30° - 4 segments @ 5°

from 30° to 90° - 6 segments @ 10°

BOUNDARY CONDITIONS

It will be assumed that at 5° from the pole a membrane state of
stress exists in both the ellipsoid and the torisphere:

Q = M¢ = O

Mo = riime

r = distance to pole

where

Q = effective transverse shear in ¢ direction.
M¢ = moment resultant in ¢ direction,
N¢ = membrane force in ¢ direction,
Letting p = 680 psi
Then for the torisphere:
N¢g = (680/2)(32.778) = 11,144.5 1b/in,

If N¢ = 11,144.5 1b/in., a preliminary run yields Q = 95,202 1lb/in,
80 a new value for N¢ for the torisphere was calculated:

AQ

AN z
. tanc

Né = 11,144.5 + 4N = 10056.3 1lb/in and an appropriate membrane

8. 8CY
aom

state was generated. 3.8
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For the ellipsoid

r=Asing

where R = [c,+(1-C;)sin?e
€, = (B/A)* = 0.2519

R =V/2519+.7481(0.0871557) = 0.5075 in.

To better compare the heads it seemed desirable to have the

displecement at the center of the cylinder 0(ug=0). So the
problem was run twice, the first run yielding the W required

for 0 displacement at the center (w = 0. 0966 inches) .

1. Start W = 0.0966" N¢ = 10,056 1b/in M¢p = N = 0
2. End Q=N=M= 0 N¢ = 12,186 1b/in

Results

To check the results, first the answers at the boundaries should
be examined. It was assumed that there was a membrane state of
stress at the boundaries and therefore at-the edges Q and M¢
must be approximately 0. -

Q(1b/in) M¢ (1b=in/in)
Start| -0.08636 | 0.0
End | =0.0009252 | -0.0001487 |

Also to satisfy egquilibrium in the cylinder, N¢= 0.5pr = 6169 lb/in.

Plots of the hoop force and longitudinal bending from EO0781A
results compare the ellipsoidal and torispherical heads. Even
though the change in radii has been minimized, the allsm*mw-'*y
at the junction of the sphere and torus is considerable  and

hat heon fokew N Auou-./_
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;h JuJ‘ Ib dllwl-'m-mé rwior
Comparison to the experimental ellipsoidal head, shows good

correlation of stress valu s; "'s".’."'r?:f' 3.14 through 3.1.8

for plots of V¢ and V® on the inside,outside, and meridian of

the head. Deviations are caused by the changes in thickness and
the experimental head's variation from a truwe2:1 ellipsoidal head.
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CYLINDRICAL WATER TANK WITH TAPERED WALLS

Introduction

This problem illustrates Program E078lA's capability to analyze
a pressure load with one fixed bourdary condition and one free
boundary condition.

The problem used for this verification is "Shell of Variable
Thickness" taken from "Stresses in Shells", by W. Flugge,
pp. 289-295 (Reference Number 3.1)

Problem Definition

The problem consists of a tapered shell filled with water. The
shell has a radius of 9'-0 and is 12'-0 high. The shell thick-
ness varies from 11" at the bottom to 3" at the top. See

Fig. 3.2.1 for location of the Z axis. The length of a segment
is 18" ( ¥Tt).

Boundarv Conditions

W =- displacement normal to surface
U4 - displacement component in ¢ direction

s = rotation of reference surface in ¢ direction
Q - effective transverse shear in ¢ direction
Ny - membrane force in ¢ direction

M$ - moment resultant in ¢ direction

1. fixed at start We=0U¢= B0 =0
free at end Q= NO= M? = 0
wBaba “alZl ® - L] o - - Cwmalor ~neE,
£0781A | “om ~ ==
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Location

Loading

Taking the weight of water as 62.5 1lb/ft’, the pressure at the
bottom of the tank is

]
g (12 ft)(sz:s 1b/ft ) . 5.2083 psi
144 in.¥f£t?

The pressure at the top is zero. The pressure varies lineraly
so that only two points are needed in the function generator

in order to fully describe the functiom.‘
Z Axis

l"z"l P'| 2"
q
P ]
z
& -
*
~
r=/08"
A
s/" 5:72'
i
FIG. 3:2:1
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Results

Program E078lA gives maximum hoop force - N3 = 346.8 1lb/in.
located at 54" from the base.

. Theoretical Solution
Kalnin's Program "Stresses in Shells"

346.8 1b/in. <4160 lb/ft 4180 1b/ft

The program gives a 0.48% diviation from the theoretical
solution.

Program E0781lA gives a maximum moment at the base of
M$p = ~1539 in.~-1lb/in.

Theoretical Solution
"Stresses in Shells"

-1539 in.-1b/in.=-1539 ft-1lb/f4Y ~1470 ft-1lb/ft

Kalnin's Program

The program gives a 4.69% deviation from the theoretical
solution. ’ ¢

/

/!

FPIG. 3.2.2
Location of ¢ and @ axis 3_‘3
"l 71 § 54
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Location
Program E0781A Results "Stresses In
Distance From N6lb/in. M¢ in.-1lb | Shells" Solution
Base (inches) ~in. At Maximums
0.0 5.919::10'6 + =1539.0 M¢=-1470£ft-1b/ft |
6.0 21.15 -903.9 |
12.0 71.29 -440.5
18.0 134.0 -124.8
24.0 194.3 71.47
30.0 253.3 177.1
36.0 297.2 218.3
42.0 337.3 . 217.6
48.0 343.3 192.8
54.0 +346.8 157.1 N€:4160 1b/ft
60.0 339.6 119.5
66.0 324.2 85.46
72.0 303.0 57.80
78.0 277.9 36.29
84.0 250.8 23.41
90.0 222.9 15.00
96.0 195.1 10.58
102.0 167.8 8.685
~108.0 141.4 8.075
114.0 115.9 7.754
120.0 91.45 7.032
126.0 68.13 5.584
132.0 46.29 3.453
138.0 26.50 3:477%
144.0 9.453 -1.481x10"3 L
TABLE 3.2.1
Cemparison of Final Results for N& and M¢
30
20781 i Dl e 2
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3.3 CIRCULAR HOLE IN PLATE
Introduction
This problem illustrates Program E0781S's capability to evaluate
a stress distribution generated by a harmonic series.
The problem used for this verification is presented in "The
Effect of Circular Holes on Stress Distribution in Plates"”
taken from "Theory of Elasticity” by Timoshenko and Goodier,
pp. 90-97 (Reference Number 3.2).
Problem Definition
The problem consists of a plate with a circular hole, submitted
to a uniform tension of magnitude S in the x direction as shown
in Pig. 3.3.1.
— —— | - -
—— em—
- r——
R g 7—
— e ——————
-—1 e
C
a = |
b= 10
g= |
rig. 3.3:4
pad
soe.ECT
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Location 2=

Boundary Conditions

w = displacement normal to surface
Ny - membrane force in ¢ direction
M¢ - moment resultant in ¢ direction
N - effective in plane shear

start: w=N¢ = Mp = N =0
(r = 1)

end: N¢ = 0.55 N = -0.58
(r = 10) M¢g =w=0

Results

At r = b the stresses are effectively the same as in a plate
without the hole and are givon'byz

L)

r = S(1 + cos 29)
Tro= -&S sin 26
at 45° Vr = kS
Trb= -kS
at r = 10" and 0 = 45°

Program E0781S gives "r(N¢) = 0.55 and Tr8(N shear) = - 0.5S.
At r = a, the edge of the hole:
From "Theory of Elasticity", by Timoshenkc and Goodier
T = (=2A - 6C/r4 - 4D/r?) cos 28

2 2
b a S
+ J(1 - )
Be.g? 2 2 (1)
T8 = (2A + 6C/r4 + 12Br?) cos 26
2 2
b a S
+( ) (1 + )
5e-a° 2 < (2)
[Equations (1) and (2) are a result of reguirements on
p. 90 (parag.2). The stress distribution within the ring
(r{ = 1", rg = 10") is a combination of equations (45),p. /1
and eguations (d), p. 91.] T
w8.ECY “ADE BY | Cwul @Y - CmaRGE WG
At | SeTE |3 | Emnd




CHICAGO BRIDGE & IRON COMPANY

Location_OB ENGINEERING SERV.

using the boundary conditions:
vr (10",8) = S/2(1 + cos 20); Vr(0,8) =0
tr® (10",8) = -S/2 sin 26 ; tré(c,8) = 0

The constants are evaluated:
A= 0.520664(5/2)

B = 0.00010306(S/2)

C = 0.520458(58/2)

D= 1.041019(S8/2)

From equations (1) and (2):

(V8) max occurs at 6 = n/2(pt.m)

Vr = 0
Ve = 3.09152S

- Program E0781A

N¢(Vr) = 0
Ne(V®) = 3.092S

Kalnin's Program Theoretical Solution
E0781A "Theory of Elasticity"
) N8 = 3,092 S N8 = 3.0915s

The program gives a 0.02% deviation from the theoretical solution.

0
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INCLINED CYLINDER UNDER HYDROSTATIC LOADING

Introduction

This problem illustrates Program E0781A's capability to analyze
a pressure load with a free boundary condition and a membrane

solution boundary condition.

The problem used for this verification is "Inclined Cylinder”
(3.1.2.3) taken from "Stress in Shells" by W. Fligge, pp. 114-118
(Reference Number 3.1).

Problem Definition

The problem consists of an inclined cylinder partially filled
with water. The uniform cylinder has a radius of 100", length
of 300", and a thickness of 5/16" (see Fig. 3.4.1). The length
of a segment is approximately 1% YRt, using 36 segments.

Boundarv Conditions

- — — e e ——
———— ——— — e ——

Q - effective transverse shear in ¢ direction
N¢ - membrane force in ¢ direction

M¢ - moments resultant in ¢ direction

N - effective in plane shear

u¢ - displacement component in ¢ direction

u8 - displacement component in € direction

1. membrane conditions at start Q=u¢=M¢=ué=0
2. free at end Q=N¢=Mg=N=0

Loading

The loading in the loaded region is given as:

p=-¥(x cos<+ r sin =« cos€)
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Using Kalnin's notation with maximum pressure at 180°

¥ = density = 641b/ft3 = 0.037037 1b/in.3

« = angle of inclination = 45°

r = radius = 100"

x = distance along the meridian from a point 150"
from the base to the point at which the pressure
is being calculated

Therefore:
p(x,8) = =3.70370 4;'(x/t + cosB)

This function was expanded into a Fourier series at

X/I'O, 20-2' 20.4, 10.5. 20-8' "100' ,-1-5

for a total of 11 series. The amplitudes at +1.0 and +1.5 are
zero. Letting:
£{ = xi/r
X. = x at the ith elevation
8, = one half the angle over which the pressure is applie?
at the ith elevation —

Then the amplitudes of the nth harmcnic at the ith elevaticn are:
c[Feie + sinsi)

= C [26; sin8i-sin @/ cos8;~8
c £z sinsr-sg]

aln = Cl§; sin néi + sin(n-1)8f + sin(n+l)8/),n>1
n n-1 n+l

ajo
1

oy ‘L

where:

C = 3.7037 -(%’ = 0.83362

n

€( = arc cos §{

0
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Results

From Flugge's "Stresses in Shells", p.1l5, come the following

eguations:
L) Nf& = Ya(xcosa=-a sino cos8)

-
= X/Z[xzcose-Za X tan q(cosze-sinze)

(2) N
26-2 sinze)cose]sinu

-~ aztanzq(cos
(3) N¢8& = Ya(a tan o cosf-x)sinot siné¢

These eguaticns yield the results shown for the theoretical
solution in Table 3.4.1.

Maximum pressure occurs at 2=0° in Flugge's work ané &= 180°

in Kalnin's (Program EQ78lA).

U

C~amgE ~o,

LT ] £-8d “ADE BY [ CARE 8° | u o
S ow ‘ R E S
ODAYE | SaTE |2 | Cw=g
, w0 o
Gon 2 | savg | 172./77 |® Tty




"we

fHILAGO BRIDGE & IRON CCMPANY

Location

OB ENGINEERING SERV.

@ = 180°, £ = -1(S = 50")

6 = 1809, £ = 0(S = 150%)

Theoretical Program % Theoretical Program .
Solution E0781A | Deviation Solution EC781A | Deviation
No (12)| -523.8 -513.7 1.92 -130.9 -125.9 3.8
1D
N8 (T5)| 523.8 §23.7 | 0.0l 261.89 261.4 0.19
@ = 240°, £ = -1(S = 50")
noo(§§ﬂ 340.2 , 340.3 0.03
@ = 2259, £ = 0(S = 50%)
oo (32)| 130.9 |  129.7 0.92
- Table 3.4.1
Final Compared Results
- I
N
I
i
|
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