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Introduction

Before proceeding with the responses to the NRC questions, a
brief description of the containment vessel follows. The
containment is a low-leakage, free standing steel structure
consisting of stiffened cylindrical walls with a hemispherical .
"head. The stiffening is primarily circumferential; however, one -
of the vessel's lower bays is stiffened vertically. The
circumferential stiffeners are spaced roughly four times Rt

{10 foot intervals) and the vertical stiffeners are spaced at

5 degree intervals. Other locally stiffened areas are provided
~around the equipment hatch and two personnel locks. The base of
the containment vessel is anchored in a concrete mat using
pretensioned bolts on the inside and outside of the vessel
extcnding down into the concrete mat. Equipment supported from.
the axisymmetric containment vessel include the personnel locks,
equipment hatch and other minor attachments shown in Figure 1.

Fiqure 1 shows a schematic representation of the containment
vessel geometry. Important information includes the shell
thicknesses, vessel overall dimensions, ring locations, and the
size of the stiffener rings. The location of the major supported
equipment is also shown with dimensions roughly to scale.

Figure 2 shows a plot of the frequencies for the modes of natural
vibration of the containment vessel. The natural frequency for
the first and second axial modes for each of the Fourler
harmonics of major interests are plotted.
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Question 1. Provide a description of the exact applied loads
used for the buckling analysis. If any computer programs were
used to obtain these loads, a complete description of the
computer programs should be supplied. This description should
include a discussion of the analytical and numerical methods used
in the program, as well as a statement of its limitations and the
met hods used in its verification.
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The controlling load combinations for the buckling analysis are
combinations No. 3 and No. 4 ‘in section 3.8.2.3.2 of the Watts
Bar FSAR. The hydrostatic and thermal loads in these
combinations are not considered significant from a buckling
standpoint and design internal pressure tends to increase the
buckling strength. Therefore, for the buckling analysis dead
weight and transient pressure loads were combined with Operating
and Design Basis Earthquakes, since these combinations produce
the greatest meridional and hoop compressive membrane stresses.
For further discussion, see Appendlx A.

A description of the computer programs used to determine loads is
provided in our response to question 3. This description
includes a discussion of program limitations and methods used.
The Fourier series used to represent the specified asymmetric
pressure transient was plotted for all elevations for
representative transient times, and the plots were checked
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against the TVA pressure curves. Fourier coefficients also were
calculated by Anamet Labs and a cross check on the coefficients
was made. :

contained in the report were applied to the buckling of the
containment vessel. The description should include the
application of these buckling curves to asymmetric dynamic loads
in the areas where penetrations are present. :

Response.

Membrane stresses in the containment due to deadweight, seismic
and transient pressure loads were calculated. The deadweight
stresses were determined using hand calculations and seismic
stresses were determined using the beam model described in our
response to Question 6. An asymmetric transient load analysis
was performed using a shell of revolution model for the pressure
transients from all of postulated breaks.

The buckling analysis was performed using CBI computer program
E1391. The maximum deadweight and earthquake stresses were

‘combined with the transient load stresses -at each of 40

timesteps, at 123 elevations and at 24 points around the vessel,
evenly spaced at 15 degree intervals.

Figures 3.8B-1 through -10 in the Watts Bar FSAR were used to
determine the critical buckling stress based on the containment
vessel geometry. In general, these curves are based on
theoretical and experimental results for buckling of shell
structures. The shell bhays between the stiffeners are considered
as simplysupported cylinders and the vertically stiffened bay
assumes panel buckling in determining critical buckling stress at
a given elevation. : ‘

The ianteraction equations given in Appendix 3.8.B-4 and -5 of the
FSAR were evaluated taking the summation of the stress ratios of
compressive membrane to critical buckling stress times the
buckling load factors in Table 3.8.B-2. These summations were
investigated at each timestep azimuth and elevation described
above. In this evaluation, the longitudinal membrane stresses
produced by the asymmetric pressure transient load (NASPL) and
horirontal earthquakes were considered as caused by bending loads
in the interaction equations. Deadweight and vertical earthquake
loads cause axial compression in the equations.

These interaction equations provide the criteria for evaluating
the interaction of multi-axial compressive stress and hoop
compressive stress. Tne maximum stress ratio summation
considering all 24 points around the circumference was tabulated
for each elevation for each interaction equation specified. In
the areas where there were major penetrations which interrupt the
basic stiffening scheme.on the vessel, stiffeners were designed
to carry the stresses in the shell around the opening.

Question 3. Provide in-depth description of all computer
programs used in the buckling analysis. The description should



state the oriqgin of the program, its limitations, and the methods
used to verify its validity.

Response

Appendix B presents abstracts of the computer programs employed
in the buckling analysis of the Watts Bar containment vessels.
These abstracts provide a description of the each program and its:
limitations. CBI programs 1374 and E0781A and Anamet's BALL
program were verified by comparison with results of programs in
the public domain. The other programs were verified by
comparison with the results of hand calculations. The dynamic
shell analysis was done using CBI proqram 1374, which was
developed by CBI from the Kalmins shell of revolution statics
program. The results of this analysis were verified by the
results of Anamet's analysis using the BALL program.

Question 4. Provide a description of the assumptions involved in
modeling the containment vessel in order to use the programs
identified in Question 3. This description should include a
discussion of any convergence and/or accuracy checks that were
made. ' : :

Response

The vessel was modeled as an axisymmetric shell of revolution.
The circumferential stiffeners were modeled discretely as ring
stiffeners. The section of the vessel that has vertical
stiffening was modeled as an orthotropic shell.

The representation of the specified loads required a total of 21
Fourier harmonics. This Fourier representation included ten sine
and ten cosine terms plus the axisymmetric loading. The vessel
was assumed to be fixed at the base, and the mass of .any ,
supported equipment was smeared over the circumference at the
appropriate elevation. '

In addition to the usual convergence and accuracy checks used
with shell of revolution models, a completely independent
analysis was done by Anamet Laboratories using a completely
different computer program and model for one of the specified
pressure transients. A comparison of the 1374 results with the
Anamet results for a similar vessel geometry is shown in
Figures 3a and 3b.

Question 5. Provide a complete step-by-step description of which
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and how the huckling stress criteria were applied.
Response

The buckling criteria in Appendix 3.8B of the FSAR was applied to
the Watts Bar Containment design. The step-by-step approach used
for the application of these criteria has been described in our
response to Question 2 and in Appendix A.

Question 6. Explain the procedure of obtaining the stress _
distribution in the shell using lumped mass beam model instead of
a shell model for the dynamic seismic analysis.
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Response

The Timoshenko shear beam is a realistic analog for the response
of a shell of revolution to seismic ground motion. A complete
discussion of the use of the beam model for the seismic analysis

of containment vessel is provided in Appendix C. "The Design of
a Thin Shell Nuclear Containment Vessel for Seismic Loading" by
Jon Hagstrom,

Question 7. Explain the justification for using an axisymmetric

D . o S o S et

geometry computer program for the containment vessel.
Response

The main aspects of the containment geometry that are not handlod
precisely by the shell of revolutions model are the vertical
stiffening and the attached equipment, primarily the locks and
hatch. The spacing of the vertical stiffening used for the Watts
Bar containment vessel is such that the orthotropic
representation is a very reasonable one.  This can be verified by
results in the literature or static analysis.

Ffor the attached equipment, some additional consideration is
necessary. In the analysis of the Watts Bar containment vessel
this aspect was handled by doing a separate dynamic analysis for
the response of the locks and hatch. The procedure for doing
this additional analysis is spelled out in the FSaR,

Par. 3.8.2.4.7. 1In effect, the locks and hatch are treated as a
supported subsystem and they are evaluated using a separate
dynamic model. This general approach is commonly used in the
dynamic analysis of nuclear plants.

Question 8. Provide the criteria used in the computer program to
calculate the buckling loads, description of the mass matrix
formulation and how the maxima at each time point were chosen in
the CUBI containment shell analysis using the finite element
model.

e e e e i e et

The criteria used in the hucking program is described in our
resoonse to Question 2 and in Appendix A. As discussed, for each
timestep 24 locations around the circumference were consxdered at
each elevation investigated.

The mass matrix formulation for the 1374 ptogram is described in
the program abstract for 1374 in Appendix B.

Question 9. Explain in detail the criteria and its justification

for determining the interaction effects between the containment
shell and the attached equipment.

e i ot e ot s s

As described above, interaction effect between the containment
shell and the attached equipment was determined by doing a
separate analysis for the supported system. A time history
response of the motion of the ax1symmotr1c shell at the point of



attachment of a uppor*ed system was determined from the shell of

M revolution result A response spectra for this calculated
motion was qenerated the frequencies of the supported system was

calculated; and a spocfral response was calculated.

\

’ An expetxmental and rheorerlcal investigation of mass loadlnq
effects: has been reported by North American Rockwell Corporatlon
in Report SD 68-29. Excerpts. from fh1s ‘report are included in
Appeudlx "D" of this rosponso., '

Question 10.r Was a thvrmdl analys:s conductod’ If the answer. is
| ves, de crxbe step by step the procedure that was. followed.

. . 4 . L
Y . Response .

One analysis' was an axisymmetric thermal of the embedment region
to investigate the effect of the base restraint. This analysis
utilized: ax15ymmetr1c elements to model the lower containment
region with the temperature dlqtrlhutlon shown in Figure 3.8A-2
-of the. FSAL.; Figure u shows ‘the summatlon ‘of stresses due to

: Two thermal analyses were performed on the containment vessel.
|
coincident loads.

~ containment vessel using an axisymmetric shell of revolution
: ‘model. The temperature distribution varies significantly in the
circumferential and vertical directions 1000 seconds after the
pressure transient (LOCA) creating internal stresses in
containment from self-constraint, Fourier representations were
used to simulate the circumferential temperature distribution. A
step-by—qtop dlqcuqqxon of rhla analysis is given in Appendix FE.

l The othef thermal analysis was an asymmetric analysis of the

| . The stresses observed trom tlxcqe'analyqes are significantly less
than the ASME al 'wablp streaq intensities. Therefore it can be
‘ determxned b wob ﬁrva} *“that buckllnq is not a problem.'

‘; Ques'lon 11., Provxde a’ lxst of all the load1ng combinations and
‘ - the stress dllowables (stresa intensity and buckling stress)
which had been used” 1n the’ de31gn of .the steel containment.

Respunse o
The loading combinations used in the design of the containment
vessels are qlven in Section 3.8.2.3.2 of the FSAR.

TAble 3.8.2-1 in the F3AR gives the allowable stress criteria for
these loading combinations. Appendix 3.8B of the FSAR give the
allowable buckling criteria for all loading romhinations.

Question 12. Indicate the critical loading combinations which
control the design of the steel containment shell with regard to
stress intensity and buckling. Identify also the regions and/or
regions of the steel containment which was controlled by these
critical loadings.
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Only those Lnadlng compinations with pressure transients (NA>PL)

govern the shell with regard to stress intensity and/or buckling.
See attached Figures 5 and 6 for a summary.

Question 13. Indicate, approximately, the contribution (as a
percentage of the allowable stress intensity and allowable
buckling loads) of each of the loadxngs identified in
Question 12, .

Refer to figures 5 and 6. Percentages are in parenthesis.
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Appendik B
Appendix C

Appendix D

Appendix E

LIST OF APPENDICES

"Discussion of Buckling Analysis," Section DCA, Watts Bar

- Stress Report

"Description of Computer Programs" - Section C, Watts Bar
Stress Report ‘ '

"The Design of a Thin Shell Nuclear Containment Vessel for
Seismic Loading" by Jon Hagstrom

"Mass-Loading Effects on Vibration of Ring and Shell
Structures” by S. Y. Lee, S. S. Tang, and J. G. Liyeos,
North American Rockwell SD 68-29, dated February 1968.

"Effect of Nonsymmetric Thermal Loading on Shell" -
Appendix G, Watts Bar Stress Report
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Discussion of Buckling Anslysis
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Location B irmingham Design

"DISCUSSION OF BUCKLING
ANALYSIS

This section presents the buckling analysis of the Watts
Bar Containment Vessel for the pressure transient loading
condition. This buckling analysis is performed in accord-
ance.with TVA Specification 1440.

Shell loads for the buckling analysis are developed in the
section presenting the pressure transient shell analysis.

In addition to these pressure transient loads, this analysis
also considers the effects of the shell weight, miscella-
neous loads, and loads resulting from vettical and horizon-
tal seismic action.

"The buckling analysis is performed using CBI computer pro?

gram E1391. The pressure transient loads developed by the

pressure transient shell analysis are stored by the com-

puter and then read in directly by program E1391. The

other loads considered in the buckling analysis are derived
in various portions of the analysis of the containment
vessel. These loads are assembled and input separately into
the program. The geometry of the vessel describing the
shell and stiffening and the material properties are also
read into the program,

The program performs the buckling analysis for thé vessel
at each point considered in the pressure transient shell ,
analysis. For the Watts Bar Containment Vessel the follow-
ing points are checked:
6 Hot Leg Breaks (% SSE)
6 Cold Leg Breaks ()% SSE)
1 Hot Leg Break ( SSE)
123 Elevations for each break
24 Azimuths for each elevation
40 Timesteps for'each azimuth
The analysis is performed'using all of the breaks for the
one-half safe shut down earthquake ()% SSE) and for one break

for the safe shut down earthquake (SSE). It can be noted
that by comparing the results of the buckling analysis for

SUBJECT MADE BY | CHKD BY CHARGE NO.
DISCUSS 0N OF (BUEKLING | Rer.| 2 72-4333
DATE DATE < JOA -
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S - the SSE break with the corresponding break using % SSE
S I thgb%19k1ing ratios are larger for the % SSE condition.
. . Thd“¥actor of safety for the % SSE condition is 1.25.

wh1$e for the SSE condition it is 1.1. Since the seismic

‘ loads are small compared to the pressure transient loads

\ it can be seen that the % SSE condition is the critical
condition. The one SSE condition is reported to confirm
this fact and it is not necessary to investigate any '
other breaks for the SSE condition,

The pressure transient loads are input at each point under
consideration while the other loads are input at fewer
locations. The program performs a Tinear interpolation

to obtain the values of these other loads at each point
where the buckling stress is calculated.

- In order to determine the critical buckling stress at

‘any point, it is necessary to determine the vessel geo-
“metry in the region of that point. The program considers

. several cases depending on the shell and stiffening arrange-
P ment. Once the geometrical properties are determined the

A - program calculates the critical buckling stress in accord-
‘ ance with Appendix H, Revision 1 of TVA Specification 1440.
Jood_

e By multiplying the actual stress by theafactor of=sefety
.} . . and dividing the product by the critical buckling stress
the buckling ratio is determined. The buckling ratio

is calculated for meridional stresses due to axial and
bending loads, circumferential stress, and shear stress.
These individual buckling ratios are then combined to

;orm the final buckling ratios in accordance with Appendix

For each elevation under consideration the program cal-
culates the ratios for all azimuths and times and finds

~ the maximum buckling ratio. This ratio, with its correc-
sponding azimuth and time is then recorded.

A further discussion of the methods used may be found on
the following pages.. - '

e
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" Location._.Birmingham

Description of Program E13919
Shell Buckling Analysis for TVA Containment Vessel

Iw.coduction

Program #1391p performs.the buckling check of the TVA ice
¢owienser containment vessel for Non-axisymmetric pressure loading

- taibining with the dead loads and seismic .1oads occuring in the
~-a55el, The non-axisymmetric loads are developed by CBI program

E1374. The resulting stressegﬁ&gg compared to critical buckling
stress and by using a specified,factor of=safety the buckling ratio
is found.

Calculation of Dead Loads and Seismic Loads

As a general rule, dead loads and seismic loads are calculated

‘ai a few points along the vessel and the vessel is checked for

buckling at many more points. As a result the program performs
a linear interpolation to derive the dead loads and seismic loads

"ul any given point along the .vessel.

Ffalculation of Critical Buckling Stresses

In order to determine the critical buck]ing stress at a

- given point it is necessary to determine the geometry in the

region of that point. The program considers four cases:

ag cylinders stiffened meridionally and circumferentially
b) cylinders stiffened circumferentially ‘
cg spheres stiffened circumferentially and meridionally

d) wunstiffened spheres :

For each of these conditions certain constants must be
determined based on known geometry. This information is in the form
of graphs and is input into the computer as a series of straight
Tines, Once these constants are known, the critical buckling
stresses can be determined using the dpplicable formulae. These
calculations are based on Appendix H of TVA specification 1440.

: MADE BY | CHKD 8Y By CHAR3G;E3NO.
Bescriptfon of Program REA - > 72-43:
‘ DATE DATE | & | DeA-3
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/ Description of Program E13919 cont.
L ' C Location___Birmingham
Calculation of Stress and Buckling Ratios
The program calculates stresses and buckling ratios at'any
 number. of elevations and azimuths and for any number of time .

periods and then finds the maximum buckling ratio at each elevation.
The program calculates four stresses at each point:

a) meridional stress due to axial loads

b) meridional stress due to bending loads

¢) circumferential stress

d shear stress
The program considers only compressive stresses. If a stress
is tensile it is set equal to zero. For each of the stresses
a buckling ratio is calculated using the stress multipiied by .a
factor of safety and divided by the critical buckling stress.
These -buckling ratios are then combined and five ratios result:

a) Axial + Circumferential,

b) Axial + Bending '

c) Axial + Shear

d) Axial + Shear .+ . Bending

e) Axial + Shear + Circumferential
After these combined ratios are calculated, the maximums regardless
of time or azimuth are recorded for each elevation.
In areas where vertical stiffening is present the program calculates
the bucklina ratio of the stiffener acting-with the shell as a
column simply supported at each end. The portion of the shell
used in the column is determined using the rules of the Shell
Analysis Manual referenced in Appendix H of Specification 1440.
The buckling ratio is calculated in the manner discussed previously
and the maximum is recorded. : »
Program Qutput

The program prints out the following data at each elevation
considered:

a) Basic shell data and geometry of stiffeners

b) Load such as static pressure, dead loads, and seismic loads

c Buckling stress coefficient :

d) The five combined buckling ratios.

e) Vertical stiffener buckling ratios-
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PROGRAM E1374 /6/3/7 3

Introduction

Program E1374 is CBI's shell dynamic analysis program.
Presently, it is capable of extracting eigenvalues and
perfdéming undamped transient analys¢s. Non-axisymmet-
ric loads can be handled through the use of appropriate

Fourier series.

The equation of motion for a particular Fourier harmonich
of an undamped system is

RARUE AR

where M.] = Mass matrix
[k,] = stiffness matrix
Pn} = Applied load
Un] = Displacement
LN

= Acceleration

Note that all of the above are functions of n.

In order to calculate free vibration frequencin; and
mode shapes the applied load is set equal to zero, }qj
is assumed to be a harmonic function of time, and the
eigenvalues and eigenvectorsof the resulting equaticn
obtained using the method shown in Section 4.

If the transient response due to & time-varying loal s
required, the numerical 'integration technique outtlinc '

in Section 5 is used.

2,
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2. Stiffness matrices*

In general the procedure for forming the gtiffness matrices
is to first find influence values for each segment (or
el.m.nt) using Runge-Kutta numerical integration and
then manipulate these values mathgmatiqally as follows:
Starting with the influence values

oo} = [¥luy) [l + {2

- tFol = [raluy] +C¥allFsd {22}
' which are obtained by setting each element of §01§ and
: ;Fl‘ to one in succession, while all the other elements

of these vectors are zero, and integrating the. thin
shell differential equations to the other end of the
segment. The vectors }z} are obtained By settinq‘Uﬂ

= }Fli = {0} while applying the distributed loads and
integrating to the end of the segment. ' '

To change this to stiffness matrix form, one neéds only-

: \ (|
- .
%‘-’u = [xJv,} +.[K2]‘02) + {cy)
[}
el = [K |

6— iF 2 [K3]{Ull * [KJ{Uz'} + ‘Cﬁ

* sce Refercnces (1) and (2) )
st L2577 e e R
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forces at start of segment

' =. ‘QI N¢l M¢l N, @l

{F%*fs‘ forces at end

' # dlsplacements at start of segment
|W, U6, Bo, Uglgy

= dlsplacements at end

[— ]‘

-
=

)
n'

kg = [YEJ

1%y = '[Y3'Y‘4Y;1¥11 |
[Kq = [Y4Y21]

-:?1} - t3hz)

o1 = Jo —v y-1
(€2} {Zz Y4¥2 zl}.

Since Program 1374 is not set up to handle longitudinal
stiffeners, the integration for this portion of the shell
is performed using Program 781. The influence values are

' then converted to stiffness matrix form and stored on

disc. After Program 1374 has set up the stiffness matrices
for the unstiffened shell, the matrices for segments with
stiffening are replaced with the Program 781 matrices

from disc. The solution in Program 1374 then continues

in the standard manner. This consists of assembling the
overall stiffness matrix iKn] and load vector {Cnf,'re—
ducing to. upper triangular form, and back-substituting.

t
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3. Ring Matrices

'In order to develop a stiffness R e
matrix for the ring stiffeners

;S‘NELL.

the following assumptions were

e -+ —————-

. made: 2 SC&W?‘»EozD
o . ‘D\ . --—7—
1. Thin beam theory is appli- A|' | ! F ’

‘cable, i.e. a normal to the ] &
neutral axis remains straight ez Y
and norﬁal after deformation | ' Z;
and the thickness in negli-
gible compared to-the radius. o gﬁf——‘
AL
2., The stiffness of the ring L
~out of its plane is negligible. C}szﬁ6~cé
3.  The ring is attached to a | Le, /

cylinder.

4. The ring is made of one isotropic material with Poisson's
ratio zero. o

5. The ring can be d1v1ded into a series of cylinders of
constant thickness. (See Fig. 1)

The ring is then treated és a series of m layers which
start a distance Z from the reference-surface, which is

the mid surface of the shell and ends at 2. e The width
of the layer is b Then using the equatlons from Kalnln s
- paper*: . o | |

2

* See Reference (3).
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m -
A = Z b (2;,;-2 )
i=1
m
1 2 2)

where A = area of section
% = centroid of section, measured from reference

surface
I = moment of inertia of section about reference
surface:
and : v _
Men = ‘EIken + EAZ een | » (1)
. "en- = .EA eq, + EAZ k, | o (2)
e, = L (nu, + w_) 3 (3)
on r on n :
- n ' _
an ;-2' (n Wn + uen) ‘ v | (4)
where
(), = amplitude of a variable with n circumfer-
ential waﬁes, e.q. Me = My cos~p9.
Mg, = moment about the referenée_surface
suuJoccT MADE NY | CHKD Gy CHalGE e

PROGRAM 121374 RETT Nk O Y 724333 |
g hari OATE tl’ CHKL | % 68—5 il l ‘

PQO&QIAM DescriPnoN 10/73 4 10/73 hATE: ' FOT %o




187

J/“
@

CHICAGO BRIDGE & IRON COMPANY

! - . . | A B R LOC&"O" OIE BIOCII Ellgiuef-:o.g

N = thrust in ring

on

een = strain at referencé surface

kdn = curvature

‘W, = radial displacementvoffrefefence surface

Y = circumferential dispiacémént of reference
_ surface .

r = .radiUS.Qf reference 3qrface

E = modulquéf elasﬁicity

Note that the equations above assume that all variables
except Ygn Vary as cos nf. The equations also apply to

sine series but the sign of n must be changed.

The potential energy of the ring is:

2n
_ 1l : :
vV = ]L [7(M6k6 + Noee)+ ow + Nug ] rde

where Q

U

radial force on ring at reference surface

circumferential force on ring at reference surface

-4
"

Performing the integrétion, after having expanded the
displacements and forces into Fourier series, yields

.

[}
- ' 1 \ ' ) . IS
v o= _nr:Z: ’7 {MOnkOn + NOneen) * Onvn * NyYn _ (3)
n=0 ‘ '

suniect
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27
since f ‘gin n® cos mo de
_ 3 ,

27
f cos ne cos mo dé

Substituting egs. () to(4) into eq.

-
=

‘into the program. The stiffness

using equations (6) and (7).
ring behaved as though it were a

tional to its eccentricity.

mass matrix.

I (eafl I 2. .
! = nr:E: l—;—[f — (n W tnu
p=o T Ar® .
+ z n(nw ‘+.u )} (w_ + nuy,)
r n én’ "'n On
+ ann + Nhuen
/ ) .
Since g%— = x%yﬁ = 0, then
n on '
N A‘[ 2 4]
Qn -——fl l+-— 2n +-——§ n wn+n
- LA ; | 1
N = E% ﬁ[1+% (n2+1y+ —17 n2
rc " Ar -
For each ring, A, I, and Z (See

'. CHICAGO BRIdGE_& IRON COMPANY

Location

0ak Brook} Eugiucering

2n
-gin nB sin mo 46

0 if n »7! m

(§) y181dS‘

2 +
n) ‘

+ l( |
7'\ Mgy

+ wn) '2] +

Fig. 1) are input directly
terms are then»calculated

In order to develop a mass matrix it was assumed that the

lump mass located at the

“reference surface but indluding rotational inertia:propor-
This yields a simple diagonal
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where p = masSTdensi;y of the rdﬁg material.

‘ndxst:ffness matrxces are then added to the

b‘s”asjthey are assembled.
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4. Natural Modes and Frequencies
The eigenvalues are extracted using an iterative pro-
cedure*. Tn order to avoid' time consuming integration
at each iteration, the influence of 8 independant loading
systems is determined before the iterative procedure
starts. The results of each loading system are converted.
to ?Cl} and {Cz as per above, and these vectors consti-
tute a column of the influence value matrix IB] . The
loading systems used, in order, are:
| | - 2
Col. 1- P = 1 - £7(3-28)
2- Pe = 1 - E .
3- P = - (1-26 + ED/L
4- P, = 1 - ¢
,
5- P = £°(3=-2¢)
6- P’.' = g
7- P = ET(-EM/L
8- P, = £
where L = length of segment
£ = S/L ‘
S = coordinate aldng meridian
.
Pn = normal pressure -
/ v P@ = lonQitudinal load
P, = circumferential load g
, ‘ . (* See Ref. (N
sueJLC . Mh‘l)vl"vl)v CHKD DY ) QHAHGE '.‘_0'
LAy FIDF FES 2= 22-4333
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‘Thus{C } and {C } can be genefaﬁed by multiplying the lBl

matrix by the pressure intensity at the two ends. Assuming
that the dlstrlbution along the segment is not radlca]ly
different from functions used to generate the Bl matrix,
these load vectors will be reasonably accurate. In the
elgenvalue problem, the pressures are functions of the
displac . .ents and mass. Since the dlsplacements must be
© cont inuous and smooth, then the pressures will be well be-‘

haved and the above approximation is very good.

ot
(@)
-
——
i

= |Bll» fpy} + !#zl {p,}

e )
@]
N
——
f

lB3f {py} + \‘34\ {p, |

where {pl}_= pwzh' ‘]ﬂlw , etc.
¢ ) . . ' . . X
U¢l n
Us1 f
_ L
where p = mass dgnsity
' = thickness

circular frequency

The iterative procedure follows the cycle.

1. Take the last calculated deflectidns as assumed deflections

for next try (to start with, assume W = 1, u¢ =, B¢
= Uy = 0,everywhere) .
SUBJEL: . MAl;l, oy CHKXD DY CHAHGLE HO.
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Calculate load vector for each'segment,{c}-= {ﬂ\ﬁﬂ |Ui}
3. Solve for new displacements, {Ui+1}

4, Scale new displacements so that largest value is one.

5. Compare hew displaéements with assumed displacemenu%
stop if

M

.E Uj,i+1 -'Uj,i < eM,lwhere € 18

j=1 .

error criterion supplied by user and M is
total number of displacements; otherwise

continue iterating with step 1.

The above prOceduré converges to the lowest longitudinal
In order to find higher modes the lower modes
The sweeping

mode.
must be swept out during each iteration.
is done between steps 3 and 4. The lower modes are

ellminated by utilizing the well known fact that

Whlufiogt = 0 rpom

where by = displacement vector of mth mode, etc.

Since fB ], the assembled influence matrix, is approxlmate]y
If the

total number of modes alreadv found is K, then after {Ui+1}'

-

proportional -to lM | ,-it is used in place of |M l

has been obtalned in step 3, it is assumed that

fo,01) b

*,

_ K
= {Ui+1}:+ T
m=1

where Ui+1 = vector wh;ch is orthogonal to{¢m8n} m = 1,K
SVuIre ‘ - ‘/, au.u‘(‘uv cm\‘u |;v oy ) CHAHNGY -,‘_",“- .
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Premultiplying by {¢:}[§;] yields
" :
6B U, . _ _
o = M i+l m = 1,K
m oTB o |
and {6€+1} can be determined.
fhi {ﬁ&+1} is scaled in step 4, and the process continues.
|
o
" '
| .
&, b4
3 SUBJIECT —, o ’ . Mln’l“uv Cvéuj)l;nv ov __/c;;xucuam,'.
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5. Direct Time Infegfation Solutions (Prog. 1374)

The direct time-integration subroutine uses the same

influence matrix lBl that is used in the eigenvalue

subroutine., To determine the acceleratlons at a given
w  time, Houbolts'* scheme is used

Py PPl

where At =  time increment

Thus or each segment, - - ' o .
i R, ;2“1 175040 ”1,1-2 - ”1;1-3$* Pl,if

: At.
fv.f o where{P1 $ applied pressure intensxty at end 1l at
d o ) | time t, '
b - ph = mass/sq. inch bf'surfaee
| | Then .
B I LR R L P .

lep] = B3y 40+ 18,F, 4

'Having obtained the new load vector }C%i} the displace#
ments and forces at time t; are solved for in the
usual manner.

\ /‘/\ ,
. #,
N\ / * See" Reference (5)
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PROGRAM E0781A
The Shells of Revolution Program is the Chicago BRridge & Iron

_tompany Program EO781A. The program calcuiates the stresses and

displacements in thin-walled elastic she]is,of revq]ution when
subjected to static gdge, surface and/or temberature loads with'
arbitrary distribution over the surface of the shell, The aeo-
metry of the shell must be svmmetric, but the shape of the med1an
is arbitrary. It is possib1e to 1nc1ude up.to three branch shells
with the main shell in a single model. In addition, the shell wall
may consist of four layers of different orthotropic‘materfals. and
the thickness of each layer and the elastic properties:of each

layer may vary along the median.

“Program E0781A numerically inteqrates the éight ordinary first

}order differential equations of thin shell theor&ﬂderived by H.

Reissner. The equation are derived so that the eight variahles
which appear on the boundaries of the axiallv symmetric shell are
chosen so that the entire problem can be expressed in these funda-

mental variables.

Chicago Bfidge % Iron Company has.eiten$1ve1y reyised the Kalnins
Program. The proaram ha§ been altered so that a 4 x 4 force-dis-
pTacemént relation can be used As a houndary condition as én alter-
native to the usual procedure! of specifving forces or disp]acements,
This force-displacement relation can be used to desfribe the forces
at the boundary in térms of disp]écements at the boundary. or the
displacements at the boundary in terms of forces or some compatible

I

combination of the two. In ‘this manner, it is possible to studv (\\\Mwn)
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PROGRAM EN781A

the behaviqr of a large complex structure.vlt is elso?peseible to
introduce a "spring matrix" at the end of any part of the stress
model. This matrix must be expressed in the form, force = spring
matrix x disp]acement; In this manner it is possible to model the
restraint of the sand cushion in the transition zone at the point
of the emhedment. ‘In addition'tO'the above'changes, the Kalnins
Program has been modif1ed to increase the size of the prob1em that

can be considered and to improve the accuracy of the solution,

',
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L NRLD
SUBJECT "Dy ogwa™ Q1IN MADE BY | CHKDBY | \ | gy DUk .
De SR v RDEA:‘;_ WJZ?; ' i‘ chkd | AR '\'ZBL\"A(:. 2,
- v .\0 s 10 '(\ I i<l \(_)l"\ l'\a ‘Dalo ' WUV | skt oF



_ CHICAGO BRIDGE & IRON COMPANY

: : : ' A _ - . Location Qak Brook Enxineu»lﬁ '

PROGRAM 781

METHOD OF MODELING VERTICAL STIFFENERS

N = No. of vertical stiffeners
| around v '
E = Modulus of elasticity

The shell shown in Fig. 1 is modeled
using 2 layers. The inside layer ' _
represents the shell and, therefore, : _ - R\a.\
has the normal isotropic material

properties. The outer layer, on the other
hand, is described as an orthotropic material

having the following properties.

. bN
E¢2 = 7—— E
E6, = 0 .
G¢g, = 0
whefe
' t, = Thickness of outer layer
E¢2 = Modulus of elast1c1ty of outer layer in longltudlnal
direction ' _
E62 = Modulus of e1ast1c1ty of outer 1ayer in c1rcumferent1al
' dlrectlon. S : _
: G¢62 = Shear modulus of outer 1ayer.
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Podal Analysis of Structures Using the ztggngn[g; :gghg‘g!g .
~ fThe purpose of this program is three-folds | | )

1; To calcuhta the mass and stiffness matrices’ umlatod
with the structural model. , :

2. 7o determine the undamped natural periods of the model.

3. To calculate the maximum modal responees of the .ttuctute
i.e. deflections, .hoarl. and moments. -

The stiffness and mass matrices may be rejuired in order to perform a
dynamic analysis of the structure. The maximum modal responses may be

~ used to perform a lpcctzal analysis.
The program has the £ollow1ng optionls

1. Vertical. translation.
~ 2, Torsional modes.
© '3, Soil-structure interaction.
4. Liquid sloshing. ‘
' S. Direct introduction of stiffness and mass matrices.

Solution of the Problem

The equations of motion describing the lumpad mass system having n
degrees of freedom are

: « ' ‘ ot
(M) )X« lc1 X+ (X)X = P g (1
where | . E : B | '
[M) = the mass matrix . -+ {(n xn) .
€] = the damping matrix (n x n)

(K] =" the stiffness matrix (n x n)
It has been shown that for certain types of damping or, for noderate

amounts of damping, the maximum resp?nse can be obtained from a study of
the free vibrations of the structure

o0 E e e | - (2)
. Assume ' o -
X, = #/8in wt.

Thus ' ' e , ‘
1.2 Pl ol . : - g
v M+ [xll',‘g- 19 ‘ ! e €3)

and for a solution to exist R B DRI
v e mjeo T T gy

1
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l:pinding the determinant gchn n (4) and solviny the resulting
equation yields solutions for w. These solutions are the eigenvalues

.of the system. The period of the structure are obtained using the

following relationship el -
’1'.‘3’%" 1= L IR

Hence, a. n degree of treedom structure has n natural periods of o
vibration. ' :

After the eigenvalues are obtained, the maximum displacements for each
mode are calculated using equation (3). Since the solution of these
equations is not unique, all of the mass point displacements must be
determined in relation to each other. This is done for all of the
modes, yielding n deflection patterns. . Note that all of the displace-
ments in any individual mode have the correct relationship to. each.
other while there is as yet no relationship between the magnitudes of
the various mode shapes.. ' . ' ' ' '

The n x n matrix having the displacements for each mode shape cpntiit;od

in its columns is called the eigenvector array (¢).

In order to relate the mode shapes to each other, it is necussary to
calculate a participation factor for each mode.

_ The undamped equation of motion is

e

. o :x.; + K] M - :’1: E | | -: .. : _.(5).
. Assume that . | . . .
Y. :‘1: - (ﬁml :“I! i - 1020.300000" (6)

- 'm & mode number .
Suostituting (6) into (S) and also premultiplying each side by

(inlr yieldszl o o T ' . o
[ -\ ' . . .
L A ™
_where o o o -
i) = 18,07 DAIE) | C(7a)
N l\s(l - (8,07 (KIS} : : . ()
Pp: = (Bl Py o o (7¢)

Thus, we now have n uncoupled. 'equati.o"ns of the form

...".' | ~"n;‘;" Kyl * P 1
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iy --:-; ug. ) - . m
ug = earthquake accel.anu.oa | |

‘n "- column mass matrix consisting of mass terms ; ‘
' which would be multiplied by incident acceleration
- . if forced vibrations were being considered.

The general - solution of eqn (8) t o. th. :“ponu of the mth node 1-

gim by the Duhnnl Inteqnl o . o ".\..,. .
uglt) = f 'EL ein-v. (t-t)dt e Y an
Subctitutiuq (9) into o), ma uznq (10) yuu- L
o v fi’ig(ﬂ"du wp(t-t)dt . (1)
Wow ¢ |

3“- tw {ug(t) u.n w (t-ndt)m " ,3 a2

wheré 8. _'is thc -poctul wahution !o: tho pariod anocutod with

o

Subuituunq (12) into (11’

l; 1'1‘., " R TS B
{E e NI S e an

‘“'m """"T'" kel

. stneie} s - su/v vhore 8 u thc :poctul displacmnt

(“.;“E '—T—: »‘ sm o I e
Using (7&) and (14) yieldn | |
ot ) T
: l‘ '. - A .
m :I. ‘ ‘ ' : : _
( 8o . © o (18)
%““ l"m "'1‘ "m | o v

' ‘rhere!ore. eqn (15) yhldl thc paruéipauon' or "scno' !actor
y tor oach mode. S Ve - , , G .

a6

Auuning h the dcurcd minum rusponu tor a part.lculu- nhode.
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vhere ofm is th§ response based upon the eigenvectors of the
-nodg obtained by eqn N. :

necessary is to obtain the maximum total .
of the various modes. gince only

vhe next step that is
tain their maximum at the same

response by combining the responses
rarely do all the modal responses ob
time, some judgment must be exercised. An envelope of maximum response
can be obtained by direct addition of all of the modal responses.
However, in some cases, especially vhen there are a large numbexr of

be grossly conservative. A more

_ degrees of freedom' this method may _

accurate method would probablv be bv tomhinina the modal

responses by the "square root of the sum of the squares” method.
ot product

As a check on the solution for the eigenvectors, the &
of the eigenvecto;s.woiqhted uith‘the~mnlovnatrix are caloulated

by the p;ogram.
:/u’ a a7

nvectors are orthogonal and

It can be shown that the eige
therefore

" 'cos B8 =0 | ) S o »
. ) o o - é

lotercncéi

‘3.’ Blume, Neumark, & Corning, Design of Multisto Reinforced
_ . Concrete puildings for garthquake Motions, Portland Cement
s Rssociation, I§3§. r Pt ——— v

2. Hurty & Robinstein, Dynamics of Structures,,Prentica Hall, 1964.

:!ote: L | ¢ .
' An option has been added to the piﬁqram to obtain the max '
. ; v axi
response. This is done by direct addition of the contribu::: tg:al
ch mode the user wants to consider.  (Gee input data cards and
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' Appendages to a vescel may

_appendages can

*way
npot include the possible consequences of near resonance between the

._!his paper deeCribes

model and an tlastic beam vessel

'Ihe method involves two

- ® - _
A~
Low.ﬁlRMlNGHAl\:I DLDﬁG\l

ProGRAM 1044
+ SBISMIC "mesxs oF vsssm. nppennncns

not significantly contribute struoturally
‘to the dynamic responses of a model of a vessel. However,

affect the veasel locally by vibrating differently
from the model of the vessel at the point of attachment. _:

The response‘spectrum method of analysis is not a etrictly adequate
of obtaining the maximumn appendage accelerations since it does

vessel model and the appendage model.

the method used to eval ate the maximum elastic
between an independently vibrating appendage
model at the appendage elevation ..
the elastic beam model._ :

differentiadl accelerations

due to known°excitations of
d*stinct steps. Pirstly, the necessary
are computed at appendage

'time-absolute acceleration records
‘gecondly, the ‘paximum dif-

' elevations due to model excitations.
.ferential acceleratrons between each appendage model and the vessel

model at the appendage elevation are obtained. : T e
The time-absolute acceleration records at the appendage elevation
are computed by use of a step-by-step matrix analysis procedure.
The equations of motion for the vessel model are of the form: ~

l S
[Hl' ‘ + (AT/n)(K]‘u‘ + lK]lu“ tMl‘ q)
SUBJECT
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vhere | o : S .
uu = uass matrix. order n x n, obtained from a modal
' _analysis. : e e

. m w Stiffness matrix. order n X n, obtained froxn a modal
.analysis. ' CL

A - Pottion of first mode critical daxnping for the model.

1‘ - Pirst mode petiod of the model. .
M = A diagbnal matrix, order n x n, with diagonel elements
. oorresponding to elements of the mass matxix excited by
translational accelerations.
' = : =nx’ 1 natrix of relative acceleratione between the model
| base and the n degress of freedbm. ’ -

N K -~

L]

».u! - n x 1 natrix of velocities corresponding to : :

g =u{ = n x 1 metrix of displecements corresponding to ,u: .
}ﬁgg =n x 1 matrix of translation base acceleretion.

‘‘nw Degrees of freedom of vessel model'. '
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By taking a emallftime increment (smaller than the smallest period
- obtained from the modal analysis) and letting accelerations vary
linearly within the selected increment, the equations of motion
, can be integrated for the quantities | lu L ,.'u: ., and ‘ﬁ’ over the
selected time increment.1 The values obtained are superimposed
upon the values of these quantities existing at the beginning of
- the time increment. ‘This process is repeated for the duration of
. the excitation. The time-absolute acceleration records for each "
. translational degree of freedom are the sums of . :ﬁ:and :ﬁgttaken o
: throughout the history of the excitation. . .

the second etep is similar to the first step. The equation of motion i
. (n = 1) is written for the appendage as a single degree-of—freedom
elastic model using the tineeabsolute.acceleration record obtained
. i | in step 1 at the appendage elevation as the excitation. This.

‘ ' * equation is solved in the same manner used in step 1. The -
‘ ~ maximum absolute value of 'ﬁ: obtained ‘is the quantity desired.

It is the maximum differential acceleration between the appendage"'
model and the vessel model due to a known excitation of the vessei moC'

- Por any appenaage, this two—step procedure should be executed three
_times. This is required to evaluate normal, tangential and vertical ‘
appendage accelerations with respect to a vessel’ cross-section.» '

Jlﬁilsen & Clough, Dynamic Response gfotep-By-Step Matrix Anelysis. )

. ’ y , ‘ T CHARGE NO.
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PROGRAM E1622 .
LOAD GENERATION PREPROCESSOR FOR PROGRAM E1374

In order to perform non-axisymmetric analyses on shells,

the lqad must often be defined using Fourier series represen-
tation. The purpose of Prog. E1622 is to calculate and

store on magnetic tape. a time history of the Fourier pressure
amplitudes. The format of this tape is. de31gned spec1fica11y
for use with Program E1374

The input consists primarily 6f pressure versus angle versus
time data at user suppliéd elevations.r An option of the |
program enables the TVA furnished data cards for the Watts

. Bar Containment to be used directly. The pressures given
on these cards can be scaled by a féctor input by the user.

- for each shell compartment.

|

l

|

|

i " The program plots the unscaled 1nput pressure versus time
In order to calculate the amplitudes of the harmonics, a
linear function in the circumferential direction is assumed

batween given points. (See Figure 1).

The output for user specified time steps will be written on
a labeled tape or disk file assigned. by the user. Printed
output consists of the Fourier amplitudes at eVery~time

step plus the total number of timesteps for each harmonic.
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other Features and assumptions of the program"éréii;af*

1. Only distributédildads are considered.
2. The model consists of a cyiindrical shell and 6btiona1

" hemispherical top head.
3. The pressure has a block typevaistribution in the longi-
tudinal difectiOn. (see Fig. 1)
4. Any initial pressure acting on the shell can be subtracted
from the input pressure histories.

5. Amplitudes for both sine and cosine terms can be cal-
culated with the ‘user supplying the range of harmonics

to be output.
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PROGRAM 31623
POST-PROCESSOR PROGRAM FOR PROGRAM E1374

Program E1623 was written speciflcally for the TVA we’ts
Bar Containment Vessels. It performs the follow1ng operatlons-

1. Using'Fourier data generated by Program E1374_(by¢3mic

Shell Analysis), the summed displacements, forces'and
stresses found for various points around the shell
circumference at each output p01nt on the merldlan.

2. The maximum of the summed values along with the assoc1ated
time and azimuth are saved for each elevation and prlnted

out at the end of the problem.

3. The following tables are prlnted .
1. Radial deflection w at each elevation versus a21muth
2. Longitudinal force N¢ at each elevation versus azimuth
3. . Longitudinal moment M¢ at each elevation versus azimuth
4. Circumferenﬁial force N¢6_at each elevatipn verSUS

.

azimuth

. .

The time basis for these tables is the occurrence of the

minimum longitudinal force at the base.

‘.

4. Ring forces are calculated using the equatlons shown in
this writeup and then the maximums are p01nted out.

5. Displacement traces at several elevations can be saved on
a tape or disk unit. ! | I
| . I . | . )
6. The membrane stress resultants are saved dn eitHer~a
tape,or disk unit for input iﬁto the‘buekling eheck program.

MADL BY CHAD OY - CHAHGCE NO.
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Program El374 wrltes the Fourier amplitude results of the
¢, Ug Q, N¢, Mo, N) on a
labeled tape after each tlmestep Program E1623 reads this
tape, interpolates to obtain the values at the output times,
and calculates the remalnlng forcesl and all the stresses.

The amplitudes are then summed using the followihg\equation:

m
- f(x,8,t) = I (x t)Cosnd + Z h (x t)Slnne
S _ n=0 n=1 "

x = - meridianal coordinate

t = time:

gn(x,t) = amplitudes of cosine harmonics
hﬁ(x,t) = amplitudes of sine harmonics
8 = azimuth ’ '
f(x,0,t) = TFourier sum »
m = maximum number of circumferential waves

CALCULATION OF RING LOADS

The assumptions used are:

1. One of the pr1nc1pa1 axes of the ring is parallel to the

.axis of rotation.

2. The ring is symmetric with respect to the pr1nc1pal axis’

which is perpendicular to the axis of rotation.
3. The shear center is at the centroid. '

1 Sec p¥ 472 of Ref. (1) for the caquations used..
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,y.

radial displacement of ring

=
~
n

tangential displacement of ring

2]

circumferential force in ring

@]

circumferential moment in ring

@ .

modulus of elésticity of ring

area of ring

moment of inertia of ring about y y

radial displacement of shell

2]

tangential displacement: of shell

r = Vg ('1b+ec‘/rc)-e'c/r_cwi.-v

< < EHPmo oz o= <
n

Wy = Wy
N, é"§5~(0' + W )
——- 0 X r r.
R o Cc .
. L » EI , e .
MO — r* ( wr + vr) !

c .
. | . ) . i

. .‘ ' ’ — -
. TORAEC T :
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Wwhere a dot denotes differentiation with respect to the

|
l circumferential coordinate.

Weld shear - the weld shear equals the jump in shéll in-

l v plane shear at the ring.
|
|

e
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" PROGRAM E1624

——

SPCGEN - Spectr'al Curve Generati()n

Program 81624 reads the Fourier amplitudes of the deflection
" transients stored on magnetic tape from the output of program
T E1374. The program then proceeds as follows to calculate the
B ~ .accelerations at uniform time intervals and to evaluate the

\* . response spectra:

1. From the deflection‘trahsient for each,harmdnic, the accel-
eration traces are computcd using three point central dif-
ference for the first and last three time steps, and a seven

point central differcnce elsewhere.

\' . a. Three p01nt central diffcrcnce equation:
' let y = £(t) be the function that fits a data set
then a three p01nt central difference equation is:

[o73

2 3 ,
- 1 y - L
(dt“)i - ;?‘(\}i+1 2Y; *,Yi~1)

where, _ . , _ iy
Yiep = E(tyer) r Y3 = E(8) 0 Andyiy 7 £ (t;-1)
are three consccutive displacements in the data set at
equal time iutervals h, where h = ti+1 - ti- = ti - tif—l‘

: 1
b. Seven point central dlf‘vl(an equat;on

The seven point vont:al dif ference equatlon, using St:rl:ng S

‘ ' _fo’:_;mula at t = t:i, i

S OMARCE aC
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| (gt ) ) -—_L‘I [ Z(Yi'l‘f3 * 1--3) 27(y1+2 * yl 2)

+~270(yi+1 +‘yi~1) - 490y,

wherg,yi+3_ = f(ti;j)‘; Yigr = f(ti+2) , etC....

and h is as defined above.
| k
2. The Fourier amolltudov of the accb]eratlon transient for each
harmonic thalned in step 1 are 1nfcrpolated to obtain a commnon

timestep.

3. The accelerations of step 2 arc summed for given angles:

. ' mi}: n=j o
'—-.\ "
( .d_Y.) = Z I\nsin_ nd + . Bcos néd
ee ~on=l ‘ n=0 .

. where,
n = nutber of circumferential waves (hatmonic number) -
y :
j = number of cosine harmonics

number of sine harmonics

4. CBI program E1668 iy now used as a subroutine to evaluate the,
~dynamic response .,pu( tra and pre:,cnt the results on printed

plots. A brief descr iption qf this program follows.

L4
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DeSCriptfon of Program E1391f
Shell Buckling Analysis for TVA Contaihment7VesgéT_

_Ihtroduction

Program #1391p performs the buckling check of the TVA ice

condenser containment vessel for Non-axisymmetric pressure loading

combining with the dead loads and seismic loads occuring in the
vessel. The non-axisymmetric loads are developed by CBI program
E1374. The resulting stresses are tompared to critical buckling
stress gnd by using a specified factor of safety the buckling ratio
is found. ' L o

calculation of Dead Loads and Seismic Loads

As a general rule, dead loads and sefsmic loads are calculated
at a few points along the vessel and the vessel is checked for
buckling at many more points. As a result the program performs
a linear interpolation to derive the dead loads and seismic loads
at any given point along the vessel. S '

Calculation of Critical Buckling Stresses

in'order to determihe the critical buckling stress at a
given point it is necessary to determine the geometry in the
region of that point. The program considers four cases:

cylinders stiffened meridionally and circumferentially
cylinders stiffened circumferentially o

~spheres stiffened circumferentially and meridionally
unstiffened spheres R ’ '

an ow

For each of these conditions certain constants must be
determined based on known geometry. This information is in the form
of graphs and is input into the computer as a series of straight
lines. Once these constants are known, the critical bucklina
stresses can be determined using the applicable formulae. These .~ .+
calculations are based on Appendix H-of TVA specification 1440. ‘

'
\ . &
SUBJECT ., ~ [maoe By “CHKD BY By CHARGE NO.
: Description of Program REA IO o 1 2 Moma _ 72-4333
DATE | ‘DAT ® A
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Ca]chiation of Stress and.Buck11ng Rat{os

The program calculates stresses and buckling ratios at any
number of elevations and azimuths and for any number of time
periods and then finds the maximum buckling ratio at each elevation.
The program calculates four stresses at each point:

meridional stress due to axial loads
meridional stress due to bending loads
_”gjrpumfgrentialjstress ‘ S
oghedristress

‘afcoe

Thébpfbdnﬁmhébﬁéiaiks56h]y7dgmprgssiVe stresses. If a stress
is tensile it is set. equal to zero. = For each of the stresses
~a buckling ratio is calculated using the stress multiplied by .a

factor,of'safety and divided by the critical buckling stress.
These buck]ing ratios are then combined and five ratios result:

a) Axial + Circumferential
o b) Axial + Bending :
‘ » ' c) . Axial + Shear -
: d) Axial + Shear .+ Bending
. e) Axial + Shear + Circumferential

After theSe combined'ratios are calculated, the maximums regardless
of time or azimuth are recorded for each elevation.

In areas where vertical stiffening js present the program calculates
the buckling ratio of the stiffener acting with the shell as a
cotumn simply supported at gach end. The portion of the shell

used in the column is determined using the rules of the Shell
Analysis Manual referenced in Appendix H of Specification 1440.

The buckling ratio is- calculated in the manner discussed previously

and the maximum is recorded.

Program Output
The program prints'out the following data at each»elevation
cqnsidered: T ,

i . : .
| a; Basic shell data and geometry of stiffeners \

| 'b) Load such as stati¢ pressure; dead loads, and seismic loads
= — c) Buckling stress coefficient _ '

| . S d) The five combined. buckling ratios.-

' . e) IVertical stiffener buckling ratios
|
SUBJECT . : MADE BY }, CHKD sy CHARGE NO.
Description of Program REA _IWV— |2 72-43313
: DATE DAT « e-26 ,
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PROGRAM 1668

SPECTR - Spectral Analysis for Acceleration RécorOS'Digitized

at Equalnxntervals

Program E1668 evaluates dynamic response spectra at various
periods and presents the results on a printed plot. Given ‘the
time-acceleration record, the program numerically integrates the

" normal convolution time integral for ‘various natural periods and

damping ratios. The computed relative dlsp]accments, relative -
and pseudo-relatlve velocities, and absolute and pgcudo—absolute
accelerations are tabulated for pgrnodﬂ from 0.025 seconds to

1 second.

Mathematical‘Formulatng

For a single degree of fréedom system, the equation of motion is

e+ cx + kx = -ms (t) | 1)
where m, ¢, and k are the mass,.damping; and stiffness, respectively.

pividing by i:, the followihg eqnation'is obtained.
$ o4 28 ok + wix o= -s(t) o - (2)

B = percestage of critical damping
w = circular trequency.

the solution of Eq. (2) is

x(t) = c(t) - A(t) ' o “ o ‘ (3)
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X and X
o o

timestep,interval.

(3).

accelerat.ion.

Eq. Then E(.

following equations.

v = WX

max

2
w
xﬂﬁix

%, and X, occurring during the

-1

are the initial velocity
At any p01nt in time during the aCco]cratlon trace,
 velocity and displacement ohta;ned

the integration for A(t) nceds to be.pcrformed over on]y one

The relative velocity at each time 1is
(2)-can bhe employed to

PR e ay (VYT

T DAty
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where )
[
- x_ + fBux_ o - .
c(t) = But ”9“::~m~51 sin(wt) + X, cos (wt) |
w IR A
| €1 _polt-r) |
A(t) = _" = e T E(1)sin [m(t—-r)] art
o : :

wo= oW (1-8%)

and displaccment respectively.

c(t) is re-

evaluated such that the 1n1t1a1 condltxonq are assumed to be the

alt the prcv:ous step. Thus,

obtained by differentiating

dotermlne the absolute_

The upectral vaines are then defined as the max Linam values of X,

Thg pveudo-relatlve velocity

and pseudo-absolutn acceleratlnn are then calculated using the
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| BIRMINGHAM DESIGN

SHELL DESIGN = SRR o

The Containment Vesse] is designed for static internal pressure

loading in accordance with. the ASME Boiler and Pressure Vessel Code,

Section III, Nuclear Power Plant Components and Section VIII,
Division 1 Pressure Vessels with w1nter 1971 Addenda The she11
formulae used in determining the minimum required shell thicknesses are from

Paragraph UG-27 of Section VIIT and are shown below:

Circumferential Direction (Cylindhiéaf Vessel)

Meridional Direction (Cylindrical Vessel)

PR.
t = TZSEF0.4P

‘Spherdcal Shell oo o

._PR.
t = 2SE - 0.2P

where: t = minimum required She11 thickness‘(inches)
‘P = internal pressure (ps1) |
R = vessel radius (1nches)
'S = Allowable Stress Value (psi)
E = She11'jofnt weld efficiency
‘ . |
, ¥ .
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- e BlRMlNGHAM DESIGN

sel such as the penetrations

Other portions of the Containment Ves
and the'perﬁonnel lock_barreI are designed in accdrdance with.tne:above

rules as applicable.
ener rings are deSigned'in

The Containment vessel shell and stiff

accordanCe with Paragraph uG-28 of Section VIII for externa1 pressure.

The containment vessel is designed and analyzed for the non- axisymmetric
ent loads resulting from a 1oss -of-coolant accident. in
cification 1440. Stresses ar

n Section A-of this Stress Report. In

pressure trans1
accordance with TVA Spe e 11m1ted to the

a1lowab1e-stress values stated 1

addition. 3 buck1ing analysis is performed to determine the stab111ty of the.

| i with Appendix H, Revision 1,

‘» vessel in accordance of TVA Specificatwn 1440.

which s reprinted at the end of this section.

S PENETRATIONS

and re1nforcement are proport1oned in accordance

ragraph NE-3330 of section I11.

The penetrations
In addition,

|
\
l with the ru\es'presented in Pa
| ) .
} the penetration assemb11es and surrounding shell of loaded penetrations

are designed and analyzed in accordance witﬁ the rules presented in

the Welding Research Council gulletin Number 107. Permanent caps for
spare penetrations are designed in accordance with Paragraph-UG-34 of

section VIII. The flanges and bo1ted covers are designed in accordance

with Appendix 11 of Section VIII.
. : i

o
gyl

:'LJl{j, ’( lJ "U/L - PARDE L _er‘L i [ i i Cygpprsdodan

A A -~ e SN b ‘ ' TN R 3
e S e e e e e _L.&[ JYJ..).,.,” 4 ‘.;% (;tmu e -'T] L ed i
o " DATE DATE Gkl ) e i,
PEFER F NCE L N 010 1ym lu | pote s»_{_’fﬂ.fl,_.;ue —_—

o e s



o

~-® - @

- | !!’

Location

| - BIRMINGHAM DESIGN

ATTACHMENTS |

Attachments to the Containment Vessel pressure boundary or to
material required for the pressure retaining function are designed in
accordance with the ASME Code, and the stresses are limited to that
allowed by the ASME Code. These rules are applied to the attachhent
for a distance from the pressure retaining material of 16 times theh
attachment thickness or 4 1hches, whichevet‘is lesser. The remafnder'j
of the attachment and other items covered by this Stress Report are designed
in accordance with the rules of the AiSC Manual of Steel Construction,

SeVenth Edition.

BOTTOM LINER ‘ |
Although the bottom liner is furnished'by CBI, the desigh responsibility
is by TVA. -The rules of Section III of the ASME Code are not applicable.
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. GENERAL REFERENCES

ASME Boiler and Pressure Vessel Code, 1971 Edition with Winter 1971

Addenda, including the TolTowing sections:

a) Section II, Matéri$1 Specifications

'b)'»Segtj6ﬁ<III, Nuc]eariPOWerfPlant Componeﬁts

c) :Secffon>vlli, Divisiﬁn 1,vPreS§ure Vessels

Manual of Steel Construction, American Institute of Steel

._ConstruEfWon, Seventh Edition.

John F. Harvey, Pressure Vessel Design, Van Nostrand, Princeton,
New Jersey, 1963. - :

S."Timbshenko and S. Woinowsky - Krieger, Theory of Plates and She]ls,v
McGraw-Hill, New York, Second Edition, 1959.

W. Flugge, Stresses iﬁ'shells, Springer-VerIag, Berlin, Germany, 1962.

peiinate e

S. Timoshenko, Theory of E1$st1c Stability", Engineefing Societies
Monograph, McGraw-Hi11, New York, 1936.

;ﬁégjfhﬁbf Welded Structures, The James F. Lincoln Arc

. mk,*R;5WicBméh,’ef.al;‘“tbéa1_$tres$es in Spherical and Cylindrica]l'

, Shells due- to Externa1"toad{hg§“,'Ne\dingﬂResearch Council, Bulletin

Number 107, August, 1965.

9. Raymond J. Roark, Fofmu1aS'For Stress and Strain, McGraw-Hill,
New York, Fourth Edition. 1965.
10. E. M, Bakef. et.al, Shell Analysis Manual, National AeronautiCs
and Space Administration, Washington, D.C., April, 1968. :
11. A. Ka1nins, “Analysis of She115 of Revo]utioh Subjected to Symmetric
' and Non-Symmetric. Loads", Transactions of the ASME Journal of
Applied Mechanics, September, 1964. | o
12. M. Kraus, Thin Elastic Shells, John Wiley, New York, 1967.
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13. A. Kalnins, "On Free and Forced Vibration of Rotationally = -
Symmetric Layered Shells", Transactions of the ASME, Journal of
AppHed Mechanics, December, 1965.

14, W. C. Hurty and M, F. Rubenstein Dynamics of Structures,
Prentice-Hall, Englewood C1iffs, New Jersey, 1964.

b 15. J. C. Houbolt, "A Recurrence Matrix Solution For The
Dynamic Response of Elastic Aircraft," J. Aero Sci. 17, 1950

16. L. E. Grinter. Theory of Modern Steel Structures Volume II
Macmillan, New York, 1949
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{ I INTRODUCTION

The numerical analysis of thin shellS'of
revolutlon is a subject that has received a consl—
derable amount of attention in recens years._ Most
of this attentlon has been given to the ‘linear '
analysis of symnetrlc and nonsymmetrlc 1oaded
shells. The dynamic (transient). behav1or of shells
has also been given some attention. thtle dis-
cussion has been presented for the stétiq nonlinear
behavior of a shell of revo;ution,"Fufthef,'dis-
‘cussions on the nonlinear transient behavior of

nonsymmetrically loaded shells are'minimal.

Anamet and its consultants have 111ustrated
the nonlinear dynamlc behavior of isotropic shells of
n | pevolution. 22234 ‘rhe purpose of this study is to
& report upon a nonlinear, dynamic shell of revolution
computer-progfam which permits the inclusion of cir-

s'noﬁlinear equations of

cumferential rings. Sanders
equilibrium are used as the basis of this development.
The constituitive relations used'by Sanders are the
same as Love's first approximations A compatible set
of equilibrium equations is derived for discfete cir-
cumferential rings and layered orthotropic shells.
Program efficiency is attained by the described vari-
able mesh spacing. The above'features are provided

in the BALL computer program. Even though the develop-
ment is based upon a nonlinear theory, this program

is applicable to linear, elastic, dynamic behavior

of shells of revolution. The linear and nonlinear
features of the BALL program‘are'illustrated by a

' 1]
: number of sample solutions. These results are com-
i ( parcd to other published results.
i o

¥ superscript numbers denote references.

CE -3
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II ~  THEORY
A. Shell Geometry

Consider the general shell of revolutlon
shown in figure 1. Located within this shell is
a reference surface. All material points of the
shell can be located using'the orthogonal coordi-

~ nate system s, 8, [, where s is the meridional
disfance along the reference surface measured : 'é
from one boundary, 8 is the 01rcum1erene1a1 | :
angle measured from a datum meridian plane, aﬂd

£ is the normal distance from the reference sur-
face. Further, let the location of the reference
surface be described by the dependeht variable r,
the normal distance from the axis of the shell.
Accordingly, the principal radii cf curvature of

b : the reference surface are
| PR . ‘
Ry = v/[1 - (®)%1% - (1)
R, = - [1- (r"23%/pm . - (2) !

where a prime denotes differentiation with respect

to s. Purther, note the Codazzi identity

1 ' -1 -1 o
(=) = r' (Rs - Re Y/ r _ | - (3)

and the relation

" o . ’
r'" = - r/R. Ry ‘ - (u)
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Strain-displacement Relations

Tor & shell of revolution, the strain-
displacement reliations derived by Sanders5
take the form A

e = U' + W/R  + (0] + 39)/2 -
€y = Vi/r + »' U/r + W/Rq * (Qg + ¢2)/2 _ g-. (s5)
€cp ° (VY + U /r r'V/r + 05 ée)/z
) S
' \:
Kg = os
Kg = Og/r + 1! o /r | '_ : >f (6)
c = [ol + 0 /o -1 o /p+ (RZY - RID) 0172
s0 o s o 6 s

J’,

1.

where €gs €g» and € <6 are the reference surface sire R

ns, K., K.
s ne

-
S o
“—
-

-
-

and Kgg avre the bending strains, U and V are displacement

cirections tangent to the meridian and to the parallel circle

resnectively, W is the displacement normal to <he reference sur-

face, a“dé , ., and ¢ are rotations defined by

& o
6 = - W' + U/R h
S .
6. = - W /r + V/R : - ; (7)
o 6 : o ,
o = (V' + »'V/r - U /2)/2 J

In these equaticns, and henceforth, a superscript doT cdenotes

Cifferentiation with respect to 6. The pos;:;vﬂ.éireétion oI
ecech displacement and : rotation variadble- is indicaved in Ifigure 2.

QE-6
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Figure 3. Positive Directions for Fcrces, Moments and Loads
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6. C. Equations of Motion , | ' |
- i ' equilibrium equations to the

. $.0.BOX 831, SAN CARLOS, CALIFORNIA 94070
i Converting Sanders
|
|

equations of motion for a shell of revolution leads to

2 )

. . -1 -1 . ) » 2 .
(¥ )" + Nog -r'Ng + rQ /R, + (Rj7- Ry ) M_g/2 = r([mdg)a’u/aT®

sb ,
- rq_ *+ (0 N+ ¢e'NSG)/Ré + [O(N + Ng)1'/2
N, + (rN )'}+ r'N_, +rQ,/R, + r[(R'l; R-LyM ]'/2 . -
0 s s6 6 "6 0 s s6 >_ (8)

2 2 . . . . !
r(fmdz)a“V/aT" - rqy + r(OyNg + & N g)/Ry- r[o(N_ + Ng)1 /2

(p)" * Q) - TN /R - tNg/Ry = r([mdg)a’u/oT?

' . .
)+ (e N + & N

- rq ¢+ (ros N_ + r¢6N$6 <6 aNg ‘  _' )
and |
{ 1
+ * - - =
(rMS) Mse r Me rQs 0 (9)
. 1 1 . . v ‘
Me + (rMse) + r Mse‘ rQe =0 (10)

when the effects of rotary inertia are reglected. In equations

(8) - (10), m is the mass den51ty of the shell maxz -erial, T is tlwe,
qgs 9> and q are the meridional, circumferential, and normal
components of the applied pressure load, Q ana Qe are the trans-
verse forces per unit length, NS Ne, and Nse are the membrane
forces per unit length} and MS,’Me, and Méa are the bending'and
twisting moments per unit length. Refer to Figure 3 for the posi-
tive directions of the pressure components, forces, and moments.

# underlined terms are the nonlinecar terms

5 . CE-8
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D. Constituitive Relations

The constltutlve stress -strain- temperature relatlons
aSoUde for the elastic beth1or of the shell along the merldlan
are the following equations: relating the force and moment re-

sultants and strain and curvature expressions.

) ¢ c o K s (. )
Ng lC G 0 K K 0 1S | €1t
Mg Cla G O Ky K2 0 1% Cot
N 0 0 C 0 O K., |e . 0
J “s0 & - . 33 | s s8 |, < S 1)
Mg Kjn ¥ O Djy Py O ks Dy
Mg Kijp Koo 0 Dyjp Doy 0 kg Dyp
- (Mse) 0 Kg3 0 Daz | |®so %
: Where . _ »
Ciy * / By dt . o L (12a)
Kig = / By & dt - o | | o S (12)
- 2. . o : |
Dy * / Byjy &7 dt | I | N S (12¢)
8. = Ey: N C . o U By e by
ij © 1_$1v where 1 = j = 1,2 3 Bij ) mervpmrralit it ] =1,2-(12¢) ;
Bij = 2Gij wher‘ev i, j = 3 f N . (12e)
C.p =/ atEdg / Q - V) | IR IR (12¢)
Do =[gatTEdg / (1L =-V) f (126)

In equations (12f) and (l2g), T 1s the local temperature chanbe

and a is the coefficient of thermdl expan ;ion.
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The stiffness constants C, Ki

J

5, and D.., and the

1]

tbermal forces and moments C. iT and D, i are allowed to vary along

the meridian.

15 unknowas N s Na > Nse’ Ms, MG’ Mse’ e

Ugs Ug, W
'the intermediate variables.

Equations (5) - (10) are 15 equatlons in terms of

. €5 €gg0 Kg» Kg» kse"

They may be combined in many ways to eliminate some of
One such procedure is to reduce the

system of eouatlons to four simultaneous second- -order dlfferentlal

equations (the three equilibrium equations and the fourth of equa-

tions (8-11)) following the concepts of reference (6).

As indi-

cated in reference (6) 1} We must be ellmlnated in such a way that

k does not appear in order to prevent thc appearance of derivi-

tlves of w higher than two.

From the fOUPIh and fifth of

equations (11), the necessary-relatlon can be obtained as

and starred matrices contain the initial

4

stress and deformation

~CE-ID

(16)

_ Py Pyg ¥aaf L Dag Ky |
; Mo = 5 Mg * [Koo - T | st [F2 T 7D | %6
noc LY L7 Pun |
‘. ' | ~ 2 | o - (13).
| : D : ‘ D.,
12. CoT12 o
+ ID - =k, * D - = D.,
L 22 Dll ] G 2T “Dll -lT,
and u 59 Ugs W and M are taken as the fhndamenta1 variableo. The
four lmultaneous second order differential equatlons can be written
in matrix form as
Ez" + Fz' + Gz + Ez" + Fz' + Gz + E%z" +-F*z"?'G*z'-‘vIE = e
- where .
o) 0 0 0]
ug X i‘Q“’,O‘ 0
u 2 0. L. L
z=< 9%, 53z T o s
W , 3 22 0 0.1 .0 ‘ :
: I I A
1M ’ ~jo 0...0 -0
. SJ ) o h o ‘
( and E; F, G.a ir) -P-", -G‘) R‘.""a F.":) and G% are 4 X‘LN matf‘ices- The barred

i
I
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.

.

quantities and vanish if the initial state is a zero state.' The
starred quantities reflect the contribution of the_square}of,the'
initial rotations on the behavior of the problem. EqUatioﬁ“(lu)
may be applied to linear static stress analysis problems by setting
the barred and starred quantities to zero and letting 2z = 0,
applied to buckling problems by setting Z = e = 0, and applied

to prestressed vibration_problems with e = 0, and assuming z

harmonic in time.

1

E. Boundary COnditions

In Sanders' nonlinear theory, the conditions to prescribe

on the edge of a shell of revolution are

NS or U Nse‘or v
(16)

Qs or w» MS or_¢s '

where ﬁse and 65 are the effectiVe shear and transverse forces

per unit 1engtﬁ'defined by | | v

. ‘A ) : _l _l . ' .

Nsa = Ns-e + (3 R0 - RS )Mse/2 + (NS + Ne) ¢ /2 | .(1/)
Qu = Qg * M g/T - & N - ¢gN_g o - (18)

Using the equilibrium equation (8) to éliminate Q, from equation (18)

- leads to

A~ 1} ] . . .
.QS = [(rMS) + mse -r Me]/r'_ - ¢SNS - ¢>ON50 : . __ (15)

Elastic restraints at the edge of a shell can be provided-fdr by
linearly relating the forces or moment to the appropriate displace—
ments or rotation. ‘Consequently, the boundary conditions, may be
given in the matrix form o

+ g
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X 2
‘&

N FN _
[ v - o
[§]<A >+ [K]< > = g IR (20
Qg W | : R ’
o M
. ® J_ \ s)

where ¢ and X are Hxi matrices and £ is & column matrlx. The
values of the elements of these matrices are determined by the
conditions prescrlbed at the shell boundary.  Procedures have
been deééloped for independent boundary conditions of an un-
coupled Fourier harmonic distﬁibUtion. For the present case,

however, simultaneous boundary conditions are imposed.

F. Ring Stiffeners

Circumferential ring stlffeﬁers can be simulated at an
arbitrary location along the shell. It is assumed that the ring
has principal moments of 1nert1a I rx and I y.-about the cenfroidal
axes which are perpendicular and parallel, respectlvely, to the
axis of revolution. TFurther, the cross-cectlonal_area, A, eccen-
tricity, e, and torsional constant, GJ, of the ring are specified
The basic problem is to determine the governing field equations of

a ring -that are compatlble with Sander's shell equations.

Cohen’ and Bushnell® have presented the generalized
stiffness of rings. Weeks and Walzg illustrate a more tthbugh
discussion when the centroid and shear center of the ring do not
coincide. The above éuthors use the energy approach to derive the

stiffness of the ring. L

. | o . .
When the centroid and shear center are assumed TO coin-

cide and plane normal csections are assumed to remain plane and

v,
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normal during deformation, the ring strain energy is given by

2

r_ - A
~ T . : | |
Ur 3 I J o (Cr e T) dA. dé | - .
0 ' ‘ “(21)
_ 2 0 ) ‘ ‘
1l GJ ;
+ -é- i—. J (QS + 'IT"') deé
C 0 (o]

The hoop stress is defined to be
o, = E, (E, - aq T) : _ ‘ ' | - (22)
“and the strain is defined by
€, écp - X k, * Y ky ' | _ (23)

The strain energy for the ring is therefore expressed:

P r (27 . v
~ e .2 2 22 _— _ ;
b U, = 5 Jo e, BA + kg EI o+ kg EI - 2 k kg ET o
‘. (2u)
CJ_ (¢ : \ 2 | T T, T,
+rz(¢s+up/rc) + 2 [g, N -k, Mg+ kg M1 do
c , . :
Where, the thermal loads are defined by .
T [A :
Nr = - ) Er o, T dA - ‘ | (25a)
T A - o =
M = - | E_a_ X dA ' _ (25b3
y ) r r : . _
T A
- - : . . r A}
M. = EI‘ o, Y dA _ (QJC/‘

CE-13



Anamct Laboratories, I ne.

. P.0.BOX 831, SAN CARLOS, CALIFORNIA 94070

e

and the straln displacement relations are

. . ~ "
- ‘ : 1 2 » \’o “,-‘C
Cr = /e * W /ir (9$r ) S ol :5‘;3
Lovt & /\cf\ ) |
kx = ¢G7!‘/PC 3 ky z - Qr‘/;(? (9 Qs(.pc ‘ | _ >- . o :
(yw}? e bu : ' (2‘6)\__-;
dop = (W, - Vr)/rc :
v
¢€% = Ur/rc )
0\}\
The kinetic energy of a discrete ring is given by
2 ‘ : ‘
Yo 2 2
- — ‘ + +
T, pr(2 ) . [A (Ur e ¥ Vr,t wr’t)
o . (27)
2 2 . :
+ : A 0
;P ¢Sat I&,¢sr e ¥ I&?¢6r t 2 Ixy (sr,t ¢6r,t] @
Y &g\(,\ &{ _ o Zbl‘k _'
From the variational principle, the derivatives with respect to each
of the fundamental variables will develop the stiffness and mass
matrices. ' :
The stiffness matrix is defined for a given Pourler harmonic, n, :
response by . o !
T [ 4 57 2 o, )]
2, 2 cJ 4 3. 21 o+ 8
.717 (n Ix + T ) 1; Ixy D’f Ixy -.;l_»( x T E Y| UL
r ‘ r ‘ r. c
c c . c o
7 ” v 2 1"I
n'l n" I - n L .
. A+ -——12 n(A + -5 y) ind ;— xy W
=55 rq Yo - © (28)
) 2 _
r'c ‘ I n Ixy
Symmetric - F; _ 4
2 GJ /
Iyt n g | ?

i A1



Anamct Labo:atoncs Inc.

_y 0.80X 831, SAN CARLOS, CALIFORNIA 94070

: . - ' e

. : N &'

e s
oM

> R kLr f
and the mass matrix no ﬂ~ V::;Jﬁﬁc\
— - : - o ]
r. A+ n {i .. n Ixy n Ixy 0
< | o
r- A+ I» n }c\ 0
u = -g—t c ]—(x/b’ : \X)‘\ ) .
’ Symmetric P A + n’ ”}y
2
r (I, *+ Iy)
L _

_ The displacements and the rotation of the ring are
related to-a point on the shell's reference surface at the ring

attachment by

U = U‘ ¢ \
il' r - S ) o
| V, = —¢2/r'C U+ v (1 +.el/rc) - el/rc W.\ N >

Wr = W+ e2¢s

o = ¢
r s J

where the eccentricities of the ring to the shell are
e, and e, in the X and Y direction, respectively.

For prismatic rings the force-displacement relations

are noted to be

EA .
0 ;Z (Vr + WP)

EI - .
0 2 (- W, ot vr)
roor. R

.Agi

r (- w%
ez

- U;/rc)

With the definition of @S
tion (28) which rcpresents the stiffness into equation (14),

N

S

= W), and by substituting equa-
the

(29)

~ah
€2

(30)

(31)

ring can be easily introduced intoc the overall 0quilibbium-of the she
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) ; III METHOD OF SOLUTION

A. TFourier Expansions

The crux of the method used here to solvé'the'nohiihear
field equations is the eliminafion of the independent variable 8
by expanding all dependent variables into sine or cosine series
in the circumferential direction. Only loading and initial condi-
tions that are symmetric about a datum meridian plane yill'be'con-
sidered. Thus, the variable‘¢s can be expressed'in~fhe fotm*

c_ = . | |

st z Eg Y ¢s(n) cos né ; S g | (32)

~o n=0 i ,
where ¢ is a reference stfess level, Eo is a reference elastic
modulus, and the nondimeqsional_series coefficient ¢S‘n) is a
function of the independent variables s and T. Similar series ex-

. pansions can be made for the remaining dependent variables.

B. Modal Uncoupling

In order to eliminate the independent variable 6 from the

~ problem, and convert the partial differential equations to Séts of
uncoupled partial differential equations, the nonlinear terms are
treated as known quantities or pseudo,loads.b'§ince every nonlinear
term is the product of two Fourier series, each product can be re-

duced to a single trigonometric series wherein the coefficient is

itcelf a series. For example, using equa+ion (32), Qz__can be
expressed as. o ' | '
C . . _
éz = (=22 vy ¢(m) ¢(n) cos mé cos nb (33)
3 s s
o m=0 n=0 . ,

[} . :

*Thccrctical}y, the complete Foyrier series including Jboth the

sine and c9s1ne.expansions_should be used because of the possibility
:: of "odd" displacements occurring under "even" loads, i.e., @ bi-

furcation phepomenon. This aspect is not considered here for the
ronlinear casec. '
PR
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Since

cos m8 cos nb

='% [cos (m-n) 8 + cos (m+n) 6J f;l‘v'

equation (18) can be given in the form

o
| og:i-g-
o) 0
where
B(n): % oy
s 2Eo 20
with
0 for n
no=

(n)
s

0
sy H

1l forn >0

g =
02:__0..;
0 Eo n50
o o
2 o
6 = —= ]
Eo n=0
. 00 o
°% ¥ Z
o n=l
¢SNS = ooh
n
¢0Nse = ooh

cos nbd

(1) (i+n)
I e Ineg ™

l for i

2.for i

Similar series expressions cap be

/b  terms in equations (5), (8), (17), and (18b). Tv_h‘e;:y.; are -

Be cos nb

i

“! ‘fﬂﬁb

vue Ty
4 n |
= n

derived for the other nonlinear

EXEV

(3Sa) ;

CU(35b)

(35c¢?
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[--]
¢ Ng = 0 _h § ng sin né
n=1
®gNg = O h Z Ngg Sin né | ;:>- (35¢)
n=l ‘
oo .
¢ N g = 0 h g n.g sin né |
_ n=1 p

where ho is a reference thickness.

As a result of the tfigonometric'series expansions, there
is one set of governing equatiohs for each value of n considered;
when only the linear terms are considered the sets are uncddpled.
The presence of the nonlinear terms couples the sets through terms

. (n)
like BS

nonlinear terms as known quantities and grouping them with the.

as given by equation (35). However, by treating the’

load terms, the sets of equations become uncoupled.

C. Spatial Finite Difference Formulation .

‘Let the shell meridian be divided into K - 1 equal incre-
ments, and denote the end of each incremént or .station by the
index i. Thus, i = 1 corresponds to the initial edge of the
shell and i = K corresponds to the final edge. One fictitiohs
station is introduced off each end of the shell at i = df}aﬁd
i = K+ 1,

Let the first and second derivatives of z at station i
be approximated by ’

i (Zl+l

N
"

Ziél)/QA . (36a)

" ) 2! . "
i (zl+l - 221 + zl_l)/A . _ (36b)

N
1]



Anamct Lubo;atouc.s, Ine. ' ' o : . .

P. 0. BOX 931. SAN CARLOS, CALIFORNIA 94070

where.A is the nondimensional distance between stations. Substi-
tuting’equatidns (36a) and (36b) into equation 1lu4 leads t§g5"

| | , ,_ _ s  ‘;1" .
where
A. = 2E./A + T.
1 i i
B, = - Y4E./A + 2 A G. o - . -
1 1 o ' R (37b)
Ci = ZEi/A - ri '
gi =2 A ei H El = v I

and i =1, 2 . . . K to insure equilibrium over the total length of
the shell.

Y

At the boundaries equatlon (20) must be satisfied. Thus,

‘ substltutlng equatlon (36a) into equation (14) ledds to

L Q.H.z = &. - Q.f. (382)

55 M 2z ¥ (@0) *+ Az - 53 Hyzp = 8y - 241

at the initial edge, and R
1 oK QT+ ALYz - A Q@ H 2 =2 - Qf, (38D)
55 kil W ¥ Mz ' . -

24 T"KTKTK-1 K K*K
at the final edge. :

For many cases, a shell structure comprised of'¢omposite
elements dévelop'discontinuity stresses near their-juncturebpoint.
For example, a discontinuity‘in the membrane stress resulfants‘will
occur at the juncture of a cylindrical and spherical shell. In
order to more accurately determine the stress distﬁibution,near
these discontinuities, the mésh distribution must be finer than

those areas away from the juncture.

1.7 . A=
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A variable mesh spacing is represented at station i

e wa ]
7 ek
Wy Fa : Lt :

Let 84 = Ratio (i-l)AL and ad = Ratio (i)4;, where 4, is

the mesh spacing at the last station. From a Taylor's series

\
i _
| expansion
\
S UL 073 LU V) AL (39:)
i+l T 44 T %8 4y 27 i 3T, 41
N I TS LT V) L L SR (300
1-1 i i 2! i 3! i T ‘
Multiplying the first by 82 ~and the second by a2 we obtain
. for the first derivative ' ' ‘
o
| . ' 1 2 .2 2 2 .
% TEFaaps BT Zyy t (@7 - BT) 25 -0t 2y ]
‘ : 2 ttre ’ . . .
| _Q.%A_Z_ . S (40)
| N lJ ) .
‘ v2 g .
‘ 0 (A%)
: and for the second derivative
C oz 2 I8 (B+a) «z, )
R —S—— N - ta) Z, + o 2,
i (a+B)aBA2 i+l i i l: .
2(a-8)4 ' o (41)
-'——3—'—-——-2.' . R
! i
- J
'
0 (a)

Since the érror term in the secénd derivative is of
order A, a variable mesh spacing‘through the discontinuit§ should
. not take place. Errors will occur at the juncture of the variable
‘\‘_/ mech. If the}bending is low in these regions, no significant
' error in the solution should occur. |

K2

z | 1 : A o
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I  Introduction

In displaying the transient response of a structure to~time—

" dependent loading, there are two prlmary chclces avallable.,

One is to use the actual time history or "51gnature of the
measured or predicted quantlty as the best index of the re-
sponse characteristics. Secondly, some type of spcctral
representation which shows the predomlnate frequcncy content
of the smgnal can be constructed. The use of the FFT for
spectrum transient ground acceleration-evaluation had been

(l). In the present'studv the

earlier propoacd by Citerley
computation of an acceleration spectrum from transient data
using the Tast Fourier Transform (FFT) algorithm is presented.
The end result is a Fortran IV Digital Computer program for
implementing the solution. The program was develdped for use
as a post-processor in ahalyzing the displacement output from
a shell of revolution code; however it can also be used as a

general purpose signal analysis routine.
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6 IT Analysis

A. Continuous Solution

The acceleration spectrum equations will be shown in "continu-
ous" form and then restated for digital cbmputation. For dis-
‘cussion purposes, the signal to be analyzed is a finite ac-
celeration time history X,(t), continuous in the interval
0<t<T, and identically zero outside. The frequency content
of Qo(t) in a narrow range centered at frequency w cen be
examined by considering the solution of,

\

X(E) + 2 Lo X(O) + wl X(1) = - Xo(t) (1)

which is the response of a lightly damped (§ <<1.0) single-

degree-of-freedom spring-mass system to base acceleration,

‘ Xo (i), The solution of (1) for the acce.‘l.éra‘_ti_on resvonse,
X(t), can be expressed in integral form as,
X(t) = “[ h (t-1) ¥, (1) dt
‘ 0 ,
} _ v t -E;mn(t-—T) . - (2)
‘ T ) I e sin [w_(t-1)] X, (1) &t
n g n" | |
| The above solution assumes zero initial conditions in X and
‘ X. c
i; The acceleration spectrgm‘of* Xo will be defined as the maxi-
| mum absolute value of X, i.e.
Sy (w_3 & = MAX { ABS [ X(t) 1} ; . (3)
| X N _ _
1 - [t -Bonle-1) .
| = MAX {ABS [ w_ | e sin w_(t-1) Xo(1m)dtl}
1‘ . o n JO ] n

¢
) ) ) .

B S - QE-23
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The argument (w_3€) denotes that Sx is a function of wh__
and parameter, § . The seclected values of ¢ w111 usually
be on the order of 0, .05, - = - .20. ‘

Defining the Fourier transform of X(t) as,
X(iw) = I R(t) et dt | ' ) BERLY
J : .

then a transform solution for ; can be Obtained.  Taking the
transform of both sides of (2) and applying the well-known
convolution theorem, the follow1ng is obtained,

X (iw) h(iw) X (iw)

(U2 XQ.(in’ 'v : - (5)
wﬁ'— w2 + 2 & Wy, wi

Taking the Inverse Fourier Transform of both sldes,
20

o - S e w X (iw) ) ‘ '
® o= xthw =l 7 D)

_ 2 o ;
_mn - w" + 2°& wn,wl

where, the inverse transform is defined as-

"t gy a 1)

X(t) = xfl(iw) =w%J X(iw) e
Wio

Thus in terms of Yourier transforms the acceleration spectrum

can be expressed,
. >

MAX' { ABS [ X(t) 1}

Sxo(un;;)

, (8)
. 2 .. . —iwt . ‘.‘._\
\ . .
= MAX { ABS R 2o él“) S DR
] ol - w® + 2 § wotd ‘
0 n | n

CE-24
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| C | B. Digifal Solution

The most common method of solvihg for 3 (t) is'by numepical

integration of equation (2), e.g. Simpson's rule. Withffhe -

|

) development of the Fast Fourier Transform (FFT) Algorithm,

l (see for example Ref. 2), it can be shown that it is numeri-

’ cally more efficient to use the transform. form of the solution
i.e. equation (65.  Two digital soiutions of the acceleration

spectrum will be presented; one where the displacement signal

-

’

T
Ao(t) .is given and the other where the acceleration Xo(t)

is given.

Using the notaticn and the definitions from Ref. 3, the FFT of

the digital time series X(t), t=0, 1, - - - -, N-1, is
given Dy - ‘
o ¥(t) = Y y() e N ~ | (a)

‘ - _ - t=z0

Notice that the units of'fréquency are now Hz rather than

Rad/sec as in the previous section i.e.

w = 2m f : - ' , . (10a)

w_ o= 2% f ' , : ‘ ' (1.0b)

The time interval is &t = T/N and the frequency interval is
Af = 1/T = 1/NAt . The highest frequency is NAf = 1/t
which is‘the digital sampling rate. Thus there are an equai>
numbexr, N, time ordinates and frequency ordinates.. The in-

verse FFT of X() is given by,

: , 2mitt
, N-1 R - .
X(v) = 5 I X(t)te (11)
A ' ! . .
2. .

“ o f;';;_;i:,:;7>4“~(?£?5255
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: (‘\) One additional discrete *ransform theorem (Ref. 3) for finite
" difference derivatives is needed. '
N-1 ‘ mitt -2mit
et N L e Vo x (12
1=0 : - ' . s
where: AX(t) = >X(t+l) - X(t) : (12a)
Thus (12) gives the Fourier transform of the forward differ-
~ence derivative of the function, X(t).
The discrete transform solution of equation (6) Can now be
written, N '
» -=2mitt _ _ ‘
y N-L £2x, (5 e N | | (13%)
fz0 fn - f A
where: f = tAf, t =0, 1, - == -, N-1 (18a)
o £ = naf, 0<ngN-1
Substituting for f & f ,
L N=1 22 .o "z“éil |
X(t) =5 F ' 1 X, (1) e )
N 7 _ 2, Y i
t=0 n- -t 2 ¢ nta

The computdtional'proccdure for oolving (14) is:
(1) Solive for Ao(t) given the input signal, Xo (1)

(2) Mu]tlpiy Y (1) by the compleh filter function in 1hc
brackets : ‘

(3) Take the inverse transform of the complex product ob-
tained in step (2).

: | 26
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For the case where the displacement of the signal is given

rather than the acceleration, the derivative theorem of (12)
is applied i.e.
2mitt
“ N--1 v
Xo(£) = § AL N .
£=0 o - .
- - (15)
—omit
= e Voan? o x®
At”

Thus the computational procedure for solving (14), given the

displacemant, X,(t), is as follows:

(1) Sclve for the transfdrm, Xo(%)

(2) Compute Xo (t) by (15)

‘i. - (3)

(4) Take the inverse transform of the complex product obtaincd_
in step (3). :

Multiply xoxt) by the ‘complex filter function according
to (1)

Y

;) is easily solved from
X(t)

The acceleration spectrum S* (wn
_ °Xo

the definition, once the acceleration

is known.
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III- Computer Program

A:oomouter program is described for evaluating the acceleration
spectrun glven either a dlsplacement or accelevatlon smgnal

An arbitrary number of functions can be analyzed. The damping .
values and spectral frequencies are specified in the input
data. -

The FFT routine employed in coemputing the discrete transforms
is that of Ref. 3%. The program will accomodate up to a 3-D
complex function Since the FFT tcchniqUe'relies on the length
of the lee series being of the form N=z2" Where n - is an '
1ntcyer, the method of "filling out" w1rh zeroes w111 be used.
For example if a time series of length 1000 is glven, thcn ?H
zercs values will be added to form a new scrleb»of lenth

N = 220 = 102w,

The computer program is written in FORTRAN 1v and is listed in

-.Appcndlx A. A schematic of the solution for onec anut 51gndl

" is shown in Fig. 1. The input time histories (displacement or .

acccleration) are analyzed sequentially. The input data format

for each signal is given below.

Card 1 - Conirol Card

" Format (315)

Col.

1-5 IKIND (1 for Displacement, 2 for Acceleration)
6-10 ND (Unit Number of tape or drua for use. in
_ copying input or output data)

11-15 NL (Length, number of data points in anut

signal)

40ther standard routines are available through SHARE.

i,
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| (’“\. “Card 2 - Control Card
; ’/ Format (6F10.0)
- Col. . _
1-10 DELT . (Input record time interval, sec.).
11-20  ZETA (Damping ratio, nondimensional) ;
21-3C °~ FLO (Acceleration spectrum lowest frequency re-
' ~ quired, Hz) o

31-40  FHI (Highest frequency required, Hz)
41-50 DF. (Frequency interval, Hz) '

51-60 CONST (Scale factor)

Card 3, - - -, N Data Cards

Format (8F10.0) )

The card image form of the time series data can easily be
changed to accommodate other formats. Alsao the time series
data can be supplied on Unit ND via external control cards,

so that handling of bulky cards is avoided.

_ END Card .
- ', Format. (15)
_X.. - Col. : _
‘ 1.-5 99999  (End of Data)

This card is supplied after all of the inbht signatures have
been read and signals the end of the data deck.

In using the program and interpreting the spectral results, it
must be remembered.that'thc highest frequency component in the
data to be analyzed must be less than 1/2 the highesf FFT
frequency, (fmax = %f ). If this is not the case, digital
band-pass filtering of the raw data must be performed prior

to spectral analysis. The latter can be easily accomplished

using "autoregressive" or '"moving average" techniques.

8 - o E-29
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Flow Diagram for Calculation of Acceleration Spectrum

- for Displacement or Acceleration Input Record
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The Design of a Thin Shell Nuclear Containment Vessel for Seismic Loading
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The Design of a Thin Shell Nuclear
Containment Vessel for Seismic Loading

A procedure is presented for the design of a steel nuclear containment vessel subject to
setsmic loads. A design specira representation of the loadings is used with o contilever

beam model of the vessel.

The results for the beam model are compared with results

Jrom two independent shell analyses; a shell modal analysis and a nonlinear shell time
history analysis.  The beam results are shown to provide a good design correlation.

Introduction

‘ Tm-‘. stringent safety requirements specified for the
design of nuclear power facilities have, in recent years, led to in-
creasingly  comprehensive and  sophisticated seismic design
criterin. The following paper describes a dosign approach for a
thin walled steel containment vessel -using the modal analysis
technique and & lumped mass cantilevered beam model of the
vessel. The deflections and stress resultants caleulated with

. this comparatively simple approach are compared with values

determined with a modal analysis and a time history analysis
using shell of revolution models of the containment structure.
The beam results are found to provide good design correlation.

The techniques used for the shell of revolution models are de-
seribed in a companion paper {1].! Only the results significant
to a comparison for the various methods of analysis will be dis-
cussed in this paper. )

The seismic response of containment structures has received
considerable attention in the literature.
are the experimental results reported in references (2] and (3].
In these experiments scale models of containment structures
responded to simulated seismic loads in predominantly lobar
modes with several waves around the circumference. This be-

“havior is not in accordance with the assumptions inherent in

using & beam model for the containment vessel, and the results
gave incentive for a comparative nonlinear shell analysis.

Design Approach

The dimensions of the containment vessel under corisideration
are shown in Fig. 1. The vessel is considered to be free standing,

! Numbers in brackets designate References at end of paper.’

Contributed by the Pressure Vessel and Piping Division and pre-
sented at the Winter Annual Meeting, Washington, D. C., November
28-December 2, 1971, of THE AMERICAN SOCIETY 0F MECHANICAL
ENGINEERS. Manuscript received at ASMF, Headquarters, July 28,
1971. Paper No. 71-WA/PVD-10.

Journal of Engineering for Industry

Of particular interest -

supported only at the embedment point. The lumped mass
idealization of the vessel is also shown in Fig. 1. The stiffness of
the elastic elements joining the several masses are calculated in
terms of the moment of inertis, area, and effective shear aren of
the vessel cross section. The calculation of the elements of the
required stiffness matrix using a beam model with bending and
shear flexibility is described by Pahlin {4]. Pahl shows that the
stiffness terms calculated with beam theory and with membrane
shell theory are identical for cylindrical shells if the beam mo-
ments of inertia are divided by (1 -- »?) to account for the Poisson
effect in the shell. It is because of this similarity with membrane
shell theory that tho beam model is applicable to relatively short,

" cnntilever structures such s the containment vessel in Fig. 1.

The inclusion of the shear flexibility, not commonly considered -
for the vibration of longer besms, is a necessity in using the beam
analogy for this vessel.
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No Ny
Ne
= Ne +
N. Nl.l
UNEQUAL BIAXIAL EQUIAXIAL UNIAXIAL

COMPRESSION = COMPRESSION ,+ COMPRESSION

Ne Nu <
Nsphere + Neylinder !
WHERE,

Ne IS THE SMALLER OF Ni OR Na.
Nu 1S EQUAL. TO THE DIFFERENCE Ni —Ne.
Nsphers, Ncylinder ARE ALLOWABLE

COMPRESSIVE STRESS RESULTANTS
IN SPHERE, CYLINDER.

Fig. 2 Unequal biaxial compression

he stilfness properties for vertieal displacements in the top
head vequire special considerition, - A statie shell of revolution
computer eode is used here to clowlnp the (-qmvulont benm prop-
erties.

The seismic londings for the operating basis eavthquake (OBE)
anel design basis c~u|h(|u ake (D) nre specified in terms-of de-
sign speetra for the requiréd range of strae tural frequencies. T he
horizontal growd motion represented by the design spectra pro-
duees rigid body translation of the shell embedment. cross section.
The adial and civeumferential shell displacements enn be ex-
pressed in terms of cosine and xine funetions of the cirenmferen-
tinl angle. The vertienl ground motion ean he -deseribed as
axisymnetrie mavement of the embedment eross seetion, The
inertial forees produced by the gronnd motion and the resulting
vessel displacements and stresses ean be deseribed in terms of
sine, cosine, and axisymmetrie eomponents unless significant
nonlinear effects are present,  In using membrane shell, or
beam, theory the mssumption is made that the vessel eross see-
tion is not significantly distorted by the applied loads, ie., the
type of behavior deseribed in 2] and {3} does not occur or has
no appreciable effect. v

The struetnural frequencies, mode shapes, and modal vesponse in
terms of defléctions, necelerations, shears, axinl forees, and mo-
ments are determined in the nsual manner.  Longitudinal nnd
shear stress resultnnts for the <hell ean be determined from the
heam forces by staties, and the madal necelerations ean he used
o enlewdate the cirenmferentinl stress resultant and distortion of
the vessel eross section as deseribed later.

Design Criteria

The specified Jondling combinations for the containment vessel

‘elude seistie oading combined with dead loned andd external

pressire. The thin shell grometry of the vessel dietates: that

“stability considerations will govern the vequired shell thick-

nesses. The envelope of results ealenlted for the above combinn-
tion of loads includes axisymmetrie, sine and cosine components.

In selecting ‘a shell thickness, the maximum compressive merid- '
jomal stress resultant in the evlindrieal shell is hmited to the al-

lowable valne given by the rules of Section T of the ASMUE
Boiler and Pressnre Vessel Code for uniform axial eompression.,
The maximum compressive ciceumferential stress resullant s
similarly limited to the valie ealendated from the allowable ex-
ternal pressire as given by the vales of Section 111

ps STATIC BUCKLING LOAD FOR IMPERFECT STRUCTURE

" Mothisu Instability at Thc
Dynamic Buckling Load

\ Mothieu Instobitity at Load
\\\ Less Than The Dypamic
" Buckling Load

BUCKLING LOAD FCR PERFECT STRUCTURE

Stable
' Stable

Pc CLASSICAL

B H

Wn  NATURAL FREQUENCY FOR BUCKLING MODE
Wo ' NATURAL FREQUENCY FOR LINEAR DYNAMIC RESPONSE

Fig. 3 Mathiev stability diagram for step laading taken from [s]

In the doubly curved vessel head the maximum cireunmferen-
tinl and mevidional stress resubltants are uop'xrul(\d into an equi-
axinl romponent equal to the smaller compressive valie and an
wninxinl component equal to the difference between the maximum
and minimnm compressive values, sce Fig. 2. The sum of the
vatios of the equinyinl component Lo the spherieal conpressive
allownble and the uninxinl component to the cylindrieal com

pressive allowable is limited to unity as indieated in Fig. 2. T he‘,

spherieal and eylindrienl allowables ave again determined fro the
rules of Seetion TH using uppmprmw shell earvatures.,

In using this buckling eviteria, it is assumed that the rompres-
sive stross allownbles for static axisymmetrie loads- give a con-
servative measure for the permissible maximnnu dynamic sfresses

for time varying nonnxisymmetric londs.

The stability of thin walled cylinders is sensitive to imperfec-
tions in geometry.  The allownble statie (‘(Hn])l(‘\\l\'h stresses
given by the rules of Scetion 1T refleet the decrease in the buck-
ling load- due 1o imperfections which are within Code fubriealion
tolernnees.  Budiansky {5] has shown that the essential imper-
fection charaeteristios of shell stmetures are fevealed in the de-
crense in the statie buekling load and separate consideration of
the many possible imperfeetion combinations is ot neeessary for
o lrge elass of dynamie problems.

Using n nonlinear conpling of the modes to provide the mech-
anist, Budiansky also considers the transfer of total energy of o
structure from o linear response mode to a buekling mode for
dynamie loading.  Such a mee hanism eould” produce a lobar

vesponse of containment models even in the small detlection
range.  The investigntion  of this type- of nonlinear energy
transfer for snw all deflections (order of the shell thickness) lends
to Mathicu type stability dingrams? ns shown in Fig, 3. This
plol ix for a suddenly applied constant load and is taken from
reference |5]. The disgrom indieates that the pertinent stability
parameters are the mtio of the static buekling load to the elassienl
buekling load and the ratio of ‘the naturn] frequeney of the shell
in the assumed buekling mode to the frequeney in the linear

response mode,
Recniise the Seetion T design rales give astntic buckling loac
that is o small fraction, less than Vs, of the classical buekling

* For example see |6}
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load, the region of instability of concern is for frequency ratios
close 1o 15, The low energy deformation modes for the vessel

configneation under considerntion involve tén to twelve circum-.

ferential waves. ‘The ratio of the natural frequencies for these
maodes to the axisymmetric and sine and cosine linear response
frequencies is less than 1/, Budiansky's approach indieates that
nonlinear energy transfer from the linear response modes to the

lowest energy buckling modes will not grow i an unbounded-

manner and lead to instability, at least not for n suddenly applied
constant lond. The résults of the nonlinear time history analysis
provide o more precise mensure of this phenomenon for the speci-
fied seismie loadings and will be discussed later.

Results

The response of the model describied above for the specified

exign speetra’ is predominatly i the firt heam mode. For

wp engineering parposes, the first three beam modes comprise the
entite The vertieul displacements and forees, the
horizontal displacements and shears, and the moments acting
o the beam, model are determined from the design spectra for
cach mode considered using the appropriate participition factor.
The total response is determined \I\IHL, n roof mean square com-
hination of the modes,

The civeumferentinl stresses cannot be diveetly . determined
from the design speetra beentise of the simplifying assumptions
made in developing the heam model. A conservative value for
these stresses ean be obtained using o statie shell of revolution
anaty=is with radial and eirenmferential loads equal to the unit
aren mass of (he shell times the root mean square sum of the
speeteal necelerations. At points removed from shell discontinu-
ities the eireumferential stress vesudtant ean be ealenlated directly

response.

with the membrane equations for evlindrieal shells,

NO-, 15 PER INCH

. soesevce LINEAR SHELL ANALYSIS
| ' —————— NON-LINEAR SHELL ANALYSIS
— - ———- BEAM ANALYSIS

LOADINGS INCLUDE®

OFAD LOAD OF VESSEL AND AYYACHM[ NTS
INSULATION AHD SNOW LOAD

EXTERNAL PRESSURE
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Fig. 5 Lineqt speciral stress resultants and maximum ahsolute values
for nonlineartross resultants, circumferential direction
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Fig. 6 Linear speciral siress resullants and maximum absolute volues
hr nonlinear stress resultants, meridional direction

Comparison of Beam Results- With Shell Solution

The -beam approach involves o number of simplifying assump-
tions; and as previously mentioned, o\poumentnl investigations
have exhibited responses substantially (hﬂorent. from that pre-
Therefore, an independent, analysis
of the seismie response of the contninment vessel was made using
an identienl geometry and design spectra.  In‘order to investigate
the possibility of a.lobar type response, a second shell of revolu-
tion nnalysis was made nsing nonlinear theory; a model of the
vessel with initial imperfeetions, and an :\((elemtmn time history
compaiible with the design spectra.

The stress resultants ealenlated with the three methods, heam
madal analysis, shell modal analysis, and shell nonlinear time
history analysis, are shown in Figs. 4 through 7.3 In plotting the
results for the nonlinear time history analysis, the maximum
valies for the various parnmeters for the duration of the time
history loading have heen shown.  These masima do oceur at
diltérent instances in time for the various parameters and cross
sections of the vessel.

The plots of the stress resultants revenl that the h(-mn model
gives adequate and rveliable results for the vessel eonfigueation
being considered.  The beam resulls are consistently greater than
the nontinear shell time history vesults.  This is in part due to
the conservative appronch used with the beam model and in
part due 1o the faet that the sp('(l(wd design speetra ewrves lie
above the envelope of maximum response calenlated from the
specified time history; the d(-m.,n spectrn were drawn in a con-
servalive manner.

The results of the nonlinenr time_history also indieate that the
vessel is strneturally stable when subjected fo the specified lond

combination.  Any instability or approach (o nan un<tahble con-

1 &hell modal results and nonlinear time history' results are taken
from {71.
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figuration will show up as an increase in the number of iterations
required for the solution of the nonlinear equations at a particular
step in the time history.* While nonlinear effects are present
for the specified loadings, no instability problems are encountered.

_ This result demonstrates the adequacy of the design criteria for

the geometry and loadings being considered.

Conclusions

The design of a steel containment vessel, r/t ~ 600, /D ~ 1,
for seismic loads using & beam model of the vessel with specified
design spectra for OBE and DBE loads has been checked with
independent shell spectral results and a nonlinear time history
analysis. The beam approach gives stress resultants which are
in agreement with the values calculited by the two independent
methods. The dynamic design criteria developed from the static
buckling criteria of Section III of the ASME Code produce a
vessel configuration which remains stable during the nonlinear
time history analysis. The criteria suggested by Budiansky [5]
for evaluating the possible nonlinear coupling between linear
dynamic response modes and low energy buckling modes is in
agreement with the results of the nonlinear time hlst.ory for the
particualr geometry and loadings being considered.

The beam analogy, with shear flexibility, can provide a useful
and adequate model for the linear seismic analysis of thin shell
steel containment vessels.

¢ Reference [1] deacribes the nonﬁn@ analysis in detail.
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APPENDIX D

Mass Loading Effects on Vibration_bf Ring and Shell Structure



LR}
¢ - B |
- ‘
.. 4 « " i .
Q ¢, [ ] P
"~ CL U WIS 4 T SR TRV OV Y JOORTTOT O PR & XTI WILY TS ek IR ST SIS ’Sa«'-:-‘-""l

o SD 6
 MASS-LOADING EFFFCTS ON

VIBRATION OF RING AHR SHELL STRUCTURES
(CONTRACT NAS8-20019; PHASE H1) |

: February 1908

\.‘31::]{(&"‘.1—'-‘.}:&("‘.1"7f.'."-'!ﬂY'..'.'".-Z.'».T:l."."I. ATRYSRLTL T LATIRT WIS At N L DAL LIPTILATANL L WL “....
Preparcd by
S.Y. lLec
5.8, Tang
J.G. Liycos

. ' ‘
Approved by

LS o e A INLE :

e on e .._,..___._.A.\\‘ PRV -

.;r . . ~ . N T S e [
S. Y.['ee, Project Enginecr FIC, Hung, Progeniiv dager

Structures & Desipgn Dept., Rescarch, Engincering & Test

SPACE DIVIS DM :
NORTIT AlLTLRICAN RCGSWELL CORVORATION

e




!

_technique was used in solving the mass-loaded shell problem, ‘while boily

" the finite-element and transfer-matrix methods were employed in the an=ly-
~ sis of mass-loaded ring structures. Experimentally, aluminum ring end
.shell structurcs loaded with discrete mastes were ¢xcited by a electyical

- characteristics resulting from the increased discrete mass on the structura, '

some differences for bearns, plates, honeycomb plates, rings, and shclln,

-

o SPACGE DIVIGION ov NORTH ALLRIGAR ROGEWELL GO i*r;}_n; '

ABSTRACT

. B .
. . .

- Efficient methods for p1 cdicting the offects of attach.cd m:v.t:ﬁeﬁ‘_on tho
vibration chavacteristics of ring and shell struclures were developed and

substantianted with expcrimental data, Anpalylically, the scries expansion

induction force, and the vibratory mation was meagured by an antomatica]ly
revolving proximity gage, The influcnces of the masscs of the exciter end
of the instrumentation, thus, were climinated.  Regponse data werce obtained
with miniature accelerometers and with a proximity gage for comparison
purposcs. The studies show, in addition to the amplitude changes of the
local vibration response caused by the addition of the discrete messca, the
{req\iency shifts, the change of modal behavior, znd {he trancimissibility

The resulfs show (1) that the response attenuation for the first mode Wae

rzeEn

" gomewhat similar to the procedure currently recommerncled by NASA/MET L'»f\ %

for predicting the amplitudc-rcduct'ion of tle local viliation responte of
unloaded structure to account for the influence of the ~ddition of the 11:13&;
(2) that for higher modes, much more araplitude redactions were found, 2w}
the rate of arplitude reduction progresscd very rapidly; and (3) that the

transmissibility chovacteristics in a funclion af norimal modes, indicuted

snes-2 *




. SPACE l)lVlSJOi’. NORTiL AL/ERTGAN ROGKWEL, @ ioinon”

(c) Ao o
/ ACCELECQNTEFE LS

~ .
RN ..? l’

e

/
ELECIRO-INDUCTI0M
SHARES:

. -
- |.«...~ S e s o vttt et rua)

/7
) M ¢ ——

4

A

rl. s b 42 L et i oo < o e,

P N S HL
TR T N ) //'// SIS TTIIN Ty

Figurc 13. Accelcromecters Sct-up for Vibration Test of Mas S - Loadcd Shell

P2 : } - 45 -
- ' L SD 65-29

h J -6 —0 - o o _0’__{\- ."._ [‘
A
A9
"’f“{{ o
(D bty sonA/L.
- r;f."__ ¢ ACCCLEROME RS
~“+-—B



~
o _ o )
A : SPAGE DIVIGKN oo DOTI F 0l G ROGEWLLL Gt o e
T , ‘.h Co’ \.!"fjm. IR B 5 b v,"",".’t-,l"" e ‘ . ' ) v
RS - : oo Ny . : A
- » I 1% gf' T . ’ ‘
A . 4‘1. '*. - .: "
" : s - 7.0 CONCLUSIONS :
[ ] . . . * .

-

o

, The analylical and experimental studies of the mans- loading effccts
< .- on-wvibration of rings and shells can be smumarized as [ollmx

1, Efficicnt mcthods have been dr\vclopc-d for c.nalyzmg vxl)r .tion of
. mass-loaded ring and shell structures '

2. - Analytical results closely é\grécd with test data, _ ' T

3., Frequency-shifts for mass-loaded rings and shella differed
somewhat {rom those prc,\'nou' 1y obtained in the Phaces Tend 11
L of this program for the cases of beamsn and plates. Necause of
v the motion of the mass interacted with the two- oy three-
dimensional motions of the suppori slruciures, theeffect of
macs loading on rings znd shells ceused 2 decreice in natural
frequencics; however, for the higher modes, the frequency
shifis Lecame less r.ip,nific'an't o the atteclidd moso increases,
. o _ This information was prescented in this report in the foum of
. @ N “equations, tables, plots, and nondimensional graphs for
: ' variovs applications. ‘ '

LK

4, Transmiscibilitics and altenuations followed a tread shnilar to
~that of beams and plates, bul possessaed special characleristics,
. - The results followed the equation y = A+ <P vhich vas previously
cstablished in PPhases I end I of this program, The cocllicicuts
~A, B, and n can be deterrained froin the trans misaibility ploly in '
conjunction with firing test drlld .‘ud some consideration for desipn
salety, '

5. Masgs loading alro causcd changes in mode shaper end dicnppeerance
N _ ' of some modes ol the mass mounting location; however, these phe-
' nomena of rings and chells deviated from that of beams and plates
and were demonstrated by test difa and computer solulions in this
‘report. _ . ’ C

P .. 6. The free vibration characteristics of mans-loaded shells can be
C ' -solved analytically by the Fo“ r¥er series-expansion technique,

109 - )
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'+ which gives closcd-form and nearly exact solution,  This method -
‘required the use of four summitione of the m n i j ferins instead
of only two suumvations of m n terius to describe the luferacted
motion, : .

)
.

7. Transfer matrix methods were cefficient in ealeulating the lower
frequoncies of ring structuves, while the finite-clement method
. was goad for Loth lower and higher frequencics. The transfer '
“matrix method, however, offered a sinmiple dircet solution which
provided a step-by-step insight into the solution and was helplul

in the study of responsce cl)aractcristics.

8. The developed experimental and instrumentation techniques
permitted continuous plotting of mode shaper and produced
meaningful data for immediate evaluation during the test,

9. Sufficient-data had been obtained for smaller mass ratios jo etteyr
- define the mass-loading phenorena, _ '

As a general conclusion to the study, the trend of mass-lording effects ’

on vibration of ring and shcll structures has heen established and the pre-
diction metliods have been developed; however, 'some refined stndics and

A m\'cshgalmn« for applicae ltum‘. are necde d and racormmaended ag fnllr)we.:-

'1. Rcfinc the cloged-form exact-tolution tcchhiquo for shell vibkiration
analysis, - o

2, Further define the analysis of mass-loading effccta on modal.
. . cha racteristir;u of shell structures, ' '

3. Invc.,hg,atr- the fnntc clmnont tocluuquc for obta:mng an approrh
mate solution for shcll vibration,

4, Apply rcsulls to solve bracl ciry problems, definition of .su'llivpo"rt
structures, design of local structurcs, and test and cwlun.tlon
of componcnts

5, Furthor refine the experlmental thcluilquc. \

6, - Simiplify the analyuca] solutlxm,- and reduco the mathom'\hc,:\l
complexity for fuvther duvdlupmcnt in the dcl'uuuou of the banic’
mass-loading mechanism, :

7. Extend the developed method to solve vibration problems of com-
plicated shell structurces loaded with bulthends, propellants, ring
fraincs, longerons, and a varicly of discreld masscs, .

| 110 - _
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APPENDIX E

Effect of Nonsymmetric Thermal Loading on Shell
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- for any axisymmetric thin shell structure subjected to an

CHICAGO BRIDGE & IRON COMPANY
Location Qak Brook Enginecring v

INTRODUCTION

This analysis'haé been performed to deﬁermine the stresses -
in the vessel due to the nonsymmetric thermal loading as
prescribed in the TVA Specification for the Watts Bar

Containment Vessel,

The shell tempefature'trahsients have been specified in Ap-

pendix C of the specification and represent average shell

temperatures adjacent to the three compartments as a function

of time after the design basis accident occurs.

The. thermal stress analysis of the containment vessel is'made
using CBI computer program 781 which performs a linear analysis .

arbitrary nonsymmetric loading.

The program considers that the distribution of fhe ambient
témpefature through the thickness of the shell is a linear
variation. In this analysis it is assumed that no thermal
gradient exists through the éhell thickness.
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'In-our}analysis it is assumed that the .ambient temperature
at which the vessel was fabricated represents the initial

condition. This reference temperature is taken as{TI;= 79°F.

At time t = 1000 secs. after the désign basis.accident,‘the

change in the ambient temperature from.Tl(70°F) to Tz'(the
average shell ;emperétu;g for different compartments) is com-

‘pleted and it is assumed that this temperature remains constant.

There is, however, a temperature distribution which exists both
axially along the shell meridian at the elevation of the com-
partment "dividers" and circumferentially at boundarzes

between the compartments.

The program calculates stresses and deflections in the vessel
due to the nonsymmetric temperature variation around the shell,

DESCRIPTION OF COMPUTER MODEL

The vessel has been idealized as an axisymmetric thin shell,
The basic structural components are the verticalvcylinder,_

‘hemispherical dome and circumferential stiffeners (Figure 1),

The circumferential ring stiffener is considered as a cylinder

of length “tl” and thickness "b,", (Figure 2). The stiffhess_of »

1 ,
the ring out of its plane is assumed to be negligible.
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The vertical stringers are accounted for in the analysis by
use of an equivalent orthotropic layer described by an,éqqi—
valent stiffness in the merdional direction and zero cireum-
ferential stiffness. The Bendﬁng stiffness of the model is
‘made equal to that of the actual structure by equating the
stiffnesses EI |

- o R

' 3 3
= ad d, 2 _ . ¢ bad’ d,2
By { - +2dm" } = B, { -+ Rdzm)" )
where,
E& = modulus of elasticity of orthotropic layer
E, = modulus of elasticity of actual structure at

pertinent ambient temperature

average spacing of gussets

o)
il

o
[

thickness of the vertical stringers

depth of vertical stringers

o
H

" The above equation can be simplified to the form

- _ b
E | Ea = Ea X (g)

The model consists of a total of32 parts inclu'din_gv/ﬁc‘j;_r'cgm.-
ferential stiffeners and Z0shell panels. S

Influence coefficients for the top crown region of‘the‘hemi—
spherical head (as illustrated in Figure 3)'which_is not con-

sidered in the model are defined in the form of spring matrices

G at the end of the model. The stiffness matrices for the -
various harmonics are shown on page \S.
S_UBJECT MADE BY CHKD Y éHARéE NO.
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For the purpose of this analysis, the vessel is divided into
three regions. The "Lower Compartﬁent Region" extends from
the embedment (elev. 702! -~ 9 3/8") to elev, 744" g" hich
corresponds approximately to the elevatlon of the top sur-
face of the vapor barrier between the ice condenser. compart-

ment and lower compartment (refer Figure 4).

The "Ice Condenser Region" is the region along'shell?méridian
from elev, 744' 6" to elev. 805' 0" which is about 2' above
the top of the ice bed (Figure 4). .

The "Upper Compartment Region" comprises the cylindrioeilshell
above elev. 805'.0" and spherical -segment of the top head up |
to an angle equal to 40° from the spring line of the*topﬁhead.

NONAXISYMMETRIC THERMAL LOAD REPRESENTATION

The temperature of the shell adjacent-to the Ice-Conaeneer_
is 53°F at time t = 1000 secs. The temperature of the shell
adjacent to the Upper and Lower compartment are 140°F and
220°F respectively at t = 1000 sec. (Refer tO’EighEéyéﬁé'
Appendix C of VA Specification). ' - R

TEMPERATURE DISTRiBUTION IN LOWER. 'COMPARTMEM REG;ON' s

Now'since the lower compartment region is continuous around the
complete periphery of the vessel from embedment to el v;iZOB' 0", {s.vf
the circumferential temperature distribution is’ taken as'unlform '
in this region. The axial distribution. of temperature ln this
region is determined from Flgure e-1 of the TVA SpeCLficatlon.
The shell temperature i taken as 80°F at embedment i:;rea51ng

to 94°F ever a height of 3' 9" (Elev.706" 6% ). Then a eteep

o
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' temperature varlatlon are shown on page 15,
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Location

OIk Brook Englneermp

rise in temperature from 94%F to 220°F occurs over the next
18" (Elev. 708" 0”)

From elevation 708' to elevation 744 6" the upper compartment
extends over an arc region of 60° whilst the lower compartment
extends over the remaining shell region (Azimuth 30 to 330°).

Hence in this region the distribution of temperature in the
circumferential direction is nonsymmetric, 140°F from Azimuth
1330° to 30° and 220°F from Az. 30° to 330°. This nonsymmetric
temperature distribution is represented in the form of a Fourier

. cosine series using 9 terms as shown in figure'S on page: 13,

Fourier coefficients for the 9 harmonics used to deplct thls

distribution along the shell meridian in

this region changes at two locations; one, in’thevvicinity'of_
elevation 708' and the other is at the elevation where the ice
condenser compartment barrier is situated (elev. 744'6").  The
temperature change in the meridional direction at élev. 708"
from 220°F to 140°F is assumed to occur over a dlstance of 6!.
The temperature change in the axial direction at the elevatlon
of the ice condenser barrier is assumed to take place over :

The temperature

-a distance of 18" (from elev. 743' to 744" 6"), from 220o
in the lower compartment reglon to 53°F in the 1ce condenser

reglon.

TEMPERATURE DISTRIBUTION IN ICE CONDENSER REGION

distribution for the shell in the ice conden-
ser yegion is also nonsymmetrlc, 140°F from Azimuth 330° to
30° and 53°F from Azimuth 30 to 330°. This nonsymmetrlc temp—

erature distribution is also represented in the form of Fourler
cosine series as shown in

The temperature

Figure 6 and the Fourler coeff;crents
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Location_OakBrook Enginesrlay
are as shown on page 15. This nonsymmetric temperature distri-
bution extends into the Upper Compartment region for a distanCe
of 6' up to elev. 811' which is about 8' above the top of ice
bed. The shell above elevation 811' is assumed to be at a uni-
form temperature of 140°F around the complete circumference.

The numerical results of the analysis are presented in the form

of plots.

The plots are for the stresses and deformations

along the shell meridian and also around the circumference
(Azimuth 0% - 180°) at several pertinent locations.

The plots along the shell meridian are for the "Lower Compartment"
region (origin at embedment) up to elevation 744'-6" plotted to |
a vertical height of 9" and also for the "Ice Condenser Region"-
(origin at elev. 744'-6") and extending to elevation 811'-0"
plotted also to a vértical dimensibn of 9",
along the shell meridian at Azimuths 0°, 300, 450, 60°'ahd 90°,

Stresses are. shown

Stresses are also shown around the circumference of the shell
(0° - 180° plotted to a dimension of 9" ') at several pertinent
The locations considered are the embedment elevation
(702' - 9-3/8"), Elev, 708", elev, 719'-3-~5/8" (centerline of
lower personnel lock), elev. 743', elev. 744.5' (elevation at

locations.

which ice
personnel

Radial (normal to.shell) displacement and longitudinal rotation

condenser region starts), elev. of centerline of upper
lock (760' - 3-5/8"), elevation of centerline of equip-
ment door (764' - 7-1/2") and elevation 805' (2' above top of

ice bed). ' o .

as well as in-plane displacements (meridional and circumferential)
are plotted for the two regions along the shell meridian for
azimuths 0 and 30 degrees only.

These deformations are also
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plotted around the shell circumference at embedment level, center-

line of locks -and equipment door and at the end of the ice con-
denser region (elev. 805'-0") . |

At the bottom of each page, the maximum value of each variabie'which
is plotted on that page is printed. The plots on any page are
plotted t&~ a scale based on making the max. value of the first
variable printed at the bottom of the page equal to a dimension of
4" from the base line. If for any other plot on. that page, this
scale results in the maximum ordinate to exceed 4" then the scale
for that plot is adjusted so that the max. ordinate is 4". Positive,
(tensile) values of the vectors (stresses and deformations) are
plotted to the left of the base line while negative (compressive)
values are to the right.

- The stresses are plotted at the midsurface of- the vessel wall (iden-
tifying symbol 0 on curve) and the inside (A) and outside surface
( ) of the shell, For the stress curves, the first, second and third
values at the bottom of the page represent the maximum values for
the inside surface, membrane and outside surface ‘stress respectively.

The maximum longitudinal stress occurs in the region where the ice
condenser compartment "barrier" is situated just below Elev. 744'6".
The maximum values are 23175 psi (tension) on inside face.and 22000
psi (comp.) on the outside face . The maximum longitudinal stresses
at the embedment level are 17800 psi (tension) on outer surface

and 16350 on inside surface. S

The maximum c1rcumferential stress also occurs in the ice condenser
compartment "barrier" region just above Elev. 743'0"" The maximum
values are 15612 psi on inside and 14700 psi on outside, both com-
pression. The maximum tensile circumferential stress occurs at about
2' above embedment. Its value is about 15400 psi on inside and
outside face. -
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ﬁ In the ice condenser reuion the stresses (both meridional aﬁd-
circumferential) are rather nomina]. The maximum mer1diona1 stress )
is of the order of 15000 p51 (tension) on the outside face..Ihe
maximum circumferential stress is of the order of Q200 psi’ (tension)
on the inside face and 5300 psi (compression) on the outside face.
These stresses occur at E%evation 744*6" which corresponds‘tolthe

elevation where the ice condenser,rebion starts;

.. Since the stresses due to temperature are less than 13 Sm then the

stresses due to the combined loads will be Jess than the a11owab1e'

3 Sm.
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