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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

O 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
extending 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.

Figure 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 Fourier
harmonics of major interests are plotted.

NRC UE ST IONS

. Question 1. Provide a description of the exact applied loads
used for the buckling analysis. If any computer programs were
used to obtdin 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
methods used in its verification.

Res•2nse

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
comLbinations 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 Appendix 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



against the TVA pressure curves. Fourier coefficients also were
calculated by Anamet Labs and a cross check on the coefficients
was made.

Question 2. Provide a description of how the buckling curves
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 bays 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 interaction 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
hori7ontal 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. The 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.

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



state the origin of the prograo, its limitations, and the methods
used to verify its validity.

Response

Appendix B presents abstracts of the computer programs employedin the buckling analysis of the Watts Bar containment vessels.
These abstracts provide a description of the each program and it.
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 program 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 represeiitation 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
3nalysis 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.

QMuestion 5. Provide a complete step-by-step description of which
and how the buckling 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.

2uestion 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.



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

O 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
geometry computer program for the containment vessel.

Response

The main aspects of the containment geometry that are not handled
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.

F'or 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. In 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 CBI containment shell analysis using the finite element
model.

Response

The criteria used in the bucking program is described in our
response to Question 2 and in Appendix A. As discussed, for each
timeztep 24 locations around the circumference were considered at
each elevation investigated.

The mass matrix formulation for the 1374 program 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.

Re!_2onse

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 axisymmetric shell at the point of



attachm.ent of a support:ed system was determined from the shell of
revolution results. A response spectra for this calculated
motion was generated; the frequencies of the supported system was
calculated; and a spectral response was calculated.

An experimental and theoretical investigation of mass loading
effects has been reported by North American Rockwell Corporation
in Report SD 68-29. Excerpts. from this report are included in
Appeindix "D1" of this response.

2uestion 10. Was a thermal analysJs condlucted? If the answer is

yes, de!ý,cribe step by step the procedureý, that was, followed.

ReonPse

Two thermal analyses were performed on the containment vessel.
One analysis was an axisymmetric thermal of the embedment region
to investigate. the effect of the base restraint. This analysis
utilized axisymmetric elements to model the lower containment
region with the temperature distribution shown in Figure 3.8A-2
of the FSAý,F Figure 4- shows the summation of stresses due to
coincident loads.

The other thermal analysis was an asymmetric analysis of the
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. 7k
step-by-step discussion of this analysis is given in Appendix E.

The stresses observed from these analyses are significantly less
than the ASiE allowablestress intensities. Therefore it can be
determined byy obs§iervat'ion that buckling is not a problem.

6uesion 11. Priovide a list of all the loading combinations and
the stress Itllowables (stress irtersity and buckling stress)
which had been iused',in the Z.design of:,the steel containment.

Response

The loading combinations used in the design of the containment
vessels are given in Section 3. 8.2.3.2 of the FSAR.
TAblc 3.8.2-1 in the FSAR gives the allowable stress criteria for
these loading combinations. Appendix 3.8B of the FSAP give the
allowable buckling criteria for all loading combinations.

Q•uestion 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.

Response



Only those loading cornninations with pressure transients (NASPL)
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 loadings'identified in
Question 12.

Answer

Refer to figures 5 and 6. Percentages are in parenthesis.
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Location Birmingham 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 the 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 (½ SSE)

6 Cold Leg Breaks (½ 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 (½ 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

II



Locatin Birminqham Design

the SSE break with the corresponding break using ½ SSE
the/ bckling ratios are larger for the ½ SSE condition.
The1A-ictor of -afety for the ½ SSE condition is 1.25
white 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 ½ SSE condition is the critica.l

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 linear 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-
ment. Once the geometrical properties are determined the

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

By multiplying the actual stress by theAfactor o-==stfs-
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
form the final buckling ratios in accordance with Appendix
H.

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 correQ-
sponding azimuth and time is then recorded.

A further discussion of the methods used may be found on
the following pages.
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Locti.n Birmingham

Description of Program E13910

Shell Buckling Analysis for TVA Containment Vessel

JF.roduction

Program #13910 performs the buckling check of the TVA ice
c,.,-*,enser containment vessel for Non-axisymmetric pressure loading
L,!,.bining with the dead loads and seismic loads occuring in the
.,?ýsel. The non-axisymmetric loads are developed by CBI program
E1374. The resulting stressesZ, compared to critical buckling
'tress and by using a specifiedfactor ol -0-1-1, the buckling ratio
is found.

Calculation of Dead Loads and Seismic Loads

As a general rule,,dead loads and seismic 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 load's and seismic loads
LL any given point along the vessel.

ralculation of Critical Buckling Stresses

In order to determine 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:

af cylinders stiffened meridionally and circumferentially
b) cylinders stiffened circumferentially
cý spheres stiffened circumferertially and meridionally
d) unstiffened 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
li.es. Once these constants are known, the critical huckling
:t,'esses can be determined using the dpplicable formulae. These
calculations are based on Appendix H of TVA specification 1440.

E i ;9 0
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* Description of Program E13910 cont.
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 loadsI 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 multiplied by.a

factor of safety and divided by the critical bucklinq stress.

These buckling ratios are then combined and five ratios result:

ai Axial + Circumferential
Axial + Bending
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 bucklinc ratio of the stiffener acting-with the shell as a

column simply supp6rted 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 Output

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.

- ~ U. S A ./ A -
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SECTION C

DESCRIPTION OF COMPUTER PROGRAMS
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"' " - CHICAGO BRIDGE & IRON COMPANY

Location Oak Brook Engstcerdaa

PROGRAM E1374 e'q1

1. Introduction

Program E1374 is CBI's shell dynamic analysis program.

Presently, it is capable of extracting eigenvalues and

performing undamped transient analyses. Non-axisymmet-

ric loads can be handled through the use of appropriate

Fourier series.

The equation of motion for a particular Fourier harmonic 7

of an undamped system is

[MnIn +[KIjUnj =Pn1

where [Mn] Mass matrix

[Ksn] = Stiffness matrix

Pn) = Applied load

IUni Displacement

I n = Acceleration

Note that all of the above are functions of n.

In order to calculate free vibration frequencie. and

mode shapes the applied load is set equal to zero, l

is assumed to be a harmonic function of time, and th2

eigenvalues and eigenvectorsof the resulting equation

obtained using the method shown in Section 4.

If the transient response due to A time-varying lo;ad .

required, the numerical 'integration technique outl.inr

in Section 5 is used.
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CHICAGO BRIDGE & IRON COMPANY

Location OaCk Brook Ensineat ant

2. Stiffness matrices*

In general the procedure 
for forming the stiffness 

matrices

is t.o first find influence values 
for each segment (or

el..m1 nt) using Runge-Kutta numerical 
integration and

then manipulate these values 
mathematically as follows:

Starting with the influence values

11321 = Cy 1U 1) +[IY2IF A +f4

IF 2= y 3U 11 +[Y411Flj + 1Z2)

which are obtained by setting 
each element of Ull and

iF1 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 IZI are obtained by settinglUI

F -0! while applying the distributed loads 
and

integrating to the end of the 
segment.

To change this to stiffness matrix 
form, one needs only

switch IF and I thus

[KjUj + K 211[2 1- + ÷

IFI +1 2j K 1.+ C J21+ I2

* See References (1) and (2)I MA7I Itl

T n ,- r ,&P r)'ID n e , I



where I} = forces at start of segment

10, No, Mo, N 1 @1

2,jI

IU21

,forces at end

= displacements at start of segment

I 1w, Uo, Bo, U01

displaceme nts at end

[K1) = [- l=1

1K 2 1 = [2

I1 K 31 = -l_4y ý

if3y421

1C21 2= {z~ 4 2' 1).

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 IKnI and load vector fCnj, re-

ducing to upper triangular form, and back-substituting.

*'..

lUiJt C I) MAU 1l f~) Vl A~, u/.7• I~//.~Z vri:; caJP° 72:_ L33_5
J_[A A DTE _ <P •oe .oQ , • rI P 7oo 1. 0/U 1 6 ' I 11AOIL_. _ H-1 787
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3. Ring Matrices

In order to develop a stiffness

matrix for the ring stiffeners

the following assumptions were $ L

made: /,0

1.. Thin beam theory is appli-
cable, i.e. a normal to the --mi-

neutral axis remains straight

and norrial after deformation

and the thickness in negli-

gible compared to the radius.

2. The stiffness of the ring

out of its plane is negligible. - lCe

3. The ring is attached to a

cylinder.

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

ratio zero.

5. The ring can be divided into a series of cylinders of

constant thickness. (See Fig. 1)

The ring is then treated as a series of m layers which

start a distance Z. from the reference surface, which is1

the mid surface of the shell) and ends at Z The width

of the layer is bi. Then using the equations from.Kalnin's

.,.paper*:

K" * See Reference (3).

MAUL DY i CHI• , y Dy CI4Ah(;L: 140.

D)A fI V I fi
LJ~s,, -i,• --- , .:__of

-12 3 1-.0/71 '•'
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m

A = bi(Z i+i-zi)
i=l

1m
1 a b i (Zi+i 2  z12)

I = b i (Zi 3 - Z 3

=i i

where A = area of section

= centroid of section, measured from reference

surface

I = moment of inertia of section about reference

surface

and

k0 n

en

= EIk On + EA e eOn
-Elk + EAZ

EA e On +EAkn

r- (nu + w)
r On n

--n- (n w +u
r n On

(2)

(3)

(4)

where

( ) amplitude of a variable with n circumfer-

ential waves, e.g. M~ n cos-ne.

MOn = moment about the reference surface

ILIJJLC T

P1RC)rCRJ\M PI 174

PPOUPM PE:SC'PiPnQt

MADEU 11Y Cl,.() 11Y C04ANiGI, N
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N n thrust in ring

eOn = strain at reference surface

kn = curvature

w n  =radial displacement of reference surface

u On = circumferential displacement of reference
surface

r = radius of reference surface

E = modulus of elasticity

Note that the equations above assume that all variables

except uOn vary as cos nO. The equations also apply to

sine series but the sign of n must be changed.

The potential energy of the ring is:

V 2 t Mk + N 0 e, + Qw + Nu 8  rdo

where Q = radial force on ring at reference surface

N - circumferential force on ring at reference surface

Performing the integration, after having expanded the

displacements and forces into Fouripr series, yields
o0

V wr 0 k 0  + NOneen + Qnw + Nnu (5)

__ 'n=O

SulitJc I

PROGRAM E11374
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since ]o sin no cos mO dO = sin nO sin mO dO =

=fcos
27t

cos nO cos mO dO 0 if n / m

Substituting egs. (1) to(4) into eq. (5) 
yields:

on0irr[ I (n 2 Wn+nU n)2 +

Ar

1- [ 1 21

+ nu(nw n + u)(w n + nu0 ) + (,(nun + wn) +

+ QnWn + NnUOn

Since 6V - = 0, then

an on

Sn4]+ I n(2] ua (6)

N I [l+ - (n2 +l)+ +n[+2 + (7)Nn r1 F r • n 2

For each ring, A, I, and • (See Fig. 1) are input directly

into the program. The stiffness terms are then calculated

using equations (6) and (7).

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

ring behaved as though it were a lump mass l.ocated 
at the

reference surface but indluding rotational inertia, propor-

tional to its eccentricity. This yields a simple diagonal

mass nMatrix.

iUIIJI C T 
MAI t . I"Y II' i) cY A14A .j 1

T11.OGRAM I,. 374 J-7: CP .- z. _.4
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Un

uon

Uen

= mass density of the ring material.

mass .and' stiffness matrices are then added 
to the

'matrices asthey are assembled.

.suuj*C T PROGI;AM E1374

p/Z[I2O lM DE5C-PiP77oA
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4. Natural Modes and Frequencies

The eigenvalues are extracted using an iterative pro-

cedure*. In order to avoid-time consuming integration

at each iteration, the influence of 8 independent loading

systems is determined before the iterative procedure

starts. The results of each loading system are converted

to IC 4 and tc 2 as per above, and these vectors consti-

tute a column of the influence value matrix IBI . The

loading systems used, in order, are:

Col. 1- P

2- Pi

3- Pn

4- P

5- P

6- Pt

7- P
n

8- pc

= 1 - •2(3-2&)

=1-

= - E (1-2& + 2)/L

- F2 (3-2&)

& (1-ý)/L .

= length of segment

= S/L

coordinate along meridian

normal pressure

= longitudinal load

= circumferential load
(* See Ref. (4)

I U U J

Ae-•,cA~,
I Po . ..m ... sco rn J

M D Y I . " n C H ) 0"V C H A I G 6 -N ,o .

cS 6JP . 33
]oA1 ] i: 0OA I C I_ -

where

'/

L

S

P
n
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TIhusIC11 and IC1can be genera Ited by multiplying the 
IBI

matrix by the pressure intensity at 
the two ends. Assuming

that the distribution along the segment 
is not radically

different from functions used to generate 
the BII matrix,

thesc load vectors will be reasonably 
accurate. In the

eigenvalue problem, the pressures 
are functions of the

displac ,ents and mass. Since the displacements must be

c,,nt..nuous and smooth, then the pressures 
will be well be-

hav,-d and the above approximation is 
yery good.

IC11 IBJ1 Iplj + !B21I P2 1

Ic 21 1B3( IplI + JIB41 IP21

where 1Pjl pw 2h "Wl etc.

U,1

U01

where p = mass density

h = thickness

W = 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, 1 .

= U , = O,everywhere).

00 S?
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2. Calculate load vector for each segment,ICI 
= ph[B]1Ui

3. Solve for new displacements, U

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

5. Compare new displacements with assumed displacement5;

stop if

E Uj,i+l - Uj, < cM, where e is
j=1 l + '

error criterion supplied by user and M is

total number of displacements; otherwise

continue iterating with step 1.

The above procedure converges to the lowest longitudinal

mode. In order to find higher modes the lower modes

must be swept out during each iteration. The sweeping

is done between steps 3 and 4. The lower modes are

eliminated by utilizing the well known fact that

=j JMnjJmj 0 t m

where = displacement vector ofynth mode, etc.

Since rBnl , the assembled influence matrix, is approximately

proportional to IMn , it is used in place of IMn. • If the

total number of modes already found is k, then after {Ui+l}

has been obtained in step 3, it is assumed that

=K

SUi+l) UV.i+lA + Fam Xm}
m=l

where vector which is orthogonal to(+B m 1,K

)4¼,PnM D~sp,01oP to'/j I No 'I

II- - !
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Premultiplying by 4 T)[Bn] yields

*T B U
mT i+l
o B *
m m

m = 1,K

and can be determined.

f .' U is scaled in step 4, and the process continues.

SUUJEC T

AI
l °oP,~ 1)1Wl 5~oeI1J1n•

lMA) tYi CH0I4( flY CHAN NO.,
10/ 1 0/73 AY I4

.c. '.
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Then
2c 1 = IBA il41i

Having obtained the

ments and forces at

uIsual manner.

new load vector 1Cl , the displace-

time ti are solved for in the

* See Reference (5)

U ~ ~-?7~~/

P/P06PA4D/E)•eiOPM)J

MADL MY C04KD UV C4ARG N 0.11V .7-,
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5. Direct Time Integration Solutions (Prog. 1374)

The direct time integration subroutine uses the same

influence matrix JBI that is used in the eigenvalue

subroutine. To determine the accelerations at a given

time, Houbolts'* scheme is used

o 2- U, - 5JUii + 4U U -- U / At- 2

where At time increment

Thus orelch segmelt,Pli, 2UIle i  5U t- + 4 U 1~- e- + P 11
At." Uii U, - i3 ,

wherejP" -} = applied pressure intensity at end 1 at

time t

ph = mass/sq. inch of surface
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L BIRMINGHAM DESIGN

PROGRAM EO781A

The Shells of Revolution Program is the Chicago 
Rridqe & Iron

•Crompany Program EO781A. The program calculates the stresses and

displacements in thin-walled elastic shells of revolution when

subjected to static edge, surface and/or temperature loads with

arbitrary distribution over the surface of the shell. The ceo-

metry of the shell must be symmetric, but the shape of the median

is arbitrary. It is possible to include 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 materials, and

the thickness of each layer and the elastic properties-of each

layer may vary along the median.

Program E0781A numericallv inteorates the eight ordinary 
first

order differential eouations of thin shell theory derived by H.

Reissner. The equation are derived so that the eight variables

which appear on the boundaries of the axially symmetric shell are

chosen so that the entire problem can be expressed in these funda-

mental variables.

Chicaqo Bridge & Iron Company has extensively revised the Kalnins

Program. The program has been altered so that a 4 x.4 force-dis-

placement relation can be used as a boundary condition as an alter-

native to the usual procedure- of specifving forces or displacements.

This force-displacement relation can be ,used to describe the forces

at the boundary in terms of displacements at the boundary, or the

displacements at the boundary in terms of forc.es or some compatible

combination of the two. In this manner, it is possible to study (V_
, I I ' II ... . . ..
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PROGRAM EO781A

the behavior of a large complex structure. It is also possible 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 displacement. In this manner it is possible to model the

restraint of the sand cushion in the transition zone at the point

of the embedment. In addition to the above changes, the Kalnins

Program has been modified to increase the size of the problem that

can be considered and to improve the accuracv of the solution.

SUBJECT •A .j f-•MADE BY CHKDB By By CHARGE No.

DATE DATE U Chkd "
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PROGRAM 781

METHOD OF MODELING VERTICAL STIFFENERS

N No. of vertical stiffeners

around

E = Modulus of elasticity

The shell shown in Fig. 1 is modeled

using 2 layers. The inside layer

represents the shell and, therefore, FIG
has the normal isotropic material

properties. The outer layer, on the pther

hand, is described as an orthotropic material

having the following properties.

t 2  = d

bN

E 2  = 0

GE82  = 0

where

t = Thickness of outer layer

= Modulus of elasticity of outer layer in longitudinal
direction

E6 = Modulus of elasticity of outer layer in circumferential

direction.

GO8 2 = Shear modulus of outer layer.

sunJ~c 7--.

I t~~* ~52,/

I P2oG~QM-~GO 787
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PROM 1017
Modal Analysis of Structures Usino the 2leanval-08 Techiu)

Ste purpose of this program is three-folds

1. To calculate the mass and stiffness matrices associated
with the structuri1 model.

2. To determine the undamped natural periods of the model.

3. To calculate the maximum modal responses of the structure
i.e. deflections, shears, and moments.

Tie itiffness and mass matrices way be retpuired in order to perform a
dynamic analysis of the structure. The maximum modal responses may be
used to perform a spectral analysis.

The program has the following options:.

1. Vertical translation.
2. Torsional modes.
3. Soil-structure interaction.

4. Liquid sloshing.
1. Direct introduction of stiffness and masi matrices.

Solution of the Problem

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

(I _I; ÷ Ici , ÷ (K :x; - (x)
Where

INI - the mass matrix (n x n)
[C] a the damping m~trix (n x n)
[K) -" the stiffness matrix (n x n)

It has been shown that for certain types of damping or, for moderate
amounts of damping, the maximum resp nse can be obtained from a study of
the free vibrations of the structure?

•Assume
Ix; - • Sin wt.

Thus - , .
'(OI ( (K)1  to 10 (.3)

and for a solution to exist

L I-W 2 (n].[K) O 0 (4)
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ZIiniding the determiftnt given lin (4) and solvinv the result!W
equaton yields solutions or w T. Those solutions are the eigenvalues
-of the system. The period; of the structure are obtained usng •the
following relationship •

2w, ,-:- i- m ,. .
U 1

Rence, a. n degree of freedom structure has n natural periods of.
vibration.

After the eigenvalues are obtained, the maximum displacement@ 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 contained
in its columno is called the eigenvector array (*).

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

the undamped equation of motion is
l- ] '; (+)

Assume that

, , - m1 :U. W ( ) = ., , 3,... ,n .( )

" mo~de number

Suostituting (6) into (5) and also premultiplying each side by

(Oji T yields 2  ,

i7)
Um; + 1ug as InI
%N

where
jN1 " joi.] T [N] [oi. I (7a)

• =tolm . 17 IT.)to I (7b)

(Ojai P:ll (7c)

Thus, we now have n uncoupled equations of the form

or

MADE BY HKDBY CHARGE NO.

P P/) c4 10/7 ByE 7- 43
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= earthjuake acceleratiof
In, q" column mass matrix consisting of mass te.

which would be multiplied by incident acceleration
if foreed vibrations were being considered.

The general solution of eq. (0) 6~.. the -re"ponse of the mth made is
given by the Duhamel Integral,'

Substituting (9) into (10), aid' using (7c) MY1ldls •

t
Nov-.t,..; ,+.",-dr,,.- t=

1wv f (T) sin vb Ot)rdlaI(2

where S is the' spectral acceleration for the period asociatod with
the athaisode. ,

Substituting (12), .into (11),

(1 3)

Since. s, a/Vwhere SN is the spectral displacement
(=1•x~ 01= II• Art,-.,'il11

Using (7a) and (14) yields

I .- ,"I& -1- (5)

Therefore, eqn (15) yields the "parti• pation or Oscalle factor
for each mode. (2.6)

thIm il .1 4s a, part'cua'. a.e

Jssumng; = is the: desired •4maxm response Lfor a particula.r jade.
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i
based upbn the eigenVeotors

The next step that is necessary is to obtain the maximum total
Tep byxt stop nih t e responses of the various modes. Since Only

ely do all the modal responses An thei maxiMam at the sametrepne byCorcg o se d. oban hirmns•mu es os

time, Some judgment must be 
exei.-onof.ll of ehe modal respinses..

can be obtained by direct additin 
ofel o a the oa-larg number of

nowever, in some cases, especi ally 
h then •ae la n

degrees of freedo tmay begrosSlY conOrvt more

accurate method would probably 
be by tomiflnln the modal

responses by the "square rootof the sum of the squares" method.

As a check on the solution for the emgsnveatorsi the dot product

of the eigenvectors weighted with 
the sass matrx are calculated

by the program. 
(17

00 -' 'T'"IT"9$ .
It can be 2 sh0Vn that the eigeWmretOs

therefore

Cog 0

are orthogonal and

S ~..-

References
"emak &orning , esJ n of Muluttstoz' Reinforced_alu, S~nak,• C__ g-'thuake M~ot onsf, Port and Cement

Concrete Buildiln _9. for Zar

gurry & Rulbinsteins RM 4os o)f structures, Prentice Halle

An option
response.

c mode

has been added to the program to obtain the maximum total

This is done by direct addition of the contributlo of

the user wants to consider. (8ee input data cards and

of the

2.

2.
1964.

Where a&ks is the response
aode obtained by eqn (3) *

. C/oI " (17)
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SEISMIC .. NLY.S.IS 0 . VESSEV APPENDAGES

Appendages to a vessel 
may not significantly 

contribute structurally.

tppe dspon.es of a model of a vessel. However,
-to the dyn .amic re-,onse= 

ly

appendages can affect 
the vessel locally by 

vibrating differently

from the model of the vessel at the point of attachment

The response'spectrum method of analysis is not a strictly adequate

the maximum appendage accelerations. 
since it does

:'Way of 9pbtaining -o•na eonnebten 'the

not include the possible consequences of near resonance betwe

vessel model and the appendage modelk. '

h s the method used to evaluate the maximum elastic
.This paper describes 

the,•--detvvbain 
pedg

tial accelerations between an independently vibrating appendage

dfferen model at the appendage elevation
Omodel and an 1elastic beamvse a oe .

due to known-excitations of 
the elastic beam model..

The method involves two 
distinct steps.. Firstly, 

the necessary

timeabsolute acceleration records 
are computed at appendage

televations due to model excitations. Secondly, the .maximum dif-

ferential accelerations between each appendage model and the vessel

model at the appendage elevation 
are obtained. -

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:

Ii?. I .? 
.'I

I + (AT/ ) [ I u[CHARGE 
NUO

CHARGýEN.
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HM] -Mass matrix, order n x no obtained from a .modal.
.,analysis,

A X) Stiffness matrix, order n. x ni, obtained from a modal
analysis.

A - Portion of first mode critical damping for the model.

- First mode period. of the model.

tlI - A diagbnal matrix, order n x n, with diagonal elements
corresponding to elements of the mass matrizx excited by
translational accelerations.

,- n x'1 aatrix of relative accelerations between the model
base and the n degress of freedbm. •

Sx 1 matrix of velocities corresponding to. Jul
o i S . .•

w matrix of .displacements corresponding to 8161

i = n x .1 matrix of translation base acceleration.

" - Degrees of freedom of vessel mbdel.

Ie

.1,
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By taking a ll time 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. 'el' l , and 6, over the
selected time increment.1  The values obtained are superimposed

upon the values of these quantities existinV at the beginning of
-the time Increment. This process is repeated for the duration of

the excitatione The time-abs6lute acceleration records foi each

translational degree of freedom are the sums of Jriand 1I 1 taken
throughout the history of the excitation.

The second step is similar to the first step. The equation of motion

* (n - 1) is written for the appendage as a single degree-of-freedom

elastic model using the time-absolute a~celeration record obtained
.In step I at the appendage elevation as the excitation. This..

* equation is solved in the same manner used in step 1. The

maximum absolute. value' of fil obtaiined,"is the quantity desired.'I|I
It Is the maximum differential acceleration between the appendage"
model and the vessel 'model due to a khOwn excitation of 'the vessej. moet

For any appenaage, this two-step procedure should be executed three
.times. This is required to evaluate normal, tangential and vertical
appendage a.celerations with respect to a vessel'cross-section.

'"Lison Clough, Dynamic Response by Step-By-Step Matrix Analysis
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PROGRAM E1622

LOAD GENERATION PREPROCESSOR FOR PROGRAM E1374

In order to perform non-axisymmetric analyses on shells,

the load 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 designed specifically

for use with Program E1374.

The input consists primarily of pressure versus angle versus

time data at user supplied elevations. 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 factor input by the user.

The program plots the unscaled input pressure versus time

for each shell compartment.

In order to calculate the amplitudes of the harmonics, a

linear function in the circumferential direction is assumed

between 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.

GO 787
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Other features and assumptions of the 
program are:

1. Only distributed loads are considered.

2. The model consists of a cylindrical 
shell and optional

hemispherical top head.

3. The pressure has a block type distribution 
in the longi-

tudinal direction. (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 E1623

POST-PROCESSOR PROGRAM FOR PROGRAM E1374

Program E1623 was written specifically for the TVA Watts

Bar Containment Vessels. It performs the following operations:

1. Using Fourier data generated by Program E1374 (Dynamic

Shell Analysis), the summed displacements, forces and

stresses found for various points around the shell

circumference at each output point on the meridian.

2. The maximum of the summed values along with the associated

time and azimuth are saved for each elevation and printed

out at the end of the problem.

3. The following tables are printed:

1. Radial deflection w at each elevation versus azimuth

2. Longitudinal force No at each elevation versus azimuth

3. Longitudinal moment Mo at each elevation versus azimuth

4. Circumferential force N at each elevation 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 equations shown in

this writeup and then the maximums are pointed out.

5. Displacement traces at several elevations can be saved on

a tape or disk unit.

6. The membrane stress resultants are saved on either a

tapet.or disk unit for input into the buckling check program.

MAOL t.Y CIIKO ijY (HA.4Cr NO.

.UUJL•C 
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Program E1374 writes the Fourier amplitude results of the

fundamental, variables (w, u,, Y€, u, Q, ,NO, MO, N) on a

labeled tape after each timestep. Program E1623 reads this

tape, interpolates to obtain the values at the output times,
1

and calculates the remaining forces and all the stresses.

The amplitudes are then summed using the following equation:

f(xit)

x

t

n(x, t)

h (x,t)n
e

f (x,0,t)

m

m m
= E g(x,t)CosnO + E hn(x,t)SirrnO

n=O n=l

= meridianal coordinate

- time

= amplitudes of cosine harmonics

= amplitudes of sine harmonics

azimuth

= Fourier sum

= maximum number of circumferential waves

CALCULATION OF RING LOADS

Sc
c.o I~

The assumptions used are:

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

axis of rotation.

2. The ring is symmetric with respect to the principal axis

which is perpendicular to the axis of rotation.

3. The shear center is at the centroid.

1 See pI. 472 of Ref. (1) for the equations uzd..

,,.- 'kr : CHK t. -X 4 L r
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y

Wr = radial displacement of ring

Vr = tangential displacement of ring

No = circumferential force in ring

M = circumferential moment in ring

E = modulus of elasticity of ring

A = area of ring

I = moment of inertia of ring. about y y

W = radial displacement of shell

Vs  tangential displacementcof shell

Vr Vs (1 + ec /rc )-ec/rcV

w = wWr s'EA'
0 r+

c
Mo = j (-W r)0 r- 2L. r+

c~

U() t1. E A IIt___A
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Where a dot denotes differentiation 
with respect to the

circumferential coordinate.

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

plane shear at the ring.

GOl 76
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PROGRAM E1624

SPCGEN- Spectral Curve Generation

Program E1624 reads the Fourier amplitudes of the deflection

transients stored on magnetic tape from the output of 
progtam

E1374. The program then proceeds as follows to calculate the

accelerations at uniform time intervals and to evaluate 
the

response spectra:

1. From the deflection transient for each harmonic, the 
accel-

eration traces are compuLed using three point central 
dif-

ference for the first and last three time steps, and 
a seven

point central diffeLence elsewhere.

a. Three point central difference equation:

let y = f(t) Le the function that fits a data set,

then a three point central difference equation 
is:

d~ X-)-7 2yi yi_- .
i h Yi+l -2i Y-

where,

Yi+ - f(ti+l) Yi ft>) ' and Yi-I f (ti-1 )

are three corn:;eoottive dispIl acenhflnts in the data set at

equal time it;.ervalL h, wlhcre h t:-ý - ti1  t ti

-i1 i-ii-ne qiain

b. Seven point cein al dii ,2YCIICe equation:

The seven point: centia1 diff erence equation, using Stirling's

formula at t t:. i,

m; It y"I' ;1 J
iwjJF**r
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(Li A- 2y~ 3 + .i-- 2(yi. 2 + Y'2

+ 270(yi+i + yi-1) 490yi]

where) Yi3= ('Yi+2 =f ,+2 etc..*..

and h is as defined above.

2. The Fourier amplitudes of the 
accejeration transient for each

harmonic obtained in step 1. 
are interpolated to obtain 

acomnfon

timestep.

3. The accelerations of step 2 
are summed for given angles:ta-k n=j

n n~2 =) • AnSin nlO +~ BnCOSfnO

dt @ n=l n=O

where,

n = nuxmber of circutifererit'i.a! waves (harmonic number)

k = number of sine hiarin o n i cC5

j = number of cosine harwonrics

4. CBI program E1668 i;; now iised as a subrouLtine to evaluate the

dynamic response spc-ctr-a an~d prre-•S;nt the results oil printed

plots. A brief description ('if this program follows.

S .LI T 
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Description of Program E13910

Shell Buckling Analysis for TVA ContainmentlVessel

Introduction

Program #13910 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 compared to critical buckling

stress and by using a specified factor 
of safety the buckli.ng ratio

is found.

Calculation of Dead Loads and Seismic Loads

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

at a few points along the vessel and the vessel is checked for

K• 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.

Calculation of Critical Buckling Stresses

In order to determine 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:

a) cylinders stiffened meridionally and circumferentially

b) cylinders stiffened circumferentially
c) spheres stiffened circumferentially and meridionally

d) unstiffened 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

lines. Once these constants are known, the critical buckling

stresses can bedetermined using the applicable-formulae. These.

calculations are based on Appendix H-of TVA specification 
1440.

r-1IN f% 1 a

.



,'1 0064 REVI

Description of Program E13910 
cont.

Calculation of Stress and Buckling Ratios

o Birminoham

I 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

cir-cumf~erentiaI stress

-d ;hea -s re55

The. prog-r.am ýconsid'ersonly*compressive 
stresses. If a stress

is te.nsil.e 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 bucklinq stress.

These buckling ratios 
are then combined and 

five ratios result:

a)
b)
c)
d)
01

Axial + Circumferential
Axial + Bending
Axial + Shear
Axial + Shear .+. Bending

Axial + Shear 4 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 buckling ratio of the stiffener actinq 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

Analsis Manual referenced 
in Appendix H of Specification 

1440.

Thelbc ,ing 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

considered:

a) Basic shell data and geometry of 
stiffeners

b) Load such as stati6 pressure, dead loads, and seismic loads

c) Buckling stress coefficient

d) The five combined.bucklinq 
ratios.

e) .'.Vertical stiffener buckling 
ratios

/29
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PROGRAM E166
8

SPECTR - Spectral Analysis for Acceleration 
Records Digitized

at Equal Intervals

Program E166
8 evaluates dynamic respol.se 

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 re*tatile displacements, relative

and pseudo-relative velocities, and absolute and pseudo-absolute

accelerations are tabulated 
for periods from 0.025 seconds 

to

1 second.

Mathematical Formulatrion

For a single degree of 
freedom system, the equation 

of motion is

mx + cx + kx -me1(t) (1)

where m, c, and k are the 
mass, damping, and stiffness, 

respectively-

Dividing by i.:, the following equation is obtained.

2 2 t + - (t) (2)

0 = percc.:taye of critical damping

= circulaztt f-eqlwency

the solution of Eq. (2) is

x(t) = c(t) - A(L) 
(3)

'~ ~ ~ ~~~ N' VI C "., ".. o:..,:,--IL•, _ -
•I•-



where

x 0t+)

A(t) W ft= 1 o-Ow -0 pin [Wt-ti1

- ~ (-B' 2 )

0 and x o are the initial velocity and displaccment respectively.

At any point in time 
during the acceleration 

trace, c(t) is re-

evaluated such that the initial conditions are assumed to be the

velocity and displacemn,01t ojt-aicned ait the previous step. Thus,

the integration for A(t) needs to be performed over only one

timestep interval.

The relative velocity 
at each time iS obtained 

by differentiating

Eq. (3). Then Eq. (2) can be 
employed to determine, 

the absolute

accelerat'n•

The spectral vajites are then defined is the maxiimum values of x,

and ", occurrinig during the record. The pseudo-relative velocity

and pseudo-absolute 
acceleration[ are then calculated 

using the

following equations.

V WXnav = •ma x

a W XXmax

CHICAGO BRIDGE 8 IRON COMPANY

Location
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Circumferential Direction (Cylindrical Vessel)

PR

Meridional Direction (Cylindrical Vessel)

PR
t = '2SE+ 4P

Spherical Shell

PR
t E 2S- 0.2P

where: t = minimum required shell thickness (inches)

P = internal pressure (psi)

R = vessel radius (inches)

S = Allowable Stress Value (psi)

E = Shell joint weld efficiency

SUBJECT

PE~(~ 6`6 L'Lnes
MADE By ýCHKDB By CHARGE NO.

C.k..2-4 Ch3.

DATE DATE -l . •.
10h Date STLF ....

SHELL DESIGN

The Containment Vessel 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 Winter 1971 Addenda. 
The shell

formulae used in determining the minimum required shell 
thicknesses are from

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

.7

Rr. FE/gE•t,
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The containment vessel 
is designed and analyzed 

for the non-axisymmetric

pressure transient 
loads resulting from 

a loss-of-coolant accident 
in

accordance with TVA 
Specification 1440. 

Stresses are limited 
to the

allowable stress values 
stated in Section 

A of this Stress 
Report. In

addition. a buckling 
analysis is performed 

to determine the stability 
of the.

vessel in accordance 
with Appendix H, Revision 

1, of TVA Specification 
1440.

which is reprinted at the end of this section.

PENETRATIONS

The penetrations and reinforcement 
are proportioned in accordance

with the rules presented 
in Paragraph NE-333

0 of Section III. In addition,

the penetration assemblies 
and surrounding shell 

of loaded penetrations

are designed and analyzed 
in accordance with 

the rules presented 
in

the Welding Research 
Council Bulletin Number 107. 

Permanent caps for

spare penetrations 
are designed in accordance 

with Paragraph UG-34 
of

Section VIII. The flanges and bolted 
covers are designed 

in accordance

with Appendix II of 
Section VIII.

-.
DA'E DATE oat.

joi - IL9 iJ
. :F

Other portions of the 
Containment Vessel such 

as the penetrations

and the personnel 
lock barrel are designed 

in accordance with-the 
above

rules as applicable.

The Containment Vessel 
shell and stiffener rings 

are designed in

accordance with Paragraph 
UG-28 of Section VIII 

for external pressure.

'%B 11
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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 attachment

for a distance from the pressure retaining material of 16 times the

attachment thickness or 4 inches, whichever is lesser. The remainder

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 design responsibility

is by TVA. The rules of Section III of the ASME Code are not applicable.
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INTRODUCTION

The numerical analysis of thin shells of

revolution is a subject that has received a consi-

derable amount of attention in recent years. Most

of this attention has been given 
to the linear

analysis of symmetric and nonsymmetric loaded

shells. The dynamic (transient) behavior of shells

has also been given some attention. Little dis-

cussion has been presented for the static nonlinear

behavior of a shell of revolution. Further, dis-

cussions on the nonlinear transient behavior of

nonsymmetrically loaded shells are minimal.

Anamet and its cons'ultants have illustrated

the nonlinear dynamic behavior of isotropic shells of

revolution. 1  The purpose of this study is to

report upon a nonlinear, dynamic shell of revolution

computer program which permits the inclusion of cir-

cumferential rings. Sanders5 nonlinear equations of

equilibrium are used as the basis of this development.

The constituitive relations used by Sanders are the

same as Love's first approximation% A compatible set

of equilibrium equations is derived for discrete 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

number of sample solutions. These results are com-

pared to other published results.

• superscript numbers denote references.

1 -
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II THEORY

A. Shell Geometry

Consider the general shell of revolution

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, 0, ý, where s is the meridional

distance along the reference surface measured

from one boundary, 0 is the circumferential

angle measured from a datum meridian plane, and

is the normal distance from the reference sur-

face. Further, let the location of the reference

surface be described by the dependent variable r,

the normal distance from the axis of the shell.

Accordingly, the principal radii of curvature of

the reference surface are

R /1 ( I2]32 (1)Re:r/[l - (r')

1

R - [1 - (r') 2 1 2 /r''  (2)

where a prime denotes differentiation with respect

to s. Further, note the Codazzi identity

(R-i - )/r  (3)

and the relation

r" - r/R R. (L)
s
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B. Strain-displacement Relations

For a shel! of revolution, the strain-

displacement relations derived by Sanders
5

take th"e form

C U' + W/R + (02 + 02)/2£S S S

V'/r + r' U/r + W/R0 + (02 + 02)/2 (5)6!
CsO = (V' + U'/r - r'V/r + 0 s 0)/2

I

S S

%/= er + r' Csl5 r (6)"

sC = [ 0 , + 0s r - r' 1%lr + (R 1  2) 112

where cs s6e and £cs are the reference surface strains, Ks , •6'

and *s are the bending strains, U and V are displacements in the

directions tangent to the meridian and to the parallel circle

res-eczively, W is the displacement norma. to The reference sur-

face, andO, 0, and 0 are rotations defined by
s G

0 - W, + U/R
s s

0 - W/r + V/R 6  
(7)

0 (V' + r'V/r - U /r)/2

tn these ecuations, and henceforth, a superscrip?: dot denoze•;

differenqia.ion wi-h respect to 0. The oos.-,te irec_.ion o:

each disDlacement and rotation variable- is indicate 4 :n figure 2.
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C. Equations of Motion

Converting Sanders' equilibrium equations to the

equations of motion for a shell of revolution leads to

(r-N.) + N* -r'N + rQ /R + (R÷1- R ÷ M 5 /2 r(fmdC)a 2 U / 3T2

-rq + r(Os N + ¢0 N.0 )/Rs + [O(N s + N0)]'/2

N + (rN s)' + r'Nso + rQ/R + r[(R 1 R-1 )M S ] '/ 2
s Os ~ 0 o ER R•) 5  /2 (8)

r(fm d C) 2V aT 2 _.- rqo + r(OGNe + 's Nse)/R r[(Ns + N )) /2

(rQ) + QO - rNs/R - rN 0/R0 = r(fmdC)a 2W/T
2

rq + (res Ns + rO 0Ns ) + (0s NSo + ¢0N0)

and i I

(rM) + M; -r Me  rQs 0 (9)
I !

..M + (rM) + r M rQ 0 (10)

when the effects of rotary inertia are neglected. In equations

(8) - (10), m is the mass density of the shell ma-:erial, T is time,

qs, q0 , and q are the meridional, circumferential, and 
normal

components of the applied pressure load, Qs anc Q are the trans-

verse forces per unit length, Ns , N0 , and Nso are the membrane

forces per unit length, and Ms, M0 , and Mso 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 nonlinear terms
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D. Constituitive Relations

The constitutive stress-strain-temperature relations

assumed for the elastic behavior of the shell along the 
meridian

are the following equations relating the force and 
moment re-

sultants and strain and curvature expressions.

C12

C22

0

K12 K22

0 0

0 K11 K1 2

C

0 K1 2

0
0J

0

K22

0

DI1 D1 2

0 DI2

K 33 0

D22

0

0

0

K33

0

0

D3 3

e sS

5

ke

kse

CIT

C2 T

0

Di-
D

D 2T

0

>- (11 )

f f B ij d

"f B.. 2

-f B..j
E.)•

- 11

1-V.v.

- 2G..1)

(12a)

(12b)

(12c)

E.. v
where i : j 1,2 ; B . : 1 , iA : : ,2 (12d)

] i - v i V J

where i, j 3 (12e)

CiT fI a -r E d4 / (1 - v)

D iT =f ý a T E dC / (U - V)

In equations

and a is the

(12f) a'nd (12g), T is the local temperature change

coefficient of thermal expansion.

Ns

*s0
N

so
M

S.

M 6

so,

CII

C12

0

Where

C .1)

K..1]

D..
1]

B..j

B. .1]

(12f)

(32g )

dý

IdC
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The stiffness constants Cij, Kii, and Di,, and the

thermal forces and moments C iT and DiT are allowed to vary along

the meridian. Equations (5) - (10) are 15 equations in terms of

15 unknowns Ns , No , NsO, Ms , M6 , mse, es , eo , es0 , ks , k o , $ks0

u s , u , w. They may be combined in many ways to eliminate some of

the intermediate variables. One such procedure is to reduce the

system of equations to four simultaneous second-order differential

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) M8 must be eliminated in such a way that

k does not appear in order to prevent the appearance of derivi-5

tives of w higher than two. From the fourth and fifth of

equations (11), the necessary relation can be obtained as

M D D12 + - DI Kl 1 eK+ 1 e

DI s K12 D 1 1  s 22 DI 1 1  e

2(-1 3)

D 'D
+ + D -_ D

22 D1 D2T 51 1T

and us, u0 , w, and MH are taken as the fundamental variables. The

four simultaneous second-order differential equations can be written

in matrix form as

Ez" + Fz' + Gz + Fz" + T-z' + --.z + E*z" + F- z' + G:'z - vIi = e (1L4)

where

h 1 0 0 0J

ue 2 0 1 0O
, .. _ z I (15)

z2 ' 0 ' 0 '. 1 0o

M 0 00 0

and E, F, G, F F, G, F", F*, and G" are It x I matrices. The barred

and starred matrices contain the initial stress a nd defoormation
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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. Equation (14)

may be applied to linear static stress analysis problems by setting

the barred and starred quantities to zero and letting =, 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.

E. Boundary Conditions

In Sanders' nonlinear theory, the conditions to prescribe

on the edge of a shell of revolution are

N or U N or V
s so (16)

Qs or W Ms or IsI
where Nse and Qs are the effective shear and transverse forces

per unit length defined by

qso Nse + (3 - s )M so /2 + (N + Na) 4) /2 (17)

Qs Qs + Mse/r - 4)s Ns - OoNse (18)

Using the equilibrium equation (9) to eliminate Q from equation (18)

leads to
P. !

Qs [(rMs) + 2M1; - r M]/r - sNs - ¢0N30 (0 )

Elastic restraints at the edge of a shell can be provided.for by

linearly relating the forces or moment to the appropriate disp.ace-

merits or rotation. Consequently, the boundary conditions, may bo

given in the matrix formF-

C.E-Il
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N5  U

IS
r~ N 8  V

t[ (20)

4s M
s S

where 2 and T are 4x4 matrices and £ is a column matrix. The

values of the elements of these matrices are determined by the

conditions prescribed at the shell boundary. Procedures have

been developed for independent boundary conditions of an un-

coupled Fourier harmonic distribution. For the present case,

however, simultaneous boundary conditions are imposed.

F. Ring Stiffeners

Circumferential ring stiffeners can be simulated at an

arbitrary location along the shell. It is assumed that the ring

has principal moments of inertia I and I about the centroidal
rx ry.

axes which are perpendicular and parallel, respectively, to the

axis of revolution. Further, the cross-sectiopal 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 compatible with Sander's shell equations.

Cohen 7 and Bushnell 8 have presented the generalized

stiffness of rings. Weeks and Walz 9 illustrate a more thorough

discussion when the centroid and shear center of the ring do not

coincide. The above authors use the energy approach to derive the

stiffness of the ring.

When the centroid and 'shear center are assumed to coin-

cide and plane normal sections are assumed to remain plane and

"/.
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normal during deformation, the ring strain energy is given by

r 2r ( - aT T) dAdO

+ 2 sr + U_)2 d6
s r

C

The hoop stress is defined to be

a E (• - T  T)Sr r T

and the strain is defined by.

C r cr - X k + Y k
r r x y

The strain energy for the ring is therefore expressed:

= I 2T.t EA + EI

r 2 0 r x ry

+ GJ (0 + U /r )2 + 2 [r NT -

2 s r c r r
r c

Where, the thermal loads are defined by

NT JAEr ar T dA
r .

MT = _-J E a• X dA
y r r
T

x JA Er ar Y dA

ii2

+ k2 EI - 2 k' k EI
y rx x y rxy

kx MT +xY k MT] d6Y x

(25a)

(25c)

10EI3

(21)

(22)

(23)

(21[)
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and the strain displacement relations are

cr Vr/rc + Wc/rc

k x~~ )/ri/r
: r r c

r /r

r rr c

U =U/r c

1+ TC .0 roo .,
$t/r +4') /

y 6 - Ir/rc s/rc

The kinetic energy of a discrete ring i§ given by
2•

T r  #Jo [A (.U + 2V2T r p r A( ,t +Vr,t

s 2Ip s,t + i/ ,t + 02

+ W2 , ) +
r ,t

- 2 Ixy 4%ir,.t oer,t ] dO

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 Fourier harmonic, 
n,

response by

GJ 4
2 xy

r
c

n I

2r
c

Symmetric

"3

n 
n I

n (A+ -2r

cc

n CA+
I

IY
r2c

,2

r
C

+ GJ-

nI-
-. xy

r c

xy
r

I + 2 GJ
x E

(26)

(27)

n2 (n2

2
c

I +X

E
2

r
c

Lu

(2S)

V

; r14
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and the mass matrix TIAX •¢I

r 2 A + n n nX. 0

r A 2 + +n n 2 •x 0

Symmetric r c

r2(Ix + I)•r

The displacements and the rotation of the ring are

related to a point on the shell's reference surface at the ring

attachment by

Ur  r U + elW
Vr  e -2/r c U+V (1 + el/r ) - el1/r c W

(30)
W W + e 20S

r s

where the eccentricities of the ring to the shell1 are

eI1 and e 2 in the X and Y direction, respectively.

For prismatic rings the force-displacement relations

are noted to be

N@ EAr (VF_ r Wr)

r c .

M EI W(3])V.
0r rc2

,• Mt  -( W'*- Ur'/r c )
r r c • r

With the definition of 4, W Wr, and by substituting equa-
• "

tion (28) which represents the stiffness into equation (14), the

ring can be easily introduced into the overall1 equilibrium of tht,! s"l.,,.I .
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III METHOD OF SOLUTION

A. Fourier Expansions

The crux of the method used here to solve the 
nonlinear

field equations is the elimination of the independent 
variable 6

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 will be con-

sidered. Thus, the variable 1s can be expressed in the 
form*

a0 1(n) (32)~--- • s cos n8

¢s Eo n=0

where a is a reference stress level, E is a reference elastic

modulus, and the nondimensional series coefficient 4s(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 
0 from the

problem, and convert the partial differential equations 
to sets of

uncoupled partial differential equations, the nonlinear 
terms are

treated as known quantities or pseudo loads. Since 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

itself a series. For example, using equation (32), 0s2 can be

expressed as

()2(m) (n) (33)
m( n sO cos mO cos nICs 0• m=O n=0

*:Theoretically, the complete Fotirier series including .both the

sine and cosine expansions should be used because of the possibility

of "odd" displacements occurring under "even" loads, i.e., a bi-

furcation phenomenon. This aspect is not consi'dered here for zhe

nonlinear case.

.' /4
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Since
1

cos me cos n = cos (m-n) 8 + cos (m+n) 0)

equation (18) can be given in the form

2 O0
S E
who n0

where:

(nI)(n s cos ne
S

ai-n)(i) 0 M (i+n) (i-n))
asn) Toi s In Ss•s 2E-o1=O0.

0 for n = 0

1 for n > 0

1i for i Tn

for i =n

Similar series expressions cap be derived for the other nonlinear

terms in equations (5), (8), (17), and (1.8b). They are

a
2. 0 '

o n=

E ao

o n=

2 E o n
0

*se F: •
o n:

4sNs = Ooh o

1ý0NsS 0 h0

Ns = h

¢ N s = aob o

0 8e cos no

Scos no
0

so

! rB cos n

n0
[ ss cos no

n=0

L
n=0

nos cos nO

n sin nO
n=

(34)

with

(35a)

= {
,(35b,

(35c'

,,.bb",
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N ch0 n. sin n8
n~l

N a oh n sin n6 (35c)
0 0 0 0 n-i 0

s 14so 0a 0 T "se sinf n6
nl 1

where h is a reference thickness.

As a result of the trigonometric series expansions, there

is one set of governing equations for each value of n considered;

when only the linear terms are considered the sets are uncoupled.

The presence of the nonlinear terms couples the sets through terms

like a(n ) as given by equation (35). However, by treating thes Y

nonlinear terms as known quantities and grouping them with 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 increment or.station by the

index i. Thus, i = 1 corresponds to the initial edge of the

shell and i z K corresponds to the final edge. One fictitious

station is introduced off each end of the shell at i 0 and

i K + 1.

Let the first and second derivatives of z at station i

be approximated by

zi (zi+1  -Z )/2A (36a)

I21

z. (zi+ 2z + z )/A (36b)
1 i+l1 1 J1L1
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where A is the nondimensional distance between stations. Substi-

tuting equations (36a) and (36b) into equation 14 leads to

Ai zi+l B i z i + C1i z i-i gi. + 2A.i 0 z/tt (37a)

where

A. 2E./A + F.
1 1

B. - 4E./A + 2 A G.
1 1 1 (37b)

C. = 2E./A - F.
1 1 1

=i 2 A ei ; . =V I

and i =-l, 2 . . K to insure equilibrium over the total length of

the shell.

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

substituting equation (36a) into equation (14) leads to

12 Q1H z2  1 J1 + A1)Zl- 2-A 1iHlz0 =, -flf 1 (38a)

at the initial edge, and

1 Z + ( +K)zK A 1 H (38b)
2-A QK KZK+I J - -•A KKK- K "KfK (8b

at the final edge.

For many cases, a shell structure comprised of composite

elements develop discontinuity stresses near their juncture point.

For example, a discontinuity in the membrane stress resultants will

occur at the juncture of a cylindrical and spherical shell. In

order to more accurately determine the stress distribution near

these discontinuities, the mesh distributlon must be finer than

those areas away from the juncture.

'0 0 1
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A variable mesh spacing is represented at station i

Let aA = Ratio (i-l)AL and aA Ratio (i)AL, where AL is

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

expansion

Z +aAZ' + (acA) 2 (aA)3  ' (39a)
Z+1 i 2 i + 3! Z. +

Z Z aAZI+ (aA.Ž2Z," (8A) 3  .ft +" (391)i Z 2! 2 3! Z.

Multiplying the first by 82 and the second by a2 we obtain

for the first derivative

' 1 2 + (a2  2 2 Z.Z (8+a)cBA [8 i+l + ( Zi  a _

aaA 2 '
6 z. (40)

-k 1

0 (A 2)

and for the second derivative

= [a - (8+a) Z. + a Z. ]Zz (a+6)a•A152-

2-)A ''' (L1)

3! Z.

0 (A)

Since the 6rror term in the second derivative is of

order A, a variable mesh spacing through the discontinuity should

not take place. Errors will occur at the junctire of the variable

mesh. If the-bending is low in these regions, no significant

error in the solution should occur.

.8_
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I Introduction

In displaying the transient response of a structure to time-

dependent loading, there are two primary-choices available.

One is to use the actual time history or "signature" of the

measured or predicted quantity as the best index of the re-

sponse characteristics. Secondly, some type of spectral

representation whidh shows the predominate frequency content

of the signal can be constructed. The use of the EFT for

spectrum transient ground acceleration evaluation had been

earlier proposed by Citerley In the present study the

computation of an acceleration spectrum from transient data

using the Fast Fourier Transform (FFT) algorithm is presented.

The end result is a Fortran IV Digital Computer program for

implementing the solution. The program was developed for use

as a post-processor in analyzing the displacement output from

KL a shel of revolution code; however it can also be used aq a

general purpose signal analysis routine.
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II Analysis

A. Continuous Solution

The acceleration' spectrum equations will be shown in "continu-

ous" form and then restated for digital computation. For dis-

cussion purposes, the signal to be analyzed is a finite ac-.6

celeration time history Xo(t), continuous in the interval

0<t<T, and identically zero outside. The frequency content

of X0 (t) in a narrow range centered at frequency w1 can be

examined by considering the solution- of,

X(t) + 2 • w *(t) + g 2 X(t) = - X0(t) (1)n n

which is the response of a lightly damped ( 1<<1.0) singl.e-

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

XL( ). The solution of (1) for t"he acce3.eration response,

X), can be expressed in integral form as,

X(t) " ft h (t-T) Xo(r) dir
.0

t - ,n(t-T) (2)

1)1 ft e sin [w (t--r).] Xo(T) dT

The above solution assumes zero initial conditions in X and

X.

The acceleration spectrum of X. will be defined as the maxi-

mum absolute value of X, i.e.

S"(w;) ( MAX { ABS [ X(t) JI (3)

MAX { ABS [ g 0 .e, sin w1n(t-T) X.(-)dL]}
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The argument (wn; n) denotes that S is a function of n

and parameter, • . The selected values of • will usually

be on the order of 0, .05, - - - .20.

Defining the Fourier transform of X(t) as,

XUiW) WX(t) eit dt (L)

then a transform solution for X can be obtained. Taking the

transform of both sides of (2) and applying the well-known

convolution theorem, the following is obtained,
X (iw) =h~iw) Xo (iw)

2
W X o .( i w) ,( 5

-2 - Wi 2 4 2 ýA W W21 nIi

Taking the Inverse Fourier Transform of both sides,W 2 UW)

X(t) xl ) [ X2 - 2 + 2] (6)W•- + 2 wm wi
n n

where, the inverse transform is defined as

X(t) = x-(iW) =• X(iw). e-iw~t dw 7

Thus in terms of Fourier transforms the acceleration spectrum

can be expressed,

SX.(Wn MAX'( ABS [ X(t) ] (
"" -iwt

MAX IB 
2 X__(it.) e d-t

ABS iA- + 2
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B. Digital Solution

The most common method of solving for x(t) is by numerical

integration of equation (2), e.g. Simpson's rule. With the

development of the Fast Fourier Transform (MFT) Algorithm,

(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 (6). Two digital solutions of the acceleration

snectr-um will be presented; one where the displacement signal

A 0(t) is given and the other where the acceleration Xo(t)

is given.

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

the digital time series X(t) , t-0, 1, --.- , N-1, is

given Dy

2 .i tt
IV N. 2rNx(t) - () 9

t=0

Notice that the units of frequency are now Hz rather than

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

(0 21T f (10a)

= 2nr f (10b)

27 n (0b

The time interval is At TIN and the frequency interval i6

Af 1 l/T = 1/NAt The highest frequency is NAf = 1/At

which is the digital sampling rate. Thus there are an equal

number, N, time ordinates and frequency ordinates. The in-

verse FFT of X(t) is given by-,

2rrittN-1 A

(t- N 1 X()'

t=0

C2E2



One additional discrete transform theorem (Ref. 3) for finite

difference derivatives is needed.

21Titt -2ritA
AX(t) N N

L At e
tL=t

- keAt

where: AX(t) = X(t+l) - X(t)

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, A

-2Tritt

2 ' NN--1. f2 X(t ) c
DX (t) = I]  - -2 2

N , f f - f 2 + 2 r f fi
t=O n n

A

where: f = tAf,

f = nAf,
n

Substituting for f F fn,

t = 0,i ,, N-1

N-I ^2
x(t) z t

N t 2 _2 +
A n -t + 2 C ntit.

t=O

°]X0 (t) e

The computational procedure for solving (14) is:

(1) Solve for "A(t) given the input signal, Xo(t)

(2) Multip•y X0 (t) by the complex filter function in the
brackets

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

elE- 2t
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(12)

(12.a)

(I1 3)

(iSa)

2tA-2Nitt
N

(l'i)

-- j A% L
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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.

N--l AX(t)"
X0(t) Lt) e

t'-At

1 (e
At •

N-2r•it
N

2iritt
N

(15)

2.-I) X (t)

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

displacement, X0 (t), is as follows:

A

(1) Solve for the transform, Xo(t)

(2) Coimipuce X0 (t) by (15)

(3) Multiply X0(t) by the complex filter function according

to (14)

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

The

the

acceleration spectrum S ý(wn;r) is easily

definition, once the acceleration X(t) is

product obtained

solved from

known.

& I
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III Computer Program

A computer program is described for evaluating the acceleration

spectrum given either a displacement or acceleration signal.

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 computing the discrete transforms

is that of Ref. 3*. The program will accomodate up to a 3-D

complex function. Since the FFT technique relies on the length

of the time series being of the fornm N=2 n ,  where n is an

integer, the method of "filling out" with zeroes will be used.

For example if a time series of length 1000 is given, then 214

zeros values will be added to form a new series of length

N 2 = 1024I.

" The computer program is writ-ten in FORTRAN 1V and is listed J ii

Appendix A. A schematic of the solution for one input signal

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

acceleration) are analyzed sequentially. The input data format

for each signal is given below.

Card 1. - Control Card

Forrmat (315)

Col.

1-5 IKIND (1 for Displacemcnt, 2 for Acceleration)
6-i0 ND (Unit Number of tape or dru-n for use in

copying input or output data)
11-15 NL (Length,, number of data points in input

signal)

*Other standard routincs are available through SHARE.
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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)

2]-30 FLO (Acceleration spectrum lowest frequency re-

quired, Hz)
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. Also 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 )

S - Col.

1-5 99999 (End of Data)

This card is supplied after all of the input signatures have

been read and signals the end of the data deck.

In using the proogram and interpreting the spectral results, it

must be remembered that the highest frequency component in 
the

data to be analyzed must be less than 1/2 the highest FFT

frequency, )max L At 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 "autoregressi've" or "moving average" techniques.
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Figure 1 Flow Diagram for Calculation of Acceleration Spectrum

for Displacement or Acceleration Input Record

Read

Control A B

Data

V(

Re-ad Select Compute1

Input Spectral Spectral
Signa i n o. Val te__J

Signal Filter

Comut Compute LYe

ITT Transform Complete1' Yes
'r SCompute 1

,, Signal No-- Output Vrite

Dip.Acceleratio n Output 3
? Transform__-A

• ~Yes

_____......

F Compute Compute

Acceleration Inverse

FFT FFT

1') -Q()
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APPENDIX C

The Design of a Thin Shell Nuclear Containment Vessel for Seismic Loading
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Introduction
TIIE stringent safety requirements specified for the

design of nuclear power facilities have, in recent years, led to in-
creasingly comprehensive and sophisticated seismic design
criteria. The following paper describes a design approach for a
thin walled steel containment vessel'using the modal analysis
technique and it lumped mass cantilevered beam model of the
vessel. The deflections and stress resultants calculated 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 beani result, are found to lprovide good design correlation.

The techniques used for the shell of revolution models are de-
scribed in a compl)anion paper (11.1 Only the results significant
to a com-parison 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. Of particular interest
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 a 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 consideration

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 OF MECHANICAL
ENGINEERS. Manuscript received at ASME Headquarters, July 28,
1971. Paper No. 71-WA/PVP-10.

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
seismic loads. A design spectra representation of the loadings is used with a cantilever
beam model of the vessel. The results for the beam model are compared with results
from two independent shell analyses; a shell modal analysis and a nonlinear shell time
history analysis. The beam results hre shown to provide a good design correlation.

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 inertia, area, and effective shear area 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 Pahil in (41. Pahl shows that the
stiffness terms calculated with beami theory and with membrane
shell theory are identical for cylindrical shells if the beam mo-
ments of inertia are divided by (1 -- v9) to account for the Poisson
effect in the shell. It is because (of this similarity with miembrane
shell theory that the beam model is applicable to relatively short,
cantilever structures such ,4t the containment vessel in Fig. I.
The inclusion of the shear flexibility, not commonly considered
for the vibration of longer beams, is a necessity in using the beam
analogy for this vessel.

VESSEL DIMENSIONS
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UNEQUAL BIAXIAL - QUIAXIAL
COMPRESSION COMPRESSION

No
N sphere

N,

UNIAXIAL
+ COMPRESSION

Nu
N cylinder

WHERE,

No IS THE SMALLER OF No OR No.

Nu IS EQUAL TO THE DIFFERENCE Ni -No.

Nsphere. Ncyllnder ARE ALLOWABLE

COMPRESSIVE STRESS RESULTANTS
IN SPHERE. CYLINDER.

Fig. 2 Unequal bIaxIal compression

ihe slilffte,-s pr'opterlies firi vertici ttlisplaeinentls ill tIh' top

he'ad reqitre sp<ciatl ctisideration. A static shell of revollitiolt

ol .lilitihtr code is uisetl here to levelop tlhe equivaleit I)CIu aIiop-
ertits.

Thie seisic ~iiaiitg- for lhiii oiw'l.rciitg basis enrl litiake (OII.')
wool designl basis e:..lhoqluke (1)IIN) Ilre Slecified ill ter',ls of de-

sign spectlra for Ithe 'etptired riuge ofl srii tiral freqieiite.is i The

hor'izontal ground ill lot lio relir-svil'td ht It the design spertrit pro-

tlticc.'e rigid bod1y tt ratl lioii oif lit" shell EIIhltd)tlhivil. crtis seclt,ioi.

The radialial aild circnlnifereniiiit shell tisilxcIiieni'its cart 1)i ex-

hILessitI ill eais of ('osilie taid situ' filtitli Itis ifi lie ('ir'-aIifcireIl-
liii loitin.I. PIe v(,rtil'-l gr-oitod molio .w,n can th, s(.riihed as'

ax•isy1ol111el'io" Ilovtenlen of the enmlwdihvtll crlo.,• seticll+. The

inertial flu'ves lprlthwced l~y tlhe grolond Inoti•)n '111 tile resulting

vessel iiisilita'eiillx atnd Sltmesses c:all Ill, ,eserihted ill telrits of
sinle, c'.,will', told atxis 'vnlitlefrie' tvolli1po•lvills Ilioles, significauli

nliea:tr elfecls tare Itesetil. lit using iniahr:tne shell, or

ii('illl, Ithe•tl'y Ih le assi~lliht itt is nitade that Ihle vessel iross sci-
tiol, is no., signitivaullil., distorted hy ilh(- ulplied I.owls, i~e., Ole

lylW if I.,luavifir th'scribed il 121 and t31 dues rnti( o.cur oili has
lii uilirti citalie dedft

The1( st ru<.llral frequlencies, modte shalpes, and illodal response ill

li-rtsiuf dlelhet-litlls, Iehi'italits, shlietrs, taxitl fttrt'es, atild itio-
illenls are determined ill the In. al uloer. [,ngi~lodioltid told

shtetir slrless restnIs fort liii' shcll t- i ii l elernitned ftult liihe

li)t'itt fiorices boy stat,is, utld the iii lal aect'leratitls (c"in lie used
hl (-:114.1lah•lhi t11!il'('.llii'ret'r+liaisl 'Iess r<,sulhuod alld dist~orl ion of

111v vessel cross sect-iit its d~scu'il)cl d(A r

Design Criteria
The Sl.'eiliill loading• cnhlifulliols fil.r he collml~lwnnu, vessel

include svi,-olic loading c,.nlfiovd wilh th':id h:lo:ultl and er:

irtisstilre. The thini shell gi'olit'lriy itf the vessel dIiltites Illt
stnhility ctllsiderntllt,• will go~vvrn Ihe r-equiledl shell thick-

tis-'es. The etiveotpe of resultls e.ah1litl vd fitr I lie Ilive c,.litii na-
lion (if I.ads ilteludes axisynm.lo•tric, sinle and c.osille c'•lipol)loinl.

hiI sclecling :I shell thic~knes>s, the nl~lxinnunl ol~llpre."ivv: Inerid-

i-1n:11 stlress resolhal ill tile cylinllrivd shell ks linlitted hi (he !1l-

IhmwIte vaille givci lty iii.' tiles- if Section Ill (of lihi AS.IE

lBoilir nt!d l'ri'ssorti Vt,.'estl (',illi(! for inirifn :txi:tl compnlrcsiuin.

Th'l'e titaxilltlnl tt.1uuPIc.sivi' t.iitoiinlferi'oli- l sil'ss t,'stilalnt. is

siniil:arlv limiltd tI lit value hult th' f(-1''t lie tilltwthtl ex-

It-i ii Ittrsslurt' aIs given i)v lii i'tit-" 11of .t'ti tot Ill.

w

w c
- I.

U.

0U)

1rIA!

Mathieu Instability at The

Dynamic Buckling Lood

Mothleu Instability at Load
Lest Than The Dylpomlc
Buckling Load

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

Fig. 3 Malhieu stability diagram for stop loading taken from IS]

[it Ile d' ib lv citrved vessel head thie li1nixiIIlttini eirellilifeiell-

Iiil told iteriditnal stress restillhtals are separaled into ian equi-

axtild 4'iilitiplti11 e(iIal |if the Malliller comprltessive v iltte Ai iil

uninxhia toll llenttiicit, equal IIIr ihe difference between the nmaxiniuata

Wooln a lilialll tantim comp)lressiVe vahlit's, see Fig. 2. The simin of 1,he

ratitos of tIe pliilxitti cE lliilii t lEl ito lie spherical coil) pressive

ihlwoditlh i m il tile iia axinl cliapitienlt to the cylinidrieial eim n "'.:

prssive nAllwal e is liimited Io uaity as indicated ia Fig. 2. The"',j
spherhic and cylindrihit! ealhtIIl0)ies atire. ngin determined froiii the

utales of Secl tin I I I sing alpprolprihte shell clirviutai'•.

Ill usi his 06.i'oklig urileria, it, i. assioited i.lit, thie roiipres-

lv.i'v .'xless filhwilties for slatitc axi•.yllatlmetlic Ituols give i C0oa-

'liv t live i lipe ftr lilt per1i1issible ill'taxiilnI E ylla1ali( xl i'ess.
•x

for htiti, varyvinig ntiiixisyiiit1l lhe hutints..

The sl hiliy of thil, ialhled I.yilintlerts is selsilive to ilperfct-

Iiolls ill gea el lry. The a lIt wahlee slilit+ 
ioalnpressiv e .•lreiess

given 1l3' the liediles ifSeclion Il reflect. Itle decreltse ill lhe h uk(k-

lintg lnd tdo I n iilierfe'l ions which tire within iCode fiiriia I iii

Itotleranes. lBodiansky 151 has showuI, ltha, the essenilial ilalpor-

fectlin chlri,'chrislits tf shell sliiLotres are revealed ill thie tie-

cricase iii the l.atii litihkliiig l]au nala stparalO cinisidtrlial (i f

ilt h lily ptiisilile itimpe''rfecl ition couiainail oinm is toil wtu'i,.s-:i.iy for

it large class of dytamic jl'lilie-s.
IJ.,ing 11 Inllwa:r c-lpling of" ilhe nlodes to pro'vide the otwhl-

ttti, lhulidiiiltky also etoisiti, ls l ht Irinasfer (if liitol 'teirg" (lf i

stlrulture frntt it linear respotnise inttde tLo it litklint ,inli ftr
d~yllalie hlowling. Slich .1 nliehauinsm rohll Inodure it lobar

rvt'l~ m!t ti f -ittiituciul .uodel.- eveli ill the stitll detleul iou

rallge. Tile inve4i•'igli-ll -f this lty'lv of toillilvinu." vnv'r~

Itr t t Fer foi i i.ti l ie h lh i i,,l'l (trdil r if I lit siell thi-.ltie-s ) hlteads

it hMtlllit'tl 1l3iw shliliill" diagrnilis' 1is stithown ill Fig. 3. This
plot is fil.r : sliddenl.\ applied r~ollslall.load hinnnd is Itaken from

ift'-I'vrciv e 151. 'Tli(t lli:iigii iltlitei s li, I iit tle perti xlt lahilily
jonr~illnter" are, tihe ratio• of lht(,...- sta it bucklingz 1.'d to) the clalss•inll

Ittllintg l4,-:1 :Ilid Ohw r:iliui of the 1it111muld freqleary tif tile shell

ill lc itxassoiittl Ihitklitig ilode (Ii the freiiqlcitcY ill lith lineiar

Ilcauise Ihe SMtti, l ill desigii rules' give a stalic Iiti'kliig

IIIhlI is it small fi';llitit, Ih s I 0 it t ,".1, tif the cl-sic:,l litickliig

"It" ....... It- . - Al II C I t' I

If 1



Fig. 4 Linear spectral stress resultants and maximum absolute values
for honlinear stress resultants, meridional direction

huind, tfie region of instability of e.otcern is for frequiency ratios

h.lose 1) I• /. The low energy deformnation modes for the vessel

conifigiuratit n under consideration involve tell to twelve i rcrnm-
ferenutia waves. The ratio of the natural frequencies for these

moiles to the axisymmetrie and sine and cosine linear response

fretiienvies is less than '/4. Budinjisky's approlach indicates that

ii I lienl enlergy t'ransfer from the linear response Illodes to the
lowest, entergy buckling nmodels will not. grow ill an unbounded

ii:1riII icr :111 l'| t tio iistabiiity, at. least I'4 ot for as itihllenly applied

.oi.ft:a1it load. Tile r•sllts of tile ninlinear tinrco his(ory a nalysis

providle a more precise measure of this pheniomenon(t for tile speci-
Iied ,eisniif-i loadIsgs awl will he idiscssed litter.

Results
l 'li'h r-spllse oif th e i1141 ,h.'eri'ieil allive flr the specified

P'~9i'si i ,.ic itq,'a i |iieiliiiiiia "il tit(, liirst Iwaiti niiiih. For

I.'ginleelelig Iii.n'iseS, the li rsI three lacain inmlodes oemprise tile
" entihe responsv. "l'hi vertical dkI0il0h.'illiiits arid forces, tihe

Iiir't'oiital clispiklaiieiienls aiid sheatrs, IIfil e the nIloilneits acting

fiLt the 'nlci e m 'odel are d iltrniiiied [loii hlie design slectr'.a for

each Ioile ciiiosiderled .. ing te ill, appropriate plirti'ipatlion factor.

The tl•iut reslpolnse is lhlerl'lihei ll-illg a'ol, oIleut ie III s II'ae Coll-

hulaliIilI iif Ihic noies.
Tlhe. circu l''clliern :11 .tres'e. s c'a~l.ll he" directly delerillilledl

fi`411 t ll i j design l ti'i. lie.hit ., l.ýv iif the sililplifyio, asstillitiolIs

inlhi ili dvvelpiigt lihicltii iiiihill. A c,,ilervalive value for

I.ll,.' streisses iaii b ihiilledi usinlg a slithii shell iif revolution

:11uly ý4i with radialamland circoillmiretial loads equlal to the unit

11V: 11:1.a"S of Ihe shell li i ttl. ii(ii Irleloll squialre I sum of the

'peclril .acelerations. At. liiuilils rilfi'ii vid frIIIii shell discolitiini-

it ic. I he ujiciinfereiit hll , rt ess uesl a :it ia l e calculated directly

with tlle Ih ienilr:liiu cqlluation fur I.%vliulldri'al shells.

Fig. 5 Line04. spectral stress resultants and maximum absolute values

for nonlinear'itress resultants, circumferential direction

Fig. 6 Linear spectral stress resultants and maximum absolute values
for nonlinear stress resultants, meridional direction

Comparison of Beam Results With Shell Solution
The beatin appromh involves iIIVC ainmnber of simplifying assniop-

tiolis; anild as previously menitioned, experitiell tail investigations

have exhibited respollses stilst~uiitally different from that pre-

dicted by the beam model. Therefore, an independent analysis

of tihe seismii respowlse of tile (eonhitiniient, vessel was made Ilsing
an identicld geometry anid design spectra. l nuorder to iivest.igate

the possibility of a hlbar type respinise, a second shell of revolt-

tion ai.lvysis was .inade using iinlin euar theory, a model of the

vessel wih iiiitial imnperfections, a.id an acceleration time history

compatible with the design spectra.
The stress result:aits calculated wit h the three methods, heam

inodi(l analysis, shell modal iiaiiysis, and shell iiliieart. timoe

history liiilysis, air shhlii iw i Figs. 4 tIhri ilgh 7.1 In phittinig tile
resulls fir t lile iiiilinear time histhry aillysis, tile niaxntmIm

vwlies for Ihe vliiou.s pirailieters f[or the duration of Ile tinie

hi•story Iladig lini ye Ieen shown. These inaximnn (lo ocriu r at
difl'ereni init ances ill tile for (lie variois parameters and cross
sect ions'of tile vessel.

'file phlis of tie(- strmess ,Iest iltitsls reveal Itha tile lacuna in, idel

gives fidequl'ae anud reliahle resullls for itlie vessel iliuignill:atiuin
heiig coisidered. The beam resultls are consistcltllvy greater IIIhain
the ui.nlile.r s"hell time history results. This is ill prl(t dile to

the iiciservaittive lippollrich iseil wilh Iithe .beam iilodel :tuli in

ptl'l d(e It 111 f:iit 0.1hia the .lt ifi'Cilied iesilgi SIlt'lr:L culrwves lie
above the enlvelopel of illaxlililill rn'5ltiui5Ce calcilatehl from Ihe

spetiifield lihile histlil-y' Ihe ildesiign I sjaeit'i were drawn ill a (-iion-
servat ie Inal Iiier.

The 'esillts oif thie iiil ii t lioenr uisehiltory also indicate Ihlit the

vessel is sI triit mu ally stallile wheli sibjeiteiled hit lie spcu'iliedl load

coiliiiation. Aiiy innhslailily ior lior pprolachI t ii ilti ih ble coin-

9 1. 1,11 Iliod~i| IC•Lilts ;liiHI liotillivai I imie hislftr•: res.iLIhs mie t'.ikeil

from 171.

H
.... N.- LI NEA R SH ELL A NALYSI S---. NON-LINEAR SHE,.L ANALYSIS

BEAM ANALYSIS

LOADINGS INCLUDE!

DEAD LOAD OF VESSEL AND ATTACHIMENTS

INSULAIION AND SNOW LOAD

EXIERNAL PRESSURE

-- .SEISMIC. ORE

Fig. 7 Linear spectral stress resultants and maximum absolute values

for nonlinear stress resultants, circumferential direction



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.4 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 'ý 600, LID n 1,

for seismic loads using a beam model of the vessel with specified
design spectra for OBE and 1)BE 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 calculated 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 [51
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 history 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.

4 Reference 11] describes the nonlinear analysis in detail.
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APPENDIX D

Mass Loading Effects on Vibration of Ring and Shell Structure
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ABSTRACT

Efficient mnethods for pi edicting the offects of attached 1 6scs on tho

vibration characteristics of ring and shell structures wore deveioped anud.

substantiated with oexperimental data. Analytically, tme series expansion

technique Nvas used in solving the mass-loaded shell problcm, while boOh

the finite-element and transfer-.matrix methods were employed in the ar-ly-

sis of mass-loaded ring structures. E.xperin'mntally, alm-inu n ring and

shell structurec loaded with discrete masses were excited by a clectric;l

induction force, and the vibratory motion was measurem]d by. an autoAmatiLPll)'

revolving proximity gage, The influcnces of the masses of the e>:cier e,.nd

of the inst.rumentation, thus, were climinactd. Re.-:ponf•e dat-a were obtarcld

with miniature acceerolctQrs and with a proxi:mity ga . c; for co'vpa-rison

purposes. The studies show, in addition to thc amplifthd chanzc.s of the

local vibration response caused by the addition of the. discrete rp,'s.a, the.

frequency shifts, the change of modal behavior, and lhc tra•rmlsiblity

characteristics resulting from the increa.,,ed discrctc m, •s on thc. stvuctr'u,

The resmlts show (1) that the respon,•ecatt' uato. for the first mode wr-s

somewhat si-nilar to the procedure currently recommcenled, by N/M./- Ct.•

for predicting the ainplittirle reductiop of tlie local vibrallol esjpom a of

unloaded structure to account for the influence of the , dditicjn of tle iaze;

(2) that for higher modes, much more aimllitude recdlrt1 o', were fomd, Fwi,

the rate of ainplltudýl reduction propreJ:scd very ra pidily; and (3) thi• ih..

transrmis sibility clo.racte ristics in a function of normal mikode s, .i•i c1.ted

some differences for beams, platc:, h,,neyco~nh plates, rings, zind shells,
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7.0 CO1,1CLU';IOWi-S

The amilylical and eXlerrilneiltal studi.s of the Inaf, S-loading effecto
on vibration of rings and shells can be suamniarized as follown:

1. Efficient iniehods have bcen developed for analyziriug vil)ra.tion of

mass-loaded ring and shell istructures.

2. Analytical result. closely agreed \,ith test dat,.

3. Frequency-shifts for mas,-loaded rings and :hcll.,i differed

somnewhat from those pre\,iously obtiaiined in the Ph:.:-:es I %r,.d IT

of this program for the cases of bcam:; i.nd plr tcs. INc:cuE'..C of

the motion of the n a"s, iitera'ctcd v., i h t :v.,oo-. or thrtc..

diinennional motions of the sulpo-rt strocturcs, the eff.et of

mac c loading on rings -uid sliells c:ucsed a doc rc;t c in natcral

frequclcicis; lowcvcAr, for the highe, r mods,:, the ircqcuency
shifts I-ecaac le ss significant a!; the a ttt chdd ne a .c i:;er' Src.

This iniforimatii w.va proe:.rCIed i, thins report in ihlm furnL of

equz-tions, tablces, plots, and nopdin:. i'"-'oal grClus for
various applications.

4. Transinis ;ihilit ic, and attenuations followed a trend shiilrar to

that of bean-is and platc'. but possetsod :pcciil c1ha racteri, ics,

The result.; followed the equalion y = A + X- .n which V.,as PrevIously

establi shed in Plha sec I -.and ii of this progri' ri. The cocfficie.nts

A, B, and n can be detcrrcaincd frooi the p. an.s cihilit$ l:,lotl,; in

conjunction with firing test dlata aicl Somc considui'ation for design
safety.

5. Mass loding al15 caused chanc',Ce in mIode sCha..per 1n(l di.jppepoaralnce
of sonic rhodes aýt the illass mounting loc:action; howvC1,r, t]ese phe--
nornica of rings aind shllcis deviated from thiat of berinis and plates

and were denion,,tratod by test dl•.ta arid coniputer 1sohtions in this
report.

6. The free vibration cliarocteristics of mrans-loaded shell. can be
solved analytically by the lou t-'er series -e>ýansion technique,

Sln (ft.- 29



which gives clos cl--form and nearly exact holut ion. Thi: mothod

required the us, of fouLr swi, AltLioel: of 1111C 11 1 i j riiIs instead

of only two s 'nv tLion:r; of rni n e'ivir" to d c,s;cibe th1, lileracted
IIottioln,

7. Transfer matrin: mctliods were efficient in calculating the lower

frequencies of ring \ructres, while the finitc-.cleinnrt method
was goo4 for both lower and h1,her frequencies. The transfcr

matrix method, howc:ver, offered a simpic direct solution which

provided a step-by-step insight ilito the solution and wis he1J.ful

in the study of response characteristics.

8. The developcd e:perininntal and instrumentation techniques

permittcd contimuous plotting of mode shaple and produced

meaningful data for immediate evaluation du'iog the test.

9. Sufficie;t-cdata had been obtained for snialler mass ratiou Io bter
clcfinc the mss-lo'ding phenomena.

As a general conclusion to the study, the trenld of nays -lo0:' dir. e fec.-ts,
on vibr.tion of ringc and shdll structures has 1he)n estali]'iVhtd ildd the prli-

diction rnetliuhs have been devc-loped; how¢vver, soe refied stildic.s and
invcstigations for appl icz..tion-s a'o rvecdoed and f'coe, nded as follow;s:

1, Refine the cloaed-.forin cxact-oolution techpliquo for .h)ll vibration
analysis,

2. Further define the analysis of mass-loading effects on modal
ch~aracteristire:• of shell. structures.

3. Investigate the finiitc-.eleonent to.chnique for obtain-ing an approxi-
mate solutio-J for shell vibr-tioit.

4. Apply results to solve bracletry problems, definition of support
structures, design of local s:tlcWtures, and test and cva luation
of components.

5. Futrthor refine the exlperininte]I techniquc,

6, Simplify the analytical 'olutlhp, and reducut the Inathemalinl
cornplenitty for further luvoltpment in the definition of the banic

inai;s-loading riechanim, -

7. E::tendc the dcveloped mnthodl to tiolve vibration prohlcrru or con-,

plicrted :diell vtructures lcoaded vith hullihc ,d: , propelitants, ring
fraii-:•s, longe roes, and a v:z.ricty of dincr• Crtc masses.
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APPENDIX E

Effect of Nonsymmetric Thermal Loading on Shell



0
CHICAGO BRIDGE & IRON COMPANY

Location Oak Brook Enkinetring

INTRODUCTION

This analysis has been performed to determine 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 temperature transients 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
for any axisymmetric thin shell structure subjected to an
arbitrary nonsymmetric loading.

The program considers that the distribution of the ambient
tbmperature through the thickness of the shell is a linear
variation. In this analysis it is assumed that no thermal

gradient exists through the shell thickness.

SUBJECT
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CHICAGO BRIDGE & IRON COMPANY

Location QA. BrmnEn'lFng.n;n .

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 = 70°F.

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

change in the ambient temperature from TI(700 F) to T2 (the

average shell temperature 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 boundaries

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 vertical cylinder,

hemispherical dome and circumferential stiffeners (Figure 1).
The circumferential ring stiffener is considered as a cylinder

of length "t,. and thickness "bl", (Figure 2). The stiffness of

the ring out of its plane is assumed to be negligible.

SUBJaCy MADE BY CHKD BY NO.
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The vertical stringers are accounted for in the analysis by

use of an equivalent orthotropic layer described by an equi-

valent stiffness in the merdional direction and zero circum-

ferential stiffness. The bending stiffness of the model is

made equal to that of the actual structure by equating the

stiffnesses EI

ad 3  d(2 bd3  d) 2E { +ad( } = E { + bd }

where,

= modulus of elasticity of orthotropic layer

E = modulus of elasticity of actual structure at
pertinent ambient temperature

a = average spacing of gussets

b = thickness of the vertical stringers

d = depth of vertical stringers

The above equation can be simplified to the form

E E E x (0)
aa a

The model

ferential

consists of a total of32 parts including /2 circum-

stiffeners and 2ahell panels.

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

at the end of the model. The stiffness matrices for the

various harmonics are shown on page

SUBJECT MADE UY CHKD DY y CHARGE NO.HDB :Y 12-_ 4.
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CHICAGO BRIDGE & IRON COMPANY

Location Oak Brookl Eigincerialk

For the purpose of this Analysis, the vessel is divided into

three regions. The "Lower Compartment Region" extends from

the embedment (elev. 702' -9 3/8") to elev. 744' 6"hi` h

corresponds approximately to the elevation 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 meridian

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 cylindrical shell

above elev. 805'0.0" and spherical segment of the top head up

to an angle equal to 400 from the spring line of the top head.

NONAXISYMMETRIC THERMAL LOAD REPRESENTATION

The temperature of the shell adjacent,:to the Ice Condenser

is 530F at time t = 1000 secs. The temperature of the shell

adjacent to the Upper and Lower compartment are 1400F and

220°F respectively at t = 1000 sec. (Refer to Figurel;`C-2

Appendix C of TVA Specification).

TEMPERATURE DISTRIBUTION IN LOWER COMPARTMENT REGION

Now'since the lower compartment region is continuous around the

complete periphery of the vessel from embedment to elev.708' 0"

the circumferential temperature distribution is taken, as uniform

in this region. The axial distribution of temperature in this

region is determined from Figure C-1 of the TVA Specification.

The shell temperature i6 taken as B0°F at embedment,. increasing

to 940F ever a height of 3' 9" (Elev.7Q6' 6. . Then a steep

SUBJECT MADE DY CHKO eY CHARGE No.
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CHICAGO BRIDGE & IRON COMPANY
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rise in temperature from 940F 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 600 whilst the lower compartment
extends over the remaining shell region (Azimuth 300 to 330°).

Hence in this region the distribution of temperature in the
circumferential direction is nonsymmetric, 140 0 F from Azimuth
3300 to 300 and 220°F from Az. 300 to 3300. This nonsymmetric
temperature distribution is represented in the form of a Fourier
cosine series using 9 terms as shown in figure 5 on page.13.
Fourier coefficients for the 9 harmonics used to depict this
temperature variation are shown on page 15.

The temperature distribution along the shell meridian in
this region changes at two locations; one, in the vicinity 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 6lev. 708'
from 220°F to 140°F is assumed to occur over a distance of 6'.
The temperature change in the axial direction at the elevation
of the ice condenser barrier is assumed to take place over
a distance of 18" (from elev. 743' to 744'6"), from 220,F
in the lower compartment region to 53 0 F in the ice condenser

region.

TEMPERATURE DISTRIBUTION IN ICE CONDENSER REGION

The temperature distribution for the shell in the ice conden-

ser region is also nonsymmetric, 140 F from Azimuth 3300 to
300 and 53°F from Azimuth 30 to 330 . This nonsymmetric temp-

erature distribution is also represented in the form of Fourier
cosine series as shown in Figure 6 and the Fourier coefficients

MADE BY CHKD BY By CHARGE NO.
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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.

RESULTS

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°0- 1800) 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 vertical dimension of 9". Stresses are shown
along the shell meridian at Azimuths 00, 300, 450, 600 and 900.

Stresses are also shown around the circumference of the shell
(00 - 1800 plotted to a dimension of 9u *' at several pertinent

locations. 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
which ice condenser region starts), elev. of centerline of upper
personnel 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).

Radial (fiormal to shell) displacement and longitudinal rotation
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 variable 
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.

The maximum circumferential 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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LoBIRMINGHAM DESIGN
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In the ice condenser realon the stresses 
(both meridional and

circumferential) are rather nominal. The maximum meridional stress

is of the order of 15000 psi 
(tension) on the outside face. The

maximum circumferential stress is of the order of 9200 
psi'(tension)

on the inside face and 5300 psi (compressioni on the outside face.,

These stresses occur at Elevation 
744V6" which corresponds to the

elevation where the ice condenser. 
reaton starts.

Since the stresses due tQ temperature 
are less than 11.Sm then the

stresses due to the combined loads will be less than the allowable

3 Sm.
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