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C . l LIST OF SYMBOLS AND ABBR&\;IATIONS
- )‘ .o £
A = Cross section area; in® (m?) - . —
Ay = Base plate or saddle area; in? (m?) s
3 Ar'= Acceleration ratio | | |
\ ) - Ag = Effective b‘o]f area; in? (m?) o
b = Saddle width; in .(m)
'y “d* = Saddle length; in (m) ’
3 ‘D = Outside-§hel diameter; ft (m)
g = Exéent.r]'city;\ in (m): .
| E = Constant modulus of eleasticity; 1b/in? (P3)
Ex1 = Joint efficiency ‘
fo = Cémpressive strerigth; 1b/inZ ‘
fn = Natural frequency; Hz |
F = Seismic later?l force; 1b (N) b
Fi,F>,F3 = Force reactions; 1b (N)
Fp = Four;datiqn factor ‘
' . Fe = Portion‘ of 1atera1;se1’smic- force applied at the centroid of a /vesseJ;
> b (kg) | / .
Ft = Portion of lateral seismic force applied at the top of a vessel; 1b (kg)
; g = Acceleration due to grav1:ty; in/sec? (m/s?)
; \ h = Shell thickness; in (n) /
5 1 I = }’Ioment of inertia; in* (m*).
Ip =/Imporjtance factor = 1.0 for l\lessels inqgenera]
B =/ Moment of inertia around axis x-x; in* (m")
r | Iy L Moment of inertfa around axis y-y; in* (m*)
. J /= Numerical reduction coefficient of base overturning moment
;g ‘ k'/ = Spring s~tiffness; 1b/in (kg/m) ;o

§ | A |
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. . | L
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k =-Non dimentional parameter = h2Y1$R?
K = Numerical coefficient that refléc
"% = Length of a bar or cantilever beam or a shell; in (m)
L = Height of a vessel; ft (m) - o .-,.
m = Mass of vessel or equipment; 1b (kg) S :
= Mass per unit length - ’
M = Bendihg moment at the base; in-1b (m-kg)
Mx = Bending moment at level x; in-1b (m-kg)
'Nx = gongitudinal membrane force; 1b (N)
P,Py,P, = Load or vertical force; 1b (N) ' -,
p = Distributed pressure load or design’pressure; 1b/in? (Pa)
Q & Seismic vertical forée;n Tb (N) -
R = Shell radius; in (m) N
s = Lever iength; in (m)
S = Seismic coefficient

Allowable stress; 1b/in® (Pa)

W
=1}
i

Bending stress; 1b/in? (Pa) ‘ ' ‘

wy
o
1§

Sc = Compiession stress;. 1b/in? (P3)

Pressure stress; .1b/in® (Pa)

w
©
"

Combined Stresses; 1b/in? (P,) .

wr
ot
u®

t = Base plate thickness; in (m)
T = Fundamental period; sec (s)
- Tyax = Maximum kinetic energy o
Unax = Maximum potential energy.
V = Shear moment; 1b (kg)' a
Vp = Minimum lateral seismic force at the base of the vessel;

w = Distributed load; 1b/in (kg/m)

=
i

Total weight of vessel; 1b (kg) .

- .

1b (N)

3
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1.0 INTRODUCTION

\ —~

" A ra —
'

’ ! R
Considerable knowledge has been gained in the last three decades

aboup the phenomena of ground motion, the chafacteristics of-structures
such as pressure vessels, and their behavior in earthquakes. In 5Hdition,
much has been learned about the response of various vibrating systems to

i
such motign... Despite this progress and coincidental development of earth-

quake design criteria and codes; the unknowns and’the‘complexities are
‘ [ . .

still so great that earthquake resistant design is not yet capable of

I3

complete and rigorous execution solely by means of mathematical analysis,

design codes, specifications, or rules of procedure. It is an art as well

as a science, and requires experience and judgment on the part of the

engineer, as well as sensitivity to the true nature of the problem including

the behavior of materials and structures subject to various types and degrees
. o ¢, .
of motion. Above all- it is necessary to have an understanding of the manner

in which a pressure vessel absorbs. the energy transmitted to it.by an‘earth-
o \ - L .
quakq<29d the maximum amount of motion or energy the pressure vessel can ?r,

sustain,

<

-

— It is intended that this report will furnish current information
pertaining to these topics and specifically tg the earthquake resistant

design of pressure vessels. g

[

The problem involves more than mereTy achieving an adequate design.

The objectives of thE design must be attained in the actual construction

of the pressure'vesse1. The development of design specifications and’

1

construction procedures for earthquake-resistant structures has been and,

¥~
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in fact, still'is an evolutionary process. A]thoegh most design §pecif%—l
cations or codgs involve the eoncept'of a statically eqdi&a]eﬁtv]atera]
' ’ < .

design fonce the appropriate choice of the equivalent static force is

. -

governed by the dynam1c behaV1or of the pressure vessel.  The design of

i

earthquake-resistant pressure vessels is basically a dynamlc and not a ¢

¢

static problem. For a workinq understanding of' the problem, one must

cons1der 1ne]ast1c deformation and energy absorptlon and must take 1nto

taccount the period of v1brat1on of the-pressure vessel and nature of the

/

resistance 'of the pressure vessel under a]l conditions to whmchﬂxt is

'Iike1y to be subjected. L §

/
4

The net result is that while the more or 1ess rigorous ana]yses are
very he1pfu1 in guiding the establishment of de51gn cr1ter1a pract1ca1
des1gn criteria at th1s time are 51mp11f1cat1ons of the comp]ex dynam1c .
phenomena into equivalent static criteria. From a practical standpoint, :

» . -+ . o ' . -
earthquake resjstance develpped consistently under simplified elastic

criteria, using static equivalent forces to prdvide a simulated envelope

of the dynanlc forces, shears, and momehts, is probab]y of greateg impor-

tance than h1gh1y analytical solutions (1], (21, f3], r12]

.
AR e ot <ot
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- .‘_ © . ., 2.0 NATURAL FREQUENCIES OF PRESSURE VESSELS
“?® o 4 ) LY
“: : ‘-J’ ) ‘ "‘ ‘ l ) ‘ » “
5 P The natural frequency of-vibration is an. important characteristic
Z o of tall vertical and Tong horizontal vessels, required in al] seismic
. : /analysis methods . ' )
o ) ' .
; . : Vertical, or horizgntal vessel can be represented as beams, which
. ‘ a ) )
could have several en configuration such as:
14 e ° . ’
= Simply suppprted
, o . . Cantilever
:" " K «' .“ ~ ” , e /
) ° . " Clamped - clamped’ -
’ S Clamped - hinged
Co * . This part will cover various methods for the computation of the”
r ‘ v . natural frequency and, the fundamental period of vibration, for the above
S ’ mentioned conditions (4%, [51. -
. ,‘l ' ’ r
. , , v
) . 3 ' D
oo 2.1 Axial vibrations at a bar of uniform cross section
E ' ' L R > , (; )
o .;/ ‘ © With negligible weight, loaded by a force "P" at one end, the other
, end being fixed, '(fig. 2.1.1), the natural frequency is given by
’ 2 - 4
e : . wp = \/% in rad/sec T : (2.1.1)
L el FLL (RS ke .
e ’ A fn T 2n m . 2w po 10 Hz , - (2‘]'?)
s ) o f . N ) * . .
= Y., ™ . o -. . . . " . ' \;" v‘
Ut 7 Do N ’ . . ' -
-~ ." . . - . v
L] i ” o~
w : . . '
A b Loid N - e - . e e
| R R TS, s i BN — — . s —
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‘ Figure 2.1.1 ..

L]

where k'= £ = spring stiffness . B (2.1.3)

) ‘\ P = load or force; 1b¥ (N) ‘ N . "

¢

cross section#area; in? (m?)

A

L

E

‘modulus of elasticity; 1b/in? (Pa)

— o g = acceleration due to gravity; in/sec? (m/s?)
- . ! ’ - /’r

% = length of the Bar; in (m) . - -

/ 40 . ‘ 4

® * The furidamental period, T, is

B . T
T E : | (2.0.8)

2.2 Latera) vibrations of a cantilever’bean
| i ) —*, ‘ . el
With a weight W mounted upon the end (fig. 2.2.1). The equafion for
S ~ the static deflection yo of the beam, due to the weight on the end, is

’oﬁiained from any book of strength of materials and is
B

: -~ X .
! , . ' -
“ } L ‘
1 . Figure 2.2.1 _
)
— q ’

s e ) o g a
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Where ¢ = Tength of tﬁe beam \ ' T
1
, 4 \ .
. % E = modulus of elastitity R
I = flexural moment of inertia N
W = weight of mass (m) . ‘ \
" yo = static deflection - _
( v i)

“ -t )

“The spring stiffress k'is tha force required to produce unit deflection,
eq. (2.2.1) can befrearranged to give _ /

3E1 ' '

e \ ¢ ) ? 4

=
y .

k'=

(2.2.2)

s|=

Substituing this value for k'in the equation for natural frequency,

eq. (2.1.1) produces

-

¥ (R [ ' . S
» wn = \[ 5 = Wq - g in rad/sec . | . (2.2.3)
‘ /
S g . ., ° -
fn = .4352 in Hz . (2.2.8)

‘Fundamental period T

— e

in sec : (2.?.5)

~

—h]
=)

oy

«

‘Note: For any sjngle-degréé-of—freedom system, in which the quanty W/k'

represents the static deflection of a spring due to the‘weight W
acting upon it, the natural-frequenqy equation yields, by sub-

/
stituing m = W/q:

o el e
v wn = Jj[ﬁ_: w']-E.: :yo (\2.2.6)

e et Lt ok gt
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4! SCH 80 pipe y

1

Substituing the value of yg from eq.:(2.2.1)

' N N RN 3 ‘
wh = \lye \/wz3/351 y \/ i | (2.2.7)

which is the same obtained in eq. (2.2.3)

\

Example 2.1 A vertical pressure vessel as shown 1n;fig. (2.2.2) is
sugpor&ed on §\Tegs and its weight is 1000 1bs. Each leg
A

is‘Nade by a 4" SCH 80 pipe and is anchored on a concrete

2 /

base. What is the natural frequency and the fundamental

period of one leg in the ve?tica] and horizontal axis.
. .

f . ‘\ ‘

SOLUTION

™~

cross seelion area A = 4.41 in?

moment of inertia I = 0.61 in*

a) Vertical axis v

v

Fl " )
For a bar of uniform cross section loaded by a force "P' at one end,

. jze other bcfng fized, the naturdl frequency is givé’;}/gy

L& ~ -
- In = an P
where Bpring stiffness K'= i—i q\
' - N
7 6 N
K= XTI X AL L g9 x 105 wpin N
o N T
. _ 1 \[1.9 x 10° x 386._ g
and [, = o\ 333 = 379 hz -
Fundamental period T )
o RV " -
7= =55 " 0.0026 sec * : -
noord  wm———

[

s i,

< v M e St
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*

o 28" Dia__
1000 1b

/
]

.
b) lHorizontal axic

4

Assume 1/3 of total weight applied horizontally to the end of a canti-

Zevér (fig. 2.2.3)

P =

C.vl’\l

For a eantilever beam of uniformed cross section, loaded by a force "P"

ac shoum at one end, and fixed at the other eﬁd, the statis deflection

Yo 13

a2

Figure 2.2.2_.

(1000) = 333 lbs

%
N

. p
= _Yl
e
27"
Figure 2.2}3
\

W3

Yo = 3T

a

L 93

o e 4 d
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erom ey

and natural frequency is

E. ——
Tn = 2u m yo
. ,{ \Fs(sc)xzo) (9.61) (386)
-n wz 2n 333 (273) "

36 la

"fn
s, 5

Fundamental ééfiod T

o 11
= = 0.028 sec.

* 2.3 Differential equation for latenal vibfation of beams

In order to determine the differentia] equatiion for the lateral

vibration of beam§: the Euler equation “for the beam can -be usgd [4]:

\ !
Consider the forceiland moments-acting on an element of the beam ,

*

shown .in fig., (2.3.1)

N\
Yy /( .
p(x)dy
e
V+dy M+dM

ARSI s b Q— ' ‘\_‘

Fi%ure 2.3.1

UV U0 0

i a2
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\
V and M are shear and bending moments, respectively, aqd p(x) representsu

“the loading per-unit length of the beam. By summing forces in the y

direction.

/

e /dV\- p(x) dx = 0,

By summing moments about aﬁ% points on the

right face of the eleméné

A

dM - Vix - 1/2p (x) (dx)?

In the Timiting process these equations result in the fo]]o@ing‘important

relationships

The first part of eq. (2.3.3) states that the rate of change of shear along

~
the length of ‘the beam is‘equa1\to the loading per unit length, and the

second states-tHat the rate of change of the moment along the beap is edua1

“to the shear.

From eq. (2.3.3) we obtain the following

[ Y

M dv |
dx® T dx ~

Theybending moment is related to the curvature by the flexure equation,

which, for the coordinates indicated in fig. (2.3‘1) is

M= EI -

Substituting this relation into eq. (2.3.4), we obtain

dz

dx2
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~ weight, the 1oad per unit 1ength is equ91 to the inertia load due to its N

- Where g—fs the mass per unit length of the beam.

WWWMWWW —
\
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For a beam vwbratlpg about its static equ111brium pos1t1on under its own

mass and acceleration. Since the inertia force is, in the same direction

as p(x) as shown in fig. (2.3.1), we have, by assuming harmonic motion 1 )
v . } , . . ;
o - B '
p(x) = g w (2.3.7) i

Using this relation, - ;

‘ «f
the equation for the lateral vibration of the beam reduces to é
2 d2
o (ELEH - %imzy =0 (2:3.8)
"f , ) -
4
In,the’specia] case where the flexural rigidity EI is a constant, the /
above equation may be written as
. \J r
dy W B -
El qxr~ g y.=0 - (2.3.9) '
.’ ‘\ Ay
On - substituing
Wow? ) B
y o0 W
k 9 E ) (2.3.10)
. /\ é’_&'
We obtain the fourth-order differential equation . ﬁ
d* " ' N ' = ‘ T F J
Sh -y =0 C(2.3.7) ‘
for the vibration of a'uniform beam. |
The general solution of eq. (2,3,]1) can be shown to be
y = A cosh kx +.B sinh kx + C cos kx + D sin kx (2.3.]2) ,

To arrive at this result, we assume a so]g}ion of the form '

y = edX




-1 - .oote

which will satisfy the diffential equation when

a = tk and a = *ik . R
, .
- Since ‘ .
ethv = cosh kx ¢ sinh kx 7 . . )
+3 . L .
e,1kx‘: cos hx = 1 sin kx

-

the So]utioJ in the form of eq. (2.3.12) is readily established. The -

natural frequencies of vibration are found from eq. (2.3.10) to be
. ‘ ! \
on = k2 \[LE - (2.3.13)

a

Where the number k depends on the boundary conditions of the problem.
o - -

For a uniformed beam clamped at one end and free at the other the hatural

" 3

L frequencies of vibration can be determined as folldw:
. . . \
b _The boundary conditions are ] . JO -
; . ) y:O ‘
} ‘ at x = 0 ;. ! y ' B
I . dl_ ) .'
' [dx = . A
. r d2 ) _ i ’
[ - . . M=0or H§%'= 0 2
Toat x = 44 \
b l lV-Oor—d—%=0

e

' C L Wgg=AC=0 L A=<C ) ‘
- @Yy =kiAsinh0o+B cosh 0 - C%in 0 + D cos 01, =0 :
/o~ . o < dx x=0 - v . x:o ‘/v' -
H - . . ,
K18 +D) =0, «B=-D B
"\ .
"; / ——

T —
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\ o . | ) .
o 2 i . .
- , (g§¥)x_2 = k% [A cosh ke + B sinh ki - G ¢oskz - O sin kel =
- / ! B
A (cosh'k% + cos k&) + B (sinh k&,+ sin k&) = 0
1 T~ h
' d3 s . - “ =
H—¥ = k¥ [A sinh k& + B cosh k& + C sin k2 - D cos k&] =
X x_-_9, /
@
- A (sinh k% - sin k&) + B (cosh k& + cos k2)*= 0

YR

¥..+ _ From the last two equations we obtain

' " Cosh k& + cos k& _ sinh k& + sin k&
Sinh k¢ - s1n ke = cosh k% + cos k.

Which reduces to
/

Cosh k2 cos k& + 1 =0

-

\
/ (2.3.14)

This last equation is satisfied by a number of values of kg, corresponding

(2.3.14) )

kng = (1.875, 4.695, 7.854, ...)

2

" to each normal mode of oscillation, which are the positive roots of’ eq.

»

(2.3.15)

4

4 q

. . )
. The lowest natural freqﬂency for the first mode isthente given as

- ‘ s ~_§;5 \, gEl _ 3. 5]5 9~I (rad/sec)

The fo]]oﬁing table 1ists numerical values of (k2)?

conditions.

N
B o i R Y
@

E

(2.3.16)
oD
for typical end

- s
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:

Beam configuration (k12)? (k,2)2 (k3f)?

Fundamental Second mode | Third mode

@

Simply-supported | 9.87 39.5 88.9 -
Cantilever 3.52 22.4 61.7 v
. B : ,:L‘ »
Clamped-hinged 15.4 50.0 104.0
' A :

Claniped-clamped . 22.'4 - 61.7 121.0
From eq. (2.3.16) P :

. 3.515 ,[gEl . ‘ '

fp = gk = 222\ [ in ops (2.3.17)

This method is limited to very simple vertical vesselsiwith constant wall

thickness and constant weight dis@ribd@ion over the entire length of the

vessel.

Exanple 2.2

N

—

\t
A fractionator tower is 36" diameter and 73 feet heigh.
The tower material is SA-516, Gr. 70, ard thé thicknesses
/ 2 «
for the pressure part and skirt are identical (7/16").

Theitower operates at 350°F. The operating weight is
. ?
64000 1bs. Find the fundamental period of the tower when

\

erected? Y

L.

T D, I Bt

-

.
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B SOLUTION ) \ )

-

3 ’ . '0 N ) » * . - »
Assuming the following uniform cantilever beam conditions shoun in
w \‘

fig. 2.3.2

64000 e 4 , , ]
W SEgg L Lb/in ‘ o / o

e ' '

For carbon—steel at 350°F - C.

E ® 30 000 000 psi s T
For thin wall vessel. ’

— . ! N
I = wR%
)
o I =7(36)% (.437) = 64053 in" .

u.sj‘ing eq. (2.3.16) . ]

w= 73 1b/in
_ I '73'_0"____‘...! , .

'

ANNANNNNNN

_—

Figure 2.3.2

.

the natural’ frequency for uniform cantilever beam is- -
. S ' (
nr 7
wp = 3.;1.) Q,EI ]
Ay \
_ 3.h16 (386) (30000000) (64053)
T T T7ExTR)” 73
1 N s .
- - .r,.‘."s.' e’
wy, = 14.60 rad/sec. . YA
. A
A /
- j
k—A) - s ;_‘_ L - - ol Snnsesns i s —
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-2.4 Rayleigh's method -~

3

- - .

In the caée—of vibrating beams there may be many masses involved or
the mass may be distributed. A separate differential equation must be g
written for each mass or element of mass/BT any system and these equations
solved simu1£aneous1y if we are to obtain the equations of motion of any'
multimass system. It is clear that the mathematics of such an ?pproaéh

l

would be overwhelming.

14

Here we shall present an energy method, which is due to Lord Rayleigh,

because of its importance in the study of vibration (5]., ~ ‘ \
\\\ /\ 1/ co. s E
It is probable that the equation h -~m\/ :
) ‘ T i
N : {’
on Y = TR |y, » ,
first suggested to Rayleigh the idea of employing the static deflection - '
to find the natural frequency of a system. - o :
. -~ | S {\L[D
If we conéider a freely vibrating system wi thout dampingﬁ then; . s

during motion, no energy is added to the system nor is any taken away.

Yet when the mass has velocity, kiﬁetfc energy exists, and when the'éﬁrjng ) \\

- -

"is corlpressed or extended, potential energy exists. Since no energy is

added or taken away, the maximum kinetic energy of a system must be the
same as the maximum potential energy. This is the basis of Rayleigh's

method; ] ‘ .. R e
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Tnax = Unax S . (2.4.1)

~ . . ! N , i

Ih order to ‘see how it works let u§ apply the method to the simple system

r . %

///“ ~of fig. (2.2}1) of this report. Assuming thaE.the motion is harmonic and
) . :
. . of the form
Y =yo sinupt ' - (2.4.2) .

e

The potential energy is a maximum when the spring {s fully extended or

p ‘ ‘ compressed and occurs when sin wpt = 1.
T - Hyo o :
* Unax = 7% . i - (2.43)
- ' - ?

The velocity of the weiéht is given by

\
' . “

‘~‘— ‘ '3—% = 5’ = yo (.Un CO0S (.Unt - ‘ (2'4'4‘) /

. The kinetic energy reaches a maximum when the velocity is a maximum, that
.l (14

is, when cos wpt = 1 v . .
- . . //
. : 1 2 w )2 \ " ' -
.o Tmax = '2" mvmax = 2'9 (yown) B . (2.4.5) .
l/‘ . . , i \ . ?
Equating fhe kinetic and potential energfes, the fundamental frequency S

N e

of the system is determined ‘ ‘

[y

Tmax = Umax ' . \
1 ' ’ ) o

2 _ Wyo ‘ C
:2\ .

. W
. 29‘ (Yan)

.

. ' B + x ) . -
2.2 _ ) L=

Yo'tn® = Yol . - '

r ° - ’ ; '
: ~ g =[O : “ 2.4.6 e
wp, Ve o ‘ | (2.4.6) ' /-

Which is identical with equation (2.2.3).

i
i
1
; ' . . % . X .
: . 4 . } .
. ‘ ] . i . .
. - . ,
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Ra'y]e*igh sﬁ‘o)yed ‘that this proceduré can also be applied to systems of

higHer degrees. of freedom providéd a reasonable diséribution of the de-

Pd

flaction is assumed. -
. - Fi

»

It is true in multimass systems that the dynamic deflection curves ;
2 - J

are not the same as the static dleflection curves. The impoftance of the

‘¢- 1 iy
method, however, is that any readonable deflection curve ¥an be used in

the process. The static deflection curve is a reasonable one, and hence

it gives a good approximation. Rayleigh also has shown that the correct

- curve will alwa)s give the lowest value for the matural frequency. This
. is to say, that if many deflection curves are assumed, the one giving the
¥ >
- lowest natural frequency is the best. e
. . 2.4:1 Simply. beam vibrations ! 3
o '( M'In this section we wish to extend Rayleigh's method to beam vibra-
"'tions f41. =~ Co- ‘ - . | . ?
. Letting m' be the mass per unit length along ‘the beam and y the am-
.plitude of the assumed deflectfon curve, the kinetic energy is expressed
- ' by the equation. ' n ' .
’ ) : : ' A
¢ K C l zd ') 2 . ¢ . : ' o ' '
. ;& Thax = 5 0 é my dx . (; (2.4.7)
The'pofentia]'energy of the Deam is determined By’the/work done on
_ é
the beam which is stored as elastic energy. !
< , . - - P
) o | W 3 | ,
. Letting M be the bending moment and 6 the slope of the elastic curve,
N - M v “
. the work done.is equal to
|' ) » I ) .
v ) U= '2"'../' Mdo ¢ .
. ‘ ) »
o »
— . , /
. e - /.) o
R i . C n):‘- . v . v e e e -
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Since the deflection in beams is generally small, the following geometric
L S s

relations ave assumed to hold, fig. (2.4.1) »~ -

Ao dy 1 _de_ diy
8= Gr >R dx " &

Figure 2.4.1 [

. Cbk'

In addition to.these relations we have, .from the theory of beams, the

" flexure formula . N 3
1M
R EI

. / — S,
. Where EI is the flexural rigidity of the beam and R is the radius of

. curvaturg.
Substituing for do and 1/r, 7 .
q - LY
[ P LA Y T LIV s Yool
Unax = 3/ g dx = 5 ['EL () dg " (2.4.8)

Equating the kinetic and potential energies, the'fundamenta1-fregyency of

the beam is detremined from the equation . ’ g
2,, 2 ‘ o .
Per () d
: _ , (2.4.9)
2 . .
i R émy dx " » ' ' . ~b"~ . )
Substituing W/g = m', eq. 2.4.9 becomes
\.- ”~ s
. '.’

o bt G
.

%
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SUEn () dx | '
w2 = T (2.4.10)
T y? dx !
o 9 . ;
. . -
- ¢
Example 2.3 An horizontal. vessel is simply supported of uniform cross
section, shown in fig. (2.4.2). Between vessel suppdrts {,ﬁ
g ¢ _

. the distance is 65'-0" and the diameter % 36 in. Its

thickness is i" plate of material SA-516, Gr. 70. The

* b e it

. operating weight if 64 000 1b. Find the f"undament'a] natural
“ frequency of the vessel?
SOLUTION Ty ’ ) - {

)

—~ T

- = —4———’/’1 - N h ' |
e
N‘,;’ ‘)a(.v_ :
5 lyoe 65'-0" J .
/ ) 1 ’ 4( ' ‘
‘ Figure 2.4.2 * ' \
“ ‘ N ‘
We asoume the defleetion to be represented by a sine curve as follows o b
y*= (yo sin -“-‘;—) stn wt / ~ :
: ‘ 0. axy : .
. o
Where yo is Lhe maximun deflection at mid-s’pan.'\ The second derivative
then becomet ' U ' §
. s e
2 . . : g
g?nlzi: - %)2 Yo siplr%sin wt \ o , .—s
. /4

Substituing into eq. (2.4.10) we obtain

a '“’1

A

/ ' '
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i

= mR% = m(36)% () =

_ 64000 _
= Boxid - = 63 Zb/zn.

i, .

Lo

) /,f ~

L= 65 % 12 = 780 in.

4

) L
; ks j'c_.z'ﬂ'x
X ‘bw:EI(R) o §n er
W I?' il
5 Osinz—zdx
2 _ . ghl’
. wh = T

Where E = 30 000 000 psi for SA-516, Gr. 70

73287 in'

Natural frequency oj‘}the vessgl Wy

\V’Z—?i

+

6o rad/ ec.

By

Fundamenlal natural frequency
* {

' ‘= ﬁ)ﬂv__'_(L(}_; 0 5 I
fn 2_n_ - 2’", -)‘.() [Iu

e
b

= = = —= = 0.100 sce.
)

e T
1
:'ﬁ
1
)
~

Example 2.4

oA

-

towerT

i | , ‘ . and Lhe fundamenial period T

386(30 000 000) (73 287)w"
63 (780)"%

¥

o

e b AR 1T st

Cénsiderlthe fractionator tower of example (2.2).

P

By

e b )

4

using Rayleigh's method, find the natural frequency of the

n

—
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SOLUTION et

Asswniﬁg the following uniformed cantilever beam in fig. 2.4.3

. 4. . \
_ 64000 _ : ' ’

= TIxI8 - 73 lb/in

E = 30 000 000 poi
S L= g81-0" X 12 = 876 dn.

I =64 053 in* ,
= 73 1b%in ‘ /

LOCL L L
]

;.-______73'-0"_-_-_-q.J “

37 .
Figure 2.4.3 '

Also asuwmng here that the amplitude of the beam at any pomt x 18 given

Yo -

NN T

with .,uff'l,uent accuracy by the statical deflection curve of a massless

cantilever beam wilh a concentrated load at the end. W
. :

¢
{

Writing this cqualion in the form
/\\,”’N/

y =ty |3Fd (”) ]

N\ 1
Where y, -\/:19 3 Lhe wnplztude of the free end.
. ) P ':I .Vf .
S k= 7 = F_ the stiffness at the free end.
0

The polenlial enerqgy which is equal to the work done, is then

A

= Lo, 20, onk
Unaze = 3 Kip =

t
;‘%jmault can also be found from the equation

! oo, I y
{
s ' \
) , .

#

A M D 2
N

wn o
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:} L A%y 2 ., B
'”max=§£EI(d—x‘¢L) dzx : :

The kinetic energy is next determined by integrating

2

VI L. 2
Tmax’;}ggwy dx

_wl o eyt R : gy
=g v LR - @

_ _1_ 33wk 2.2 ’ @
Tmax = 3 (45 g7 Y %o

The above equatioﬁ indicates that for the assumed deflection curve, the

continuous beam of w lb/ft is equivalent in vibration characteristics to

that of a weightless beam with a concentrated weight (g—g—oﬂ&) at the end.

-

A

Equating the two energies, the fundamental frequency of vibration in

[ s

radians per second becames

2 3 —,
wy = (8 BI/L )G . 3 54 gEI/wl*
.33 wh
140 .
Cw en | 386(30-000 000) (64 053) _
Wy = .56 \/ 73 (576)7 = 14.79 rad/sec.

fundamental nalural frequency fy

o

: /
W, 14.79
’_fn=g—:f= s = 2.35 cpe. .

Sundamental pm’:iod T ‘ , ‘

Note: The exacl solution for this'case is given in e:;:ample (2.2) by the

equatlion

!

Ca e Aaa KBRS
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i deflection of each mass according to the equation,

- 23 -

3.515 \/gEI/wn" = 14.60 rad/sec._- R ‘

W) =
‘a - f1=2.82 cps ‘&" - ' ' ) |
T = 0430 sec.
| L
In general, the deflection curve assumed for the probfem should satisfy i
the)boundary conditions of deflection, slope, shear, and moment. These

conditions are satisfied by the static deflection curve which generally

results in a frequency of acceptable accuracy. p

- H
. $

2.4.2 Vibrating beams with lumped weights ) (%

b3

Rayleigh's methods may also be applied to a beam represeﬁted by a ,

series. of 1umped'weighfs Wi, W, W3 ... Wy, by assuming as before, a

-~ -

Yn = Yon Sin wpt ' (2.4.11)

The maximum deflections are therefore Yois yoz,‘yog, ... Yon» and the

maximum velocities are yg1 Wy Yoo Wps Yo3 Wns -+« Yon @n:

bl a

The maximum potential energy of the system is
, A

' . .

Uma)( = ]/2 W1 _yol + ]/2 W-,_ -YOZ + ]/2 W3 -yo:i + v :I' ]/2 Wn _yOn >

N : ~

BERA =5 L. Wi yoi , 2.4.12

max = 7 ;% Wi Joi -y ( 2)

P
The maximum kinetic energy is :
\ N
vr/' T T N l__w'z 2 ,]___w 2y J—-W 2 2
- max ~ gg,wl Yor Wn + 5 W2 Yoo Wn * g W3 Yos wp + ...t 2g "n Yon Yn
-
il o oy2,
o Tmax = 3g iE] Wi Yoi C . (2.4.13)

-
~
=
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Applying Rayleigh's principle and soTving for the naturq] frequency yield

_ g XW'inj R l . ¥ !

wn = 4 zwiy01 | (2.4.]4) 55

: Coe L1 g Miyei - B ’ !

~ : or  fp=7; IWiY5i S (2.4.75) %
' There are as many natural frequencies in a multimass viprating system as ' 2

there are degrees of freedom. Thus, a three-mass lateral system will have i

three degrees of freedom and, consequently, three natural frequencies.
, ‘

Equation 2.4.14 gives only the first or lowest of these frequencies. \

The deflections of a beam, Yoi1» Yoz» Yo3

. Yon, due to concentrated
Toad Wy, Wy, Wy .

.. Wp, can be found from standard handbook deflection
formulae. The deflections at the loads can be obtained using the principle

of super-position of the effects of all loads L5].

2.4.3 Vessels with different wall thicknesses ﬁ\

For vessels with several different stiffness sections, Rayleigh's

—

v, méthodlcén be used. This method lgnds itself to automatic computétion
using programmable calculators or compu

tors.

For a cantilever beam, the deflection curve taken as the arbitraty
function which must satisfy the bodﬂaary condifions of the system is

J
Y = ¢ x* (627 - /4axs+ x?)

| - , (2.4.16)

The kinetic and potential energies for this case are,

o1
.
)

r—\ =




=
‘ ! 3
’ !
- 25 - ;
* !
. Tmax < -}wz rmy? dx | . (2.4.17) -
. o / : ,
1 L | d?y,2 | . |
Unax = 7€ LT (5 dx - (2.4.18)
7 _ //
Equating eq. (2.4.}7) and (2.4.18) . |
/ E
The natural frequency is , o %
2, 2" ",' " - ‘ 1:1
{1 (G o 3 i
; . . w? = E ; . . ’ (2.4.19) 3
. S [ my? dx 4
- 0 @
: H
W ' !
» Substituing m = a-and splitting the integrals into sections with constant . :
Toad and constant moment of inertia, © . 7 ) .
2 d2y.2 ' 9. d2y. 2
LN a0 ED we
w?® = Eg ) ’ ' (2.4.20)
wé yzdx+(w1—W)£' y2 dx ¢ ...
N
N Substituing (2.4.16) and differentiating as indicated
! : 2 2 . R ’
o MED axsraacer M on e axs - Bz (p - )8 (2.021)
0 X 0 S '
. é”-’b'yzd“cchj”'i X (627 - 4% x + x2)? dx
. - L= C20i% (7.20% - 8274 + 417057 - 227 + ") (2.4.22)
L] - f
Expressions are obtained which can easily be programmed for a calculator
with limited storage capacity because parameters of each section of different I
e stiffness can be expressed in terms of the parameters of the adjacent
: section 16). ) ‘
o - J .
5 i .
RS ) .
| \% >
e
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.- 2.5 Method of influence coefficients [4], [7]

.This metﬁod is also used to find the natural frequency of a/system of

]ljmpecf masses. Phe equation of motion for such a system in matrix form is
(ml L§1 =~ {K] [y] . (2.5.1)

2.5.1 can first be premultipled by [K™'1, and with the assumption of harmonic

motion ¥ = -1y, where X = w?, we obtain th’é equation

(A" - A7yl =0 ’ o+ (2.5.2)
The matrix [A™'1 = [K™YJ(m] is the flexibility mdtrix (al o
. _ -
G TA YT = (K im) = ral - : (2.5.3)

/

.. Equation 2.5.2 is an abbreviated form of the equations of motion formulated
on the basis of the flexibility influence coefficients. The ﬂexibﬂity"
influence coefficient aij is defined as the displacement at 1\due to a unit
force applied at j. With forces f;, f, and €; actifg at stationsgl, 2,
and 3, theﬂ principle of superposit’ion;an be applied to determine  the

displacements in termes of. the flexibility influence coefficients.

yi = anfy +.a,2f + a1,

d E .
31 Y2 = a2lf;1 + 82,F; + az3f; ¢ (2.5.4)

a N

<
(")
1

= asfy + a32f + a33f,

and [al the flexibility matrix is

dyy ap2 Ay L. ’
lal = | ag a2z ags| ‘ (2.5.5)

d3) d32 dj3

PTARNN
S g R L B

s
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Assuming harmonic motion and replacing the forces fj by the inertia forces
ok

-mi¥i = wimiyq . (2.5.6)

3 ~

Eq. 2.5.4 then becomes :

‘Wl ' Jay M. apgMy  ap3Mg Y1
- 2
Y2 | = w* Jazimy azamy apamy Y2 (2.5.7)
1y A3y daMp  aj3My Y3
. - N ' ¢

- This matrix ¢can be evaluated for w? ﬁsing an iteration précedure. The
jteration procedure is started by assuming a set of déf]ectggns for thé‘
rigﬂg column of eq. 2.5.7 and performing the indicated operation, which
results in a cofumn of numbers. This is then normalized by making one of
the amplitudes equa] to un1ty and dividing each term of the column by the

. ’ ;artlcular amp]wtude which was gof;a11zed The procedure is then 4épeated
with the normalized column until the amplitudes stabilize to a definite

pattern.

A

The iteration process coﬁverges to the lowest value of w?, the fundamental

frequency or the lowest mode of vibration.

In order to apply this'method of influence coefficients to vertical pres-
sure vessels, we must find the deflection coeff%cient of the system thought-
ta béxin‘horizontal position, cantilevered from its base and Toaded by its

:

own weight, fig. (2.5.1).

4. S
4 V;J . W2 Wx‘e‘
| \ P
ZHEI Le I
; 1 e 4 b
7 \ )
§2 Load diagram - (

. - Figure 2.5.1

S
.

s

-
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Secondly the M/I, diagram fig. (2.542) is c‘b"n.s_tructed' assuming a constant

Jmodulus of elasticity E. ' ' . ;

M/1 diagram
Figure 2.5.2

V4

r /
Then finally by finding the equiyglent shear diagrdm, fig. (2.5.3) and

1

the concentrated Toads at point, 1, 2, and 3, fig. (2.5.4) produces the:

equivalent Toad diaaram

Vd

it

« Equivatent shea%’diagr‘"amm °
‘Figure 2.5.3

,.P;' - ‘ P,

Ps

AN

“‘Eguivalent load diagram
Figure 2.5.4

. ’.\
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/ Example 2.5 . Find the natural frequency and-the fundamental period of
Ay h . ‘
the fractionator tower 54" dia. and 140 ft. high for the
plate thicknesses and loading conditions as shown below ) -
Gy \ ;
| -
' xR Wy = 26.5K
7716" —= . (DI 55'-0" 1= v
’ e . y “
: I, = 27020 in®
L= 4 e «
7 = % L ’
\ o
| - &
BE -
: it l I o~
e el B 30'-0" o Wy = 151K
l
: I, = 30920 in* )
| ‘®I e
140'-0" -
| t ]‘ v . ' R
- , l _ , . A
[Lpg—
5/8" =" (3] 300" My = 16.9" " ,
| I, = 38650 in* 5
| , . ﬂ
I . l \ ‘., / .
N , '
3/4" ——-r— @I - > ~ ‘,“'a +
- RO} ' LS
o 15 -0 W, = 10,2 A
-54"dig - A
r | 'ﬁ I, » 46380 in*
|
\\~_/
| Wy = 676
) . 'l I_Oll . N ] M
Al i 4 \ .
| —-— - TP | - | ’

Figure 2.5.5°

h o N
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Mg (26.5) (B2 50) + (15.2) D) = 1750 £t - K

2

Bending moment at point' c (1
¥ -

Mo.= (26.5) 2+ 50+ 500+ (15. 1 (5% + 500 + (16.9) (3% = 3252 £t - k

Bending momam‘oinl; D..

3d

1

b 6—— + 15) + (10.2) 6——) = 4206 f% -k

Bending moment at point E

[
t)ll)

g

Mp = (26.5) (5= + 30 + 30 + 15 + 10) + (15.1) (—+ 30 + 15 + 10)

30

o)

+ (16.9) (

The bendmg moments are (:hen mult‘z,plwd by L g follous,

\

I, . 27020

7; " = 5020 (729) = 637 ft = k

+,15 + 10) + (10 2) (

{

30+30+15)+ (15.1) (—+ 30+15)+(169)

v 100 + (6.7) (%) = 4926 £t - k

- . =30 - & \
SOLUTION , \
) 10.2¢ )
6.7 i ]6.9‘ s % ]5.]k 56 5k /!
@ v . ':
L]
E D’ C B A - ”
, T ’ | t ] <o 1 1] ' [} " t "
| 10" -Q" ——— 15'-Q - ‘{:\30 -0 - 30 -0 . 55'-0
Figure 9.5.6
;
Bending moment at point A : ) R s /
My =) (26.5) ( %) = 729 fit - k A
BrAding moment at point B | { @

s

.

' | J\

et s
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. ~ 22 y " o
- » N 9w !
' 4 . Ry \ 5 f
P o ST ‘ T %
. \ ,
. . -3 - ;
“‘: ' N ' - ' N ’ . . 1
Lk ) » = 3
: ’ i
T 27020 \ !
% % 5-—Lc D mm— g = -
T MP' =550 (1750) 15‘30 ft -k _ ,
8 N e 1
k‘ ¢ - . - ‘
I N _ 27020 _ .
A o Mg = 3ggg, (17500 = 1223 ft - & .
\ v (
; ( * . |
; . I, _ 27020 ) e .
&Ia Mo = Spasg (3262) = 2273.ft - k
3 & .- L - ’
& "Iy g, . 27020 - _
f Th Mg = Sagoy (3252) = 1894 ft - K
| £ :
g N Ay ~
I 27020 - ) J
N T % * Gse (4306) = 2450 ft - k -
A - * . ]
. CIS . L 27020 L upny L J o :
N T Mp = Ggggg (9926) = 2870 ft - k , ‘
Lo !’ ) : .
X . . . and plotied; sec ff (2.5.7) p
v )
.-
o
‘,”. i
AL
@ o- 'i . ( ./
T ? -
I s "
|
‘ Loy
7 é~\ . R
\ I
i »
', oL
b Co M
. PR Bending moment diagram T (I
. M /
B o Y e -7+ Figure 2.5.7 '
* . . . oo
- o Q‘ m —t R , - F\..
[ e b ‘—; ‘; A‘M;;AM_:A —_— — ! o - - . - -




‘ - " |
i
] 270(2152080 24 gk ‘ ) :
) - 2080-680 _ 23 '33k
. SO 60 ' 680-0 _ .
) T = 16.58 .
\4 : / T N
~ 24.8K 23.33k 16.58k - |
(; - ’ // 1 ! ‘
1 n
-.—_251_0n~ | . 60|_0u Eikﬁ 4] |_0u -2——-0 '
Equivézlent shear diagram |
Figure 2.5.8 ) . T |
. 3 1‘
- P, = 1.47K P, = 6.75K 16.58¢
A | ]
7 :
} ? ' ] J '
7 -
/ * /
-/ Equivalent beam diagram
¥ Figure 2.5.9 .
The defleétiori coefficients azgs using the equivalent system, are deter- <
mined from handbook deflection formulas
* L ;2 %
aij = 6'EI (3% - %) = aj; ;
, ‘ _2(25%) (12%) _ (3.0) '(10°%) _ o
, a1 * 6LI 13(25) - 2.)] (12 ) = ST = i | R J
) ' _ 2(852) (12%)  (353.7) (10°) §
‘ fzz = (’L'I [3(85) - 851 (123%) = GET = =T . ‘
®*
‘ A 1?6 3, _ 2(126%) (12°%) _ .(114330) (10°)
asd = =7 r{(lzc) - 1261 (12°) = GET = TN
‘\
- - - 52\ (41.4) (10°) |
' ayz - dz) = GEL 1\3(85) - 25.] (12 ) = -—-—'—E,T———— " .
2! (6350 (10°
;' dy3 = Q3 = mj_r [3(126) - 251 (12%8) = "EI )
.67) (10
azs = asn = 92 130126) - - 851 (12°) - (608570 1007 . _
» i ’ .
*

¢ e et i
-
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33 - , 4§
LA
w: .
\ [-yql] = ﬁ? [(11,J Pq,][yi]
i » 1 0.0132  Q.2794 1.0535 Y1
(1012)? ”
Y2 = g 0.0608  2.3874 . 10.1083 Y2 ,
Y3 “ '9.093¢  4.1153  18.9509 vl ys 5/
. - - - qe‘ i »
] . e !
- *
To find [y;] we assume a vector, say'[/l,él, 87 and multipz_lyq it with . %
” laij Pi) . Q g
- - , ' ' ’ :
0.0132  0.2794 1.0535 | | 1 9.5588 1.000 :
[ 0.0608  2.387¢  10.1083 | | ¢ |=| smers8 | = 9.5588 9.4553
. 0.0934  4.1155  18.9509 | |8 | 168.1618 17.5924
11,0000 /
- ; Rapeating the procedure with the new vector | 9.4653| leads to
) : . 17.5924
T 21.1914 1.0000
i ) e . ?/ (102 ) . (21.1914) (10*2)w?
| e ya | = —gEI—/ﬁ\ 200.4875 | = ST 9.4608
.o 1ys 5 372.4378 ' C 17.5749 .
° ) R “ '\ - (‘,}“
| ; Yo L3 : B
b o T (21.1914) (10'2)4? —~ . SO ‘
- , : qEL Y2 o k
! : ' Y3 . .
‘ ‘. ‘ ’ - ) o
a ~ . (21.3914) (19%)w?
) - gET - ) e
L) ,
a 1
: _ [ (386) (29) (10°) (270209 _ )
‘ LW \/ (1. 1974) (10%%) - 378 rad/sec .
,' ’ A
¢ w__ 3.78 _
E fn-gﬂ--é'r-r— 0.60 =z ‘ .
o d oo 1 )
‘ I = T 060 1.66 sec
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2.6 Natural frequencies of cylindrical shells ' /

-

LEISSA's [14] (15] work contains a comprehensive presentation of

available results for free vibration frequencies and H%de shapes of

S

cylinders, in a format which can be used directly by a design engineer,'.

whenever natural frequercies of pressure vessels are required for seismic

analyses. "

LEISSA cdmpares the results of various shell theories, with those
from exact, three dimensiqna] elastic analysis. In\addition to the dif-
ferences between the various theories, simplifications are often made %n
the resulting equations of motion or the characteristic (frequency) egua-
tions. These simplifications include, among others: neglecting certain
sﬁa]] terms in the equation of motion, neglect of the tangential inertia
tefms, finedrization of the characteristic equations, and géauming that

the -wave Tength in one direction .is considerably longer than in the other.

4

The mode of the fundamental or lowest frequency of a cylindrical
shell of finite length is generally not at all obvious, since the cbmp]ete
frequency spectrum is determined independent variation of four (4) para-

meters:
o/
The*number of circumferential waves,

i

the thickness-to-radius ratio,
“the length-to-radius ratio,

Poisson's ratio. . <

‘

Shell vibrations.die more complicated than plate v{prgtion§, because

R

bending stresses of a shell cannot, in general, be separated from membrane

stresses. Thus, fhe c]qssical»ﬁéndjng théony of shells is govefned by an
/ L3

TS 3| i ey SR MR TRt b s
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while the corresponding plaﬁs,ﬂending gquation is only\of the fourth order.

Also the bound&ry conditions for shells required by .the tlassical bending

two oflits oppositq edges. The number of possible problems which can then

can exist on the remaining two edges, is 10. For a cylindrically shell

- shear diaphragm (SD-SD)

- clamped-free

S
Consider the closed circular cylindrii%] shell of finite length £, )
with Eircular caver plate at\each end, see fig. (236.]). The plates would
have considerable stiffnesses 1n‘fheir own p]anes; thereby restrgini g the
vand w compohénts of shell displacement at their mutua]/boundaries.
However, ghe p]étes, by virtue of their thinness, would have very little
stiffness in the x and u direction transverse to their planes; ébnseq ently,

——

force Ny in\the shell as the shell deforng.

3

they wou]dCiierate a negligible bending moment My and longitudinal membrane




Figure 2.6.1

L

/) Consider the|closed circular cylindrical shell of finite length
h

aving displacements of the form

T
=
]

A cos As|cos n@ cos wt

kS
<
1]

B sin As|sin n0 cos wt : | C(2.6.)) —

C sin Aslcos n6 cos wt . .

=
]

Where A,/B, {, and XA are undetermined constants, n is an integer
/ for closed shells|(see fig. 2.6.2),"and w is the frequency of free vibration

in radians per setond when the mass density p is expressed in units involving

. seconds. By takipg one of the set of homogenous equations, (from the’

; ‘ Donnell-Mushtari [theory, for e%amp]e); the .equations of motion can be

7

. written in matrix| form as shown in equation (2.6.2). ;///////////
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2 2, 2
_(1;\:‘) n - (15\)2 -t 9_(1:_\1_%5,&9_] - [ IBl=]o| (2.6.2)

[+ k(aeene) - POVORWT, el =) }

n
[~V \ 1L

2

. Where k = h?/12R?

4
v = Poisson's ratio ) -~ \

Y

For a nontrivial solution, the detreminant of the coefficient matrix in

equation (2.6.2) is set equal to zero, which yields either of the following

two eigenvalue problems: ' A‘- i . L
(1) For a given ), there exists one or more proper values of the frequency

parameter @ such that the detreminant vanishes,

2z 9.(-1_-.\_).2_)sz2 ' § . d
Q 3 , _-/"'\-..\(2'6'3)

. »
(2) For a given frequency w, there exists one or more proper values of A

such that the detreminant vanishes. Of course, since § = x/R,/then the

half-wavelength of the displacement functions in the x direction is 2 if ,#
A= H%and the frequencies of free vibration can be found which correspond |

4

to the given wavelength.

One simple mathematical model of a cylindrical shell is obtained by
using’ the concept of "plane strain". The necessary assumptions are that.
there is no motion in the direction of the Tength of the shell and that
the physical‘quantities'(disp1acements, membranes forces, bending moments,‘3
etc.) do not depend onn location along the 1gngth. Thus, the case of

place strain requires ‘ ’
u=o0, v=v(6), w=w) (2.6.4)
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which changes the character of the shell motion from two-dimentional to '/“ /

one-dimensional (variation only with 8) and simplifies the ana]ygis con-

siderably.

By using this simplified analysis with the assumption of equation
(2.6.4) -and applying the Fliigge shell theary, the following equations
of motion can be written in matrix form as such:

n? - @2 n

I [B} 0 \/ .
= (2.6.5)

N 1 +k(1 -n?)2 - @2 C

where 0° is same as-in equation (2.6.3) and k = h?/12R?

—

For a nontrivijal so]gﬁ;on, setting the determinant of the coefficient +

matrkg\in equation (2.6.5) equal to zero gives the roots
‘ \ N

I

0 =0, 1+Kk for (n = 0) A P
2 - l 2 2 _ 1 l
£ [T+ 0% +k(n®-1)%0° - 4kn*(n?-1)2]

v for (n # 0) . J

Note that the root Q° = O.for n = 0 corresponds to rigid body torsional

rotation 6f the shell.

There has been a certafn nd%ber of results found using the Flligge shell
atheor&, and the frequencies and the fundamental frequeﬁéy (i.e. the 1owestT
frequency for all n) couldlbe found easily by using graphs in which the
frequency parameter @ = wR p(1 - v?)/E is plotted as a function of the

Tength/radius ratio £/mR for various numbers of circumferentif}:&aves n.

7
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, tioned before.

\‘ -4']-2 ) ‘
! L
. Following are some results presented for closed thin circular cylin-
, .

drical shells of finite ]énght, for the simple boundary conditions men-
B} , ' v

2.6.1 Shear diaphragms at both end

- n ——

3

iy
- - -

An other terminology for SHEAR DIAPHRAGMS (SD-SD) is when a shell is
"stmply-supported”. , ‘ '

r

The circular cyWindrical shell, shown in fig. (2.6.1)s sdgborted at
both ends by shear diaphragms, has received by far the‘'most attention in
the }ftterature. This is due to the fact that one simple form of the
solutions to the,eighth ordei’differentia] equations of motion is also™ .,

capable of satisfying the SD-SD boundary conditions exdctly.
. : {
[

These bourdaries conditions are:

"\

w=My =Ny=V=0 at x=20,2 ~ (2.6.7)

These\condit}ons.can be closely approximated in physiéa] application simply
by Qeans ofarjgid]y a£5aching a thin, flat, circular cover plate at each
end. The plates wou]thave considerable stiffnesses in their own planes,
thereby restraining the v and w compoﬁents of shell displacement at their
mutqa] boundaries. However, the plates, by jfrt&e of their thinness,

would have very little stiffness in the x direction transverse to their

‘planes; consequently, théy would generate negligible bending moment My

and longitudinal membrane force Ny in the shell as the shell dgforms.
Because of the cabability of the p]ate§ to supply shearing férces Nxe to
the shell, the type of boundary conditiens satis;?@d by equation (2.6.7)
is called SHEAR DIAPHRAGM. k ’ '

1

\ N
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Flugge, U& using his theory arrived at the following results presented

-~
1Y

in fig. (2.6.3) to fig. (2'6i]3)‘ L

It is.abvious from figure 2.6.3 that, for a fixed number of circum-
ferential waves, the frequency increases with an increased'numbef of lon-

gitudinal half-waves m, and that the fundamental (lowest) frequency always

W 72

occurs ?qr'ﬁ =1, but for varying n depending strongly upon the length/

radius ratio of .the shell. \

. The fundamentai frequencies, which are/given by tHe envelope of
figure (2.6.3) when m = 1, are shown in fidure (2.6.4) for various R/h

§

ratios.

+ Figures (2.6.5) through (2.6.8) show lowest vaJues of Q plotted

versus 2/mR for R/h = 20; 50, 100 ang éOOO respectively. In these figures
the so]$3'1ines correspond'to motions which are primarily radial (A < C,\/
B < C). However, it is also seen that for the axisyﬁmetric (n =0) and
beam bending (n = 1) modes, as &/mR is increased, the motions became axial
and mixed, respectively, as shown by the dashed lines. In figure 2.6.5 the
envelope of the,frequency curves establishes the fundamental frequency for

" the R/h ratio of 20. It/is interesting to note that for shells having an
“+ 2/R ratio in the vicinity‘of unity, tﬁe fundamental frequency is associated
with four circunferential waQés (n = 4), whereas f;; both larger and smaller

2/R ratios the fundamental frequency occurs for smaller n. For very short

shells (2/R < 0.3) it is seen that the fundamental mode is axisymmetric.
— | ’ '
Figures 2.6.9 anq 2.6.10 show the freghency spectra of the second and
third eigenvalues for given n and A: A single figure covers the range of

R/h from 20 té 5000 for modes corresponding to the second and third eigen-

values. For small values af 2/mR and n’ the second eigenvald& yieTas

| | )
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" The cenvegse of this is found for the third eigen@é]ues.

"that is in the beam bending mode.-

+Q

®
&3
~

-45-
LI ) , . : "

amplitude ratios such that B > A, C (torsional modeé) while modes having

larger &/mR and n have amplitude ratios such that A > B, (axial modes).

——

'Inzfigures_Z.G.]l, 2.6.12 and 2.6.13, the Towest frequency Parameter . >

"

s plotted versus m for R/h = 20, 100, and 2000 respectively. ~This last |

P}
MR

Set of figures seﬁxes to emphasize clearly that the minimum frequenby ;or

a thiS'circu1ar cyfﬁqdrica] shell of given Tength and supborted by shear

(R RSN

diaphragms occurs fdy n, =2 or greater, unless £/R > 10. ~On the other

'hand for very 1ong %he]]s, the_minimum frequency always occurs for n =],

I

~ E

T s g,

The values of the frequency parameter Q arising from the three-dimen-)

f - R . /7 B -
a/////siona1 elasticity solutions are given in table 2.6.1 and could be compared 5?,

- ] .
with the results’ given by the figure 2.6.11. ‘ ] K l

-
<,

..\

Y
"&“\

&

%ﬁ Another interesting set of freqeency spectra {s"shown in figures ‘ T
2 é 14 tﬁ}oudﬁ 2.6.17. In these figures, the frequency Q@ is plotted !
versus A giving rise to a fam1]y of curves for different thickness ratios ‘
in ghe range 0.002 < h/R < 0.100. Looking at thése curves, it is obv1g\§' (
thab\the frequency tncreases as “the Tength o( the she]] decreases and as K;\
h/R 1ncreases, but, in addition, as one moves,from f1gure 2.6.14 to N
‘figure 2.6,17, it ls\gpparent that the famlly of curves spreads apart, .

| indicating.éreele¥‘frequency differences with increasing h/R for 1grger

values of n. - . ’
a4
A

1 2.6.2 Clamped-free and othar boundary conditions
. o ‘ y

“ , A <
, R ‘
Anqther*fermino1ogy for CLAMPED- FRE% is when a shell or a vertical

vesse? is mounted with 4 CANTILEVER BEAM effect The circular 9y1indrica1 R
- L — . ‘ \\;

| e -
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Note: Values in parentheses'are from the Flugge shell theory,
’
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shell, shown in fig. (2.6.1), is clamped or fixed at one end and free

/
at the other. The boundary conditions for this case are:

(2.6.8)

Mxo 1 Mxp

b= Mg + T Ot gt = et 0 atx g

By assuming solution functions which are generalizations of eqhation
(2.6.1), it is possible to obtain exact solutions for the frequencies of
free-vibration for this case, a]though‘the amount of computatiOné] work
rgquired is relatively great. Fliligge suggested a procedure in order to

/

find the exact solution for the frequencies and mode shapes of free-vibra-
b

tion for each of the remaining 135 cases.

Lowest fvéquency parameters are given by Gontkevich who uses the

for the six boundary conditions ﬁﬁving clamped, shear diaphragm, or free

end conditions at either or both ends of a circular cylindrical shell.

The Ray1ei§h—Ritz method using beam functions and the Donnell-

" Mushtari shell theory are the basis for the results shown in figureé
(2.6.185 through (2.6.21) for the case of clamped-free condition., Admis-
sible values of ¢, for the abécissa of figures (2.6.18) through (2.6.21)
are avai]iple in table (2.6.2) for some of the main cases of boundary

conditions. Mode shapes for the lowest frequencies for m =1 and m = 2

are shown in figure (2.6.22). Numerical results were obtafhed for the

clamped-free case using the Rayieigh-Ritz method in conjunction with the

Flligge shell equations. D?splacehent functions were assumed in the form

/
h Y

ettt s AYO—————cie = - R e e L

Rayleigh-Ritz method with beam functions to obtain characteristic equationse -
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u = Ay (x) cos n6 cos wt - . N )
v = By (x) sin n6 cos wt (2.6.9)
w = Cip (x) cos n8 cos wt
& /
-

where p(x) is the clamped-free beam function. This equetion leads to a

determinant of the third degree.

Y

Frequency curves obtained using this third degree determinant are

" shown in figure (2.6.23) for m =1, v = 0.3 and R/h = 100. Envelopes

for various R/h ratios are given in figure (2.6.241; Numerical results

obtained using third degree (cubic) frequency,equations ‘are listed in
. Q)

table (ZLB.B) for the swaying (n = 1) and ovalling (n = 2) modes of long

shells, such as tall pressure vessels and smokestacks.

y
)

~

. +

Example 2.6 A horizontal pressure vessel as shown below is
' supported by two saddles. -The inside diameter
\ of the vessel is 36" and the tarfgent to tangent
Tength is 13'-6". The over 1['t icknesg is %"
stainless steel SA-240-304L matgrial and the vessel
\ Ji \
operates at 250°F. Find the fundamental frequency
and period of oscillatién of the cylinder.
t .
! ety 142" \ " - . '\ -
‘ " q B
i ] . .
f I )
L! L ) 36" dia . ___ _l !{, |
L] | m_
f 1 . + | ¢
H LI_‘ K L“ ]
I’L= | ]3':-6" _._j'
Figure 2.6.25 ‘ : i
- N .
s b0 ~ e = v g ‘ - e
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SOLUTION

Actual s;zape of vessel approximated by cylinder with flat ends.

R_ 18" _ .10
WS TEso S P wR T Tormey - ¥

N / e ) . /

From figl 2.6.12, it can be seen that the fundamental frequency occurs

R

when n = 2 (2 radial nodes)

muR _ (1)n(#8) _

K= 170 - 88
B .250 _ ] ' o \
- 18 - 0H

'
’

From fig. 2.6.14 (n = 2) for A = .33 and%= 0.014

? ) / " °
@=wr (1-V)/E=0.04 ) '

kundamental frequency of the cylinder is

_ [ (Gas) (047 ) (27.4) (105 _ iy .
c0g \/ (.785) (1-0.57) (1g7) 45§ rad/sec ¢
r \
fncg,!-—=‘~4—;—0-= 72 cps
B ! ) ‘1 - , /
Fundamental period -
=1 1. o
I = 77 0.014 cee.
. ! L ' '
Example 2.7 . A ventical pressure-vessel as shown below is

supported by 3 legs. The inside diameter is 24"

L]

£

and the height between tangent lines is 31". The °

;

teel SA-240-304L material and the vessel operates

tbp head is tori-spherical and the bottom head

- éonica1. The overall thickness.is 1" stainless

&
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rd

> _ o at ]5& Find the fundamental frequency and
: ' ) N ‘ | period of oscillation of the cylinder.
/.-
o |
SOLUTION .
» - 4

The actual shgpe has been approximated by a cylinder with flat ends.

R_ 12 _ . s
K™ 7250 " % . ‘
L 38 , ‘ !
_ R " T T 51 i
. . ..
From fig. 2.6.12 it can be seen that the fundamental frequency occurs when
m=1n=4 i.e. (1 axial, 4 radial nodes)
i ’ 3", 24" dia | 3/8"
1 / l ! \
S - | . ,
. , ‘ R 1 O B ¢ , .
Y A . : ‘ i . 1
¢ 1 ‘ o . FQ\\%
, Figure 2.6.26 ‘
| ’.
} - . * For. clamped-free condition from table 2.6.2

form =1, en = 4.69409 ~ -

S tomm e /= 1.69209 L2 < 1 48 S .
' — . K_.250 _ : i bl
g ~ A PR :
: . | B | -
i From fig. 2.6.20 (n = 4) for A\, = 1.48 and 7 0.020

P ‘ < 7 ’
' k, Q= wk \fo(1-v2)/E= 0.15 | L9
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(386)(0.15%)(28)(10°) B 1
- 4 , w = = -
,' ) (.263) (1-.35) (15%) 2560 rad/sec
_ w2560 _ N '
-~ fn = o o 407 cps ‘
Fundamental period T 3 N .
1 . -l ;Z—_V ) 1 ) )
i} r= r 207 0.0024 vsea
. (o ) ’
- . \ j N N w
| ~
] - , f/
L ' T
; ’ - ' .
i v
f L ;
¢
i -
E r Y
gA {
; .
. ¢ —n
/1' N .
- f \ .
Lo . s
AR v
& g )
s e 0 -
I _ — —— ” mw’,.___,___ JUUPHVUIURIN 1

N




N\

-57 -

.

3.0 SEISMIC ANALYSIS OF NUCLEAR POWER PLANT EQUIPMENT (A.E.C.L.)

.
]

>

3.1 Purpose

The specifications for seismic analysis [8] of nuclear power plant
equipment by Qtomic Energy of Canada Limited (A.E.C.L.) cover‘the minimum
requirements of seismic analysis acceptable to AECL for equipment purchased
and installed under their juri;diction. Two methods are listed, their '
choice should be based on the practicallity of the method chosen for the

type, size, shape and”complexity of the'equipment in question. *

3.2 Seismic specifications”
3

3.2.1 General requirements

e

The equipment shall be seﬁsmic$11y qualjfied to the requirements of
category "A" or category "B" and to the Desizk Basis Earthquake (DBE) Tevel

or'?;'the Site Design'Earthquake (SDE) level.

'

a) Category "A"’ | : g
Equipment desiénated as categbry "A" shall be capable of maiptainihg
“\iys pressure retaining caﬁabi11ty~and structural jntegrity during and
f81lowing the earthquake. - .
b) Category B" | -

Equipment dégignated as category "B" shall be capable of maiﬁtaining

X ‘<$(i\:ijF£Taﬁaj operability, which is the capability of performing the
.func Ioﬁ for ﬁEJCh it was designed, including pressure retaining capa-
bility and structural integrity during and following the éarthquake.

e

[

)
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j

Design Basis Earthauake_(D8E) o -
The Design Basis Eahthquake is a hypofhet1ca1 earthquake Its effects
at the equipment location are defined'by the DBE response spectra in

two horizontal directions and ene vertical d%rection, or in two hori-‘

zontal directions with a definition of the response in the‘vertipal

direction.

The Site Des1gn Earthquake is a sca]ed ‘down version of the Des1gn Basd's
Earthquake. The Site Design Earthquake level is applied to specific
equipment whiFh is not required to survive a DBE, but %pjch must survive
an eahthquake of Tesser intensity to minimize economic loss or to

maintain capability to perform a safety func%fon following such an

earthquake. .

" When the earthquake level is unknown, the equipment shall be qua]jiied

fOz the Design Basis Earthquake; The intensity of the .Site Design

/ -
Earthguake shall be defingd as-one half of the values shown for each
N /

-

“frequency dhitheff]oor response spectra for the Design Basis Earthquake.

Y-

.The qualification shall combine the worst effefts of se1sm1c response

in ‘each of the two spec1f1ed\hor1zonta1 directions and the vertical
direction.
The floor response spectra for each equ1pment support po1nt shall be

made ava11ab1e to the\ves1gner

- o s b 22w - .

Ll

A .Floor Response Spectra is a plpt of the maximum response, in terms

o

of displacement, velocity or acceleration, of a group of single degree

of freedom oscillators of1Qifferent natu(al fFequencies rigidly mounted
on the specified floor when the floor isksubjected to the earthquake

motion. ‘The response is expressed as a function of the natural’frequency

. :
.
. ‘ .. Y .

P R
<
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i

, Spectra aVa11able, or which cannot be adequately descr1bed by the F]oor

\Besponse Spectra, such as valves or}f11ters mounted in piping systems or

v ' .
N\ * f
. ' ~ v 3 +
‘ - '

. . 47 : ‘ '
¢ -or period of the oscillators, and plots are s;:)n for selected percent-

4Shdws the regponse of the oscillators for a specified horizontal or

oy

vertica] direction. . C : -

1

{Natura] frequency g

- - w2 o - - o oo

LThe frequency or freduencies at which a body vibrates due to its own

[ \

. physical charaqteristics and elastia reétbring forces brought inté
" é" \

;’ play when the body is.distorted in a specific direction and then releazed,

t

while_resfrained or supported at specified points.
g R‘S},‘Z-EQ“EQEEE

'R1g1d equtpnent is"that for which the Towegt natural frequency'is 33 qz

‘and greater., Rigid equipment is generally that for Which the.lowest,
\

- 1 ’_“\

< naturdl frequ?ncy is greater than twwce the highest significant natura]
frequency of- the supparting structure.

h) Damping ' . ‘ . !

Damping is a measur'e of- the energy dissipation in a vibrating bbd} due

to frlct1on, lmpact hysteresis, joint s]1ppage and changes caused
equipment load1ng which affect structura] st1ffness support character-

A}

“istics, and modulus of elasticity.

x ? -L
I - ’

‘A1l equ1pments supports, restraints, and éttachments which are not part of
e

. the equ1pment tg be ana]ysed shall be assumed to be r1g1d In some cases,

»
the equ1pment may be mounted in locations for which there are no response
4

\t n

@

“components mounted on other equipment. In thése instances,;geak accelaration

vaiues sha1l Be specified separate]y for the_ horizontal and vertical direc-
v

" tions, with a statement that the value"shown are for rxg1d eqhipment or
L

»

. for equipment w§"Ch is not rigid. _ ‘r ‘ .

)i ‘ ]
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ages of critical damping of the oscillators. Each floor response spectra

PRV ppe— et -
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L)

o act throughout the diration of the earthq

»

" the centre of gravity of the equipment during the seismic even}. The

- 60 -

. ~ \.
The equipment damping shall be one percent of critical “damping for

use in seismic analysis.® * h /

-

The earthquake durat1on shall be considered to be -30 seconds for the
Design Bas1s Earthquake 1eve1 and 10 seconds for the Site Des1gn Earth-

quake level. .

- - ) [l
-

, Fortequipment requiring fatigue analysis to‘comp]y with an app]icéb]e
. \ : ‘
code, the stréss at the frequency being a[a]ysed shaxl be considered to

ake. If the natura]nfrequency
¥
Y s unknown, the stress shall be assumed to act at a frequency of 33 Hz,

. The ability of the equipment to satisfy seismic requjrement shall
» * ) N , / .
be demonstrated by a seismic analysis method which can evaluate the seis ic

es' effekts.

o

—~ . b
\ .

2 Methods of seismic analysis - ’

~

gravity, intenna1 p?essure and fluid cowéained in the equipwent.

o
*

3.2.2.1 ,Static analysis fnetnod“u@&#i

Static analysis is the evaluation of the effect of apply1ng a stat1c

7 - ‘J.
Toad %o a specified point on the equipment. . X
. 4

The static load \shall be‘equiva]ent to the inertia force act'inﬁia

acceleratfon,to be used in the calculation of the static Toad has to be

*,
S

PR . e < —_ h e e A e e———— e & = -
e i 2 T T _—— by .

‘Q'

E

the Geismic forces acting simultaneously with all non-seismic loads to” - {t
which t eduipment will be Subjected during normal operation su:;\5§{\\\'

[
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specified or may be taken as the acceleration shown for the frequency of

33 Hz on the flootr response spectra.

Static ané]ysis shall not be used for other than rigid equipment,
since amplification occuring in the equipment s not taken into account

by this method. ;

3.2.2.2 Static cogfficiehl method o \
N * : l

In the static coefficient method of analysis, the equipment is sub-

jected to a load equal to or greater than that which would exist if the fre-

‘quency subject to the maximum acceleration, as shown on the floor response
spectra, coincides with the dominant natural frequency of the equipmeht.
The actual natural frequencies of the equipment are’not determined, but

the maximum acceleration shown on the specified {1oor response spectra is
) =N R .

multiplied by an arbitrary factor known as the sfhtic coefficient. The

~ e

Caay

static coefficient takes into acgount“mu]tifrequency excitation and multi-

L .
Modé response. The static coefficient is normally taken as 1.5.

—

I The seismic forces on each component of the equipment are obtained
B S . L

by)muTtipTying4the mass and the maximum acce!eration‘shown on the ﬁlggr
response spectra adjgsted by the'static coefficient. The seismic force
shall be distripuied over the equipment in a manﬁer‘proportiona] to the
mass distribution of the equipment. fquipment which can be represented +
as a single degree of freedom system may use only the peak value of accele-
Eaidon‘shown on the floor response épectra without application of the

- g
¢

static coefficient. .\«
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3.3 Seismic analysis, applications - , ’

3.3.1 Static ana]yéis .

-

-

According to the specification paragraphf (3.2) and (3.2.2.1), this
method can only be used when the vessel ok the equipment is considered
‘"rigid”. In order to find out if the vesse1.or the equipment is rigid,
;he‘natural frequencies or each main\part of the vessel or equipment have
to be coﬁputed for specified horizontal and-vertical directions, and these
natural, frequenéges must be eaual to 33 Hz or greater.;’lf the accelaration
to be used with rigid equip&ent is not specified on the date sheets, the
acceleration cbrrespohding to a frequency of 33 Hz on the floor response.

spectra may be taken.

This equipment damping shall be 1% of critiéa] damping. After having
verifiéd ghat a vessel or piece of equipment is acutally “rigid", all
pﬁgssure parts, suppbrts, etc. must be subjegted to addjtiona]r]qads,
“Tateral ggﬂ’Vertica], corresponding to the multiplier specified or to the
acceferations at 33 Hz. Stresses computed as a result of such seismié
loads must be combined with stresses due to sustained loads such as pressure,
weﬁght,‘etc. Seismic loads resulting from the simultaneous application of

aseveraﬁ seismic directions needkoé1y bg,combinéﬁ by taking the square root
of fhe sum of the squares of the individual seismic stress components.

! . N

) . ! ? L .

3.3.2 Static analysis, numerical example .

An horizontal AIR RECEIVER as sRown below, supported on two saddles
is reqdired for a nuclear power plant. The horizontal and vertical floor

responses spectra for the location are shown on figures (3.3.2), (3.3.3)

and (3.3.4). The reference elevatiof is 71'-0". A damping coefficient

b

B

T
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: I
Be = 1.0% should be used. The shell. material is cénbon steel SA-516 GR.70 : "'

.for the vessel and SA-36 for the ‘two saddles. The total operating weight
of the vessel is 4200 1b. °

<

, !
Compute a seismic analysis of the air receiver, if the vessel is % |
s L
designed for a category "A" and the operating temperature is 212°F. %
I ' i
' 3/8" ‘g
” i
¥
o ki
!
6'-6" I.D.
. L
8"
R an

N

]

\ ]

"
4'-g'———
_‘_._._.._._.___*_._7 ] _Ou .

k.
Figure 3.3.1
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SOLUTION

Moment of inertia of supports

’ f - 4'-g" -iy
' Figure 3.3.5 , ‘

/
+ (2)(4)(31.5%) = 17870 in* (each saddle)

-

. - 3
Ip = (.5;2(262 )

_(3)(.5)(8%) _

Iy 5 64 in" (each saddle)

[4

“ A = (3)(4) + (2)(15) = 42 in? (each saddle) J

N

& ,
Natural frequencies >

A/C axis, saddles ' °

| Acsume 3 of total weight applied /horizontally to end of cantilever

n

[\C1E3

p

I P.= (4)(4200) = 2100 1b

I, = 17870 in'fe |

~

PP s
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ANNNNN\N

et 21" e

Figure 3.3.6

S

at the other end, the static deflection y, is:

N

Yo.” ZET >

Natural frequency ic

P
e g .1 [3qkI
’ nooem\y, o P3
' . -
I I '\/(3) (386)(29) (10°) (17870)
p nooon (2100)(21%)
! [y = 884 Iz > 33 liz : /

A/C axis, eylinder vibrations

be approximated by a cylinder with flat ends.
\ .

e (_ ,__ERE_

78"di a——f——- - —L . - -

——R=9'-Q"
a Figure 3.3.7

~

\]

i e

For a cantilevep beam loaded by a force P as shown at one en

;‘. d

o

4
mR
/

d,.and fized .

e Jrre

Leissa's meLhRd (article 2.6) is used. "The actual shape of vessel can

108,
(1)139)

R

= 2.77
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A / 7 \
.t - 68 -
y N }
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From fiq. 2.6.12, it can be seen that the fundamental frequenty occurs |
: : ’ {
when n = 4 (4 radiql nodes) |
. .o MR _ (1)u(39) ho.
=T /QB 1.13., %= 0.010
From fig. 2.6.16'(n = %) for X = 1.13 and %= 0.010
Q=wk \Joll-vV:)/E=0.08 N -
e ‘ [——e*F
CW AN ST VR : :
- _ J386) (0. 08%) (29) (10°) _ S ¢
. ‘ ‘ © N850 (1-.3%) (3957 428 rad/sec R
Natural frequency of the-cylinder
W 428 _ : '
fn = s oam 68 Iz > 33 H=
: \
‘ ‘  B/D axis, saddles - 1 . =
T Assume the Tull weight applied horizontaily to end of cantilever (fixed
' saddle) -
( . )
3 - 6 - J K .‘}
, " . P
; yz . X v
i - 7 - " P=W
: o Z | :
; ( : { ; l P = 42000 b
‘ " )
' ‘ ' . V2 . Iy = 64 in®
k? , i v )
% T8 o : Figure 3.3.8
’ .”ﬁ-
\ For a cantilever beam loaded by a force P -at'one end, and fized at the .
r's ' )
other end, Lhe static deflection yg ts: .~
| o
|
< _ p? . ) o . \
! Yo ~ 3BT, A
,obly . \
’ ‘. r
1
Natural frequency is , oy ’ ‘~‘
i w




‘?, . ' “
» : , - 69 - . . 5

C e e e

l ' : |
-1 fa .1 [ i Y
fn =% ‘Yo 2m P%, . ®
=L (3)(386)(29)(10°) (64) '
nooon (4200)(21°) ' !
: - 1
f, = 37 Hz > 33 Hz . .
B/D axts, cylinder vibrations ' , \\ 3
-~ Shell-vibrations produce frequencies much higher than saddle vibrations. *

. K . . _ . .
Vertical\axis, cylinder vibrations '
T

; .
/ .
The natural frequency for this axis is the same as in case of A/C axis 3

eylinder.
y . o -

Vertical axis, caddles

.0

For a bar of uniform cross section loaded by ¢ force YP" at one end, the
»
other being fixed, the natural frequency is given bg

l4

7 7 o P

e m N ’
where ‘spring stiffness k' = %ﬁ- : !
! R . . i
A= (3)(4) + (2)(15.5) = 43 in® _

AJ . +

' 1 B4
~In= 22

Zr \/ PL
J ' -
o1 [(386)(20)(10°)(43)  em.
In = o (2100)(21) ' < ,
vt >
- . A
- "fn = 526 liz > 33 Hz - S

SeioWic analyais (Static analysis per 3.2.? 2.1)

All natural frequencies are found greater than 33 Hz, therefore the vessel

¢

** can be considered rigid and the static analysis method may be ‘used.

!
r
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ALl ucceleration will be taken at 33 Hz for a more conservative approach.
= N w

’
v N 3

A) Horizontal axis

1) A/C axis, caddles

. «
From fig. 5;3.3.2) the maximum lateral acceleration at 33 Hz, 1s .26 g.

F = (.26)(W) = (.26)(4200) = 1092 1b

\-/\_/-—"'
V= #F = 0% - 545 1 R
M= Vps = (546)(51)

-/ *

' ©
M= 27850 in-1b
*
% v .
- -
o ,
W h
*
- S,
f
-~
.
.
\ N
‘ - -
.
o g
i
o
) s ‘
- 't
- 1 -
b ~ !
)
o k-3 P '
' B .
< { e d _.‘.J ' ’ . ‘
%5
> . .
Figie 3.3.9 .-
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. ) ' e .
' There are 4-1" Bolts per saddles, we assume 2 Bolts effective

'/
@&
AN
. ///
\
e
. -
. -
; o
{
i
»
'
L
[

© Ag = (3(.785) =

1.570 in® ‘.

“ "
Using ref. [16] | s
nhg _ (10)(1.570) _
Pn = =54 = ~(8/750) -0327
P | \/\
e M ,af 27850 L 27 .
.d w/ad  d - (2100)(60) 60 '

X

K435 - 1)+ 6ppgk=6pn 5 |
K- .987 kK2 + (16 kvé“.zzzc

k= .880,

m[k"\:

Jj=1-

=, 707 S :
_ 2(0/2) (e/d):s

P (2)(2100)4.671)
¢ " bdk;

(8)(60)(.880)(.707)

= 9.5 pei

Base plate stress

[ « N . e

12 '
"= _fzg__ - _(_9__51;3__7:,_1 = 66.8 in-lb/in

6M 6)(66.8 L
Sb=-t7 L—)((—,&T)—)-"lp‘IOpSL

-

j»'

.

Saddle bendirg stress
N

. g

lwﬁﬁ?}?«, ,'_‘.f"

B et A 1.4‘
AT TN )

EC - TR

W/z "My,
A Ip

Y

Yo)(51) -, -

,
%0 e

-o& -
u
o3
&5

&
n

(27850) (33)

mm\

_ 2100

Sy 100 pst

N
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/\\)
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5
-
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+ 2) B/D axis, saddles . . ' %

Core? .
, From fig. (3.3.3) the maximum lateral acceleration at 33 Hz is .53 g
! .

P = f.&g)(wv = (.53)(4200) =.2226 *z\ . ‘ s

”

—:'M . g Vp = 2226 1lb (one .;addle has slotted holes) o N
7

v

Wb s TR ISR & AN e iy o ar wpo

S S

\a

)

Fixed e Vi

Loose

Fy=F - W= 2226-2

2226 + 2

F, = F+ W

R (64)(8)

2

&
[}
g
i

(6)(59.1) _
A

Saddle bending stress

M=Fsg= (2226)(51) =

SN

~ b
. { . "____~___54I|
; F, Y Figure 3.3.10 |F,

_ph . (8.4)(3,75%)
M="3

1

100 = 126 b (uplift)

100 =-4326 1b

= 59,1 in-lb/in

1420 psi

"
'

7 }
/413526 in-1b

5 = g%g P 2100 , (113626)(4) o

y {2~ SR 64

Spy = 60 + 7095 = 7145

/ B "

pat

T
\

R T

- e,

&




e o - 1 ,u R ! ’
Jl ) '
4 e A '
. 8 ~, i ° - 73 - . )
4 , P 3
B) Vertical axis™ . . / ' Co \
From fig. ( 3.5.4) the mazimum veri(:izvalfa‘ééelemtion' at 33 Hz 18 .38 g
i R R ’
AN 4200 ' -
Q {. 38) (—) (. 38)( ) = 800 lb per each saddle . - .
.. \ L 4 . .- ‘
t” o +2900 " e .
;n,+Q=2100t800= . 1b : -
fw - +1300 £ v o> \ .
9 oy
B 5 : \ . -
“Base pZate stre “ .
B B 2000 P S -
3 Do s PR 1B s.7°pst . . / : K SR
3 - ’ i 4 ‘j *
<7 . . -~ - L (5 7) (3 7 ) e \,
- LI . _M [ A — ,‘
l' ; . - ) 2 2 /
» ‘ﬁ L C. { =, . . , . .
- . . ¢ N ! ! L 3
L e T M= 40.1 in-1b/in - T :
. ' i ’\ . ,‘, e . < ’ i r
o S M _ (efed0.1) _ . .
. o ; Sp = 72 —.——-——-————1—(.50) W 60 psi (g X . ,:,. .
° . R s J s | ‘ I\ o ‘ . . .
;' . Saddle stress * / ‘
SN IR _p_ 2000 _ ) -
o e e e ‘ »
I . ) & . ¥
Y . : ! 3 . ) e
T C) Combined ctressds for the' 3 accelerations directions . -
2 . | 3 ‘ ‘
a < ' 71) Bageplate, = . ' RN .
¥ . ) . R oL ) )
PR AR - -3 ) . g '. . .
L R ,;ae\/16102+1420%+9602 e
L~ o n%‘" L ," St.- 2350 psg < 14500 pzs (A- 36‘ allomble stress) oo
| et .- . P N . I . . . v
w0 e T2 paddles L . d
‘ st=\/1ao’+7145=+69= S S ( Y .
8¢ = 7146 poi < 14500 psi (51-36) . . "
‘ . . . ; ‘ 3 I . WI’ . ﬂ. )
a: Attgbhment (stresses due to horizontal and vertical accelerations were '
. 4
' alao aomputed but are nat ghown in thzs repart.» These computatwns
ara normal\y ‘malle in accordanaa. mﬂi‘ref (117, .
< s (‘: ° '

SRS | o

TRT e R e s - Y -
T R e . .

e
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3.3.3 Statlic coefficient method{ “ N

According to the specification paragraphs (3.2) and (3.2.2.2), this

[ T method must be used when the actual natural frequencies of the vessel or .

- the equipment cannot be de%ermined; Alternately, for light, strong vessels
w, or equipment, it may be advantageous to forego lengthy frequency calculations
a -, in fayor of higher seis?'c forces. |

¢ The eqUﬁpment damping shall be 1% of critical oamping.

f b

‘ ) From'giyen floor response spectra, the maximum acceleration with 1%

-

vcritfcai damping is multip]ie& by a static coefficient of 1.5. The seismic

o ' forees on each componenE<of tﬁé vessel or equipmgnt are obtained in hori-f/
zontal and vertica{ direct;ons by multiplying the mass by'thb maximum accele-

~ ration shown on the “floor résponse spectra, multiplied by the static,
coefficient. c ' :

N ' e P h

T 3 g Horizontal and vertical stress components are then computed, and’
R

f—
f1na11y, combined, stresses are obtained, by taking thﬁ square root sum

- l} of squares of the stresses for each comp%nent ana]yzed ,
o | . 5 1

! .
g . v A} st L ‘:‘ Lo - . s
y oot 3:3.4 Static coefficient method, numerical example -
! 1
:
%

/| K ~

. +* & - s
i ) E - A verg:cal condensate tank for a nuclear - power statﬂon as shown below

! "is supporieé‘on four 1egs 66"-SCH 80 pipe). The horﬁzonta] and vert1ca] :
¢ - f]oor responses spectra are’ shown in. figures (3,8.12) to &3 .3.17). The F

& © reference elevatlon is 615' 0". A dampxng coeff1c1ent Be = p.0% shou1d be

o v
. -

;o \: . . used. -The tank mater1a1 is s;alnless stee] SA 240 T- 304 L, and 1egsdare
. SA 53 GR B p1pes wqth carbon stee1 base plates. The tota] operat1ng w51 ht

‘of the vessel is 6000 1b Compute a seismic ana]ys1s for,theuvert1ca1 con-

! : : .

. . .t
. 't’
.
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(\ ~ densate tank, if the vessel is designed for a category "A" énd the operating
) : ) . |
R temperature is 150°F.
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‘damping coefficient and interpolating for required elevation 615'-0",

SOLUTION - o . -

X s
The static coefficient method is chosen; computation of natural freqyencies

of the vesseZA cor%@er;ts 18 not neéessary. X '
From figyrec 3.3.12 and 3.3.15 (N.S. ho;’izontal direction) using a 1%
| the
maa:imwn horizontal N.S. acceleration is found to be .48 g.

From figure 3.3.13 and 3.3.16 (E‘ . homzontal dv,rectv,on) using a 1%

v

.damping coefficient and znterpolatwg elevation 615'-0" s the maximum ﬁom-

zontal E.W. acceleration is found to'be .64 g.
From figure 3,3.14 and 3. 3.17 (vertical direction) using a 1% damping
eoefficient and inlerpolating for eZevgtionv615'-0", ‘the maxLrum verticc;Z
acceleration <s found to be _‘31/9_ _ . g
Using Uptatic coe{'ficient of 1.5 the following maximuen seismic forces are
oblained: c . , !

Co b
N.S. horinontal dircction )

¥ = (.4_8)./1.5)(6000}; 4320 1b
h ‘ ‘

E.W. horizbntat dircetion

= (.64)(1.‘5)(0'00()) = 5760 b » ‘
. = ' \ . /
Vertiedl direction C -*
\, ! o (‘ \
Q= (.329(1.5)1 . ) B
L= (.}'31)(1.5)(0000) o Co
P=H1Q — o f
vl _
P= 6000 £ (. 31)(1 5) (6000) 2790
L [+8790 : + }
o p=c ib .
e (+3210 . \ )
' 3 . A -
, S o~ ] , /
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- 83 - } ] 4‘\
> 4) Support legs . /
” .
1) N.S. Horizontal load . A iy
F = 4320 b R - ’
vy = L2 < 1080 1 - "
W = 6000 lb I ~
_ (4320) (74) + (6000)(14.85) _
Fa = (4)714.85) = 6852 1b
_ (4320)(74) - (6000)(14.85) _
Fa = (4)(14.85) = 3882 1b : N
. w ) .
) T d \
- ' ‘
9
37“ ]
|
\\a J
37" \‘:»’," -
»‘ . X /
«“Lav . ‘2\11 “\ : ‘
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3 ,
2) W.E. horizontal load ¢
[ -
F = 5760 1b ‘
vp = 250 = 1440 1 | ~
W= 6000 1b
F, = (6000) (:f)/,='1500 b
o o (5760)(71) + (3000) (21)
o (2)ce1) %
Fi = 11648 1b
F. o= (5760) (74) - (3000)(21) R’
: (2J(21) I “ ] N
Py = 8648 1b W
k4 ) , t - F .
N A )
~ .
. \
~ 3 b
A I
1 ’ { ! “
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4,1.5 - Foundatiop factor, Fi
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. Fp =1.0 for rock, dense and very dense coarse-grained soils. Vessels
( ‘ o ‘ .
. are usually‘sitting on a concrete base. . "
Fp = 1.5 for lgose and 1oars€ grain® soils. ‘ -
: v .
v/ . , ' 1
. 4.1.6 MWeight of vessel, W . . !
The weight, W, of the vessel shall be the operating weight. :
‘ A' ' ! { -
4.2 Distribution of ‘lateral seismic force . o
The total lateral seismic force, Vp, shall be distributed as follow:
s : N ' . . i
L Wb FtFFe R (4.5) 4
a) A portion Ft shall be assumed to be concentrated at the top of the m
/ ‘ o : S ¥
vessel. c , : . . o
‘ Fo =015V . | o .(4.6)
b) The remainder, o : ) T l
i Fe = Vp - Ft . f (4.7) :
o shall be distributed along the height of the vessel
L ] .
c) Distributed load w ‘ I ) ,
F o ' ' . *
’,w=-l:.e- ' . ‘: (4‘8)
~ . 1(“ ~
4.3 Overturning moment t ’
- : ! .
The overturn{ng moment at any level, X, My, is the product of the
lateral force applied at top, Ft, times the height at level x, plus the
f \ - h
oy e - Lo~ . L e J .
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e

moment created by the distributed load w, (see fig. 4.2),

"My = Fex +

193 - - 1

. P . .
2 . &

Lo

\\

(4.9)

The 0verturn1ng moment, M at the base of a pressure vesse] shall be

mu1t1p11ed by a

-

iill;i;ﬂT whefe

reduction coeff1c1ent§ J, ‘where: |

A

T is less than 0.5

b)) J=(1.1 - 0. 2 T) where T is at least 0 5 but not more than 1.5 )

c) J = 0.8 whe

- . .
K [FtL +

'Examphe 4.1

-

re. T is greater than 1.5 .

wL?

TJ J ‘
- |

i3 wis 7
[ lll IIJJ RN Illill,ll] 7
Y

X » %
1l ‘

¢ FtL
uL?
2
MOMENT o
| -}
Figure 4.2

(4.10)

A fractionator tower is 36" diameter and 60 feet

betwe%n tangent lines. It is supported on a 12

feet high skirt. The design conditions are 60 psig

and 350°F. The tower is erected in a earthquake

zone & The fractionator weighs 40,000 1bs empty

“and 64,000 1bs when operating.

i
moment at base of the tower.

’

g O e o g

Find the overturning
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R S — \-0—- Ft = 923 1bs S
L &

| ! ‘ -

?
. | ' ‘é_-q__ T Fe=5227 1bs

1

60 1 _Oll‘
L=73'-0" . o ) y

. Y 48"9" . /-—"‘

’ \\"w-",/ o |
. 12'-0" 1. ) . '
> :
R=6150 1bs
} . p
Figure 4.1.1
! /
i - Effect of earthqugke l

» .NBC of Canada 1977, commentafy J,on part 4
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" Lateral ceiosmic force, Vi ‘
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Ap =

' - 95 -

[
2

0.04 (Table 4.1, seismic zone 2)

Smomw coefficient, S

e o e o . o o o e o o B i i G S e dp
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For pressure vessels

SKIp

SKIp =

.. take SKIp = 1.2

= 2.5 max® and : )
[ a’ “
=l2mn ‘ .
l
(. 390) (2. 0)(1 0) =(.78 +

< ‘ ‘(

2
v

ot s v s O o ) D B s e e —--

W = 64,000 lbs

-

= (0.04)(1.2) (2.0)(1.0)(1.0)(‘6‘4000)'
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( . ' ; : "
v Vp = 6144 lbs, say 6150 lbs / f .
. Y ’ : I .
. Lateral forces distribution ¢ - ‘
- Vy = Fp t Fg & . < .
. ’ ' . / ‘ /
! Fg = 0.15 Vp = 0.15 (6150) = 923 1bs at top o T
. . , { ‘ ”

Fg = 0.85 (6150) = 5227'lbs ‘ : _ | _

#
. hd '

! OQuerturning moment, M at the base of the tower !'

73 Tt :
. 3 }_ -«

. L , . s L 8 RN ! . '
' . . R A
‘ g, = 8827 _ L o 1b - ;o f | /

- ' Fg=923 b : ; :
: w=71.6 1b/ft i e
" \ =73 ——
o \ \ ' 2 .
- , I ¢ )
67379 ft-1b - .
i ‘ ’
1 \ . [eped
1 - MOMENT JKNJ
;s | : 206525 ft-1b
v E \ !
[o- :
: ‘ Figure 4.1.2 :
i
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where J = 0.8 since T is greater than 1.§ / - ‘
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M
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5.0 CONCLUSION Y \ : ) —~

The seismic analysjs methods presented in this report were mainly
selected due to their simp]g applications, and could be very well used
hy the designer Q{ nuclear power plant equipments and the designer of !
special structures, found in the petroleum industry such as, towers,

/ pressure vessels and chimneys.

( Part 2.0 of thjs report aescribes various methods for the_compuéation ,
o '\ of the natural frequencies of pressure vessels for several end support
conditions. In general, the computation of natural frequencies and mode
shapes of a pressure vesse1Ais a very lengthy operation, and unless a very ' |
precise solution is requifed, the data presented by Leissa's work is in a |
formgt which can be used directly by a designer. The advantages of this
q}: method is that a pressure vessel can be approximated by a cylinder with ﬁ
' flat ends, and by using the graphs presented for the proper boundary ‘ -
’ ’ conditions, the frequency parameter 9 éan be found and the fundamental ’ 1

frequency of the cylinder computed very rapidiy. ' - ﬁt»

a

Several examples are covered in this report in using this method,
and if we compare examplie 2.1, which illustrates -the lateral vibrations ]
of a cantilever beam, with example 2.7 which uses Leissa's work, we caﬁ .
see that the natural frequencies are not the same, but are very close from
each other. This ind?;ates that Leissa's work is an acceptable and con- -

servative méthod to-find the lowest natural frequency of a pressure vessel. - /-'
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.a good accuracy of the two methods. . - LT T e s -

) power p]ant equ1pment, using two SImp11f1ed methods: . .

|
]

-99- s - i
. R ' E 1
L4
- . *

The example 2.2 using the differential equation méfhod for lateral ~

vibration of’béam can be compared to example 2.4, which illustrated =~ °

c

\Rayleigh's method for the computation of the natural freguencies. The .-

.results show that the two answers are almost identical, which indicates : <§

( v
Part 3.0 of this report describes the seismic -analysis of nuclear .

- static analysis v

- static coefficient analys%s

o B 7/
¢ £

”

The above two methods are‘acceptab1e by AECL and have a potential
app11cat10n to the des1gnfof pressure vessels of categor1es "A" and "B" |

found in the 1ndustry . LY -

e

The static analysis is lengthy to execute than the static coefficient
. + , . S .
analysis, since ?he(pomputation of all natural freguencies 6f the equipment

’

is required. This is to ensure that the. lTowest frequency is found greater .

or equal to 33 Hz, which indicates that thé equipmenf,cap”be c?nsidered

rigid. ‘ | “ o

[ : | " :

The static coefficient analysis is ueed wﬁenever the natural frequ?ncies
of the equ1pment cannot.be determined. Howeve}' for light, étrong vessels
or equ1pment, it may be advantageous to qompute ]engthy frequency«ta]cuTa-
tions in favor of higher seismic fortee, since.this induces an over des1gned q

equipment, which represents several additional costs.

.

Part 4.0 of this report deecribes the seismic ana]ysis of buildings *

El
and 1ndustr1al 1nsta]1at1ons, using-a stat:c Toad ana]ys1s The Nat1ona1

Building Code of Canada has first introduced this méthod, which the primary

. - -
» .
. - o . { °
. .
’ [ . N ) t*
. .

[ SR NS S
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) .

!

1nterest of such codes, is the design and constructlon ‘of bu11d1ngs
However the NBC of Canada is of a broader scope and has criteria 1nc]uded

“‘for structures other than bu}4d1ngs such as towers'and ch1mneys.

—

The advantages of this method are the following; —

»~
1

-1

it is simple to follow and to compute ' /

it can be ekecuted raptdly

it gives to the Qésigner a preliminary estimate for the evaluation of

/

the sizes' of the structure.

However,.it is beyond the scope of the NBC to'covgr the entire range of

problems involved in the seismic design of structures sych as nuclear,
¢ ‘

i : °

‘reactors, These structures should be treated as specjal'brob]ems with-

»

special design criteria in each instance, in¢luding possibly a computer

." I3 ! ! A
dynamic analysis.

—

We can arrive to the final conc]usidn that the above three mentioned
methods hdye some advantages and some inconvenients, and they have'to be
used with'good judgement and precaution, depending on the.importance and

the safety of the equipment to€EL utilized.
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