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Neither

the United States, nor the Commission, nor any person acting on behalf of the

Commission:

A. Makes any warranty or representation, expressed or implied with
respect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or that the use of any information, apparatus, method,

or

or process disclosed in this report may not infringe privately owned rights;

‘B. Assumes any liabilities with respect to the use of, or for damages. -
resulting from the use of any information, apparatus, method, or process dis-

closed in this report.

As used in the above, "person acting on behalf of the Commission"

includes

any employee or contractor of the Commission, or employee of such contractor,

to the extent that such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access to, any informa-
tion pursuant to his employment or contract with the Commission, or his

employment with such contractor.
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otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
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SEAL-SHELL - A DIGITAL PROGRAM TO DETERMINE STRESSES- AND DEFLECTIONS
IN AN AXISYMMETRIC SHELL OF REVOLUTION

c. M.“Friedrich

I. INTRODUCTION

SEAL-SHELL, & FORTRAN II program registered as code number MOOTT at
Bettis Atomic Power Laboratory, is written for the Philco 2000 computer with
two tape units. The program is designed to determine loads, deflections,
and stresses in a thin shell of revolution under axisymmetric end loads and

pressure.

The shell is linear-elastic with variable thickness and with centerline
shifts. The stress distribution developed by Reissner (Ref 1) is used in
combination with elastic strain theory (Ref 2) and shell equilibriuﬁ‘equations
(Ref 3) on short conical elements. These elements, which include flat plates
and cylinders, are connected by c®AC matrix transformation theory (Ref 4) to
form the complete shell of revolution. Bending deflections, shear deflections,
and pressure-squeezing deflections are included in the thin shell theory.

Comparison of SEAL-SHELL results and SET (Ref 5) results are shown in
Fig. 12 for an elliptical head attached to a cylinder of different thickness.
In SEAL-SHELL, the head was approximated by three circular arcs of 4, 3, and
3 elements, and the cylinder was divided into 10 elements, for & total of
20 elements or, equivalently, 21 locations along the centerline. Agreement
between codes is good in the cylinder, but the three-arc approximation of
the elliptical head in SEAL-SHELL produces spurious discontinuity stresses

at the arc Joints.

When the head is actually a combination of circular arcs, such as a
torispherical head, the SEAL~SHELL program gives reasongble results. In
Fig. 13 are shown SEAL-SHELL and photoelastic results for a complete pressure
vessel model with & torispherical head and a flat bottom. In the sharp corner
between the cylinder and the bottom plate, only three conical elements were
used by SEAL-SHELL and the agreement is still satisfactory.

SEAL-SHELL-1 (MOO77) is now in production status. Work has been started

on an improved program which will include



. & curved elliptical centerline on each element,

linearly varying thickness on each element,

. thermal stresses, ‘

. thick shell theory,

. axisymmetric loads along the shell as well as at the ends.

Vi Fw o

Three examples showing how SEAL-SHELL-1 input should be prepared are'gifen
in the Appendix. . '

II. THEORY

A. Loads Per Unit Length

Consider & conical section of length dx, width Rd@; and thickness He‘as
shown in Fig. 1. Let the loads per unit edge length be as shown in Fig. 2,
in agreement with the input notation on page 25.

Let - = the cone angle such that { sin ¢ = - dz/fax
cos P = + dr/ax
with § independent of x.
Let
F = = force matrix of unit pressure and loads per unit edge.

WP P ™ S ,

This matrix can be used to evaluate the local stresses:

stress 1n X direction,

F = §r2x 9 yhere O 4y =
oo Ogg = stress in circumferential dlrectlon,
o . . o.. = stress in normal dlrectlon to plate
PP : PP center surface,
.'r§£. Tep = shear stress by-Q#e

Let C = inward distance from the middle (negative if outward):

- <
%msc_%m,
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FIG.I: CONE GEOMETRY

FIG.2: LOADS PER UNIT EDGE LENGTH



Then
Ty = (120/}12 M, + (L/E N,
Too = (12C/H2)My + (1/He)Ny s "
1
= - 3 /3 .
Top = Py + PM( 1.,50/11e + 2c /He) ,
2.2
Typ = (1:5/8)Q - ke/u)q,
where
Py = O.S(Pi + Po) = gverage pressure,
PM = Pi - PO = pressure difference?
o-pp:-PiatC=+H/2and.-PoatC=«He/2.
B, Strain Energy Per Unit Volume
The working deflections of Fg are the st:c'e.insMI
€x = o-xx/Em - VGGG/Em B vcpp/Em ’
€0 = Too/By = VO /By - VOB
€p C)_pp/Em = vo‘xx/Em N Vcee/Em ? .
Voo = Txpl Bom?
or in metrix form, i
D¢ =A¢ - Fg¢ (2a)
where
De =| ¢, | and Ae = 1/Em ~v/E_ -v/Em 0 (2v)
€g -v/E | /B | -v/E
€ -v/Em -v/E, 1/Em
7 0 0 0 1/E
XD | sm
The strain energy per unit volume is then
1.t 1.t
Ve =5F¢ +De =5F¢ AcFe (3) :

where Ag 1is called the flexibility matrix of the force system Fg

-4 .
Reference 1 - Reissner

kﬁReference 2 - Timoshenko
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C. Strain Energy of Loads Per Unit Length

Equation (1) in matrix form is

Fe¢ =Cg- F, - (ha)

where Ce = the connection matrix for Fg in terms of Fs

- 0 lg% oz o 0 (4b)
H e
e
)
0 0 lg% 0 ﬁ%- 0
H e
e
-P_+P (~2:2C . ac ol olo]o 0
N M H 3 : 3
e H
e
2
0 0] 0]o}o (%42)(1- 595)
e Hé

The strain energy over the thickness He of the force system FS is
He/2
V. = ‘[ Ve « aC ,
s -H_/2

so that from Eq (3) and Eq (%),

+H /2
& 11 t
v, = {-2- (Cg F,)" Ag (Ce F )]dc,
-H_ /2
e
or
1.t , .
Vs =3 T AgFs » (5e)
where +He/2
t
A, = (Ce Ag Cg )ac (5b)
-He/2

the flexibility matrix of Fs'



By definition, the working deflection of Fs is Ds in the equation

t
5 s

so that from Eq (5a) ‘ -
D =A F_ . (6a)

In engineering problems, the working deflection of the pressure is not

used. Deleting the first row of DS and of As gives

D! = AL TP, o (6b)

and evaluation of Al from Egs (5b), (kb), and (2b) gives

| 1.2vmy | 12 12y
| B—
As - E H EH3}EHS3 0 0 0 (6c)
m e me me
1.2vPy | -12v 12
EH Eg3 |En3| © 0 0
m e me me
vPN 1 -V
E_ 0 0 E E 0
m me me
vPN -V 1
E 0 0 E E 0
m m e m e
0 0 0 0 0 l‘ﬁ
sm e




D. Strain Energy of Unit Loads

g 5 The equilibrium equations for the force system Fs areR
daN
. % cos ¢ _ \
| o=z T MmN
) O—g?‘_.}.{..f_c_?s_éQ +§M(N+HP)_P g (7)
T oax R %x R y eN M’

(o]
|

= * EQ%_Q (Mx - My) - 9

In order to separate out the pressure effects from the equillbrium equations,

another unit force system F will be used Let

= (7;) Py ¥ (2“3)

! | - \
My - (Zﬁ) me ‘
_ (R sin cos Q sin @ \
Ne= =55 - EPy) + 57 Fex ¥ 2R Czx ? (8a)
N, = (R sin § Py - Py) + ( ) Foy )
Q = (R cos Q P) - (sin Q cos é
x 2 M R ) Trx 2ﬂR Fox
or in matrix form
F =C_F (8v)
s s u
AReference 3, Timoshenko;
Also, for Qx = 0 and PM = 0, Ny = Nx = -H, PN'



where

and C

il

e IS e |

- 91

mx
rx

zX

my

=

Iy

connection matrix relating Fs and Fu

1l 0 0] 0 0 0
2
R 1
T PM o 0 0 0 0
T
0 0 0 B 0
R sin cos $ | sin §
5 B HPy | O | o 5@ | © |°
. 1
R sing Py HPy 0 0 0 o |5
R cos -sinf | cos ¢
2 PM 0 27R | 2#R - O- 0

Substitution of (8a)

o]
i

(o}
Il

and these equilibrium equations are explicitly independent of pressure.

into (7) gives

ar
X _
ry ’
ar
zX
ax J
dme
o - (cosP)Ey

+ sz) - (sin¢)Frx ;)

(8a)

(9)

As shown in Fig. b, me is & bending moment, Frx is a radial force,

and sz is an axial force. All three forces act over the entire circumference

2nR so that the strain energy of Fu is

V. = 21RV_ .
u S

(102)

(4]




FIG.3: STRESSES
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Substitution of F_ frow Eq (8b) into v, of Iq (5a) and then Vg into
Eq (10a) gives

1t B
V=5 F, AF, (10p)
where t
= . )
A, (an)(cS ASCS) (lOc<

18

Then the working deflections of Fu are given by

Du = AuFu . (11)

E. Strain Energy of a Conical Element

The basic element used in the SEAL-SHELL program is the section of a

cone as shown in Fig. 5.

Let e = subscript at the start of the element,
e+l = subscript at the end of the element,
X12 = length of the element in the middle surface,
H12 = uniform thickness of the element, -

U = fractional distance along the element; that is

R=R, +UR,, -R,) >

e
2 = Ze + U(Ze""l - Ze)

at any distance X from e towards e+l.

Let er = sz at e, and er+1 = sz at e+l,
Fre =-Frx at e, Fre+l = Frx at e+l,
=F at e; F =F at e+l

me mx me+l mx

be the element loads at e and e+l,

As an approximation, me and Fry are assumed to vary linearly from e to e+l.
With this assumption, the following eight independent loads are found to act
on the element in such a way that the equilibrium equations (9) are satisfied
for 0S U1, |

10



X2,
X-X
e
Pi
Ze+ \\>N Hi2
- R .

0 Re Re+1

FIG.5 : ELEMENT GEOMETRY

FZG +i

+T R;-H’PM

FIG.6: ELEMENT LOADS,Fe
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1. Pressure

2, F_, the
re

F
mx

F
rx

F
ZX

F

my

(independent of Eq 9)

radial load at e such that
[(sin¢)(xl2)(- U+ 2t - U3)] Fe
[1 - 4U + 3U2]F

= 0

Il

re

=0

[(° o+ 6U)/X12 ]Fre

3e Fre 7 the radisl load at e+l such that

5. F_, the

rx
F

zX
F

my

F
ry

12

= [Ue B U3 )Xo Sin¢]Fre+1
[- 2U + 37.72 ] F

=0

I

re+l

=0

[(B 2+ 6U)/X12 ]Fre+l

=0

= 0

+ F
ze

== F
ze

=0

moment at e such that

= [l -U cosz¢ + (=« 3U2 + 2U3) sinzyf]Fme
(U - P)(6 sinf)/x,, |F

Il

[
[

il

- (cosfé)/xla ]Fme
= [(1 - 2U)(6 sin¢)/X1§ ]Fme

s




6. F , the moment at e+l such that
me+l .

F o= [U ;:032;6 + (3U2 - 203)s‘inv2¢] L
Fop = [(- 04 0P)6 s1nf)/xy | B,

=0
zZX

= b
= [(-2 + 2u)(6 s1np)/x,2 |7

me+l

L
0

’q N

ry
T. Fmr’ a redundant force-moment distribution such that
i o 3 |
F = [(U - 30% + 20°) cos ) sin¢]
(0 - ¥P)(6 cosp)/x,, |F__

=0

F
mr

F
rx

1

F
zX

iy = (10855 5, |
F [(l - 2U)(6 cos ¢)/X1§ ]Fmr

([

ry

8. F .+ @ redundant moment distribution such that

Fox = [(U - Cz)cos¢ ]me
rx = ©
.
me = [(l - 2U)/K.L2]me
Fry =0

In matrix form, the preceding equations are

F,=CF. s (12a)

where

o= IAC- B o
H
[¢]

re+l

oo <
%(D

me+l

=

5B

13




cu='1‘? | 0 . 0 0 o T
v . . E; . —fm - -
0 (-U+202-03 )x12s1n¢ (02-03 )X1281n¢ 0i1-U cosa¢+(-;-302k+2u3,)s‘1n2¢
4 - | J : > o e
0 1 - by + 307 - 2U + 307 0 (u-U~)(6 sin @) .
o . P |
0 0 0 1 ‘ 0 : :
0 0 0 -1 : :._CM
e
-4 + 6U -2+ 6U (1-20)(6 sin @)
i x12 L
:: e — , -
__|u c052¢+(302-203)sin2¢ (U-3U2+2U3 )cos@sing | (UU2 Jcosp
(-un)(6sing) | (U-0P)(6cosp) |,
X5 !’: X2
0 0 0
cos Q | sin é 1-2U X
X0 X0 X2
(-1+2U)(6sing) (1-2v)(6cosp) 0
2 2
L %12 12
Then the strain energy of the element is
=y
Ve = jo Vudx »
so that from Eq (12a) and Eq (10b),
£ .
V,=%F. D, (13a)

1k



where

D, = AeFe . | : (13vb)
and 1

As usual, D gives the working deflections of F . Since the redundant loads
me and F should do no work, their deflections should be zero. Let

= wofking‘loads
we

and

=|F = nonworking loads,
oe mr .

so that

F,=[F. . | (1ka)

oe

Partitioning Eq (13b) to correspond to Eq (1lla) gives

D =(A A x| F ’
we wwe woe We_
oe owe ooe oW
and setting Doe = 0 gives
. -1
Foe = Crefye Where C. =~ (Aooe) (Aowe) ? (1kv)
so that
Dwe = Awere ? (15a)
where
Awe = Awwe +,Awoe ) Cre ' (150)

15



Equation (15a) is the basic building block used in assembling a shell of

revolution from a set of conical elements.

F. Connecting Elements

Suppose n = e-1 elements have been connected with the resulting flexi-

bility equations

V. =5F_ D, SRR _,,_.,‘(169;)
where D =A_F (16v)
_ wn ~ ‘wn “wn '’ :
and
Foo=|1 (Pressure) | . (16c)
le
Frl
Pl
F
re
F
me

It is desired to attach element e with flexibility equation (15a). Let

Fa = matrix of all loads on n and e. (17)

TG
B p b

re+l

to

me+l "

=

re

|

Then -

and F =CF. (18)

16
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where

c =1 o0 0O O O O o0 ©
wn
o 1 0 o 0o o0 o0 O
c 0 1 o0 0 0O o0 o
! o 0 0.1 o0 o O O
o 0 o O O o0 1 o
0O 0 o0 0O o0 o0 o 1
and :
Ce=l 0O 0 0O O O o0 O
6o 06 0 6 06 0 1 O
0 0.0 O 1 0 0 O
0 1 0] 0 0 0 0 o
0o 0 0 0 0 0 0 1
O 0 0O O o0 1 0 O
The total strain energy becomes
Vo=V +V =2 (c F )A(CF +-J=(CF )A(C )
n+l n 2 Ywn n+1 n+l 2 ‘e e n+l
or 1
V =2 Fn+l I)n+1 ’ (19a)
where D = A F (19b)
n+l =~ “n+l n+l ’
and _at t ,
- An+1 - CwnAWnCwn + CeAeCe * (29¢)
Once n and e are Jjoined, the loads Fre and Fme are redundant and have
zero net deflections. Let
Foa =| 2 = working loads on n+l, (20a)
le
Frl
P
Fre+-1
Foe1

17



and

Fops1 = | Fre | = nonworking loads between n and e, (20v)
me
so that _ - -
Forr = | Foma | : (20¢)
Fon+l . E

Partitioning Eq (19b) to correspond with Eq (20c) gives

Diner [ = | Awm+1 | Bvonsd | | Funna
Don+1 Bownel | Poonsl Fons1
and setting DOn+l = 0 gives
-l ! o R e s
Fontl = Crrfunsr "BSTe Cpp == (A ) "(Ann) o (21)
so that
Dwn+l = Awn+1 FWn+]_ ’ (2?8.)
where o
. . .
Ama = Aoma * Avonsr Crn (?‘P)

Thus there are now n = e elements connected and Eq (22a) is equivalent to
Eq. (16b) for n = e=1 elements. '

G. Shifting Centerlines

In the SEAL-SHELL program, elements of zero thickness are introduced to -
allow a centerline shift between flexible elements. Suppose element e is

such a shift, as shown in Fig. 7..

By use of the equilibrium equations (9) or from inspection of Fig. T,

the force systems at e and e+l are equipollent if

18
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THESE LOADS ARE
| INDEPENDENT OF
PRESSURE IN THE

FIG. 7: CENTERLINE SHIFT FROM e TO e+

Dra

’(Dp)bn
Dma | - Dpn= q Oma
q Drn
Dmn
| Dzn

Dzn

—R

FIG.8: END DEFLECTION

EQUILIBRIUM EQUATIONS.
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Fre = Fre+l ?
er = er+l ?
Fre = Fresy = (re+1're)er+l * (ze°ze+l)Fre+1 :
Thus
Fre = Cumfumse1 2
where
c. =[1 0 0] 0 0 01 ,
wn
0 l 0 0 0 0
0 0] 1 0 0 0
0 0] 0 1 0 0
0 0 0 0] 1 0]
0. ze-ze=l 0 0 re”re=l 1l
and
1.t
Vn+l 2 Fwn+l D'wn+l ?
where
Dwn+l = Awn+l Fwn+l ?
and . A _ ct
wn+l  wn wn wn
H. End Loads of Shell
Let
( F, = (F., - P2mRE cos ) I
— 3
Flo= (Fme + PR /3)e a1
ﬁ Frn = (Fre+l JE“R +1H cos ¢) Ng
an = (Fme + PMﬂRe+l/3)e =Ng
\ an = (er+l - PNzﬁRe+lHe sin ¢)e=N

be the loads on the boundaries & and n of the shell of revolution. (In the
SEAL-SHELL program, these loads as input are given per unit circumference

2nR.) In matrix form,

20

(23a)

(23v)

(23¢)

(2ha)

(24p)

(24c)




Fon = Con Fom 2 ' (25a)

where P, =1 (Pressure) , Fome = Fup &t n=n,, and - (25b)
C, = 1 . 0J0,010]0}
-PN(2nReHeéos¢)l olilolo]o
+PM(nRe3/3)l olol1jo]o
-PN(2ﬂRe+lHecos¢)Ne olofol1]o
+PM(nRZ+l/3)Ne ojlojJo|lo}l1
-PN(2ﬂRe+lsin¢)Ne 1]J]ofo]o.jo

Then the total strain energy in the shell is

1.t
Vﬁn =2 an Dbn > (26a)
where
Bon = Aon Fon 2 (260)
and t )
Abn = Cbn (Abn)Nern : (26c)

Dnb gives the deflections of an

, as shown in Fig. 8.

Any consistent combination of the variables in Dbn and an may be used
as input to the SEAL-SHELL progran. '

21 -




III. INPUT FOR SEAL=-SHELL

A. Deck Arrangement

An inpuf deck for one problem consists of the aéééﬁnﬁing_card, problem
cards 1000 through 8000, and a blank card .
Accounting Card
(Card 1000
Card 8000
Blank Card

]

If a set of problems is to be run successively, the arrangement consists of
the accounting card, sets of problem cards 1000 through 8000, and one blank

card:

Accounting Card
First Problem: Card 1000
First Problem: Card 8000
Last Problem: Card 1000
Last Problem: Card 8000
* Blank Card. :

An explanation of the input table follows.

22
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TABLE I: INPUT ARRANGEMENT
ACCOUNTING
;! o [1i-15 ] |17-21 25-32 | 33-37 38—72
NUMBER [$8\[M0077 ] USER N\\] CHARGE |PRODN [\ ey
1000 TO 4000
1-6 | 7-12 | 13-18 | 19-24 | 25-30 | 3i-36 | 37-42 | 43-48 | 49-54 | s55-60 | 61-66 | 67-72
\Moo77 | Name PHONE ~ Joare NN\ 1000
OPENING COMMENTS 2000
Ne Pj Po Em Esm Pau - 3000
Kan Gra Gma Grn Gmn Gzn - 4000
5000, 5001, ETC. , ' : o
-6 7-12 | 13-18 | 19-24 | 25-30 | 31-36 | 37-42 | 43-48 | 49-54 | 55-60 | 61-66 | 67-72
NN Ra Zq 5000
Ie Re Ze He N NN E
Te Re Ze He CANGLE T RN\hahaxaxan\y - Ere
6000, 6001, ETC L ' - )
1-6 7-12 | 13-18 | 19-24 | 25-30 | 31-36 | 37-42 | 43-48 | 49-54 | 55-60 | 61-66 | 67-72
Ie Ketd | Te Kifd Te Ktfd Te Ktfd Ie | Kftfd \-\ 6000
Ie Kffd Ie | Kffd Ie Kffd Ie Kifd | Ie. Kffd \ 6001
Ie Kffd Ie Kffd Ie Kffd le Kffd Ie Kefd DN\ ETC.
7000, 7001, ETC. . . E
-6 7-12 | 13-18 | 19-24 | 25-30 | 31-36 | 37-42 | 43-48 | 49-54 | 55-60 | e1-66 .| 67-72
Le Kss le Kss Te Kss Ie Kss Le Kss \\\\ 7000
Ie Kss le Kss Ie Kss Ie Kss Ie Kss \\ \ 7001
Ie Kss Ie Kss Ie Kss Ie Kss Ie Kss \\\\\ ETC.
8000, AND BLANK CARD (NO COMMENTS IN COLUMNS 73-80 OF BLANK CARD)
1-66 67-72
CLOSING COMMENTS 8000




B. Format 6f Words

nX = n blank columns.
nA = n columns of alphabet letters, digits, blanks, or any combination.

In

I

n columns for an integer number, which is placed to the right.
For example, using the format I6:

300 = T T 1310107,
(0 e
o= T T T Tol.

El2.4 = 12 columns of an exponential number in the form

+ fgh : :
(+ a.vede) x 1002 T8) L [FTET TP Icale] [F1FIeln],
nunber blank exponent
“or E

where the decimal point is in the thifd column and the exponential
sign is in the ninth column. For example,

S T S T P N O Y A A X
0.06080 =6 1. J08 [ [ -1 [ 2],
6xlolé=r161.|_ [T T T I+ Il

o=COL [ [ [ [ [T+ [ To].

Columns 2, 3, 9, and 12 should not be blank; and column 8 should be |
blank or contain the letter E. .
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C. Input Cards and Notations

Accounting Card

At Bettis Atomlc waer Laboratory, each problem deck for the PhllcO 2000

has an accountlng card of this form:

Columns || 1-8 - | 9|10.. |11-15|16. |17-21 | 22-80
Formats || I8 Al xa A5 - |X1 - |A5 X59
Words | Number | $ ! Blank | Code | Blank | User | Blank.

The number in columns 1-8 is assigned to each user., A dollar sign is in.
column 9. For SEAL-SHELL, the code number in columns 1l- 15 is MOOTT7. The

user's code name is in columns 17-21.
Card 1000

Card 1000 is the title card for a probiem, and has this form:

Columns || 1 2-6 T-24 [ 25-L2 | 3-80 | 61-66 | 67-72
Formats || X1 A5 A18 | A18 A18 X6 16
Words Blank | MOOT77 1 Name | Phone | Date Blank | 1000

This card should contain the code number, user's name, phone number and

extension, date, and card number.

In all cards'lOOO through 8000, columns 67-72 are reserved fof the card
number, and columns 73-80 may be used by the user for comments or sequencing

if he so desires.
Card 2000

Card 2000 is for comments on the particular problem:

Columns | 1-66 67-T2
Formats [ A66 16
Words Comments | 2000

Card 3000°

Card 3000 contains the basic parameters of the problem.
Consider the intersection of the shell of revolution in & meridian plane.
Let

= the sfarting point of the centerline of intersection. Either end may
be chosen as such,

25



n = the ending point of the centerline,

x = a distance along the centerline from the end a, in.
R = R(x) = the radius of the centerline at x from the axis of
revolution, in, O £ R £ 1000 in.
Z = Z(x) the elevation of the centerline at x on the axis of
revolution, in. 0 < Z £ 1000 in, : .
Construct the R-Z axes from an origin 0 so that the +R axis is-90o cwﬁ

from the +Z axis.

2(x) Y

R(x) R

When an observer moves along the centerline from a towards n, the region to
his right in the R-Z plane is defined as the inside and the region to his -
left is the outside. Let |

P,
i

P
o

it

the inside pressure; psi.

i

the outside pressure, psi.

z)\ ‘z’l\

cew = counterclockwise { ' (Lt
cw = clockwise ()

26




Let

E
m

the tensile modulus of elasticity, psi. In the code, 1< E_-

]

E,, = the shear modulus of elasticity, psi. 1< Esm‘-

= ! i o < < . o
P, = Poisson § ratio. 0SSP < 0 4999

N_ = the number of'eleméntsAuséd'in'flexibility célculatibns =2 to 100.
The elements are arranged in sequence from a to n along the centerline
of the shell in the R-Z plane. S

The precedlng six parameters are placed as fOllOWs on card 3000

Columns || 1-6 ] [~18 | 19-30 | 31-k2 u3-5u 55~66 6772
Formats || I6 |El2.4| E12.hk |E12,L4 | E12.k | E12,4 [ 16

Words N |P, P E  |E - |P -~ |3000
| e 1 (o] m sSm ; nu

Card 4000

Card 4000 specifies the types of boundary conditions. At ends a and n,
there can be three loads applied per unit circumference and for each load,
there is an associated displacement. '

Let
F__ = force per unit circumference of a, parallel to the Z axis, lbf/in,

8  p is positive if it is in the same direction as the positive
z%8xis (+T ) and negative if in the opposite direction (-l)

i

axial deflection of F,.» in. (+] ana - l )

z8

e = force per wnit circumference of a, parallel to the R axis, 1bf/in.
Fre. 1s}vposit1ve if it is in the direction opposite to the +R axis
(<t ) and negative if in the same direction (-—s).

 , = invard radial deflection of F _, in. (< and —=)

Fma = bending moment per unit circumference of a, in,=lbf/in. Fma is
positive if cw ((#)) and negative if ccw ({=)).

D, = rotation of F_, radians. (( and ()

an = force per unit circumference of n, parallel to the Z axis, 1bf/in.
Fgn 1s positive if opposite to the +Z axis (+ \L) and negative if in
the same direction ( "T)o

n = axial deflection of an, in. (+‘|Ia.nd —T)
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F__ = force per wnit circumference of n, parallel to the R axis, 1bf/in, -

m Frn is positive if it is in the same direction as the +R axis ( =)
and negative if opposite (< ).
= radial deflection of F_, in, ( —= and <)
rn rn _ _ A
an = bending moment per unit circumference of n, in,-lbf/in° me
» is positive if cew ( (P ) and negative if ew (&} ).
D, = rotation of F_, radians. {( (P and ¥ )

If Pi’ Po’ and an are given, then an is found from a vertical eqﬁilibrium
equation and may not be specified independently, Thus & can be considered as
a vertical anchor point which; however, can move radially and rotate, with

D_= 0.
78

Equilibrium Reaction

z \

Positive Loads ' Positive Motions

In the code, these loads are multiplied by circumference and used that

way.
Let
Kra.= input option for Dra or Frag
=0 1f D 1is given, or 1 if F__ is given,
ra ra
= given value of D or F_ .
ra ra ra
Kﬁa = input option for Dma-or Fma5

i

O0if D0 is giveny; or 1 if F__ is given.
ma. ma
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G = given value of Dma

ma,

rn

It

rn

mn

Zn

G
zZn

The five K's are combined into one number Kﬁn' For example, if

input option for Drn or F

input option for Dzn or F

or ¥ .
ma,

rn’

given value of D or F_.,
rn rn

input option for Dmn or an;

givenrvalue of D or F .
mn mn

zn’

= given value of D _or F_ .
zZn zZn

0 if Drn is given, or 1 if Frn is given.

0 if Dmn is given, or 1 if an is given.

0if D is given; or 1 if F__ is glven.
zn zn

( A
K. =0
Kpa =1 then K = 01100
<K =1 an
rn ? or 1100
Ky = O
KZn=0
\ /
Card 4000 has this form:
Colwms || 1-6 | 7-18 | 19-30 | 31-k2 | 43-5k | 55-66 | 67-72
Formats || 16 |El2.4| E12.h | E12.k | E12.4 | E12.k | I6
Words Kon Gra G oa G., | G-mn G, L4000
Card 5000
Card 5000 contains the radius and elevation at a:
Columns || 1-6 7-18 | 19-30 | 31-42 | 435k | 55-66 | 67-72
Formets | 16 El2.4 | E12.k | E12.4 | E12.4 [ E12.hk | 16
Words Blank Ra Za Blank | Blank | Blank | 5000

Cards 5001, 5002, etc.

Instead of giving the radius, elevation, and thickness at the end of each

element Ie for Ie =1 to Ne’ where Ne can be 100, the user can specify regions

of data, as follows:
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Ie = the element number at the end of a region.

Re = the radius at the end of the region.

Ze = the elevation at the end of the region. o o B -
H =

the thickness of the elements in the region, in. 0 < He < 100 in.

Angle = the angle through which the region turns toward the inside

of the shell, degrees. This angle is negative if the region
turns towards the outside and is O if the centerline is
straight. The regions must be chosen so that

- 90 < Angle < 90,

D -

e ——

Angle < O

Each region has uniform thickness, uniform curvature, and at least one element.
The cards are numbered for the regions in succession: 5001l; 5002, etc. The
element number Ie for each region is higher than for the preceding region,

and the regions continue until Ie = Née The card for regionvI has»the form:

Columns | 1-6] 7-18 | 19-30] 31-42| 53-54 | 55-66 ] 67-72
Formats | I6 | El2.4| El2.4| E12.4| E12.4| E12.4| 16

Words I R Z H Angle | Blank | 5000+I
e e e e . . .

In the computer program, each region is broken into equal length elements
along the arc of the centerline. For example, if a region has four elements,

the region is broken into elements as shown:
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(o) -

Then each element is approximated as avconical'surface of zero curvature,

so that the centerline becomes‘kinkéd into straight segments:

R

The end points of each element are still on the original curved centerline

of the region, but the element interiors come inside the curve as chords.,

Note: for accuracy in the flexibility calculations, the element length
along the centerline should not be much less than the thickness He or be as
large as the quantity

Xu / R, 2 HZ.
(sin ¢) ' ?) '

3(1-v
The thickness of each element is assumed to be bisected by the straight

centerline through the element. If two adjacent flexible elements have center-

lines which do not meet at the interface, the shift in centerlines is indicated
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by introducing a region of zero thickness. For -example, in the sketch,

element 2 is a centerline shift between elements 1 and 3:

= A\ z A
1 2
3

A region of zero thickness should contain only one element.

Cards 6000, 6001, etc,

Regions of output are specified for bending moments, tensile forces,

shear forces, and deflections. Consider an element Ie°

Let
Mx = bending moment per unit circumference; ih.lb/ingg
Nx = tensile force per unit circumference, 1b/in.
Qx = shear force per unit circumference, lb/ino
My = bending moment per unit centerline length, in, lb/inu
N = tensile force per unit centerline length, in. lb/in.
Y
D = rotation, radians (&)
D_ = radial deflection, in. ( ).
D = axial deflection, in. (+] ). ’
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' Positive'signvconventions are shown in the following sketches:

’Mx+dx

x+dx

0 >~ YQ'X"'dX
= -
Let . . :
Kfo'= load option of printing Mx, N «? Qx M s and N at the start
of an element I o
=1 if yes, O if no.
Kfl'z load option of printing M " Nx’ Qx’ M 5 and N at the end
of the element I o5 Y
=1 if yes, O if no.
Kdl = load option of printing D - D o and D at the end of the -
element I_; - '
= 1 if yes, O if no..
Kffd = a combination of Kf 5 Kfl’ and Kdl° For example, if
Kfo =0 ) o )
: Kfi =1 ., then Kffd“= 0ll or 11,
K. =1 '

In cards 6000, 6001, etc., regions and K's are given in pairs, five pairs
per line, until”I N «.. Each-region is. identified by the last element I
in that region, as in the 5000 series of cards. For example, with N 50,

the sequence ' :
{lO, 100, 32, 0, 50, l}
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indicates that the first 10 regions have MXO’ Nxo’ QXO’ M., and Nyo printed

yo

out; regions 11 to 32 have nothing printed out; regions 33 to 50 have Dml’

Drl’ and Dzl printed in the output to the problem,

The cards are numbered 6000, 6001, etc. If five or less pairs reach

Ie = Ne’ only one card is needed. The card follows:
Columns [ 1-6 | 7-12 | 13-18 | 19-2% [ 25-30 | 31-36 | 37-42 | 43-L8 | LO-5k | 55-60 | 61-66 | 6(~12
Formats || I6 | 16 16 I6 16 16 I6 16 6 |16 16 16
Words I, | Kepg | Lo Teeg | Le Kera | Lo Iepa | Ie Kepgq |Blank 6000+I'

Cards 7000, 7001, etc.

3L

Regions of output are specified for stresses.

co

[e]o]

SO

normal stress produced by Mx and N#, psi.
normal stress produced by My and N&, psi.

the third normal stress, psi. At the inside surface, S 2 = -Pi5
and at the outside surface, S, = -P . z »

41
shear stress produced by Qx, psi.
twice the maximum shear stress by Mohr's Circle calculation, psi.,

option for printing out the stresses on the inside surface at
the start of element Ie’ Oor l.

option for printing out the stresses on the centerline at the
start of element I o» O Or 1. :

option for printing out the stresses on the outside surface at
the start of element Ie, O or l.

LbxXK, +2xXK +K . For exampie, if
io co

00
K, =1 s thenK_ = Lxl+2x O 4+ 1 =5 and the stresses
o = 0 on the inside and outside surfaces
o = 1 are printed in the code output.

option for printing out the stresses‘on.the,inside.surface at the
end of element Ie’ Oor l..



K 1= option for printing out the stresses on the centerline at the
- C end of element Ie’ 0 or l.
K 1 = option for printing out the stresses on the outside surface
°* &t the end of element I_, O or 1.
K, = L x Kig *2xK, +K..
K =10xK + K. = stress option of element I_ . For example,
ss 80 sl e

Ksg = 12 indicates that the outside surface stresses at the start

of the element and the centerline stresses at the end of the element

are to be printed in the code output.
In cards 7000, TOOl, etc., regions and K's are given in pairs, five pairs per
line, until‘Ie = Ne. Each region is identified by the last element Ie in the
region., The card form is as follows:

olumns || 1-6 | 7-12 | 13-18 | 19-2% | 25-30 | 31-36 | 37-k2 | k3-8 [ 49-5L [ 55-60 | 61-66 | 6(-12
ormats || I6 | 16 16 16 16 6 |16 16 16 16 I6 16

| ords Ie Kss | Ie Kss Ie Kss Ie ‘ KSs Ie Kss Blank | TOOO+I

Card 8000

Card 8000 is the last card of each problem:

Columns || 1-66 67-T2
Formats || A66 I6
Words Comments | 8000
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IV. FLOW DIAGRAMS AND OUTPUT OF SEAL-SHELL

PROGRAM FLOW DIAGRAM

MAIN PROGRAM ’ ) ; x

0§ 245 } 340y

READ AND | Ie=0 J SET Fwe FROM Fp
CHECK INPUT Fre =Cre(le)Fwe
— :
‘ 251

(___sus ac ) Ie=1+Te 360
20 § SET Kdl r Iy= |

SET Cp u-g

Ap=Cpta, Cp ' °f C
SET Cpbn AND 260 362

Db =GAiT Fbe Fn (e+|)i’Crn (te) d'
Fn<Cb Fb Dn (e+1)=Arn Fwn o +

Crn (Ne)=Fn(e+1)
Dwn=An Fuwn

283} L
230y ( Nc-le ) 375 y 1

r Te = Netl | +] O
R =Ry +U(R2-RI) .
200 SET Cy
1 I Ie =0 l Fy=Cu Fe
[ 16:1¢-1 | . SET Cg
( Ie-! -t Fs =Co Fy hd
—E_: 302}
] [0
245 Te=I1+Ig ' C 1.
233) SET Kfo Kfl ,Ke 2[ 1

Fr(e+1=Crnlie) ( Kfo“‘fl? -
Fnlle) = - ] 471

Crn(le—)XFwn 315 Ne-Te
Crn(le-N =Fn (e) | Fn(e+n=Crnlle) | o

l ( Ie-! :
0 + SUB Ss )
10 (NEXT PROBLEM)
I 4

\

y
[FaerFat) | [ Foler=Crnlle-1) |
¥ 340
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A 4

30
He
o] +

35y

| Fn(e+1) =Crnle) I

Cle-t )

0 +
y
Fnle) = Fn(e)®
Fnll) Crn{i-e)

L______Jr

60

SET Fue
Fre =Cre (le)Fwe

|

ool

L

Iu=|

+
-
+

0

(s 2 |

s .
[ u=0o | [ u=0s]

100

R=R | +U(R2-RI})
SET Cy

Fu = CuFe
SET Cy

Fg = CgFy
Ie =0

201

Ie= 1 +I¢

C =He—(2-1¢)2
SET As
STRESS=Ag Fg
WRITE STRESS

271

-Tc )

+{ O

+-________J
)

A 4l

37



31 150 ¢

An=o SET Cwn
Ie=0 An =Cwn'AwnCwn

‘ |

"

200 IOO‘
Ag=0 SET Cp
Iys= Ap =Cp'AncCy
Y
250
Iy =1 +Iu
SET U,R,2Z
SET Ay ,Cy
Ag=Ag+CytAyCy .
5-Ivy > RETURN
+f O
400
Ag—AyeCre
STORE Cre(le) WRITE Awn
SET Cwe 175
An =An+Cwe'AweCwe
135 +
( Ie~-I ) < Te-t , Ng-1 )
+| O +10 149
Ay
5004 1367
Ap —= Awn,Crn Crnlle— 1) : I STORE Arn(le-1) I
STORECyn (lg—1) =Cp (g+1) 140
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1.

®

limits.

2,

Ligting of Input

The output of MOOT7 first lists the input, checking for errors in data
A complete listing of R, Z, and H is made for all elements Né.

Matrices in General

All load, deflection and stress matrices have 7 columns.

the
the
the
the
the
the
the

effect
effect
effect
effect

Column 1 gives
Column 2 gives
Column 3 gives
Column b4 gives
Column 5 gives
Column 6 gives
Column 7 gives

of pressure alone.

of GRA alone.

of GMA alone,

of GRN alone.

effect of GMN alone,

effect of GZN alone.

combined effect of the first 6 columns.

Matrices in Particular

a. Boundary Force Matrix, an

The boundary force matrix is F in Eq (25b).
o Frgs Fops F

wn?® Fzn’
circumference 2ﬂR, not per unit length.

The rows printed in

the output are F These loads are over the entire

b. Boundary Flexibility Matrix, Aﬂn

¢. Boundary Deflection Matrix, Dbn

Db is the working deflection matrix corresponding to an.

Dbn nb bn
d. End Force Matrix, F
wn

The end force matrix is Fwn The rows are

Fo1e Frao Fmno Frer Tes

e, End Force Flexibility Matrix, Aﬁn

in Eg (16c) for I, =N+ 1,

f. End Deflection Matrix, Dwn

Dwn is the working deflection matrix corresponding to Fwn‘

D =A F L
W wn wn
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4o

g

I
e

h.

Ny, and Qx at position U on element I,-

i.

O wx? a'ee; UPP’ Txp’ and o °°-max is twice the maximum shear stress

=1 to ‘.Nea The rows are the deflections for F

Inbetween Deflection Matrix, Dwn

The inbetween deflection matrix is the matrix DWn for an inbetween

and F
me

ze+1? “Fre +1 +1

Local Ioad Matrix, FS

The local load matrix is F_ in Eq (8b). The rows are M, My, Nx,‘

Local Stress Matrix

The local stress matrix at position U on element Ievha.s five roﬂis“: ‘

as determined by the following formula:

= 0.5 (O‘SS + a'pp)

' ' 2 2
rad \/(Gxx - C_Tave) +( Txp) '

17 lea-ra.dl

qQ
I

ave

2 [aave * O lad " GOGI
o3 =I Oave " raa ~ O-GGI

Tpax = MBX of (a‘l, 0-2,0‘3)

e
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APPENDIX OF SAMPLE PROBLEMS

A. Plate

Consider a pressurized circular plate With & hole as shown in Fig. 9.
The outside edge, a, is simply suppofted and the inside edge5 N, is free,
The input of Table IT is based on the following requirements:
1. use four flexible elements,
2. determine deflection and slope at the end
of each element,

3. determine stresses at all three surfaces at
all locations.

B. Seal Ring

Consider a pressurized seal ring as shown in Fig. 10. End a is built-in
and n deflects .010 in. vertically without rotation.
The input of Table II is based on the following requirements:
1. use 20 flexible elements at 6° intervals,
2, determine inside and outside surface stresses

at all locations.

¢, Hemisphere and Cylinder

Table II also gives the input for determining stresses at the joint
between a hemisphere and cylinder as shown in Fig. 1l. Fifteen intervals
in the hemisphere and 20 intervals in the cylinder are used.

In all three problems, Em =3x lO7 psi,

_ 7
Esm =1.15 x 10" psi,

Pnu = 0035

L2
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TABLE II

14001205$ MOO77 FRIRH 1484 0B666PRODN

MOOT77 FRIEDRICH EXT. 381 APRIL 17, 1961
CIRCULAR PLATE INPUT
L2, - + 3 0. + 03. + T71.15 + T 3.
11111 O. + 0 0. + 00. + 00. + 00,
3. + 1 0. + 0
1, + 10. + 03. + 0
L o0l
3 70 L T7
END OF INPUT
MOO77 FRIEDRICH EXT. 381 APRIL 17, 1961
SEAL RING INPUT . ‘
20 1.5 + 3 0. + 0 3. + T71.15 + T3.
00000 0. + 00, + 0 0. + 0 0. + 01.
2. + 1 5. + 0
15 3. + 11.5 + 11. + 009, + 1
20 3.5 + 11.366 + 11. + 0 3. + 1
20
19 50 20 55
END OF INPUT
MOOTT FRIEDRICH EXT. 381 APRIL 17, 1961
HEMISPHERE AND CYLINDER INPUT
- 351.7 + 3.0. + 0 3. + 7115 + T3.
00000 O. + 0 0. + 0 0. + 0 0. + 00.
0. + 0 3. + 1
15 1. + 12, + 15. - 109. + 1
35 1. + 00.001 + O01. + 0
35

b 0 15 05 16 50 35 0
END OF INPUT

1000
2000
3000
4000
5000
5001
6000
T000
8000
1000
2000
3000

 kooo
5000

5001
5002
6000
7000

8000

1000
2000
3000
4000
5000
5001
5002
6000
7000
8000
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FIG.13: SEAL-SHELL ANALYSIS

EXPERIMENT
THEORY

MERIDIONAL STRESS
INSIDE SURFACE

LOCATION

MERIDIONAL STRESS
OUTSIDE SURFACE

CIRCUMFERENTIAL STRESS
L OUTSIDE SURFACE
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FIG.12 : SEAL-SHELL ANALYSIS
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