UNITED STATES
WUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20855

PR 2 180

MEMORANDUM FOR: Harold R. Denton, Director
Office of Nuclear Reactor Regulation

FROM: Robert J. Budnitz, Director
0ffice of Nuclear Regulatory Research

SUBJECT: RESEARCH INFORMATION LETTER # , "DESIGN
CRITERIA FOR CLOSELY-SPACED N IN PRESSURE
VESSELS"

This memorandum transmits the results of completed research dealing with
the establishment of design criteria for closely-cpaced nozzles in
pressure vessels and the resulting change to the ASME Cod2 rules
(Appendix A). Seven reports (Appendices B through H) issued in the
process ot this research are enclosad. The eighth and final report
(Appendix 1) is in the process of publication and will be submitted upon
comnletion.

1.0 Introduction

The results described nerein were generated in a research program
whose objectives were to investigate the state-of-stress at reinforced
openings (nozzles) in cylinarical pressure vessels operatiny at
temperatures below the creep range, such as for light water reactor
(LWR) vessels, and to assess the rules anc criteria that govern the
des‘gn and qualification of isolated and closely-spaced nozzles in
reactor vessels. Two of the more impor®ant parameters investigated
are the maximum stresses ‘n the nozzle-vessel region and the minimum
distance between nozzles or between a nozzle and other structural
discontinuity. These must be limited to acceptable values to

assure that the vessel will not develop failure mechanisms irom
excessive peak stresses (initiation of fatigue cracks) and ‘rom

high local membrane stresses (excessiv. distortion due to material
yielding). Although the ASME Boiler and Pressure Vessel Code,
Sect‘on 111, Nuclear Power Plant Components, contains clear instructions
for designing nozzle peretrations including geometric details,
reinforcement rules, stress indices, and spacing requirements,

there was concern that the Code rules for computing maximum stresses
(stress indices) and for maintaining an appropriate distance between
nozzles to prevent excessive interaction of stress fields were
inadecuate, at least .ver some range of the geometric parameters
covered by the rules. There was also a desire to reduce the

ninimum spacing distances in the event that the present criteria

are overly conservative.
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2.0 Discussion

In order to investigate these questions, ORNL developed and validated

two special purpose finite-element stress analysis cr-puter programs,

CORTES and MULT-NOZZLE, for analyzing pressure vessels with a

single (isolated) nozzle or with two or more closely-spaced nozzles,

under loading conditions of internal pressure and/or force and

moments applied to the end(s) of the nozzle(s). These computer

programs were used to conduct parametric studies of the ASME Code

endorsed nozzle designs over a wide range of dimensionless geometric

parameters. Work was carried out to correlate the calculated

maximum stress data developed with experimental data and to compare

these correla“ions with the ASME Code calculated stress indices.

The information developed as described above led to the establishment

of a new criterion for defining an "isolated nozzle condition."

And finally, the work carried out led to the development of proposed

alternate criteria, both for computing the maximum stress intensity |
(not to be confusec wich the stress intensity of fracture mechanics |
terminology) for a given nozzle design and loading condition and

for limiting the m. ‘mum distance between nczzles. These criteria

are given in a form %hat can be introduced into the ASME Code to

replace the present rules.

3.0 Results
Results of the studies (see Appendix G) show that the Code stress
index for computing the maximum design stress intensity at the
inside corner of the nozzel-vessel junction can be unconservative
for values of the parametric relation:
n = (d7/04)°+13? (D4/T)%18 > 1.1 (1)
where di = inside diameter of nozzle
Di = inside diameter of vessel
T = actual wall thickness of vessel minus corrosion allowance.
The degree of this unconservatism is dependent upon the zmount and

placement of nozzle reinforcement material allowed by the l.litude
permitied by Code reinforcement rules. Since many (or most of the
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reactor vessel designs of current irterest have values of the
parameter n, less than 1.1, it is r.:ommerJed that use of the
current Code indices be limited to values of n < 1.1. This is
somewhat more restrictive than the present Code limit of:

o = (di/04)/Di/T < 0.8 (2)

For nozzle designs with n » 1.1, such as occur routinely in piping
applications, more elaborate stress index formulas were devcioped
for both internal pressure and applied moment loadings to replace
tre present Code indices. These recommendations, in the form of
pronosed Code rule revisions, hive been presented to the ASME
Boiler and .ressure Vessel Code Committee and are summarized in

Appencix A.

Resultes of the studies addressed to the question of nozzle spacing
(see Appendix I - to be supplied at a later date) indicate that the
Code rules are inadequate in several respacts, primarily due to the
lack of a sufficient data base. Nozzle spacing rules as given in
various portions of the Code are not consistent. Of more importance,
however, is the fact that a 3iven rule may be conservative in one
respect, such as for nozzles rnaced around the circumference of a
vessel, but unconservative in another respect, such as for nozzles
spaced in a lTengitudinal plane or in some nonorthogonal piane.
Further, the Code rules may be unconservative for smaller nozzles
with all the required reinfarcement placed in the nozzle wall but
excessively conservative for larger nozzles with a significant
portion of the reinforcement in the form of increased vessel wall
thickness.

To resolve these problems two items were needed: (i) an acceptable
definition of the isolated nozzle condition in terms of the dimen-
sional extent of the region in which the nozzle has a significant
influence on the primary membrane stresses in the vessel, and (2) a
computational rule for limiting the minimum distance between nozzles
so that their local primary membrane stresses regions do not interact
significantly. To define the isolated nozzle conditiun, the
criterion that a primary membrane stress intensity greater than 10
percent above nominal would be considered significant, and that the
directional distance from the nozzle centeriine to the 1.1 T,

contour would be considered the boundary of the isclated nozz?g
region was adopted. The region was then further definec in terms

of the dimensional parameters of the nozzie and vessel, the directional
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orientation of the nozzles, and a vessel-wall reinforcement parameter,
based on analytical results obtained from the finite-element parameter
studies and existing experimental cdata.

A new nozzle spacing rule based on the additional condition that no
two nozzles should be closer than the sum of ths distances to the
boundary ov their respective isolated nozzle has been formulated.
This new rule is being proposed as a replacement for the four or
more rules in current use. Figure 1, extracted from Appendix I
(report not yet available) shows a comparison between the longi-
tudinal spacing requirenent of the rew rule and the current rules
for Class 1 nuclear pressure vessels (and piping) as a function of
the nondimensional p2 ameter.

A= ldy + d2)/VRyTr (3)
where dy, dz = inside diameters of rozzles
Ri = inside radius of the vessel (or pipe)
Tr = minimum vessel wall thickness required by

Code to resist design pressure.

The new rule, which includes the influence of the additional
nondimensional parameters D;/T,, t,/T, and T,/T,, where D{ is the
i.3ide diameter of the vesse! fa s fhe actlal vessel wall thickness,
and ty is the nozzle wall thickness, is illustrated for parametric
values of Dj/Ty = 10 and 100 and T,/T,. = 1 and 2. This rionge
effectively brackets the range of current pressure vessel design,
Values of t,/T, were chosen to satisfy the fnde rulec far 100

percent reinforcement specified in paragraph NP-3338 of Section Iil

of the Code.

Figure 1 (enclosure 1) shows that although the current rules are
simpler, since they arc expressed only in terms of the one parameter
A, they are somewhat uiconservative for values of A < 2.75 (which
includes most nuclear applications) when T /Te = 1. On the other
hand, when thc nozzle course of the vessel is thicker than the
minin.r required, i.e., T,/Ty > 1 and/or when x > 2.75 (which
includes most piping installations), the current rules tend to be
excessively conservative. Thus, application of the new rule wil.
not only contribute to an increase in effective margins of s fety
but will also allow for design options that are not available ider
the current rules without detailed and expensive analyses.
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4.0 Recommendations and Conclusions

The proposed Code revisions for nozzle spacing and for stress
indices for nuclear Class 1 vessels [NB-3300, NB-3338.2(d)(3E and
NB-3339.1(f)] and nuclear Class 1 piping branch connections [NB-
3600 and NB-3683.8] are enclosed as Appendix A. The latter are
given in the proposed complete rewrite of the present ASME Code
paragraph NB-3683 and stress index table [Table NB-368.(a)-1].

The impac. >f this research program, leading to better design rules
for vessel-nozzle, piping-branch design, does not require any
reexamination of existing configurations. Such configurations have
been traditionally designed with wall thicknesses in excess of Co *
minimums and, where they have been designed to Code minimums, the
resultant modest decrease in safety factors, as shown in this
program, does not compromise the safety of the structures in
question. This is due to the large inherent factors of safety
built in the Code directly, particularly as apply to stress limits
for the approved vessel, nozzle and piping material.

Robert J. Budnitz, ector
Office of Nuclear Regulatory Research

Enclosures:
1. Figure 1
2. Appendices A-H

(see attached sheet)
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Fig. 1. Proposed minimum normalized center line-to-center line dis~-
tance L,//7;T, between nozzles in a longitudinal plane of a nuclear class
1 cylindrical pressure vessel or straight pipe as a function of the dimen=-
sionless sum-of-inside-diameters parameter » = (d, + d;)/V/7;T,, where La
i{s the centerline distance measured along the inside surface of the shell,
R; is the inside radius of the vessel (or pipe), Ty 18 the minimum required
wall taickness of the vessel computed by the equations given in Code
paragraphs NB-3324.1 or NB-3641.1. The lines identified by parametric
values, e.g., D/T; = 10, 7,/T» = 1 are plots of the proposed rule for
various values of the vessel inside diameter-to-actual wall thickress
ratio D/T, and the excess vessel thickness parameter 7,/T,. The lines
identified by Code paragraph number, NB-3338, NB-3339, and NB-3643 are
plots of the current rules under the :ggject paragraph. The dashed line
(old NB-3339) is the so-called 2 1/2 VAT rule given in the Code prior to
the 1977 edition.
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APPENDIX A

PHOPOSED ASME CODE RULES MODIFICATIONS RELATIVE
TO NOZZLE SPACING IN NUCLEAR CLASS 1
PRESSURE VESSELS AND PIPING

Class | Vessels (NB-3300)

|. Delete the last sentence of NB=3331(d) . . . '"'If fatigue analysis
is not required, the restrictions on hole spacing are applicaole
unless there will he essentially no pipe reactions."

2. Add 2 new subsubparagraph to NB-3331:

NB-}}}!(&) For openings in a spherical shell or head, the arc dis-
tance measured between the center lines of adjacent nozzles along
the inside surface of the shell shall be not less than two times

the sum of their inside radii. For openings in a cylindrical shell,
their centerline distance along the inside surface of the shell
shall be such that [(L,/2)2 + (£;/3)2]'/% is not less than F, times
the sum of their inside radii, where

e—Clt/tr( -0°075($ O.IXCZt/tr - {3

Fo= b4 D/t) n/t)
+ ‘?[' + (0.4 = 0.1 278 )],

A= (dl + dz)/zﬁﬁ?; >
Lo vt
n 2" "nl ’

and where the magnitude of ¢/t _used in computing the minimum nozzle
spacing is not greater than 2.5. Numerical values of the constants
Cy, Cz, and C3 are tabulated below for the appropriate range of i:

A o C3 Cs
0 to 1 1.53 0.20 0.53
1 to 3 1.53 0.62 1.39
3 to8 .46 0.62 1.43

1f t/t, is greater than 1.0, the thickened portion of the vessel shall
extend a distance from the center line of either nozzle not less than
37, times the diameter of the larger nozzle in the longitudinal direc-
tion and not less than 2 F, times the diameter of the larger nozzle

in the circumferential direction. Symbols used in the computations for
minimum nozzle spacings are defined as follows:

D = inside diameter, in the corroded condition, of the vessel
shell, in.

dy,d; = inside diameters, in the corroded condition, of the two
openings under consideration, in.

F = a correction factor which compensates for the membrane
stress attenuation in the vessel as a function of nozzle
Jimensions.



R = 1/2D = inside radius of the vessel shell, in.

t = wall thickness of the vessel shell in the region of the
opening, in.

t = thickness of the vesse! shell which meets the requirements

of NB=3221.1 in the absence of the opening, in.

t .t = thicknesses of the two nozzles under consideration (see
Fig. NB-3338.2-2), in.

L = nondimensional stress attenuaticon parameter.
Replace NB~3332.1(b) with the following:

NB-3332.1(k). No two unreinforced openings shall have their centers
closer to each other, measured alcng the inside surface of the vessel
wall, than 0.3¢Rtr plus 2.4 times the sum of their diameters.

Replace NB-3338.2(d)(2) with the foilowing:

NB-3338.2(4)(2). The arc distance measured between the center lines
of adjacent nozzles meets the requirements of NB-3331(h).

Replace NB-3339.1(d) with the following:

NB-3339.1(d). The arc distance measured between the centerlines of
adjacent nozzles meets the requirements of NB-3331(Rh).

Class | Piping (NB-3600)

Add a new subsubparagraph to NB-3643.1:

NB-}G&J.ISQ). For branch connections in a pipe, the arc distance
measured between the centerlines of adjacent branches along the

outside surface of the run pipe shall be such that [(Z_/2)¢ + (LP./B)Z]”2
is not less than Fc times the sum of their inside radii, where

. =0.07 0.1
= eI/t e ; Zry - (b1 ; b2y CaT e, =0
r r

0.4 = 0.1 7/t
+ i'll + - ¥
A= (dy + d)200, -7?,7:," .

Numerical values of the constants (;, (p, and ('3 are tabulated below
for the appropriate r~ange of A:

\ € €2 C3
0 to | 1.583 0.20 0.53
V20 3 1.53 0.62 1.39

3to8 1,46 0.26 1.43



Replace NB-3643.3(5) (1) (2) with the fol'owing:
() No two unreinforced openings shall have their centers closer
together, measured on the outside surface of the run pipe, than
0.3#5.513 =27 )t plus 2.4 times the sum of their diameters.

o r’'m
Replace new NB-3683.8(z) (1) with the following:

(1) For branch connections in a pipe, the arc distance measured
between the centers of adjacent branches me2ts the requirements
of NB-3643.1(g).




ND-3338.2-NDB-3339.1 SECTION 111, DIVISION

for hillside connections in spheres or cylinders
K=K (1 + 2sin? ¢)

for lateral connections in cylinders

Ky=K, [l + (tan ¢)*/3)

R

K K,=the o, inside stress index of Table NB-

e 3338.2(c*1 for a radial connection

ie . = Ky=the estim'ted o, inside stress index for the
3 "} ' * nonradial connection
. W78 (2) Th: arc distance measured between the
. . center lines of adjacent nozzles along the inside
e . surface of the shell is not less than three times the

. "< sum of their inside radii for openings in a head or
“..=ti. along the longitudinal axis of a shell and is not less
= +=+~ - than two times the sum of their radii for openings

- along the circumference of a cylindrical shell. When

««:" «~two nozzles in a cylindrical shell are neither in a
% longitudinal line nor in a circumferential arc, their
f.<. . cenler line distance along the inside surface of the
»%= . " shell shall be such that (L, 2)*+ (L /3)%'? is not less
* than the sum of their inside radii, where L, is the

« ' - Component uf the center line distance in the circum-
' ferential direction and L, is *he component of the

_ "1 center linc distance in the longitudinal direction.
. 8717 (3) The dimensional ratios are not greater than
%27+ 7 the following: A X _
o Ratin ’ Cylinder Sphere
- Inside shell dameter D 100 100
‘Re s . Shell thickness P L HUSS
TN Inside nozzle diameter i . 0.5 0.0
Inside shell diameter n

- (0.5 ' 0.80
Vi

» . ’.'
In the case of cyllngﬂ’m-Mh..Ml_al_ggm;_—/

. fteinforcement area on the transverse axis of the
= connections including any outside of the reinforce-
< .= . ment limuts, shall not exceed 200% of that required for
the longitudinal axis (compared to 50% permutted by
Fig. NB-3332.2-1) unless a tapered transition section
- is incorporated into the reinforczment and the shell,
. " meeting the requirements of NB-3361,

TTTT U 7(4) In the case of spherical shells and formed
. “heads, at least 40% of the total nozzle reinforcement
- area shall be located beyond the outside surface of

« . the minimum required vessel wall thicknes ..
T (5) The inside corner radius, r,(Fig. NB-3338.2-
" 2), is between 10% and 100% of the shell thickness, £,
o (6) The outer corner radius, ry(Fig. NB-3338.2-
 2), is large enough 1o provide a smooth transition
* between the nozzles and the shell. In addition, for

e o APPENDIX A

o.13%

(4/0)

( P/t )

0. 158

ot ot
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opening diameters greater than 1% times shell
thickness in cylindrical shells and 2:1 ellipsoidal
heads and greater than three shell thicknesses in
spherical shelis, the value of 7, shall be not less than
one-half the thickness of the shell or nozzle wall,
whichever is greater.

(7) The radius, r, (Fig. NBJJJB 2-2), is not less
than the greater of the followmg .

(a) 0.0028d,, where d,is the outside diameter

of the nozzle and is as shown in Fig. NB-3338.2-2,
and the angle 8 1s expressed in degrees;

. (b) 2(sin 8) times offse! for the configuration
shown in Figs. NB-3338.2-2(a) and (b).

P

AR

NB-3339  Alternative Rules for Nozzle Design .

Subject to the limitations stipulated in NB-3339.1,
the requirements of this paragraph constitute an
acceptable alternative to the rules of NB-3332
through NB-3336 and NB-3338. .

NB-3339.1 Limitations. These alternative rules are
applicable only to nozzles in vessels within the
lnrutations stipulated in (a) lhrough (f) below.

fa) The nozzle is circular in cross section and us
axis is normal to the vessel or head surface.

() The nozzle and re 2forcing (if required) are
welded integrally into the vessel with full penetration
welds. Details such as those shown in Figs. NB-
4244(a)-1, NB-4244(b)-1 and NB-4244(c)-1 are ac-
ceptable. However, fillet welds shall be finished to0 a
radius in accordance with Fig. NB-3330.1-1, ‘

(c) In the case of spherical shells and formed
heads, at least 40% of the total nozzle reinforcenie-..
area shall be located beyond the outside surfare of
the minimum required vessel wall thickness.

(d) The spacing between the edge of the opening 577

than the smaller of 1.25(d, + dy) or 2.5V Rt , but in
any case rot less than d, + d,. d,aad d, are lhe ms:dc
diameters of the openings.
fe) The matenal used in the nozzle, remforcmﬂ
and vesse] adjacent to the nozzle shall have a ratio of
UTS/YSof not !sss than L.Swhere . © »" se wow U2
UTS =specificd minimum ultimate tensile stre. xgth
YS=specified minimum yield strength

and the nearest edge of any other opening is not less W79

"~

0 The follomng dimensional limitations are met: S77

. W .' ’ " Nouzzels in Spherical wne e

I« Nozzlesin io¥ s Vessclaor o “amnti
Cylindrical Vessels Hemisphencal Heads T A
BN P gt L

Du, e 00 SEe 000 100 et Tt Me

D v, w033 mas. 'g'..—ﬂuosmu ‘aT.;"..-.:;-','"-;-e
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NB-3683.1

NB-3683.2

NB-3683.3
NB-2683.4

NB-3683.5

NB-3683.6

NB-3683.7

NB-3683.8

NE-3683.9

Qutline for NB-3683

NB-3683 STRESS INDICES FOR USE WITH NB-3650

Homenclature

a) Dimensions

b) Material properties
§C) Connecting weld.

d) Loadings

Applicability of Indices - General
(a) Abutting products
(b) Out-of-round products

Straight Pipe Remote from Welds

Connecting Welds

a) Longitudinal butt welds
b) Girth butt welds

(c) Girth fillet welds

Welded Transitions
(a) NB-4250 transitions
(b) T._.sitions within a 1:3 slope

Concentric Reducers
(a) Primary plus secondary stress indices
(b) Peak stress indices

Curved Pipe or Butt-Welding Elbows
(a) Primary stress index
(b} Primary plus secondary stress indices

Branch Connections per NB-3643

(a) Applicability

(b) Primary stress indices

(c) Primary plus secondary stress ind1c»s
(d) Peak stress indices

Butt Welding Tees

(a) Primary stress indices

(b) Primary plus secondary stress indices
(c) Peak stress indices



NB-3683 STRESS INDICES FOR USE WITH NB-3650

The stress indices given herein and in Table NB-3681(a)-1, and subject
to the addi.ional restri.vions specified hercin are to be used with the
ana'ysis m~thods of NB-3650. For piping products outside the applicable
range, stress indices shall be established in accordance with NB-3681.

NB-3683.1 Nomenclature
(a) Dimemsione. Nominal dimensions as specified in the dimensional

standards of Tabie NB-3132.1 shall be used for calculating the numericel
values of the stress indices given herein and in Table NB-3681(a)-1 and
for evaluating Eqs. (9) through (14) of NB-3650. For ANSI Bl6.9, ANSI
B16.28, MSS SP 48 or MSS SP 87 piping products, the nominal dimensions of
the equivalent pipe, e.g., sched. 40, as certified by the manufccturer,
shall be used. Not more than one equivalent pipe size shall be certified
for given product items of the same size, shape, ind weight.
For piping products such as reducers and tapered-wall transitions which
have different dimensions at either end, the nominal dimensions of the
large or small erd, whichever gives the larger value of Do/t shall be

used. Dim.nsional terms are defined as follows.

Do =~ nominal cutside diameter of pipe, in.

Di = nominal inside diameter of pipe, in.

Dm = ZRm = (Do - Tr) = mean diameter of designated run pipe, in. See
NB-3683.8{(c) and Fig. NB-3683.3(a)-1.

szx = maximum outsides diameter of cross section, in.

D, ., = minimum outside diameter of cross sectior, in.

Dy = nominal outside diameter at large end of concentric reducer,

in, See NB-3683.6.
Dy = nominal outside diameter at small end of concentric reducer,
in. See NB-3653.6.

d_ = nominal outside diameter of attached branch pipe, ‘n.

d, = nominal inside diameter of branch, in.
dm = (di - tn) = nominal mean diameter of reinforced or unreinforced

branch, in. See NB-3683.8(c).
h . tR/r; = characteristic bend parameter of a curved pipe or butt-
welding elbow,

by

= 0,0491 (9; - a;) = moment of inertia of pipe, in.



Ly = height of nozzle reinforcement for branch connections, in. See
Fig. NB-3643.3(a)-1.

Ly,L, = length of cylindrical portion at the large end and small end
of a reducer, respectively. See NB-3683.6.

By
"

nominal bend radius of curved pipe or elbow, in.

]
"

(Do -rr)/z = mean radius of designated run pipe, in. See
NB-3683.8 and Fig. NB-3643,3(a)-1.

r, = d£/2 = inside radiuc of branch, in. See Fig. NB-3643.3(a)-1.

. (Do - $)/2 = mean pipe radius, in.

e (dO -T;)/Z = mean radius of attached branch pipe, in., see
Fig. NB-3643.3(a)-1.

”p = outside radius of reinforced nozzle or branch connection, in.

See Fig. NR-3643.3(a)-1.
ry,r;,ry = designated radii for reinforced branch connections and
concentric reducers, in., see NB-3683.6, NB-3683.8, and Fig.
NB-3643.3(u)-1.
= nominal wall thickness of attached branch pipe, in., see
Fig. \NB-3643.3(a)-1.
T: = wall thickness of branch connection reinforcement, in., see
Fig. NB-3643.3(a)-l1.

-
o8

Tr = nominal wall thickness of designated run pipe, in., see Fig.
NB-3645.3(a)-1.
t = nominal wall thickness .. pipe, in. For piping products purchased

to a minimum wall specification, the nominal wall thickness
shall be taken as 1.14 times the ninimuﬁ wall.

t = wall thickress of nozzle or branch connection reinforcement, in.
See NB-3683.8; also used for concentric reducers, see NB-3683.6.

t = maximum wali thickness of a welding transition within a distance
of /T from the wclding end. See NB-3683.5(2).

t; = nominal wall thickness at large end of concentric reducer, in.
See NB-3683.6

t; = nominal wall thickness at small end of concentric reducer, in.
See NB-3683.6.

t1y0 52, * minimum wall thicknesses at the large end and small end of a

reducer, respectively that is required to resist the design

pressure P in accordance with Ec. (1), NB-3641.1.



b}
erties
used.

E =

M =

L1

v =

(e)

= 21/D_ = section modulus at pipe, in.?

= n(r7)?7; = approximate section modulus of attached branch pipe, in.?

= w(Rm)zrr = approximate section modulus of designated run pipe, in.?

= cone angle of concentric reducer, den. per NB-3683.6.

= the average permissible mismatch at girth butt welds as shown in
Fig. NB-4233-1., A value of § less than 1/32 in. may be used
provided that the smaller mismatch is specified for fabrication.
For "flush" welds as defined in NB-3683.1(c) and for ¢t > 0.237
in., &6 may be taken as zero.

= radial weld shrinkage measured from the nominal outside surface,
in.

= slope of nozzle-to-pipe transition for branch connections, degrees,
See Fig. NB-3643.3(a)-1.

Material Properties. Unless otherwise specified, materials prop-
at the appropriate temperature, as given in Appendix I shall be
Teyms are defined as follows.

modulus of elasticity for the material at room temperature, psi,
taken from Table I1-6.0.

materials constant,

2 for ferritic steels and nunferrous materials except nickel-
chrome-iron alloys and nickel-iron-chrome alloys.

2.7 for austenitic steel, nickel-chrome-iron allovs and nickel-
iro.-chrome alloys. See NB-3683.2(b).

yield strength of the material at the Design Temperature, psi,
taken from Table I1-2.0. v

0.3 = Poisson's ratio.

Commecting Welds. Connecting welds in accordance with the require-

ments of this Subsection are defined as either flueh or as-welded welds.

(1) Plush welds are defined as those welds with contours as defined

in the

following sketch. The total thickness {both inside and outside) of

the weld reinforcement shall not exceed 0.1%. There shall be no concavity

on either the interior or exterior surfaces and the finished contour shall

nowhere have a slope greater than 7 deg., where the angle is measured from

a tangent to the surface of the pipe, or on the tapered transition side of

the weld, to the nominal transition surface.



7 deg. max. /

7 deg. max. o

K

-~

|

7 deg. mex. - 7 dog max. s

(2) As-welded welds are defined as welds not meeting the special
requirements of flush welds.

(d) Loadings. Loadings for which stress indices are ziven include
internal pressure, bending and torsional moments, and temperature dif-
ferences. 'The iudices are intended to be sufficiently conservative to
also account for the effects of transverse shear forces normally encountered
in flexible piping systems. If, however, thrust or shear foirces account
for a significant portion of the loading on a given piping product, the
effect of these forces shall be included in the design analysis. The
values of the moments and forces shall be obtained from an analysis of the
piping system in accordance with NB-3672. Loading terms are defined as
follows.

P = design pressure, psi.

Pb = range of service pressure, psi.

P* = the maximum value of pressure in the load cycle under considera-

tion, psi.

M,,M;,M3 = orthogonal moment loading components at a given position in

a piping system, in,-1b.

M, = vM¢ + My + MY = resultant moment loading applied during the
specitied operating cycle for straight through products such
as straight pipe, curved pipe or elbows, and concentric reducers.
M.. = orthogonal moment components of a tee or branch connection

as shown in the fullowing sketch where 7 = x,y,2 and j = 1,2,3.

A My3
M,y
@ My2
b —_—
[} &) M2
- Py




The moment components ¥_;, ¥_;, ”91- Myz, M,1, and ¥, for the run are
calculated at the intersection of the run and branch centerlines. The
moment components Mz3, ML;, and M‘3 for a branch connection, where

do/Do < 0.5 may be calculated for a point on the branch center line at a
distance DO/Z from the intersection of the run and bronch centerlines.
Otherwise @rg, M93, and.Vz; are calculated at the intersection of the run
and branch centerlines.

M

- Myr’ Mzr = run moment components for use with the stress indices

of NB-3683.8 and NB-3683.9. Their numerical values are calculated
as follows. If M., and M.;, where i1 = x,y,2 have the same alge-
braic sign (+ or =), then Hir =0, If Mi‘ ana Miz have opposite
algebraic signs, then Mir equals the smaller of Mil or Miz‘ It
Mi‘ and f%z are unsigned, th: . Mir may be taken as the smaller

of Mi’ or Miz' Combination of signed and unsigned moments from
difierent load sources shall be done after determination of

M

Lt
Mb = /M;3 + M53 + M<3 = resultant moment on the branch for branch

connections or tees, in.-1b,
M@ = same as /; except it includes only moments due to thermal expansion
and thermal anchor movements.

M = /.«‘-;;r . .‘T;r + M:; = resultant moment on the run for branch con-
nections or tces, in.-1b.
M; = same as Mr except it includes only moments due.to thermal expansion
and thermal anchor movements. j
For branch connections cr tees the pressure term of Eqs. (9), (10),
(i11), and (13) shall be replaced by the following.

For Co. (9):

For Eqs. (10) and (13):




For Eq. (11):
Ky, ) Po Da

7T,

For branch connectirns or tees, the moment term of Eqs. (9), (10), (11),
(12), and (13) shall be replaced by the following pairs of terms:

For Eq. (9):
—_— —
Zb Z?

For Eqs. (10) and (13):

For Eq. (11):

A

Copfap My | Captin My
4 Z

>

For Eq. (12):

b b " “p
Z ~
b “r

where the approximate section modulii are:
Led = ¥ 0.2 -
ub ﬂ(}‘m) Tb
2y
Zr = m(RIT, : :
NB-3683.2 Applicability of Indices — General. The B, C, and X stress
indices given herein and in Table NB-3681(a)-1 predict stresses at 1 weld

joint or within the body of a particular product. The stress irt.ces

given for ANSI B16.9, ANSI B16.28, MSS SP 48, and MSS SP 87 puiping products
apply only to seamless products with no connections, attachments, or other
extraneous s ess raiser on the body thereof. The stress indices for
welds are not applicable if the radial weld shrinaage A is greater than
0.25¢.

For products with longitudinal butt welds the X;, X;, and X, indices
shown shall be multiplied by 1.1 for flush welds or by 1.3 for as-welded
welds. At the intersection of a longitudinal butt weld in straight pipe
with a girth butt weld or girth fillet weld, the C;, &, €, X;, and X,

indices shall be taken as the product of the respective indices.



(@) Abutting Products. In general and unless otherwise specified it is
not required tn take the product of stress indices for two piping products,
such as a tee and a reducer when welded together, or a tee and a girth
butt weld. The piping product and the weld shall be qualified separately.

For curved pipe or butt welding elbows welded together or joined by a
piece of straight pipe less than 1 pipe diameter long, the stress indices
sha’l be taken as the product of the indices for the elbow or curved pipe
and the indices for the girth butt weld, except for B; and Cj which are
exempted.

(¥) Out-of-Round Products., The stress indices given in Table NB-
3681(a)-1 are applicable for products and welds with out-of-roundness not

greater than 0.08¢, where out-of-roundness is defined as D For

maz ~ Pmin
straight pipe, curved pipe, longitudinal butt welds in straight pipe,
girth butt welds, NB-4250 transitions and 1:3 transitions not meeting this
requirement, the stress indices shall be modified as specified below.

(1) If the cross section is out-of-round such that the cross section
is approximately elliptical, an acceptable value of X; may be obta‘ned by

multiplving the K; values in Table NB-3681(a)-! by the factor Fla‘ where

D -0
Py =1 mas: mn

1.5
a t DY 2
o\ P*
1+ 0.455(;—) T

where P* is the maximum value of pressure in the load cycle under considera-

tion.

(2) IfD -D .
max mn a
of Xy may be obtained by multiplying the X, values in Table NB-3651(a)-1

is not greater tnan 0.08?0, an acceptable value

by the factor F‘b’ where

s,
Fip = 1 * 5573% ¢
o

where M = 2 for ferritic steels and nonferrous materials except nickel-

chrome-iron alloyvs and nickel-iron-chrome allovs

L

M = 2,7 for austenitic steel, nickel-chrome-iron alloyvs, and nickel-

iron-chrome alloys.



NB-3683.3 Straight Pine Remote from Welds. The stress indices given in
Table N8-3681(a)-1 apply fer straight pipe remote for welds or other dis-
continuities except as modified by NB-3683.2.

NB-3683.4 Connecting Welds. The stress indices given in Table NB-
3681(a)-1 are applicable for longitudinal butt welds in siraight pipe;
girth butt welds joining items with identical nominal wall thicknesses;
and girth fillet wolds used to attach sochet weld fittings, socket weld

valves, slip-on flanges, or socket welding flanges, exccpt as modified
herein and by NB-3683,2.

(a) Longitudinal Butt Welds. The stress indices shown in Table NB-
3681(a)-1 are applicable for longitudiral butt welds in straight pipe
except as modified by NB-3683.2.

(b) Girth Butt Welds. The stress indices shown in Table NB-3%81{(a)-1,
except as modified herein and in NB-3683.2 are applicable to girth butt
welds between two items for which the wall thickness is between 0.875¢ and
1.1t for an axial distance of'fﬁzf from the welding ends. Girth welds may
also exhibit a reduction in diameter due to shrinkage of the weld material
during cooling. Th. indices are not avoplicable if A/t is greater than
0.25, where 4 i; the radial shrinkage measured from the nominal outside
surface.

For as-welded girth butt welds joining items with nominal wall thick-

nesses t < 0.237, the ¢, index shall be taken as:

Co = 1.0 +» 3(8/t), but not greater than 2.1.

(e) Girth Fillet Welds. The stress indices shown in Table NB3681(a)-1
are applicable to girth fillet welds used to attach socket w:1d fittings,
socket weld valves, slip-on flanges, or socket welding flanges except as
modified in NB-3683.2.

NB-3683.5 Welded Transitions. The stress indices given in Table NB-

3681(aj~-1, except as modiried herein and in NB-3683.2 are applicable for
NB-4250 welded tran=sitions as defined under NB-3683.5(a) and for 1:3
welded transition as defined under NB- 3683.5(b). Girth butt welds may
also exhibit a reduction in diameter dne to shrinkage of the weld material
during cooling. The indices are not applicable if 4/f is greater than
0.25.



(a) NB-4250 Trunsitioms. The stress indices given in Table NB-
3681(a)-1, except as modified herein and in NB-3683.2 are applicable to
girth butt welds between an item for which the wall thickness is between
0.875¢ and 1.1¢ for an axial distance of /E;? from the welding end and
another item for which the welding end is within the envelope of Fig. NB-
4250-1, but with inside and outside surfaces that do not slope in the same
direction. For transitions meeting these requirements the 'y, C;, and (3
indices shall be taken as:

C, = 0.5 + 0.33 (Do/t)°'3 + 1.5 (8/t); but not greater than 1.8,
C; = 1.7 + 3.0 (8/t); but not greater than 2.1,
C3 = 1.0 + 0,03 (Da/t); but not greater than 2.0.
For flush welds and for gs-welded joints between items with ¢ > 0.237, §
may be assumed to be :zero.

(b) Trangitions Within a 1:3 Slope. The stress indices given in Table
NB-3681(a)-1, except as modified nerein and in NB-3683.2 are applicable to
girth but: welds between an item for which the wall thickness is between
0.375¢ and 1.1¢ for an axial distance of vT;? from the welding end and
another item for which the welding end is within an envelope defined by a
1:3 slope on the inside, outside, or both surfaces for an axial distance
of /5;?, but with inside and outside surfaces that do not slope in the
same Jirection., For transitions meeting these requirements the (), (3,
and C3 indices shall be taken as:

Cy = 1.0+ 1.5 (6/t); but not greater than 1.8,

Cp. = :max/t * 3 (8/t); but not greater than-the smaller of
(1.33 + 0.04 /17':'4- 3 (8/¢)) or 2.1,

Cy = 0,35 (tmcx/t); but not greater than .0,

.

where tﬂ“x is the maximum wall thickness within the transition zone. If
(tmax/t) < 1.10 the stress indices ziven in NB-3€83.4(}) for girth butt
welds may be used. For flush welds and for as-welded joints between items
with ¢ > 0.237,, § ma.' be assumed to be zero.

NB-3683.6 Concentric Reducers. The stress indices given in Table

NB-3681(a)-1, except as added to and modified herein and in ¥"-3683.2 are
applicable to butt welding concentric reducers manufactured to the require-
ments of ANSI B16,9, MSS SP 48, or MSS SP .7 if the cone angle a, defined

in the following sketch, is less than 60°;
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and if the wall thickness is not less than £, throughout the body of the
reducer, except in and immediately adjacent to the cylindrical portion on
the small end, where the thickness shall not be less than L The wall
thicknesses tp, and ty, are the minimum thicknesses required to resist the
design pressure P at the large end and small end, respectively, in accord-
ance with Eq. (1), NB-3641.1,

(b) Primary Plus Secondary Stress Indices. The C) and (; stress indices
given in (1) or (2) shall be used depending on the dimensions of the
transition radii r; and r;.

(1) For reducers with r; and r; 2 0.1 D)

€y = 1.0 + 0,0058 o0, 7%

€3 = 1.0 + 0.36 a®-% (0 /8 )0 (P2/Dy =~ 0.5)

where L /t is the larger of D)/t and Dy/t;.
(2) For reducere with r; and/or r; < 0,10,

€y = 1.0 + 0.00465 o!+28% (p /t )0-37
C; = 1.0 + 0,0185 a/5;75;
where Dn/tn is the larger of D/t, and D3/%;.
(b) Peak Stress Indices., The X, and K; indices given in (1), (2), or
(3) shall be used depending on the type of connecting weld, amount of
mismatch, and thickness dimensions.

(1) For reducers connected to pipe with flush girth butt welds:

L

Ky = 1.1 -0.1 , but not less than 1.0

% -
mm
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LM

K; = 1,1 - 0.1 , but not less than 1.0

M:P"

where Lm/Jﬁmtm is the smaller of L,/vD,t; and Ly/VD;¢,.
(2) For reducers connected to pipe with as-welded girth butt welds
whe~e ¢,, t2 > 5/16 in, and &,/t;, §3/t; < 0.1:

L

Ky = 1,2 ~0.2 , but not less than 1.0
1

Mtﬂl

L

Ky = 1.8 -0.8 , but not less than 1.0

mm
where Lm/Jﬁmtn is the smaller of L,/VD;%, and Ly/VD;t;.
(3) For reducers connected to pipe with as-welded girth butt welds,
where ¢, or t; < 3/16 in, or &§y/t; or &83/¢t; > 0.1:

L

Ky = 1.2 - 0.2 . “ut not less than 1.0
m tm

Ky = 2.5 = 1,5 ——— , but not less than 1.0
“mm

where L /YD T is the smaller of L,/VDif) and Ly/VD7t; .

NB-3683.7 Curved Pipe or Butt-Welding “1bows. The stress indices given
in Table NB-3681(a)-1, except as added to and modified herein and in NB-
3683.2 are applicable to curved pipe or butt welding elbows manufactured
to the requirements of ANSI Bl6.y, ANSI B16.28, M'S SP 48, or MSS SP 87.

(a) Primary Stress Index. The primary stress index 5, for moment

loadings shall be taken as:

By = 1.30/#2/2; but not less than 1.0,
where
ko= tR/r .
(b) Primary Plus Secondary Stress Indices., The €, and C; ‘~dices shall

be taken as



€, = (2R - rm)/Z(R - rm)

C = 1.95/h%/3; but not less than 1.5,
where
h = tR/r2 .
NB-3683.8 Branch Connections per NB-3643. The stress indices given in
Table NB-3681(a)-1, except as added to and modified herein and in NB-

3683.2 are applicable to reinforced or unreinforced pranch connections

meeting the general requirements of NB-3643 and rhe additional require-
ments of NB-3683.8(a). Symbols are defined in NB-3683.i1 and in Fig. NB-
3643.3(a)-1.

(a) Applicability. The stress indices are applicable provided the fol-
Jowing limitations are met.

(1° For branch connections in a pipe, the arc distance measured
between the centers of adjacent branches along the outside surface of the
run pipe is not less than three times the sum of the two adjacent branch
inside radii in the longitudinal direction, or is not less than tvo times
the sum of the two adjacent branch radii along the circumference of the
run pipe.

(.) The axis or the branch connection is normal to the run pipe
surface.

f3) The run pipe radius-to-thickness ratio Rm/Tr < 50; ard the
branch-to-ri'n radius ratio ré/Fm < 0.50.

(4) The inside corner radius, r; [Fig. NB-3643.3(a)-1] for nominal
pipe sizes greater than 4" ips shall be between 10% and 50% of Tr' The
radius »; is not required for branch pipe sizes cmaller than 4" ips.

(5) The branch-to-run fillei radius, r;, is not less than the
larger of Tilz; TP/Z; or (Tg + u)/2 [Fig. NB-3643.3i(al-1(e)].

(6) The branch-to-pipe fillet radius, rj, is not less than the
larger of 0.002 6 4 cr 2rsing)? times offset [Fig. NB- 3643.3(~)-1]
where 8 is expressed in degrees.

(7) If L, equals or exceeds O.SVGZT;, then ré can be taken as the
radius to the center of Tb.

(b) Primury Stress Indices. The primary siress indices 5., and 3
shall be tcken as:
sz = 0.5 Czb; but not less than 1.0,
Bzr = 0.75 Czr; but not less than 1.0.
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(e) Primary Plus Secondary Stress Indices. The Cy, C2p, and Oz,
indices [for moment loadings see NB- 3633.1(d)] shall be taken as:

p \0.182 (4 )0.367 fr 10,382 f; 10.143
m m [ n
Cl = 1.4 7 7 - ;2- ; but rot less than 1.2.

r m

3

If rz/tn > 12, use 1f'2/t,1 = 12 fcr computing Cy.

R \2/3 [p-W/2 [T7)[n-
Czb =3 72 32 71 ;i ; but not less than 1.5
r m rI\ P

,\1/g
Jxo= 1,18 ;:) : but not less than 1.5,
¥ ”

where, for Figs. NB-3643.3(a)-1(a) and (b):
t =T, if Iy 2 0.5 @.1,)1/2

P 7, 142
% if LI < 0.5 (dm..o)
For Fig. NB-3643.3(a)-1(c)
- o i : < °
tn = Tb + (2/3)y 1f 8 £ 30

= 77 + 0.385 L) if 8 > 30°.

For Fig. NB-3643.3(a)-1(d)
tn ok TR T?'
(d) Peak Stress Indicea. The peak str-es: indices Ka; and X, , for
moment lcadings "see NB-3683.1{d)] shall bc taken as:
A"':Zb s 1-0 »
Kzr s .75,
and Kerzr shall be a minimum of 2,65,
NC-3683 9 Butt-leld'ng Yees. The strecs indices given in Tuble NB-

3681(a)-1, except as idded to and modified he:ein and in NB-3683.2 are

.

anplicable to butt-welding *ee. manufactured to the ~equirements cof ANSI
B16.9, Ms. SP 48, or MSS SP 87.

(a) Primary Stress Indices. The primary stress indices By; and By
shall be taken as:

/
By = 0.4 (Ew/?r)2'3; but not 'ess than 1.7 ,

By, = 0.5 (R/7,)%/3; but mot less than 1.0.
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(b) Primary Plus Secondary Stress Indices. The €2, and Cp, stress
indices for moment loadings [see NB-3683.1(d)] shall be taken as:

Czb = 0,67 (E;/T;)2/3; but not less than 2.0,

€2, = 0.67 (Rh/Tr)2/3; but not less than 2.0,
(e) Peak Strese Indices. The peak stress indices gy and X3, for
" moment loadings [see NB- 3683.1(d)] shall be taken as:



L — " -
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Table NB-368173)-1
STRESS INDICES FOR USE WITH _QUATIONS IN NB-3650

Applicable for Da/t < 1IN0 for C or X indices; D_ /¢t ¢ 50 for B indices

Piping Products and Joinze® Internal Pressureb Moment Load;ngz Thermal Loading See Note

e e e e

- B Cy Ky B, 22 K3 Ca c3 Ky

Straight pipe, remote from welds 0.5 1.0 1.0 1.0 1.0 1.0 1.0 - 1.0 d
or other discontinuities

Lougitudinz]l butt welds in straight

pipe

(a) Flush 0.5 1.0 ) | 1.0 1.0 1.1 1.C - 1.1 e

(b) As-welded; ¢ > 3/16 in. 0.5 1.1 1.2 1.0 o 1.3 1.0 - 1.2 €

(c) As-welded; t < 3/16 in. 0.5 1.4 2.5 1.0 Jud 1.3 1.0 - 1.2 €
Jirth butt welds between nominally

identical wall thickness items

(a) Flush 0.5 1.0 1 ¢ 1.0 1.0 1.1 0.60 0.60 1.1 b

(b) As-welded 0.5 1.0 1.2 1.0 1.0 1.8 0.60 0,50 37 :

. Girth fillet weld to socket weld

Fittings, socket weld valves, 0.75 1.8 3.0 1.5 2.1 2.0 2.0 1.0 3.0 g
slip-on or socket welding flang.s

NB-4250 t-ansitions

(a) Flush 0.5 Note 1.1 1.0 Note 1.1 Note 1.0 L1 h
(b} As-welded 0.5 Note 1.2 1.0 Note 1.8 Note 1.0 % 4 h
Transitions within a 1:3 slope
envelope
() Flush 0.5 Note 1.1 1.0 Note 1.1 Note 0.60 1.1 t
(b) As-welded 0.5 Note 1.2 1.0 te 1.8 Note 0.60 1.7 i
But* -2lding concentric redu-~ers per 1.0 Note Note 1 Note Note 1.0 0.5 1.0
ANS1 B16.9 or B16.28
Curved pipe or butt we!ding elbows 0.5 Note 1.0 Note Note 1.0 1.0 0.5 1.0
Branch connections per NB-3643 0.5 Note 2.0 Note Note Ncrte k.8 1.0 1.7 4
Butt welding tees 0.5 1.5 4.0 Note Note Note 1.0 0.5 1.0 ”

%For definitions, applicability, and specific restrictions, see NB-3683.

bFor the calculation of pressure and moment loads and special instructions regarding Eqs. (9) through (13), see
NB-3683.1(d).

®For special instructions regarding the use of these indices for welded products, intersecting welds, abutting
product: or out-of-round nroducts, see NB-3683.2.

dSoo NB-3683.3 “Straight Tipe Remote from Welds."

®See NB-3683 47a) "Longitudinal Butt Welds."

fSea NB-3683.4(0) "Girth Butt Welds."

ISee NB-3683.4(c) "Girth Fillet welds."

hScc NB-3683.5(a) "NB-4250 Transitions."

‘Soc NB-3683,5(b) "Transitions Within a 1:3 Slope.”

JSOQ NB-3653.6 "Concentric Reducers.," ; >

ks.. NB«3683,.7 "Curved Plpo or Butt Welding Elbows," See also NB-3683.2(a) and (I).

lSce NB-3683.8 "Branc: Connections per NB-3643." See 3lso NB-3683,1(%). 3

"See 1B-3685.9 "Butt Welding Tees." See also Ne-3683.1(d).



NB-36773-NB-3683.1

Jines be used, but if two or more reliefs are combined.

the discharge piping shall be designed with sutficient
flow area o preveni undue back pressure.

fe) When the umbrella or drip pan type ol
-onnection between the pressure relieving safety
device and the discharge piping is used, the discharge
prping shall be so designed as 1o prevent binding due
{0 expansion movements and shall be so dimensioned
as 10 prevent the possibility of blow back of the
effluent. Individual discharge lines shall be used in
this application. Drainage shall be provided to
remcve wai:r collected above the safety valve seat.

(/) Discharge lines from pressure relieving safety
devices within the scope of this Subsection shall be
designed (o facilitate drainage if there 1s any possibili-
ty that the efluent can contain liquid.

NB-3680 STRESS INDICES AND
FLEXIBILITY FACTORS

NB-3681  Scope

(a) There are two tvpes of analyses aliowed by the
rules of this Subarticle. The applicable 8. C, and X
indices 10 be used with Eqgs. (9).(10). and (11) of NB-
3650 are given in Table NB-3681(a)-1. The applicable
indices to be used with the detailed analysis of NB-
3200 are given in NB-368S and NB¢ o512

th) Methods of determiming flexibility factors for
some commonly used piping products are given in
NB-3687 €

fc) Values of stress indices are tabulated for
commonly used piping products and joints. Unless
specific data, which data shall be referenced in the
Stress Report, exist that would warrant lower stress
indices than those tabulated or higher flexidulity
factors than those calculated by the methods of NB-
35876 the siress idices given shall be used as
minimums and the flexibility factors shall be used as
maximums.

(d) For piping products not covered by NB-3680,
stress indices and flexibility factors shall be estab-
lished by experimental analysis (Appendix 11) or
theoretical analysis. Such test data or theoretical
analysis shall be ir zluded in the Stre<s Report.

NB-3682  Definitions of Stress Indices ano
Flexibility Factors

fa) The general definiion of a stress index for
mechanical loads is:

SECTION 111, DIVISION
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8, C, I(ori-%

where '
o =elastic stress due to load, L
§'=nominal stresr due to load, L

For B indices, o represents the stress magnitude
correspending to a limit load. For C or X indices, o
represents the maximum stress intensity due to loaa,
L. For i factors, o represcnts the principa’ tress at a
paruicular point, surface and direction dv 0 load, /.
The nominal stress, U is defined in detail in the tat. s
of stress indices.

(b) The general definition of a stress index for
thermal loads is:

€ k=TT

where
o=maximum stress intensity due to thermal
difference. AT
£=modulus of elasticity
a=coeflicient of thermal expansion

AT =thermal difference
The values of £, a and AT are defined in detail in
NB-3630.

(c) Flexibiiy factors are ideatified herein by &,
with appropriate subscripts. The general definition of
a flexibility factor is:

fa

i . ey,

where
6, =rotation of end a, with respect to end b, due
to 2 moment load, M, and in the direction of
the moment M
f..m = nominal rotation due to moment load M

The flexibility factor & and nominal rotation 4, are

defined in detail for specific compoients in NB-3687,
&

NB-3683  Siiess Indices for Use With NB-3650

NB-3683.1 Nefinitions for Stress Indices
PeDesign Pressure, psi / /
D,=nominal dutside diam- For ANSITB16.9,

eter of pipe. n’ | ANST BI6 28 or
D,=nominai inside diam- “MSS SP 48 piping
eter of pipe. in. these are
tenominal wall thicka: dimensions of\
of pipe, in. the equivaleni

pipe.

P
i- 0.0491 (DADY), 1n.s }



NB-3000 — DESIGN

(a), For Tapered Transition Joints: Use dimen- }
sions o{thm end of taper.
(b) Faor Reducing Branch Connections or Reduc-
ing Tees:
(1) Pressure dependem term: Use dimensions of
run or bunch. whichever gives larger value of D,/r.
{2) Moment loads: See Notes 5, 7, & 9 of Table
NB-368321. \ -
(c) For Reducers:,

(1) Pressure dep\endem term: Use dlmemnons of |
large or small end, whichever gives the larger value of ‘
D, /1,

(2) Momen ependent term: Use dimensions
¢’ small end,.” ‘
1
1

NB-3683.2 B, C, and K Indices. Table NB-3681(a)-|
gives, Calues of 8, C, and K indices, along with '
additional dimensional definitions ard.dnmcnslonal i
restrictions. B

-

NB-3684  Stress Indices for Detailed Analysis

NB-36# (.1 Definition of Stress Components. The
symbols for the stress components and therr
definitions are given in Fig. NB-3684.1-1. These
definitions are apphicable to all piping products, and
the stress indices given in the ables in NB-3685 and
NB-3686 are so defined.

iy

NB-3685  Curved Pipe or Welding Elbows

NB-3685.1 Applicability of Indices. The indices
given in Tables NB-3685.1-1 and NB-3685.1-2 give
stresses in curved pipe or elbows 2. points remote
from girth or longitudinal welds or other local
discontinuities. Stresses in :lbows with local discon-
tinuties such as longitudinal weids, support lugs, and
branch connections in the elbow shall be obtained by
appropriate theoretical analysis or by expsnmental
analysis in accordance with Appendix 1.

NB-3685.2 Nomenclature (Fig. NB-3685.2-1)
P=internal pressure, psi
D, = nominal outsid= diameter of cross section,
in.
D,=D,-21t,- +).In
t, = minimum .pecified wall thickness. in.
A = an additiona! thickness, . (NB-3641.1)
R =bend radius, in.
r=mean cross section radius, ir.
A=1_R r2 \/T-v? (Table NB-3685.1-2
edtoA > 0.2)

limit-

NB-3683.1-NB-3685.4

D\(D,) =maximum (mimmum) outside diameter of
elbow with out of round cross section
essentially describable as an ellipse or oval
shape (Fig. NB-3685.2-1), in.

Z =section modulus of cross section = 0.0982
(DA-D3Y D, in3
E =modulus of elasticity, psi (Table 1-5.0)

NB-36853 Stress From Stress Indices. To obtain
stresses from stress index:

Load Muluply Stress Index by:
Internal Pressure P

M, M.

M, M Z

M M,/Z

NB-3685.4 Classification of Stresses. For analysis
of a curved pipe or welding elbow to NB-3210, the
following rules shall apply to the classificaiion of
stresses developed under a load cor.trolled in-plane or
out-of-plane moment as disunguished from a dis-
placement controlled loading.

(a) The entire membrane portion of the axial,
circumferential, and torsional stresses shall be consid-
ered as primary (P,).

(b) Seventy-five percent (75%) of the through-wall
bending stresses in both tne axi | and the circumfer-

L LTS

o

g, =the stress con ponent in the plane of the section under
considcration and paraliel to th. boundary of the section

0, ® the stress component normal (o the plane of the section
o, = the stress cor~ponent normal to the boundary of the section

o =the stress intensity (combined stress) at the point undes
consideration

FIG. NB-3684.1-1 DIRECTION O~ STRESS
COMFONENTS
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Table NB-3681(a)-1

SECTION 111, DIVISION | — SUBSECTION NB
TABLE NB-3631(a)-1

> e
STRESS INDICES FOR USE WITH EQUATIONS IN NB-3650
{Nol Applicabie ‘o D% > 100)
———— e
Internal Moment Thermal
Pressure Loading* Loading
Piping Products and Joints 8, C, K, B, C; K, C, [ /‘3
Straignt w remote from weids or other
disco .ur-wms ‘0.5 1.0 1.0 1.0 1.0
Girth butt weld between straight pipe or lmween
plpe and butt weiding components’ 12
a) fiush 0.5 1.0 . 1.0 1.0 ~~
b) as weided t>3/16 in. [and §/1<0.1] 0.5 1.1 1.2 1.0 1.0 {gd
(c) as weided t<3/16 in.. \m>o 1} 0.5 1.1 1.2! ) W W
Girtn fillet weld to socket weid fittings or %
ket weiding flanges \ 075 2.0 3.0 1.5 21
Longitudinal butt welds in straign pipe
(a) fiush 0.5 L.0° LY 0 g0 11 1.0 11
(b) as welded t>3/16 in 0.5 1.1 1.2 1.0 . 1.2 1 1.0 1.2
(c) as welded t<3/16 in. 0.5 14 2.5 1.0 1.2 1.3 1.0 p &
Tapered transition joints per NB-1425
and Fig NB. 4223441
';.) flush or no girth weig closer than /7t 0.5 1.2 . 1.0 . 1.1 ¢ 1.0 11
tb) as weideg o.s\ . 1.2 1.0 . 1.8 . 1.0 17
f )
L
Branch connections per NB-3643%" 0.5 \1.5 // ? ’ y 1.8 1.0 }.7 &Y
Curved pipe or butt welding eibows per (2R=-r¥l2 f
ANSI B16.9, ANSI B16.28, MSS 3P-87, 0.5 x R==j 1.0 . . 1.0 1.0 05 1.0
or MSS SPag'e" [Note (4)) H
s X :
Butt welding tees per ANSI B16.9, MSS SP.87, / \ i
or MSS SP-4g'ey 5 1.5 40 . ’ ¢ 1.0 1.0 0.5 3.0
Butt welding reducers per ANSI B16.9, MSS SP 87 \\ ‘.
or, MSS SP-ag'*" , 1.0 - » 1.0 b - 1.0 0.5 1.0
- -

NOTES:

(1) (@) The values of X, shown fo- these components are
j3oplicaole for components with out of roundness not
fgreater than 0081, where out of roundness is defined as

Omax = Omin. and /

Omax * maximum outside diameter of cross section, in.
Omin * minimum outside ciameter of cross section, in.
= nominal wall thickness, in

) If the cros section -is out of round such that the cross
SeCtion s approximately elliptical, an acceptabie value of
K, may be obtained by multipiying the tabulated values
of X, by the factor F

Omax = Omin 15
X V¢

o Y hoass(%‘l))-:;

where D, = nominal outside diameter, in.
P = nternyl pressure, psi
(use maximum value of pressure in the load
cycle under consideration)
€ = modulus of elasticity of material at room tem-
perature, psi

) 1t Dpax = Demin 18 NOL greater than 0.08 D,, and ac-
ceptable value of X may be obtained by multiplying the
tabulated values of K by the factor F

MS

& coratumalian
Fio=13 \P 0o/t

where M = 2  for ferritic s'eell and nonferrous materiais

except nickei-chrome.aron alioys and

nickel-iron-chrome ailoys

M = 2.7 tor austenitic steels, mckel-chromium-iron
alloys, and nickel-iron-chromium allny; i

Sy = yield strength at design tmperaturc psi
(2! Welds in  accordance

(Tables 1-2.0)
Subsection

P = Design Pressure, psi
Dg and t ara det' ~=d in (a) and (o).

(a) Flush welds are defined as those welds with comour: as
defined n the foliowing sketch. Thickness of weid rein-
forcement (total inside and outside! shall not exceed
0.1t. There shail be no soncavity on either the interior

with the requirements xh-s

—

W78

| _Liher symbois-areeTined in (=,

154

e xier

suslacas.he finighed contour ir_shall nowhere

have a siope (angle measures | .m ungont 10 surtace O
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Table NB-3681(a)-1

pipe or, on tapered transition side of weid, to the nominal
ansition surface) greater than 7 deg., see sketch below.

W) Aswelded s dolmo.d as welds not meeting the special

requirements for flush weids. At the intersection of a
longitudinal butt weld in straight pipe with a girth butt
weld or girtn fillet weid. 3

8, *05and B, =10

The C,. X,, C,, K,, and K, indices shail be the product
of the respective indices for the longitudinal weld and
girth weid. For example, at the intersection of an
as-weided girth butt ~eid with an aswe/ded longitudinal
butt weld, C, n 1.1X1.1=1.21, C, for a girth fillet weld

intersecting a longitudinal weld shall be taken as 2.0,

(3) The stress indices given are applicable only to branch
connections in straght pipe with branch axit normal to the
mpe surface and which meet the dimensional rtquor'mnrm
and limitations of NB-3686 and Fig. NB-3686.1-1. /

4) R

r = mean radius of crost section, in,

= curved pipe or elbow radius, I, //

* (Do = t)/2, where t = nominal wall thickness /'y

(5) The volun of moment, M, shall be obtained "om an
analysis of tF? piping system in accordance with NB-3672.
M, is defined as the range of moment ioading applied durmg

the specified operating cycle, /

Straight Through Pipe

Curvsed Pipe or Welding Elbow

A

My

"M, = moment at Point A
My =M oM, At y M

e o s o,

PIP77SPIIPI P77 A

7

'M, = moment at Poiaf A
gy

My =M, "M, +M,

Branct Pipe Oyl r 2 .

Moments calculated for point st intersection of run and
branch center lines ¥

For My, /
Mb‘ . M M eMT 4, = cesultant moment o'branch
For M,

M= JM',,HH",,'M’,, = resultant moment on run
where M, M, and M,, are determined as follows:
i M, and M,, have the same algtbn’ic sign, then M, "

M;, and M,. have di‘ferent algebraic signs, then M, 13 the
smaller of M;, or M, wherei =x, vy, 2

For branch connectinng of tees, the M; term of Equations
9), (10), (11}, or (12) shall be replaced by the foilown g
pairs of terms - 1

M, M
Equation (8) l,bJ 03,,—'
Zb Z,

Equations (10) & (12) c,,—‘?oc.,z : ‘

. . M, M,
Equation (11) CooXop =24 €y Ky =2
Zp Z,

where
Zp=rir'm)'Ty

Z,=nfim'Tr

T ——— e

For branch cannections per NB-3643 see Note (3) above
'm. T p.Rm, ana T, are defined in Fig. NB-3686.1-1
For butt welding tees per ANS| B16.9, MSS SP-87, or MSS
SP48: 3

7 m = mean radius of designated branch pipe

'Y T p = nominal wall thickness of designated branch

pioe i
Ry = mean radius of designated run pipe B 2.

T, = nominal wall thickness of designated run pipe
i
A 2

(6) Indices are applicable to tapered transition joints vuth agirth
butt weld at the thin end of the transition, ‘

(7) By = 0.50C,s, but not less than 1.0

C, 1.3+ 0003 (Dg/t) + 15 (6/0)
“but not grester than 2.0

C, = 1.4+ 0.004 (Dg/t) + 3.0 (6/1)
but not greater than 2.1

C, * 1.2+ 0.008 (D /t)

D L I P —

8y, = 0.75C,,, but not less than 1.0
Cop = S(R.JV,)’ Nr'wRa) "UT pT,) (¢’ Wf1,), Dui noOt Iess than

1.5. T, r'e T'n and r, are defined in Fig.
NB- 3686 1-1.) %, -
Kep = 1.0 \\ —
w = 0.8(R,/T)¥r'/R,), but not less than 2 0
Ky = 2.0 .
The product of CyX,, shall be a minimum of 3.0. * T

- > ' A
" -l v: ¥ EPP ™

e Mimese, -

._.—-——'"(B)T"E‘IQS’D. M”Nm"ﬂnl.s__ MIRE R i
8, = 0.75C, ¢ e »>¥

by = R/, where ¢ = nomiral pipe all thickness; R = ' .

bend radius of curved pipe or elbow; r = mez) p.pe
radius, (D, - 1)/2

0

- »n

‘rrS
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8§79 (9 8, Alih than 1.0
. P = DISRLTI™, but not less than 1 0
»n - C., 0.67('./7,)"', but not less than 2.0, where

SECTION 111, DIVISION | — SUBSECTION NB

(c) Reducers in which r, and ry & 0.10,

- = mean radius of designated run pipe;
TA= nominal wall thickness of designated
run

Ky = Ky = 10

X indices given m\mm per ANSI B16.9, ANSI
B816.28, M55 SP87, or MSS SP48 spply only to sear.iess
fiftings with no connections, sttachments, or other ex-

irdneous stress rasers on the bodies thereof. For fittings ~

th icagitudinal butt welds, the X indites shown shall be mul-
tiplied by 1.1, for flush weids as defined in Note (2] by
143 for welds not meeting the requirements {ov flush welds.

(11) The stress indices given predict stresses whithhoccur in the
y of a fitring. It s not required to take the Product of
sifess indices for two piping Prodiucis such as a tee and a
raiucer, Or a tee and a girth butt weid when welded 1ogether
edcept for the case of curved pipe or butt welding
eibows weided together or joined by 3 piece of straight pipe
the length of which is less than 1 pipe diameter. For this
wecific case the stress ndex for *he curved pipe or butt
welding eibow must be multiphied by that for the girth butt
weid. Excluded from this muluplication are the 8, and C',
iAdices. Thew value istobe: 8, = 1.0,C’, = 050.

112) 4 s defined as the maximum permussible mismatch as shown

Fig. NB-4233-1 A value cf & less than 3/32 in. may be
Jsed prowided the smaller musmatch s specified for
fabrication. For flush welds, defined n tootnote (2), & may
e taken as 7er0.

(13) Jll Nomenclature

SRGE J

t, = nominal wall thickness, large end

f. = nomunal wall thickness, small end
O = nominal outside diameter, large end
O. = nominal outsige diamete:, small end

« = cone angle, deg/

J

(bAThe ndices given u‘cl and (d) apply f the ‘llowing

gonditions are met, 4

{1 Cone angle, oy does not exceed 60 Oeg. and the
reducer 1§ concentric,

@) The wall thickness 1s not less than t, , throughout the
body of the reducer, except n and immediately
adjacent to the cylindrical portion on the smail end,
where the thickness scall not be less than r, ,, Wall
thicknesses ¢, ,, and f,,, are t0 be obtaned by
Equation (1), NB-3641.1,

C, =1 + 0.0058aVD,/,
Cy= 1 + 0.36a*4D1,)04040, =0

", where D2, is the larger of Dr, 2/

' ld) Reducers in which 7, and/or r, £0.10,

-

'R 1 T o.oocos7~ (Opltn) ™
) C,*1+001888 VB, /i,
© where D,/t, is the ly{« of D,/t, and Dy/ty.

/

(14) The K indices given in (al, (b, and ‘c) apply for reducers
sttached to the connecting pipe with flush or as-welded
girth welds as defined in footnote (2). Note that the

. connecting Qirth weid must skso be checked separately for
compiiance.

_ (a) For reducers connected to pipe with flush girth butt

weids:
. Lm ) ‘

, but not less than 1.0

, but not less than 1.0

|
where Ln/NOmtm s the smailer of L, /\J/O,r, and
L,/\,D,r, '
1
(b} For reducers connected to pipe with as-weldeJ girth
tatt weids where ¢, r, > 3/16in.and &, /1,6, /t, €

-\\ l

K, =12-02 . but not less than 1

m
VO tm ,
e i\, |
K, 18~08 === lbutnot iess than 1.0
VOomtm j

i
whers L A/Dmty is the smaller of L,AD,t, and
L, N0,

fe) For reducers connected to pipe with as-weiged girth

-

156

butt welds, where r, orr, € 3/16 in. or 6, /i, jor 6, /t, >
0.1:
A
5
K, =12-02 . but not less than.1 .0
“ VOmim “'
A
Lo
K,*25-1% . but not ‘ess than!1.0
VOmtm \
.
1
whare L/A\/Omtm 8 the smalier of L A/D, t, and
L,AJO,t,.

8§79 —~

~r

et
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t Direction

M,
- I/ - M, -
M
L Moment Loads
- al

NB-1685.4-NB-3686.1

g, N Direction

Round Cross Section

0,

Out of Round Cross Section

FIG. NB-3685.2.1 NOMENCLATURE ILL!'STRATION FOR ELBOWS

ential Cirections shall be classified as primary (P,).
The remaining 25% shall be classified as secondary
(Q

The stresses induced by displacement controlled in-

plane or out-of-plane moments shall be classified as
secondary (Q).

\~

MNB-31686
Diameter Ratio Not Over One-Half

NB-3686.1 Applicability of Indices. The'ﬁdices
given 11t Table NB-3686.1-1 apply if the conditions in
(a) through th) are met.

fa) The reinforcing area requirements of NB-3643
are met. /ﬂ

(b) The axis of the branch pipe is normal to the
surface of the run pipe wall.32 #

2 (he axis of the brar~h pipe makes an angle, ¢, with the
normai 1o the run pipe wall, an esumate of the o, index on the
inside may be obtained from the following equations, provided
“'D < 0.15:

For laieral connection® in pipe:

I =il + (ang)!®

[ —

Branch Conhections With Branch/Run -

159

¢), For branch connections in a pipe, the are
dlstance measured between the centers of ad_;.uenx
branches along the surface of the run pipe is not less
than three times the sum of their inside radii in the

i longitudinal gnrecuon or is not less than two fimes the

sum of their radii along the circumference of the run
pipe. X

(d) For branch connections in a formed head, the
arc distance measured between the centers of adja-
cent branches along the surface of the head is not less
than three times the sum of their inside radii. The
radius of curvature of the formed head 1s essentially
constant and equal to R, ‘for a distance of (r, +
VR, T,) measured along the surface of the formed
head from the center of the branch connection.

/

For hillside connect'ons ‘n pipe: \
Iy =ii[1 + Asing)?)’

where
iy = the ~, inside stress index of Table NB-1686.1-1 for a
/idm connection

iy ® the esumated o, inside_str
CQ



NB-3686.1-NB-3687.2

T ABLENE3686 T
BRANCH CONNECTIONS WITH RESTRICTIONS
GIVEN IN NB-3686, INTERNAL PRESSURE /!

/
(a) Branch Connections in Pipc *
Stress Index, i
\Louqitudiual Plane Tra.sverse Plane
Stress \lmm Qutside Inside Outside
9, \3.1 23 Fo 2.1
o, 0.2 1.0 702 26
o, -t,‘/ﬁ, 0 =t,/R, 0
0 33 1.2 /‘ 1.2 26
(b) Branch Connections in Formed Heads
Stress Index, i
Stress Inside anm , Qutside Corner
o, 2.0 N 2.0
o, -0.2 20
o, -2t,./R, . 0
Pl & % P 20

A
fe) Dimensional ratios are limited as follows:

Branch Cornections ! Branch Connections

m Pipe y i Formed Heads
Rm , i Rl
- _ it &

7 50/ 3 T = 50

r v
mod R
R " "\_ Ry, 7

() The inside curner radius, r, (Fig. NB-3686.1-1),
is between 10% and 50% of /. A
(¢) The outer radius, r, (Fig. NB-3636.1-1) is not
less than the larger of T2 (7', + y)2 [Fig. NB-
3686.1-1(c)] or T,/2. \
(h) The outer radius, 7y (Fig. NB-3686.1-1), is not
less than the larger of \
(1) 0.00. 0d,
2) Asin ) umes the offse. for the con-
figurations shown in Figs. NB-3686.1-1(a) and NB-
3686.1-1(b)). \

NB-3686.2 Nomenclature (Fig. NB 3686.1-1)

m’- insiue radius of branch pipe. in. \
r'!- mean radius of branch pipe. in.
T »= nomunal thickness of branch pipe. in.
R, = mean radius of run pipe. in.
R, = mean radius of formed head in the vicinity of

{\th_wmnnem
,=nomunal thickness of run pipe, in.

SECTION 1il. DIVISION | — SUBSECTION NB

-
b

Je=pgminal thickness of formed head., in.'—(
o { 7,for branch connection 1= pipEin /'
1

7, for branch connection in formed head, in.

! d,=outside diameter of branch, in.
Ty, 8. 11.r3 13, 1 and y are defined in Fig. NB-3686.I-1

t,=minimum required thickness of run pipe,
calculated as a plain cylinder /

f,=minimum required thickness of formed head,
calculated as a spherical shell of ingide

radius, R, \ / ‘
! P=nternal pressure, psi ; '
0, 9, 0,are stresses as defined in NB-3680, pui 1
o =stress intensity, psi “\ !
i & "\
NB-3686.3 Stresses from Stress Indices

(a) For branch connections in pipe, multiply stress

indices by: }
]
{ P 4 PR,
i - I'm j
i o i
(b) For "branch connections in formed heads,
muluply stress indices by: s f
A \
‘, / PR, )
) 31A i3
O ———
1
b 1
NB-3687 “ Flexibility Factors
NB-3687.1 Straight Pipe
’ M
M1 3
k=10 0,,,,,, - _—EI" R g—
for M = M, or M, :
M/¢ PSR — jl‘_'. “3
k=10 fpm= <7 v
for M = M, il
i My

[ = one pipe diameter

/=plane moment of inertia in.*
J =polar moment of inertia, in.*
£ =modulus of elasticity, psi
G= sl’lear modulus, psi

NB-3687.2 Curved Pipe and Welding Elbows. The
flexibility factors may be calculated by the equations
given below for A, provided® that:

(a) R/risnotlessthan 1.7;

(b) Ce iter linel=ngth (Ra ) is greater than 2r;

{c) There are no flanges or other similar suffeners

*The fexibility of = curved pipz or weiding elbow 1s reduced by
end effects, provided either by the udjacent straight pipe or by the
preximity of other relauvely suff members which inhibit
ovalization of the cross sectica. In certain cases, these end effects
may also reduce the siress. Additional work 1s underway to
provide guidance for both flexibility factors and stress indices
where end effects are significant.

A

-~
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Fig. NB-3686.1-1

NB-1000 — DESIGN
. T, - 4 /
; y /
Branch Pipe /
e — i ‘_Ilb o
do— /_ ’3 //
”'"no \ ,/
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t “ T" Main pipe
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T, for branch connection in pipe

" eloTE: T
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|- NB-3687.2-NB-3692
‘: .. = within a distance 7 from cither end of the curved
54" section of pipe or from the ends of welding elbows.
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2 NB-36873 Miter Bends. The requirements of NB-
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NB-MS’.J Welding Tee or Branch Connections.
"% For welding tees (ANSI B16.9) or branch connections _ /.
{NB-3643) not included in NB-JbG}'.S, the loaa
.+ displacements relationships shall be obtained by

assuming that the run pipe and branch pipe e*tend to
the intersection of the run pipe center line with the
.7 . branch pipe center line. The imaginary juncture is to
Y be assumed rigid. and the imaginary length of branch -
~ pipe from the juncture to the run pipe surface is also
- . lobeassumed as rigid.

NB-)&?& Braich Connection in Pipe Meeting the
F.equirements of NB-3640. For branch connectior.s in
piping meeting the requirements of NB-3640 and with
branch diameter to ren diameter ratio not over one-
third, the requirements of (a) through (d) apply.
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where
A =actual area of reinforcirg within the zone of
re:nforcement given in NB-3643.3(b), sq in.
/,=moment of inertia of branch pipe, in.*
£=modulus of elasticity, psi

(d) For load displacement relationship not cov-
ered, use NB-3687.4.
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NB-369%0 - DIMENSIONAL REQUIREMENTS ¥,
FOR FIPING PRODUCTS %

NB-3691  Standard Piping Products

Dimensions of standard piping products shall *
comply with the standards and specifications listed in
Table NB-3132-1. However, compliznce with tiiese
siandards does not replace or eliminzte the require-
men's of NB-3625.

NB-3692  Nonstandard Piping Products

The dimensions of nonstandard piping products
shall be such as to provide strength and performance
as required by this Subsection. Nonstandard piping
products shall be designed in accordance with NB-
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VALIDATION OF THE FINITE ELEMENT STRESS ANALYSIS
COMPUTER PROGRAM CORTES-SA FOR ANALYZING PIPING
TEES AND PRESSURE VESSEL MOZZLES' 2

8. R. Bam
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Union Caroide Corporation
Qax Ridge, Tennessee

J.W. Bryson and S. E. Moore

Engineering Technology Division
Qax Ridge National Laboratory
Oak Ricge. Tennesses

ABSTRACT

The finite element computer program CORTES-SA, which is basically a modified
version of SAP3 with a special purpose input processor for setting up a wide
variety of tee joint and reinforced pressure vessel nozzle geometries, was vali-
dated by comparison of calculated stresses and displacements with results from
six experimental models. During its evolution, CORTES-SA had been worked on and
modified by several different people. As a consequence no single nerson was
intimately familiar with the entire P « Validation thus requ. -ed solutions
for a number of problems that might be encountered in the development and/or
validation of any special purpose finite element computer program. This paper
presents an account of the problems encountered and the steps taken to effect
their solutions. Among the problems discussed are those resulting from non-
participation in the original program development; incomplete documentation at
all stages of the program deveiopment; the lack of complete sets of calculated
output including displacements and equilibrium forces at boundary nodes for
checking purposes; the absence of adequate output graphics; and the absence of a
comparable computer program for cross-checking purposes. Results from the
various analytical-experimental comparison studies and other theoretical check
calculations are presented,

INTRODUCT ION

The ORNL Design Criteria for Piping and Nozzles Program (l-!) conducts
experimental and analytical stress analysis studies of piping system components
(products) to validate and/or improve design rules, criteria, and stress analysis
methods for light water reactor (LWR) nuclear power-plant installations. In
support of this effort, a five-program package of finite element computer programs
called CORTES (California, Oak Ridge TEeS), was developed at the University of
California, Berkeley, specifically for stress analyses of ANS! Standard 316.9
tees subjected to internal pressure, force, moment, and thermal loadings. The

lRuurch sponsored by Oak Ridge National Laboratory, operated by Union Carbide
Corporation for the Energy Research ard Development Administration,

2Wm’k performed by Union Carbide Corporation for the U.S. Nuclear Regulatory
Commission under Interagency Agreement 40-351-75 and 40-552-75.



CORTES-SA (for Stress Analysis) in this group was designed to perform
linear elastic stress analyses o’ standard tees for any one of the 13 basic
mechanical loadings or an arbitrary combination of loadings (5~7). A second
program, CORTES-EP (for Elastic-Plastic Analysis) has the additional capability
of performing elastic-plastic analyses based on constitutive materials laws that
use a von Mises yield criterion with either isotropic or kinematic hardening
(8). The other programs in ¢ is group are CORTES-THFA (7) (Transient Heat Flow
Analysis), SHFA (9) (Steady-state Heat Flow Analysis), and TSA (7) (Thermal
Stress Analysis). AlT five programs feature the same automatic mesh generation
routine with options that permit the modeling of a wide variety of tee-joint
geometries such as tees, branch connections, and pressure vessel noz:les with a
minisum of input data.

CORTES-SA has been modified several times at Oak Ridge in efforts to
expand its usefulness and improve its efficiency. As a result, the present
version includes contribu“ions by a number of people in addition to the original
authors. This paper describes the validation of the most recent version of
CORT:S-SA as releascd to tie Argonne Code Center for general distribution. This
version has been used extensively at Oak Ridge in conducting parameter studies
of reinforced and unreinforced nozzles in cylindrical pressure vessels (10,11).

An account of the problems encountered and the solutions employed during
the validation of CORTES-SA follows, emphasizing those 2xperiences which should
be of interesc in the development and/or validation of similar special purpose
numerical programs. In addition. sample results from six validation model
studies are reviewed.

PROGRAM DEVELOPMENT AND VALIDATION

The CORTES package of programs was originally intended for use in stress
analysis parameter studies of ANSI Standard 816.9 tees (see Fig. 1) subjected to
internal pressure, force and moment loadings on the branch and run pipe exten-
sions, and arbitrary temperature distributions. The results of these studies
were to be used in conjunction with experimental studies of tees under similar
loadings to develop broad-based sets of analytical results for use in ~onfirming
and/or improving design rules and structural safety criteria.

DIAPHRAGM
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Fig. 1. Basic cylinder-to-cylinder intersection geometry,
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The general guidelines for the original program development were to produce
a 3-D code with isoparametric brick tyy: elements capable of modeling a wide
variety of tee joints and reinforced and unreinforced pressure vessel nozzles.
Because of the anticipated usage for conducting parameter studies, automatic
@ Sh generation with minimum input data requirements was considered to be of
primary importance. The resultant program was a modified version of SAP3 (12)
with a special purpose input processor that automatically models a variety of
complex tee joints with several hundred finite elements, using only nine cards
of input data.

Initial experiences with CORTES-SA at ORNL revealed the need for improving
the input-output (I1/0) efficiency and the need for certain post-processing and
additional output feacures. Although the program automatically sets up the
finite elemert mesh, ORNL-compatible graphics capability was needed for display-
ing and designing suitable mesh layouts for later stress analysis. A graphics
package had been developed for use - ith the Oak Ridge computing facilities.
Post-procassing and additional grai * capability was also needed to interpret
and display selected quantities ¢ it substantial amount of output expected
from large-scale parometer stuc .

A second need was to augmen & ~° nal output with additional informationm,
partly for checking purposes. In . * or 1al version of CORTES-SA, the computed
output consisted mainly of the surfac. coordinates and direction cosines of
the tangent plane at the surface nodes : the generatad mesh and the tangent
plane stress components at the surface ncJdes (the model may consist of up to
five layers of elements through the wall thickness). Three desirable output
features not provided in the original version were the calculated displacements,
the boundary node fixity conditions, and the force reactions at the fixed bound-
ary nodes. The nodal ».int displacements were needed for later use in developing
flexibility factors for piping system and pressure vessel analyses, whereas the
other guantities were needed to validate the finite element model and computed
results

A third need was to improve the cost-time efficienc, of the program at the
Oak Ridge facility, which utilizes an IBM 360/195 computer rather than the CDC
6400 computer on which it was developed at the University of California. The
CPU and wall clock times, core storage, and /0 requirements of large scale
problems run on CORTES-SA seriously affected turnaround after job submission at
the ORNL facility.

In this list of additions and modifications to SA, first priority was given
to the preparation of graphics software that could be used to display the finite
element models. For this purpose a software package, GRFPAK (13), was designed
specifically for the CORTES input processor to display orthographic projections
and cross-sectional views of the generated mesh. GRFPAK was eventually expanded
to include cerzain node displacement and stress display options. Before the
other features enumerated above could be added, the Oak Ridge computing personnel
needed time t5 study the internal structure of the program and to design the
necessary modifications. Flow diagrams and programmed comment cards would have
made this job much easier.

When sufficient progress had been made on the graphics software, several
models which had previously been analyzed experimentally (14—16) were analyzed
for internal pressure loading and the results were compared with the experimental
data. Although these initial comparisons were generally in good agreement,
there was an unexplainable "spike"” in the calculated stress distributions in the
transverse plane (y-z plane in Fig., 1) near the noz:ile-to-cylinder junction for
the two thin-walled models (14,15). This stress "spike" was not present in any
of the experimental dats, and was not evident in the University of California
results (7). The problem appeared to be related to the number and arrangement
of elements in the finite el uent model and was less noticeable or absent for
thicker walled models. Although varigus stratsgiss for Jdefiniig an accepradie
mesh layout were attempted and numerous individuals, including the original
program authors were consulted, we were not able to find an error in tie program
or to establish reliable guidelines to avoid the problem. By trial and error,
however, we were able to gemerate results which did not have the spikes.

As mentioned earlier, all five programs in the CORTES package use the same
finite element mesh generator, and the elastic-plastic analysis program CORTES-EP

n



is also capable of performing elastic analyses. There were, anowever, several
differences between the CORTES-SA and -EP programs which made it difficult to
compare results directly. First, and most importantly, the two programs calcu-
lated and output the stresses at different points in the elements. CORTES-SA
printed "average" element stresses at the surface nodes expressed in the local
coordinates of the tangent plane, whereas CORTES-EP printed the stress tensor
components at the internal Gauss integration points expressed in global coordi-
nates. In addition, CORTES-EP printed the nods! point displacement referenced
to the global coordinate system. But, because of difficulties related to the
use of superposition in the CORTES-SA solution logic, installation of a dis-
placement output option in CORTES-SA had been delayed pending further study of
the algorithm,

There was also an apparent difference in the mathematical formulation of
the finite elements in CORTES-SA and CORTES-EP. The element originally installed
in CORTES-SA (and reported in Ref. 7) was “he Wilson incompatible elemert (17),
obtained by adding nine incompatible deformation modes to the eight-node iso-
parametric brick element of Irons and Zisnkiewicz (18). A paper by Irons et al.
(19), however, pointed out that the addition of incompatible modes produces an
element which violates the "patch test” and may therefore give poor results for
elements that are not regular parallelepipeds. For a more complete discussiorn
of the patch test and its importance see Ref. 20. An improved finite element
which used a repair technique proposed by Taylor et al. (21) tc satisfy the
patch test was incorporated into CORTES-EP (8) before it was released to ORNL
even though studies by Powell had failed to shos any appreciable difference.

At this point in time, CORTES-EP was modified at Oak Ridge t¢ compute and
print out the tangent plane stress components at the surface nodes using a bi-
linear-least squares Gauss point stress extripolation procedure developed by
Hinton and Campbell (22). Using this modified version we were able to compare
results directly with experimental data and with results from CORTES-SA. The
spiking problem, which had been so prominent with CORTES-SA, did not materia'ize
with "ORTES-EP, - the calculated stresses showed excellent agreement with * e
experimental test model results. A :lose examination of the programming revealed,
however, that the element formulations in the two programs were identical, thus
eliminating the patch-test as the source of the spiking problem. Apparently,
CORTES-SA had been modified earlier to conform with theory. The modification
was not recorded, however, in any of the documentation supplied to ORNL by the
Universii.y of California. Subsequent comparisons of stress results from CORTES-SA
and CORTES-EP also eliminated the node point stress calculation routines as the
source Jf the stress spiking problea.

Concurrently, the modification of CORTES-SA to print out surface displace-
ments was completed. An improved matrix solving routine (borrowed from EP) was
incorporated, and the standard Fortran [/0 statements were replaced with local
machine language routines.’ Calculations for a number of test cases were then
traced through each code and compared at strategic points in the computational
process. Those comparisons led to ident;fication of a logic defect in the
algorithm which automatically generates tis boundary conditions for the symmetry
plane nodes in CORTES-SA. The error caused one of “he nodes in the y-: symmetry
plane to be incorrectly restrained (fixed) for certain combinations of mesh
generation parameters. When the aigorithm was repaired, the excessive bending
stresses at the fixed node were removed and the spike disappeared. Subsequent
comparisons with experimental results, as discussed in the next section, pro-
vided sufficient evidence to claim validation for CORTES-SA.

VALIDATION MODELS AND RESULTS
Ouriny the validation pr-cess, CORTES-5A was uscd =o anaiyze six models for

which experimental stress .n~ ‘'sis data were available for internal pressure
loading. This set includes two thin.walled cylinder-to-cylinder models without

T
" jtandard Fortran /0 is retai.cd ia the version reieased to the Argonne Code
Center.
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transition fillets: ORNL-1 (14) and OPNL-3 (15); 2n ANSI Standard 3'6.9 tee:
ORNL-TS (16); a thick-walled steel pressure vessel: HSST-ITV9 (23); and two
photoelastic pressure vessel models tested at Westinghouse: WC-12D and WC-100D
(24). This group represents a wide range of vessel diameter-to-thickness ratios
(4.5 < D/T < 100.0) and nozzle-to-cylinder diameter ratios (0.1 <d /D < 0.5.),
as listed in Table 1. The two thin-walled models, ORNL-1 and ORNL-3, ire essen-
tially unreinforced at the nozzle-to-cylinder transition; the B16.9 tee ORNL-TS
has a generous radius transition, while the pressure vessel models HSST-ITV9,
WC-12D, and WC-1000 have reinforced noz:les designed according to the rules of
the ASME Sciler and Frcssure Vessel Code (25), as shown in Fig. 2. In the
following, comparisons between the calculated stresses from CORTES-SA and the
experimental results for internal pressure loading are presented for four of the
six models. Results from the other two models, ORNL-TS and WC-1000, were equally
good.

Table 1. Geometric parameters for CORTES-SA
validation models

Mode) 01/‘1" Ji,tb oi/Dic Type of rcinforcmnt—
ORNL-1 98.0 98.0 0.2 None
ORNL-3 48.0 5.68 0.1 Extra wall thickness
ORNL-TS 32.0 21.66 0.51 ANSI £16.9, Schedule 40
HSST-ITVS 4.5 <.25 0,33 Standard
WC-12D is 0 12.0 0.129 Standard

%7-1000 100.0 !00.0 0.:10 Standard

“2atio of inner run diameter to run thickness.

>

“Ratio of inner branch diameter to branch thickness.
2atio of inner branch diameter to inner run diameter.
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Cylinder-to-Cylinder Model ORNL-}

ORNL-1 is an idealized thin-shell steel structure consisting of two circular
cylindrical shells (D /T = 98, d /D1 = 0.5) intersecting at right angles, There
are no transitions, r‘tnforc-m&s. or fillets in the junction region. An
isometric view of the outer surface finite element cesh is shown in Fig. 3. The
finite element model was constructed using a v.ry small fillet radjus equal o
0 254 mm (0.01 in.) at the transition and one finite element through the wall

LONGITUDINAL 5
TRANSVERSE / TRANSVERSE
LONGITUDINAL

Fig. 3. [Isometric view o: outside surface for ORNL-1 generated mesh and
derfinition of stresses for 0 and 90° ‘actions.

14



thickness. This moa>! was analyzed for an internal pressure of 0.345 MPz (50
psi) which produced a nominal stre-s of S = PD/2T = 17.25 MPa (2500 psi), the
same as that used in the experiment.

Comparisons between the experimental data and the calculated results from
CCRTES- SA are depicted in Fig*. 4 and 5. Longitudinal and trausverse stresses
(folloving the convertion sh.wn in Fig. 3) are shown for the 0° and 90° sections
(x-y plane and y-: plane respuctively) for both the nner and outer surfaces of
the model. For this modsl the maximum stress was in the transverse direction in
the longitudinal p.ane (0° section) at the outer surface of the intersection.

In general, the computed results from CORTES-SA are in good agreement with
the experimental data. The relative disagreements shown in Figs. 5(c) and 5(d)
for the 30° section (y-: plane) of the run pipe are the result of using isopara-
metric brick type elements to analyze thin-wslled structures, as pointed out in
Ref. 26. For thicker walled structures, like ORNL-3 discussed below, CCORTES-SA
gives better agreement with experimental data in this region.

Cylinder-to-Cylinder !'>del ORNL-3

ORNL-3 is the second tee joint for which experimental and analytical results
from CORTES-SA were compared. ORNL-3 is also an idealized thin-shell s ructure
with no triunsitions, rzinforcements, or fillets in the junction region. In
contrast with ORNL-1, however, CRNL-3 has a much smal'er dizmeter ratio (d. /D
0.1 vs 0.5) and a greater relative wall thickness (D./T = 48 vs 98). Resulzs
frea this model shed light on the ability of CORTES- gA to accurately predict
stresses for models with small relative nozzle diameters (d /D ratios) like
those used in many pressure vessels,
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Fig. 5. Comparisons of calculated and experimental stress distributions
for 90° section of model ORNL-1 (1 in. = 25.4 mm).

Figure 6 shows the outer surface of the f nite element mesh, const ucted
like the model for ORNL-1, with a very small fillet at the junction. The mesh
layout for ORNL-3 utilizes two elements through the wall thickness. The number
of elements through the wall thickness for this model, as well as for the other
test cases, is governed by the criterion that the elements in the junction
region should be as nearly cubical in shape as possible, consistent with the
selected degree of mesh refinement .n the axial and circumferential directions
of the branch and run. The model was analyzed with an internal pressure of
2.068 MPa (300 psi) or a nominal stress of S = 50,67 MPa (7350 psi).

Comparisons between the experimental and analytical results are shown in
Figs. 7 and 8 for the 0 and 90° sections, respectively. TF maximum stress for
ORNL-3 1is in the tr.nsverse direction in the longitudinal plane at the inner
surface of the intersection.

Westinghouse Photoelastic Model WC-12D

To demonstrate the capability of CORTES-SA to analyze reinforced pressure
vessel nczile configurations, comparisons between the experimental and analytical
esults are presented for one of the two photoelastic models tested by Leven
(24), WC-1Ir' and for the HSST vessel ITVS. The photoelastic model WC-12D had a
re!ative nozzle size (d./D. = 0.129) near that of ORNL-3 but with reinforcement
as prescribed by the ASRE Boiler and Pressure Vessel Code shown esarlier in Fig.
2. The vessel was relatively thick-walled with a diameter-to-thickness ratio of
0./T = 12,0.
Y ALl of the test cases which were reinforced in the junction region, includ-
ing WC-100D which is not shown here and the HSST model discussed below, requirsd
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Fig. 6. [Isometr’ view of cutside surface for ORNL-3 generated mesh.

more olements through the wall thickness than were needed for the unreinforced
models. Model WC-1lD was analyzed using three layers of slements. Since WC-
120 was a photoelastic model, the finite slement analysis was initially performed
using material property values of E = 31.7 MPa (7500 psi) and Poisson’s ratio of
» = 0,485, A second analvsis was also made using material constants £ = 206.8
GPa (30 = 10° psi) and . = 0.3 (steel properties). An internal pressure of
1.061 MPa (153.9 psi) ~as used for the analyses for a2 nominal stress of S =
6.895 MPa (1000 psi).

Comparisons between the comput~d results and the experimental data are
shown in Figs. & and 10. Cood agreement was obtained betws 1 the calculated
results for the photcelastic and the steel models except in the junction region

17
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Fig. 7. Comparisons of calculated and experimental stress distributions
for 0° section of model OPNL-3 (1 in. = 25.4 mm).

of the 0° sectioa. In this section, the results of the steel analysis compare
very favorably with the experimental data, whereas the computed photoelastic
results are not as good.

The discrepancy in the photoelastic calculatione for the 0° section reflects
the difficulties encountered in using the conventional finite element displacement
formulation (the formulation used in CORTES-SA) to analyze structures of nearly-
incompressible materials (see, for example, Ref. 27), This displacement formula-
tion, which is derived from the minimum potential energy principle, can yield
stress results greatly in error as Poisson‘s ratio approaches 1/2, i.e., as the
material approaches incompressibility. In the limiting case, i.e., v = 1/2 the
formulation is no longer valid. Computationally, the global stiffness matrix
becomes progressively more ill-conditioned until it becomes singular at v = 1/2
(38). For discussions of modified variational formulations that are applicable
to near incompressible and incompressible materials, see papers by Malkus (29),
Booker et al. (30), and Taylor et al. (31).

Intermediate Test Vessel HSST-ITVD

Of the six models analyzed, the Heavy Section Steel Technology Program
interme-iate test vessel HSST-ITVO had the greatest relative wall thickness and
nozzle diameter with dimensional ratios of D./T = 4.5 and 4./0. = 0.33. Both
the experimental and finite element mnlyses‘perfoned on HSSTi1TVO used an
internal pressure of 6.395 MPa (1000 psi).

The finite element model for HSST-ITVY was constructed using four layers
of elements through the wall thickness. The calculated stresses for this model
are indicated by the solid data points in Figs. 11 and 12 for the 0° and 30°
plar*s respectively. Experimental data, from Ref. 23, are indicated by the
open lata points for the inside cormer of the nozzle in both planes and for the
outside fillet 1a the 0° plrne. The max rum stress for this mode! occurred at
the inside corner in the longitudinal (0°) nlane.

18



FINITE ELEMENT - 60
e LONGITUDINAL T
e TRANSVERSE — &6
EXPERMMENTAL
- 0 LONGITUCINAL ——

*  TRANSVERSE - 20

N O N » o @ B
1
STRESS (MPa)

- .20
-4
| UTSIOE SRANCH
B = -40
- 60
" -
| _pavpasesde k. Samado B i <
6 . o —= &
W, -
R - ;
R e e ——— 1}
a 2 rt‘r ‘VLS e | 2
¥ P 5, &
& e o ?
.1‘_ - e
| - =20
-4
INSIDE AUN NSIDE SRANCH -
.. & \J
0 1 2 3 . . 60 ' 2 3 . .
DISTANCE FROM JUNCTION (in) DISTACE FROM LUNCTION i)

Fig. 8. Comparisons of calculated and experimental stress distributions
for 90° section of model ORNL-3 (1 in. = 25.4 =mm).

As  lustrated in Figs 4 through 12, generally gcod agreement was obtained
between “he calculated stresses and the experimental data for the validation
models. The caiculated ma imum stress and stress distributiors for both the
longitudinal plane (0® sc¢ “ion) and the transverse plane (90 section) closely
follow the experimental data with the sXxception of two cases previously noted.
These exceptions pertain either to a thin-walled structure (ORNL-1) for which
the finite element formulation in CORTES-SA is only marginal; or to the nearly
incompressible behavior of photoelastic materials WC-12D) for which the finite
element formulation tends to become unstable. In summary, we consider the
correlations to be sufficiently accurate, within the constraints noted, to :zlaim
validation for NORTES-SA.

SUMMARY AND CONCLUSIONS

In this paper we have described the validation process conducted at ORNL
for the special purpose finite element computer prograa CORTES-SA and have
rresented comparison results for four of six models that were extensively studied.
The discussions h-ve focused mainly on the problems encountered during a develop-
ment and expansion phase to make tle program more useful and a validation phase
to prove the vaiue of the program. Some of the major points, which proved to be
crucial for the validation of CORTES-SA, are reviewed below from the perspective
of genera! program development.

During the development phase of special purpose computer codes such as
CORTES-SA, the program output should be carefully designed to make available all
of the information needed o completely ilefine the model being analyzed, perhaps
under control of an output option. [t is well %o note that output recuirements
for validation of the program will protubly Se more extensive than required for
later production use, but the option should still be available for later checking.
Ja the case of CORTES-SA, the toundary point Sixity conditions, the boundary
point reaction forces, and the computed node _oint displacements were needed to
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Fig. 9. Comparisons of photoelastic and calcilated stress distributions
for 0° section of mode! WC-12D.

insure th.t the program was generating the correct boundary conditions. Much of
this information -us not needed fur the parametey study discussed in Refs. 10
arnd 11.

A seccad topic of importance concerns the impact of graphics software on
program validation. For finite element programs like CORTES-SA *hat generate
complex mesh geometries automatically, graphical displays play an import..t role
in finalizing the design of the 2lement mesh o he arulyzed. For example, the
accuracy of the finite element formulation used in CORTES-SA may be adversely
affected by mesh layouts not composed primarily of parallelepipeds. Altheugh it
1S not possible to construct a mesh lavout of perfect parallelepipeds, by exam-
ining isometric and cross-sectional plots of successive trial models generatad

20
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Fig. 10. Comparisons of photoelastic and calculated stress distributions
for 90° section of model WC-12D,

by SA, it becomes rather easy to construct suitable finite element models for
each case. (It was also easier to make minor changes in the mesh generation
package.) The availability of additional graphics software with selected stress
and displacement plotting capability also makes possible gquick and accurate
analysis of the large quantity of cutput “rom the solution process. Much of *he
information currently available from CORTES. =* analyses would -e extremely
difficult to assimilate and interpret without the graphics software.

Another important consideration in the development and validation arocess
concerns documentaticn. External documentation, including flow diagrams ard a
complete log of modifications and updates to the program as weil as user instruc-
ticvs, should be conscientiously maintained. Such sractice w1ll 2nable success-
ive users of the program to be drought up to date guickly and will srovide the
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Fig. 11. Calculated stress distributions for 0° section of model HSST-ITVS.

experienced users with a permanent record. In our case, CORTES-SA was modified
several times by different people after it had been delivered, and different
versions of the program were often in use at any given time.

Adequate internal documentation, in the form of programmed comment cards
should be included during the development phase and conscientiously maintained
at each modification. Full internal documentation can be of great assistance
either in modifying the program or in locating errors and defects in the
algorithms.

Finally, we offer some comments concerning our interpretation of the
validation procedure. I[n validating a special purpose program, it is desirable
to have a second code (usually a general purpose program) available for
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Fig. 12. Calculated stress distributions for 90° section of model HSST-ITV9.

comparative analyses of test problems. The experience with CORTES-SA demon-
strates clearly, however, that such a check may not constitute a true valida-
tion of the program in the absence of comparisons with well documented experi-
mental data. In particular, the stress-spiking defect in CORTES-SA would
probably not have been corrected and the program not properly validated had
the experimental data not been available for comparison. Such computational-
experimantal comparison studies provide the best assurance for a reliavle
computer program validation.

In our opinion the finite element computer program CORTES-SA is fully
validated for the elastic stress analysis of ¢ylinder-to-cylinder tee joints,
ANSI Standard 316.9 tees, and single reinforced aind unreinforced noz:les in
cylindrical pressure vessels. The favorable comparisons with well documented
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experimental data over a wide range of geometric parameters supports this
conclusion. In addition, the minimal amount of required input (nine cards)
and the available graphics software for both pre- and post-processing should
make CORTES-SA, as well as the other CORTES programs, all of which may be
obtained through the Argonne Code Center, a valuable set of analytical tools
for the safe design of nuclear power plant pressure vessels and piping systems.
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