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FOREWORD

The work reported here was done at Battelle Memarial Institute under
subcontract to the Oak Ridge National Laboratory (ORNL) which is operated
by Union Carbide Corporation for the U.S. Atomic Energy Commission. This
effort is part of the "Design Criteria for Piping, Pumps, and Valves Pro-
gram” (ORNL Piping Program) under the direction of W. L. Greenstreet, Head,
Applied Mechanics Section, and S. E. Moore, Program Coordinator. The ORNL
Piping Program is the AEC supported portion of an AEC-Industry cooperative
effort for the development of design criteria for piping components, pumps,
and valves to be used in nuclear power plant piping systems. The AEC-
Industry cooperative effort is coordinated by the Pressure Vessel Research
Committee (PVRC) of the Welding Research Council. J. L. Mershon is the

USAEC cognizant engineer.
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NOMENCLATURE

ja )
il

branch pipe diameter

Tt
jwr)
L}

run pipe diameter

o
]

run pipe wall thickness
(Other dimensional symbols are defined in Figure 1)
#,0 = coordinates of point on branch connections; See Figure 3.

M..; where i =x,y,z, j=1,2,3

+ Set of nine orthogonal moments given by a piping system
flexibility analysis; See Figure 2.
Iij; as above, except forces
Mij; where i = x,y,z, j = r,b

Set of six independent orthogonal moments used in the test
arrangement shown in Figure 3,

L = axial force applied to branch pipe
Z = = section modulus of pipe

A = cross sectional metal area of pipe
Zb = section modulus of branch pipe

Zr = section modulus of run pipe

C,i = (with various subscripts) are stress indices

S = a nominal stress
c = a specific principal stress in a branch connection
& = a specific stress intensity in a branch connection

Additional symbols are defined in the text as they occur,
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FIGURE 1. BRANCH CONNECTION NOMENCLATURE, FIGURE 1-704.3.3.1 FROM
USAS B31.7, WITH ADDITIONAL DEFINITION OF rp






STRESS INDICES FOR SMALL BRANCH
CONNECTIONS WITH EXTERNAL LOADINGS

E. C. Rodabaugh

ABSTRACT

Stress indices and simplified design formulas are developed for use
in the stress analysis of small branch connections in Class I piping systems
as required by the ANSI Standard, Code for Pressure Piping, Nuclear Power
Piping ANSI B31.7. Equations are given for reducing the set of nine
moments which act on a branch connection, and whose numerical values are
obtained from a piping flexibility analysis to two resultant moments. Stress
indices to be used with these resultant moments are empirically developed
from existing test data; and design rules are proposed for inclusion in
ANST B31.7. The effects of direct shear force loadings on branch connections

are also discussed.

Keywords: stress indices, small branch connections, piping tees,
stress analysis, nuclear piping, piping code, ANSI B31.7.



INTRODUCTION

The Nuclear Power Piping Code, USAS B31.7(1)

, provides stress
indices for two* broad types of branch connections:

1) Branch connections per Subpar, 1-704.3.

2) Butt-welding tees per USAS B16.9 or MSSlSP-48.
This Phase Report is concerned only with the first type of branch
connections, It should be remarked that the first type of branch
connections are assigned stress indices in Table D201 of B31.7 only
for d/D < 0.5, where d = branch diameter, D = run diameter. In con-
trast, butt welding tees are normally available only for 4/D > . 0.5.
In the following, we will use the term '"branch connections' as referring
specifically to branch connections per Subpar. 1-704.3.

Two additional limitations are placed oun the applicability of
stress indices to branch connections:

1) D/t not over 100; t = wall thickness of run pipe.

2) Branch pipe axis normal to the surface of the run pipe

(For example, laterals are excluded,)

Subparagraph 1-704.3 of B31.7 is entitled "Intersections';
it requires 1007 cut-out area replacement unless d < 0.1414‘V[5E and
further provides reinforcing zone bounds within which reinforcing is
considered as effective in replacing the cut-out area. The reinforcing
is based on internal pressure loading only and is not related to the

magnitude of the external loadings. Because essentially any branch

* A third class of branch connections consists of socket-welding
fittings such as those purchased to USAS B16.11., These apparently
present a design problem only at the socket weld,



connection will meet the reinforcing rules for some pressure, the

present B31.7 formulation for C, for branch connections is subject to

_ 2/3 .
= 1.8 (Rm/3 Tr) is

2

misapplication, The present formulation for 02
based on the assumption that Tr is the thickness of the run pipe required
for internal pressure and that additional reinforcing is required to

meet the B31,7 reinforcing rules. Because either part or all of the
reinforcing can be supplied by the run pipe, the present formulation

for C2 may not be conservative for some configurations¥*.

USAS B31.1.0-1967, Power Piping, gives some equations for
calculating stresses in branch connections; but is limited to (1) B16.9
tees, (2) pad or saddle reinforced tees, or (3) uniform wall (fabricated,
unreinforced) tees, The first of these is not included in this report;

the second is not permissible under B31.7, hence only the third type

might offer some guidance., These code rules are discussed later herein.

* A letter from R. N. Zogran to the author, December 27, 1968, pointed
out this possibility.



LOADINGS AND STRESS INDICES

The magnitude of external loadings applied to a branch con-
nection in a piping system is normally determined by a "piping flexi-
bility analysis'". Figure 2(a) illustrates a simple piping system
containing a branch connection at point "0", As implied by Figure 2(a),
a piping flexibility analysis assumes that the piping system, which
actually consists of various shell structures, can be modeled as an
assemblage of one-dimensional beams. Moments and forces are generated
in the piping system by:

a) Weight or inertia loads of the pipe, piping components

(e.g., valves) insulation, contents, etc.
b) Linear or rotational displacements of restraint points.

For example, R, of Figure 2(a) may be a pressure vessel

1

nozzle which moves with respect to restraint point R2

and/or Ry.
¢) Change in the length of the piping due to change in
temperature of the piping.
At a branch intersection point, such as point "O0'" of Figure 2 (a),
the piping flexibility analysis will give three orthogonal sets of
moments which either are directly, or can be rotated to the moment sets

shown in Figure 2(b). Equilibrium requires that these sets of moments

be related by:
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= Detail A
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//G\

2(a) : Piping System with a
branch connection at 0"

<

R3

P

Mxi D @

Mz, Mz2

2(b): Detail A , Moments calculated at point "0"

FIGURE 2. PIPING SYSTEM AND SETS OF MOMENTS OBTAINED FROM A
PIPING FLEXIBILITY ANALYSIS



Mxl +Mx2 + MX3 =0
Myl + Myz + My3 = 0 (D
Mo +M, +M, =0

Accordingly, there are only six independent moments at a branch connec-

tion., The set of six moments shown in Figure 3 constitute a complete

set of moments. This set of moments has been used in experimental and

rheoretical analyses of branch connections and will be considered herein

as the basic set of six independent moment loads. They are identified

as Mij’ where i = x, y, z, j = r, b, The set of nine moments from a

piping flexibility analysis are similarly identified, except j = 1, 2, 3.
In translating data obtained from the basic set of six moments

(See Figure 3) for application with the nine moments obtained from a

piping flexibility analysis [Figure 2(a)], it is necessary to distinguish

that part of the moment that is carried from the branch into one or both ends

of the run. There are two general cases.

1) Moment through branch is equilibrated by moments at both run ends,

with no moment flow through run

Mi3 10

M, MiZ , for example T-S -ZT

iEx,y or z
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OF MOMENT LOADINGS
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4 (b)

FIGURE 4. ILLUSTRATION OF MOMENT FLOW CONCEPT

AT A BRANCH CONNECTION



2) Moment through branch is equilibrated by moment at one run end with

a residual moment flow through the run

MiB TIO

M M , for example T-IZ—I—TZ

. .
il <%—FE—————- i2 <+—ET——:—E—
ir ir
or
MiB % 10
M, M, , for example tZ‘--l--‘T =12
—_— —
il v 12 M = 3
ir ir

Relationships between the basic moments and the flexibility
analysis moments, appropriate for application with the B31.7 simplified

analysis*, are as follows:

M, =0 for M 5| = M | + [u,,] (2)

Mir = lesser of |Mil| or IMiZI’ for Mi5 < IMill + |M12| (3)

My o= M (k&)

Perhaps a better way of stating the same relationship is: If the sign

of M,, is the same as the sign of M.., M, = O; otherwise M, = lesser of
il iz ir ir

Mil and MiE'

* The sign of the moment flow is lost in this formulation; this is a
simplification in accordance with the B31,7 (Par 1,705) simplified
analysis philosophy that maximum stress intensities due to all load-
ings occur at the same surface point and are oriented so that they
directly add to each other.
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Stress Indices

Two types of analyses are covered in B31,7; a "simplified"
analysis as covered by 1-705 of B31.7 and a ''detailed" analysis as covered
by Appendix F of B31l,7. While the stress indices derived herein are for
the simplified analysis, some discussion of what stress indices would be
required for the detailed analysis is pertinent; in part to indicate
why such detailed stress indices are not available at this time,

Stress indices for the detailed analysis of branch connections,

with moment loadings, might best be given in the form¥:

M.,
= i =l
g =1 5
o p Z (53)
where
op = principal stress at a point, p, on the branch connection
due to moment load, Mij
ip = principal stress index for Mij at point p
= ied
Mij applied moment
Z = section modulus of pipe (run or branch, as specified by

the stress index nomenclature)
In order to carry out the detailed analysis of B31.7, it would
be necessary to have stress indices (ip) for:
(1) Each of the six independent moment loads,
(2) Sufficient surface locations to adequately describe the stress field
for each moment (perhaps 50 to 100 locations). These might be
expressed as functions of p, @ (see Figure 3) and inside, outside

or midwall surface,

Ja
i

Analogous to the i-indices for curved pipe or welding elbows, Table D-309-2
of B31.7.
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At each point, a minimum of three quantities would have to be described
by the stress index; e.g., the maximum and minimum principal stresses
and their orientation with respect to established coordinates,

From the above, it is apparent that a set of detailed stress
indices for a given branch connection would consist of 1000 to 2000 quan-
tities. From these quantities, the principal stresses at any point
on the branch connection for any combination of moments could be obtained;
provided, of course, that superposition is applicable.

Having obtained principal stresses due to moment loads, the
next step would be to add the stresses due to internal pressure and ther-
mal gradient stresses, then to determine stress intensities from the
principal stresses and complete the analysis by comparing those stress
intensities with the allowable stress intensities given in B31.7.

These sets of detailed stress indices could, in principal, be
obtained by either a theoretical or experimental stress analysis. Un-
fortunately, at this time a proven theoretical analysis has not been
developed for branch connections with moment loads nor is sufficient test
data available to establish detailed stress indices. Even with an
available theory and/or test data, the shear bulk of the detailed stress
indices might make their presentation in B31,7 impractical,

There is however, some test data from which a probably conserva-
tive estimate of maximum stresses in branch connections can be formulated.
This is the approach taken in Table D-201 of B31.7 in which the simpli-
fied stress indices (CZ) are given. In principal, we want to establish

.-indices in the equation:

values of the six C,.
2ij



M b
= _¢ XL, IE ... z (6)

where

c = maximum stress intensity.
max

If we consider a test set-up as indicated in Figure 3, with a branch

connection thoroughly instrumented with strain gages, the value of C2ij

can be established by applying, separately, Mxr’ M _.....M We now

vr zb”

choose to define Z for moments applied to the run (M_ , M, M__) as
xr’ yr’ zr

Zr = section modulus of the run pipe and Z for moments applied to the

branch (be, Myb’ Mzb) as Zb = gsection modulus of the branch pipe.
From the measured maximum stress intensity the value of CZij is
obtained, for example, as:
E%r
C D rm—— (7)
2xr M Z
M, /2 )
where
C = gtress index for M
2xr X
Oy = maximum measured stress intensity, as determined from

strain gages, under load Mxr

MXr = applied moment.

Zr = gection modulus of run pipe.

In developing values for C in the subsequent sections of

21j
this report, it will be noted that two kinds of experimental data are

used: (1) strain gaged test models and (2) fatigue tests. The fatigue

tests, by an evaluation discussed later herein, lead to C2ij factors
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which cannot be clearly identified as to whether they represent maximum
principal stresses or stress intensities, Maximum principal stresses,

Tax® Were used from the strain gage tests. Other than a few known

exceptions, the maximum principal stress was also the maximum stress

intensity, aﬁax' For one test* with torsional moment on the branch

(Myb), O ax VaS 1.31 times S ax for other tests** where o

was greater than o

ax

, O was not more than 1,2 times o . The use
ax’ “max max

of maximum principal stresses instead of maximum stress intensity is
more than counterbalanced by the assumption inherent in Equations (6)
and (7) that maximum stresses due to all of the six moment loads occur
at the same location and surface and are oriented so as to directly add

to each other.

* Table 3, Reference (8), Model E

PORON

*% These also occurred for M&b loading,
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TEST DATA

Complete sets of test data on branch connections using the
test arrangement shown in Figure 3 are quite limited; data known to the
author are summarized in Tables 1 and 2, Only one of these test
specimens falls within the class of branch connections considered
herein; that one being the 12 x 12 x 4 Weldolet connection,

Additional useful test data is shown in Tables 3 and 4, All
of this data is for moments (and in a few cases, axial forces) applied
to the branch. The references cited do not, in general, indicate
where or what kind of reaction forces were applied. In most cases,
it appears that run pipe was anchored at both ends. For small d/D
branch connections it probably doesn't make much difference where the
reaction forces were applied. This assumption is implied in the sub-
sequent analysis of this test data,

Tables 3 and 4 are taken from Reference (14) with some modi-
fications., Table 3 covers "uniform-wall" test mexlels while Table 4
covers test models with some type of local reinforcing around the
branch. Some pertinent comments on these tables follow,

1) The dimensional nomenclature is that of Figure 1-704.3.3.1
of B31.7; reproduced here as Figure 1 for reference con-
venience. The additional symbol rp is used for the
effective radius of a pad reinforcing. It is defined as
the radius inside which the reinforcement is thicker

(measured normal to the cylinder) than 0.5 Tr'
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2) Under the '"Load" column, Mx’ My, and Mz correspond to

and Mz of Figure 3, L indicates an axial

be’ Myb’ b

force applied to the branch. Sign relationship between

positive loads and positive stresses are not maintained

in these Tables.

3) An entry in the last column (g'/S) indicates that, in

the author's opinion, the maximum reported measured stress

was not representative of the actual maximum secondary

stress, The values of ¢g'/S represent extrapolations

from three or more strain gages placed along a # = con-

stant line up to the discontinuity point. This implies

that the strain gage nearest to the discontinuity was a

significant distance away from the discontinuity. Where

no entry is shown under ¢'/S, it is the author's opinion

that the maximum reported measured stress is reasonably

representative of the actual maximum stress,

Table 5 gives fatigue test data on branch connections with

d/D up to 0.63. Reference (11) tests were controlled displacement test
analogous to those reported by Markl(ls). Reference (12) tests were
run with an inertial loading device while Reference (13) tests were run
with controlled moment loading. It is significant to note that fatigue
failures in all but one test specimen were associated with welds; the
one exception being Reference 13, Model D, Crack locations and speci-

mens are described in detail in Reference (14).
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Analysis of the data consists of obtaining a stress intensi-

fication factor, if, by fétting the test data to the equation
ifSN'2 = 245,000 (8)
where
if = fatigue-based stress intensification factor
S = nominal stress = M/Z

b

M = moment applied to the branch
Z, = section modulus of branch pipe

N = cycles~to-failure (through-the-wall crack).



TABLE 1. SUMMARY OF MAXIMUM PRINCIPAL STRESSES FROM STRAIN GAGE TESTS ON FOUR TEES

12 x 12 x 10 XS B16,9 Tees 12-inch ¥3 Pipe Run
Steel, M'f'e A Steel, M'f'g B Copper-Nickel, M'f'g A 4-inch Weldolet Branch(z)

Max Gage Max Gage Max Gage Max Gage

Load /S ¢ (1) ©No. o/s ) (1) No. g/s ) (1) No. ¢o/s ¢ (1) No.
M 5.38 67.5 I 46 4,21 45 I 36 5.36 45.0 I 36 4.29 62.5 0 49
Mr 1.16 -90.0 1 96 1.10 =90 I 96 0.64 90.0 I 58 7.62 90.0 0 513
MZ: 1.96 90.0 1 56 1.98 -90 I 96 2.57 90.0 1 56 2.09 -90.0 1 910
Moy 2.46 67.5 © 47 2.58 45 I 38 3.17 90.0 © 55 3.99 90.0 o© 59
be 3.92 67.5 1 46 3.83 -135 0 85 4,47 45,0 1 36 1.39 45.0 0 33
MZb 1.87 67.5 1 410 2,22 0 0 17 2.08 67.5 1 48 1.32 0 0 13
P 4.29 0 I 110 2.89 0 I 18 2.90 O I 18 3.08 67.5 0 49
(2.37) 180.0 I 110

p%& ¢ = maximum principal stress
J___*'h&b For Branch: § = be/Zb; Mzb/Zb; Myb/ZZb
n* For Run: S=M /23 M _/z_; M_/2z
3 Mbr yr r Zr r Xr r
z. = 56.7 in.g for all four tees (12-inch XS pipe)
z Mo Z, = 39.4 in.; for all tees except Weld 0 Let (10-inch XS pipe)
Z, = 3.27 in.” for Weld-O-Let (4-inch standard weight pipe)
M
ar

(1) Surface: I = inside
0 = outside

For pressure loading S = PD /2t = P x 12,25/(2 x 0.5) = 12.25 P for
all four tees. "

(2) Dimensional details of the 12 x 12 x 4 Weldolet are
shown in Figure 5.

LT
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2 . SUMMARY OF MAXTMUM PRINCTPAL. STRESSES FROM STRAIN GAGE TESTS ON A

3 x 3 x 3, Sch 10S, B16.9 TEE AND ON A 10 x 10 x 5, 45°,

LATERAL

10.,5" 0.D, x 0,75" WALL RUN, 5.25 0.D, x 0.375" WALL BRANCH

3" - 108 Tee(l) 10 x 10 x 5, 45° Lateral(A)
Max, Location Max. Location Surface<3)
Load 0/5(2) ] 0/3(2) ]
M 3.42 60 4,07 210 0
XY
M 1.20 60 .94 285 I
yr
M 2,45 90 3.19 285 I
zZr
M 4,24 60 2,40 285 0
xb
M 4,19 60 2.11 270 0
yb
M 2.14 30 2,97 180 I
zb
n
9b m
Mai 2 7
M Mes L+ '
Jb M 0 ra))(n \
” / Ha ?M“
7 4
f | e,
7 ﬂ&r
M. M

Notes:

(1)

(2)

For

For

(3)

(%)

Strain gages were placed
on outside surface only.
Presumably, for some loads,
higher stresses existed on
the inside surface,

o = maximum measured
principal stress.
Branch:
=M, /2 ;
xb/ b’

Mzb/Zb; M&b/ZZb

Run:

Myr/zr’ Mzr/zr’ Mxr/ZZr

section modulus of run pipe

section modulus of branch
pipe.

I = inside, O = Outside

Data from Fung & Lind,
"Experimental Stress Analysis
of a 45° Lateral Pipe Con-
nection Subjected to External
Loadings", U. of Waterloo,
Waterloo, Canada, Sept.1968.

8T
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4" std. wt. pipe

1275" 0.D. x 0.500 "wall pipe

B ——————

FIGURE 5. DIMENSIONS OF 12 x 12 x 4 WELDOLET BRANCH CONNECTION



R 7 T, T : : ; 3
Ref. Nominal f@' ;_m T_b_ m o_,(2) Location & Direction of cmax( ) o‘_' %)
No. size(1l) r m r rp Load ] Shell P Surface o ]
(3) 56x12 21,5 .19 67 .93 M 2.49 Run 0 out 0 4,1(a)
(T =1.3") M 4,11 Run 90 Out 0 6.2(a)
¥ 7.05 Run 90 Out 0  9.8(a)
56x12 13.5 .19 42 .93 M, 1.42 Branch 0 Out 30 2,1¢a)
(T =2.08") M, 2,54 Run 45 Out - 3.8(a)
L 3,10 Run 45 out - 4.6(a)
@) 2w 38 A8 .76 .95 M, 3,75 rm 0o out™® ¢ 45
M, 7.18 Run 90 0 10.
24x12 38 53 .80 .98 My 2,43 Run 30 130 5.1
M, 6.22 Run 90 0 12,
24x24 38 1.00  1.00 .99 M, 5.15 Branch 90 45 8.4
My 11.2 Branch 90 Y 90 14,
5)  36x4 46.5 .12 .42 .96 M, 1.4 ran(®  o{®  out 0 2.1(a)
i (E) My 2,7 90 Out 0 3.5
L 6.0 90 Out 0 8.1
36x6 46,5 .18 .75 .96 M, 4,25 0 Out 0 4.7
(9] My 8.5 90 Out 0 10.5
L 14.0 90 Out 0 16.7
(6) 10x10 8 1.00 1,00 .9% M, 2.2 Branch 45 Out - 7 (e)
M, 3.4 Branch 67.5 Out - ? (e)
7) 48x6 39 .13 45 .96 M, 3,0 Branch 0 Out 0 3.1(a)
M, 4.4 Branch 90 Out 90 4.4(a)
L 9.3 Branch 90 Out 90 9.9(a)
@ 2065 9.5 .32 .43 .93 M, 1,73  Trams. 0  oOut 9 -
(L) My 2,19 Trans, 90 Out 90 -

0¢



TABLE 3. (Continued)

Re £ Nominal Rm r& Té ré Gmax(z) Location & Direction of Gmax(3) o' (&)
. om — — — — el

No. Size(l) Tr Rm Tr rp Load S Shell V) Surface o S
) 20x12(H) 9.5 .63 .69 .95 M_ 2.70 Trans. 30 out 168 -
(D) M 4,36 Trans. 90 Out 90 -
| L 8.70 Branch 90 In 90 -
f My 1.59 Trans. 60 In 31 -
i 20x12(D) 9.5 .65 .38 97 M) 2,03 Branch 15 Out 172 -
i (E) M 2.33 Branch 75 Out 175 -
L 5.25 Braanch 75 Out 24 -
My 1.71 Trans. 0 out 42 -
20x12¢P 9.5 .63 .69 .95 M 3.53  Fillet 0 out 90 -
(R) MZ 8.55 Branch 90 out 90 -
L* 12,5 Branch 90 Out 90 -
; 20x20 9.5 1.00 1.00 .95 M 5.2 Fillet 0 Qut 90 -
Y (s) M% 5,25 Run 60 out 2 -
L* 23.6 Run 45 Oout 46 -
9) 24x12 115 .50 1.00 .99 M 18.5 Fillet 60 Qut 0o -
(c-1) MZ 90, Fillet 90 Out 0 -
L 100. Fillet 82.5 Out 0 -

(1) Symbols in parentheses under the nominal size give further identification of the test models in
accordance with the refereunces cited.

Axial Force
(2) S = nominal stress M or M M
in nozzle z % YM / L
§ = M/ib (r’)z ! 5= y % 5= L/A . Omax = maximum measured
h=m m b = an; T stress

1¢



Footnotes to Table 3

(3

(4)

(a)

(b)
(e)
(d)
(e)
()

Location and Direction of Maximum Measured Stress
Column Shell identifies whether g% occurred on branch, run or the juncture between run and branch,
For Reference (8) models L, D, and E (drawn-outlet tees), trans. means Omax occurred in the radius
between cylinder and nozzle. For References (8) and (9) fillet means ¢ occurred in the(ground-
. . max
off) fillet weld between cylinder and nozzle,

Column ¢ identifies location around nozzle,

Column Surface, Out means Omax occurred on outside surface; In means Omax occurred on the inside
surface.

Column ¢ identifies direction of gpyx as shown in sketch.

0 . >\z¢ //6’1” Tnax
\(\ ',“

c'/S is an approximate extrapolated value of test data to the toe of the fillet weld between cylinder and
nozzle, It does not include stress concentrations at the toe of the fillet weld.

Extrapolated stress in cylinder., Test data is not sufficient to estimate maximum stress in branch pipe;
in some models, the maximum stress in the nozzle is probably higher than the stress shown.

Strain gages on the outside only.

No data for stresses in nozzle.

Test data at ® = 0 and ¢ = 90 only.

Data insufficient to extrapolate to maximum stress on either cylinder or nozzle.

These test models are 'drawn-outlet" tees,
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TABLE 4.

SUMMARY OF TEST DATA FOR EXTERNAL LOADS

TO BRANCH, MODELS WITH LOCAL REINFORCING

APPLIED

Rm r‘h Tb' rnll o___(2) ULocation & Direction of cmax(s) o' (&)
= - -— — max
Ref. Nomi?ﬂ T R T = — —— -
No. Size r m r p Load ] She 0 urfac o
10 26x4(?) 38 18 .76 .44 M 2.6 Run 90° out o 4 @&
(Saddle)
o}
24x8(a) 38 .35 .80 .48 MX 4.8 Run 90 out 0 7. (8)
(Saddle)
o]
24x12(2) 38 .53 .80 .53 M 4.9 Run 90 out 0 , (@
(Saddle)
0O
2454 (P) 3 .18 76 .55 M 3.3 Run 90 out o 5 @
(Pad)
o]
24x8(®) 38 35 .80 .53 M 3.7 Run 90 out 0 6 (8
(Pad)
o}
24x12 -2) 38 .53 .80 .51 M 5.7 Run 90 Out 0 g, (8
(Pad)
h
(6) lelO(c) 8 1.00 1.00 .94 M 1.7 Branch 22.5 out _ 2 Eh;
(Pad) MXZ 2.0 Branch  61.5 Out _ 7
8x8 (4 8 1.00 1,00 94 M, 1.4(1) Run ~30 In - -
(Tee)
(7 48x6(e) 39 .13 .45 .60 M 1.2 Branch 0 out 0 1,422%
M> 4.3 Branch 90 Out 0 4_3( )
(Pad) L 8.5 Branch 90 Out 90 8,48
(8) 20x6(H) 9.5 .32 .43 .50 M 1.41 Branch  22.5  out 0 )
(F) MZ 1.49 Branch  67.5 out 2 )
i 3.28 Juncture 45 out 9 _
20x6 (5 9.5 .32 .43 .54 M, LS Branch  22.5  out 5 i
(1) M 1.14 Juncture 90 out 90 -
X
20x6(f) 9.5 .32 .43 .73 M 1.42 Branch 22.5 Out 7 -
C Mz 1.18 Branch 67.5 Qut 4 -

€¢



(1)

(2)

(3

FOOTNOTES FOR TABLE 4.

Symbols in parentheses under the nominal size give further identification of the test models in accordance
with the references cited.

(a) Saddle Dimensions: 24x4 24%8 24%12
Tg 0.375" 0.468" 0.468"
Dy 9.625" 17.25" 23.75"
H 2.0" 3.0" 3.5"

s

Ts = Saddle thickness (average), Dg = saddle outside diameter, Hg = height of saddle above cylinder

surface.
(b) Pad Dimensions: 24x4 24x8 24x12
Tp 0.375" 0.375" 0.375"
D, 7.75" 15.75" 24.,5"

Tp = pad thickness, Dp = pad outside diameter.

(c) Pad Dimensions: Tp = 0.625", Dp = 19.875",

(d) This specimen is described as an 8" Sch.80 welding tee. Presumably, it met the dimensional and strength
requirement of ASA B16.9 and was typical of tees sold under this standard.

(e) Pad Dimensions: TP = 0,625", D, = 10,5"

(f) Dimensions of these specimens are shown in Figure 6.

S = nominal stress M, or M, L Opax = maximum measured
in nozzle S = M/Z , S = /yz S =1L/A stress
- ' ' — 1] 1]
z=m(r )" T{ A=2mr T

Location and Direction of maximum measured stress

Column Shell identifies whether o ., occurred on nozzle, cylinder or the juncture between cylinder and
nozzle. For Reference ( 8), models F, I, & J. juncture means op,, occurred in the radius between
cylinder and nozzle.

Column @ identifies location around nozzle; see sketch on next page,

Column Surface, Out means GO, occurred on outside surface; In means O, occurred on the inside surface.

%e



Footnotes for Table 4., (Continued)

(3) (Continued)

Column ¢ identifies direction of Opax @S shown in sketch

(4) o©'/sS is an extrapolated value of test data to the toe of the fillet weld between cylinder and pad or
saddle, It does not include stress concentrations at the toe of the fillet weld.

(g)

(h)
(1)

Extrapolated stress in cylinder. Test data is not sufficient to estimate maximum stress in nozzle;
in some models, the maximum stress in the nozzle is probably higher than the stress shown.

Data insufficient to extrapolate to maximum stress in either cylinder or nozzle.

Location and direction of Oy ,,/S shown in sketch at
right,

SERE

114
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FIGURE 6 . CONTOURS OF MODELS F, I, AND J, REFERENCE (8 ) AND
MAGNITUDES AND LOCATIONS OF' MAXIMUM STRESS INDICES



TABLE 5. SUMMARY OF RESULTS OF FATIGUE TESTS OF TEES,
DATA FOR r /R, < 1.00

R r; Té r; . (2)
Ref. Nominal Reinforcing T T T - No. of lf,
No. Size (L) r m r P Load Specimens Test Data
(11) 12x4 saddle(® 34, 34 .89 .57 M 4 1.19
M 2 4,18
X
(12) 166 paa(® 155 .41 .56 .52 M, 130 3.6
{ M 4 2.8
i X
‘ 16x6 saddle(®) 15.5 41 .56 .55 M 13 2.4
i M 3 2.8
X
i (d)
i 16x6 None 15.5 AT .56 .96 M, 7 4.4
16x6 None (¥ 7.5 .42 .28 .96 M 7 ¥ 2.4
(13) 20x6 None (¥ 9.5 .32 .43 .93 M 1 1.2
X
: (L)
20x12 None (4 9.5 .63 .69 .95 M 1 2.5
X
(D)
g 20x12 None 9.5 .63 .69 .95 M 1 3.9
(R)
(1) (a) Saddle dimensions: 0,368" thick x 7.3125" 0,D. x 1.25" height above cylinder surface,

(2)
(£)

(b) Pad dimensions: 0.500" thick x 12,125" 0.D,
(¢) Saddle dimensions: 0.500" thick x 11.625" 0.D, x 1.5" height above cylinder surface,
(d) Drawn outlet tee,

Value of if in Equation; ifSN = 245,000,

Part of the fatigue tests were run with 800 psi static internal pressure (nominal pressure
stress of 12,500 psi for D/T = 31; 6000 for D/T = 15. No significant difference in fatigue
1life was observed between those specimens with pressure and those without pressure,

LT
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PROPOSED INDICES FOR B31.7

Moment Loading Through Branch

Inspection of the test data shown in Tables 1 through 5 indicate
that, in most available comparisons, an out-of-plane moment (MX) produces
higher stresses than an in-plane moment (Mz). Unfortunately, there are
some exceptions and available data is not consistent enough to take advan-
tage of this trend. Instead, we seek a general formulation for Coy, SO that
it is in accord with test data for the moment producing the highest stress;

generally, this is Mx' A formulation which fits the test data of Tables 1

through 4 is:

Cyy = 3:0 /1% i @) (9

EP5 I

(16)

Equation (9) is compared with Bijlaard-Wichman analysis in Table 6.

(17)

This analysis is based on Bijlaard's work using shell-theory for a
distributed load on the surface of a cylinder and empirical modification
thereof by Wichman, et. al. Equation (9) is compared, in particular, with
the analysis for an out-of-plane (circumferential) moment, M., and the
circumferential stress, G¢, due to the circumferential moment; this moment-
stress combination is usually the highest obtained from the analysis. As
can be seen in Table 6, Equation (9) gives about the same results as the
Bijlaard-Wichman analysis for rn'l/Rm = 0.5 and is conservative with respect

to the Bijlaard-Wichman analysis for small ré/Rm. Equation (9) is compared

with measured stresses in Table 7. Equation (9) is conservative with
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TABLE 6. COMPARISON OF EQUATION (9) FOR Cyy WITH
BIJLAARD-WICHMAN. CALCULATED Og-STRESSES
FOR M, ON BRANCH

1 (2)
m o cewt) €1,
[ ) 1 [
Ry T, (Tb/Tr)(rm/rp) (Tb/Tr)(rm/rp)
5 5 5.29 6.203
15 12.8 _ 12.90
50 33.9 28.79
A 5 4,35 5.548
15 11.1 11.54
50 27.9 25.75
.3 5 3.38 4,805
15 8.95 9.994
50 22.0 22,30
.15 5 1.72 3.397
15 5.07 7.067
50 14.8 15.77
.05 5 .59 1.961
15 1.71 4,080
50 5.80 9.104

(1) CBW = g - ] nr t +{ M¢ Gﬁrzt
Mc/ﬂrzt M /R R BT MC/RB RBTZ
t =T

B = 0.875 rp/R; r = r&, R=1R T=T, Figure 1.

N M
g ] [ @ ] R} rtr
CBW {[ x 3.60 + x 21.6 =f = ==

MC/RZB MC7RB T RT l’:p
Values of [N¢/(MC/RZBE and [M¢/(MC/RB)] obtained from Reference (16),
Figures 1A and 3A. Values do not include the stress concentration
factors given in Reference (16).

(2) Equation (9).



R r! T r! C est Dats L.
Test Ref. Test Model _m _m b m 2b o [IMfm(e!)< T!] Bijlaard-
Data No. Identification T R T r Eq (9) max i b Wichman,
Table No. t m r P Meb My Mab cew(1)
1 .- Weldolet 12.25 .35 .47 .73 3.28 3.99 1.39 1.32 2.8
2 3 56 x 12(1.3) 21.5 .19 .67 .93 6.30 6.2 -- 4,1 5.2
3 56 x 12(2,08) 13.5 .19 .42 .93 2.90 3.8 -- 2.1 2.2
4 24 x 4 38.0 .18 .76 .95 10.39 10, -- 4.5 9.7
4 24 x 12 38.0 .53 .80 .98 19.35 12. - 5.1 23.5
5 36 x 4 46,5 .12 .42 .96 5.42 3.5 -- 2.1 4,9
5 36 x 6 46.5 .18 .75 .96 11.85 10.5 -- 4,7 11.3
7 48 x 6 39.0 .13 .45 .96 5.37 4.4 -- 3.1 4,7
8 20 x 6(L) 9.5 .32 .43 .93 3.04 2.19 -- 1.73 2.5
8 20 x 12(D) 9.5 .63 .69 .95 7.00 4.36 1.59 2,70 7.3
8 20 x 12(E) 9.5 .65 .38 .97 4,00 2.33 1.71 2.03 4,2
8 20 x 12(R) 9.5 .63 .69 .95 7.00 8.55 ~- 3.53 7.3
Y 9 24 x 12 115.0 .50 1,00 .99 49,67 90. -- 18.5 65,
4 10 24 x 4,8addle 38. .18 .76 .44 4,81 4, - -- 3.4
10 24 x 8,Saddle 38, .35 .80 .48 7.70 7. -- -- *
10 24 x 12 ,Saddle 38. .53 .80 .53 10.47 7. -- -- *
10 24 x 4, Pad 38. .18 .76 .55 6.01 5. -- -- 4.5
10 24 x 8, Pad 38. .35 .80 .53 8.51 6. -- - 7.7
10 24 x 12, Pad 38. .53 .80 .51 10.07 8. -- - *
7 48 x 6, Pad 39. .13 .45 .60 3.36 4.3 - 1.4 2.5
13 20 x 6(F) 9.5 .32 .43 .50 1.64 1.49 -- 1.41 1.2
13 20 x 6(1) 9.5 .32 .43 .54 1.77 1.14 - 1.15 1.3
¥ 13 20 x 6(J) 9.5 .32 .43 .73 2.39 1,18 -- 1.42 1.9

(1) CBW is calculated from data given in Reference (16) as shown by footnote (1) to Table 6. An asterisk in this
column indicates that B is above range of the graphs. These values do not include the stress concentration
factors given in Reference (16).

(019
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respect to maximum measured stresses in almost all comparisons. Stresses

obtained from the Bijlaard-Wichman analysis are also shown in Table 7.

Comparisons of Equation (9) with fatigue test data are shown in
Table 8., The stress intensification factors shown in Table 5 are related
to the stress intensification of a typical girth butt weld taken as unity.
Because the typical girth butt weld itself has a stress intensification
factor of around 2 as compared to a polished bar, an appropriate comparison
is between Equation (9) and two times the factors shown in Table 5. Exami-
nation of Table 8 shows that Equation (9) is not conservative as compared
with the test results of Reference (l2). However, these fatigue failures
were associated with welds. In particular, the failures in the heavy wall
drawn outlet test models occurred at a girth butt weld as shown in Figure 7.

A significant peak stress would be expected to occur at such a weld.

The proceeding discussion brings up several pertinent questions:

(1) 1Is the stress represented by Equation (9) properly classi-
fied as a "secondary stress'" within the intent of B31.7?

(2) 1Is there a need for a ''peak stress index for the designs
covered by Fig. 1-704.3.3.1 of B31.7 (Figure 1 herein)?

(3) 1Is Equation (9) adequate to cover all possible configura-

tions coverd by Fig., 1-704.3.3.1 of B31l.7?

The authors comments on these questions are given below.

(1) Equation (9), in the sense that it is an approximation of a shell
analysis, is representative of a secondary stress, i.e., a stress con-
sisting of a membrane portion and a linear bending portion. It could be

contended that the stresses are highly localized and hence could be



TABLE 8. COMPARISON OF EQUATION (9) FOR C

2b

WITH FATIGUE TEST DATA OF TABLE 5

Ref, Test Model R fé Eé iﬂ C2b Test Data, 2xif CBW
No. Identification T, R T, rP Eq. (9) Moy Mo ¢))
(11) 12 x 4, Saddle 34. .34 .89 .57 9.31 8.36 3.38 8.5
(12) 16 x 6, Pad 15.5 .41 .56 .52 3.48 5.6 7.2 *
16 x 6, Saddle 15.5 .4l .56 .55 3.68 5.6 4.8 *
16 x 6, D,O0, 15.5 W41 .56 .96 6.42 -- 8.8 6.2
16 x 6, D.O. 7.5 .42 .28 .96 2.00 -~ 4.8 1.7
(13) 20 x 6, L 9.5 .32 .43 .93 3.04 2.4 -- 2.5
20 x 12, D 9.5 .63 .69 .95 7.00 5.0 -- 7.3
20 # 12, R 9.5 .63 .69 .95 7.00 7.8 -- 7.3
(1) CBW is calculated from data given in Reference (16) as shown by footnote (1) of Table 6. An asterisk in this

column indicates that 8 is above range of the graphs.

factors given in Reference (16).

These

values do not include the stress concentration

[43
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FIGURE 7. WELD CONFIGURATION AND LOCATION OF FATIGUE FAILURES,
REFERENCE (12) TESTS ON 16 x 6 DRAWN OUTLET BRANCH
CONNECTION WITH Rm/Tr =7.5
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at least partially classified as peak stresses. However, the author's
recommendation is that, for the present, stresses given by Equation (9)

be considered as secondary stresses.

(2) A peak stress in excess of that indicated by Equation (9) could

.

exist if the transition radius r, of Figure 1 were small. At present,

2

B31.7 does not give any limits on the radius r If this radius is

2

specified as:

r, = larger of Tr/2 or T, /2 ,

then, in the author's opinion, a Kz-index of 1.0 is adequate.

(3) It should be noted that, for small branch connections with

S

R.m/Tr = ~ 10, Equation (9) may give a value of C,y, less than one. For
example, consider a 2" branch in a 24" pipe constructed as shown in

k' = 1 = ' =

Figure 1(c). Assume that R /T =10, r'/R = 0.1, rm/rP 0.667. Also,

as a limiting case, consider that both branch pipe and run pipe wall thick-
nesses are those mnecessary for the pressure loading, in which case

ot ’_: [} . .

.Eb/Tr rm/Rm. Equation (9) then gives

Cyp = 3.0 (10)2/3 0.132 (0.1)¢0.667) = 0.29

Obviously, this value of C,, does not represent the maximum secondary

2b
stress in the branch connection because the branch pipe itself has a stress
index of at least one. Equation (9), to the extent that it has a theoretical
basis, represents the stress in the run pipe at the juncture with the nozzle
or local reinforcing. The C2b-va1ue of 0.29 is presumably representative

of the stress at this juncture. However, higher stresses may occur at the

* Except in D~313.1.
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branch pipe-to-pad juncture as shown in Figure 6. Accordingly, some
lower bound on C2b is necessary for those configurations where the maxi-
mum stress occurs at the juncture of the reinforcing with the branch

pipe. It is suggested that a lower bound on C2b of 1.5 is adequate, pre-

vided that the value of T, in Figure 1 is limited as follows.

The radius ry is not less than the greater of the

following:

(1) 0.002 o do’ where p (degrees) and d0 are as defined
in Figure 1.

(2) 2 (Sin 9)3 times offset for the configurations

shown in Figure 1(a) and 1(b).

If there is a girth butt weld at the juncture of reinforcing to the

branch pipe, an appropriate Kz-factor should be used; 1.8 for "as welded"

or 1.1 for "flush" welds. (See Table D-201 of B31.7 for definitions of these.)

Moment Loading Through Run

Test data on this loading condition are very scarce; the only
applicable data known to the writer are that shown in Table 1 for the
12 x 4 Weldolet branch connection. Bijlaard's analysis, of course, is not
applicable. For small holes in cylinders, some bounds on stress can be

established, i.e.:

For a small hole in a cylinder, located 90° from the plane of

the applied moment M or M :
yr zr

=M
o =3 (10)
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For a small hole in a cylinder with applied moment MXr (torsion)

Mxr Mxr
max = 47z, - 2% (1
r r

Comparison of the test data given in Tables 1 and 2 with
Equations (10) and (11) indicates some qualitative agreement. TFor example,
for Mxr (torsion), the test data give maximum stresses of from 3.42 to
5.38 times Mxr/ZZr. For MZr (axis of the opening 90° to the plane of the
moment), the test data give maximum stresses of from 1,96 to 3.19 times
Mzr/zr' For Myr (axis of the opening in the plane of the moment), the
test data give maximum stresses of from 0.62 to 1.20 times M&r/zr. For
Myr’ the small-opening approximation would indicate zero stress. Of course,
the test models were not 'small openings'". For the Weldolet model, that
the maximum reported index is less than unity simply reflects that strain
gages were not extended all the way to the side of the run. One signi-
ficant part of the detailed results is the following. A row of gages were

placed along the @ = 90° as shown in Figure 8. For M&r’ the results were:

Gage o}
No. S
51 < 0.1
52 < 0.1
53 < 0.1
54 < 0.1
55 < 0.1
56 < 0.1
57 < 0.1
58 < 0.1
59 .32

510 < 0.1

511 .50

512 .23

513 .62 (max)

514 .42

516 .58
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These results are unusual but reasonable in that they indicate that
stresses are lower in the vicinity of the branch connection than they are
away from the connection. Gages 513 and 516 are located about 50° from
the side where the nomir=2l stress index is about 0.65, a value in reason-

able agreement with the test results.

With this admittedly small amount of background, we now seek
a general formulation for use in the B31l.7 simplified analysis., As for
loading through the branch, we want to select a stress index which is con-
servative for that moment which gives the highest stress, presumably

either M or M . The proposed formulation for C and K2 is:
Xr 2Y 2r r

/

1]

Cg, 0.8 (Rm/Tr)z 3 (ré/Rm) (12)

but not less than 1.0

2.0

i

Kor

The product C rK shall be a minimum of 3.0.

2r 2r

Table 9 gives C factors over the range of applicability.

2r

First, it will be noted that stress due to moments through the
run are divided into secondary stresses and peak stresses. The concept
here is that for small branch connections, even with local stresses well
above twice the yield strength, there cannot be any continued plastic
deformation because the bulk of the run pipe will control the deformations

at the small branch connection.

The (Rm/Tr)2/3

factor is used in Equation (12) for consistency
with the factor used for B16.9 tees and the author's intuition that this

kind of parameter is significant. One notes that Equation (12) gives
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TABLE 9. COMPARISON OF PRESENT C,-INDICES AND
PROPOSED Cy,.~-INDICES FOR "BRANCH CONNECTIONS
PER SUBDIV. 1-704.3'", FOR RUN PIPE

P

Present Proposed C, for r'/R_ of: (2)
r m’ “m
R C 0.1 0.2 0.3 0.4 0.5
_m 2
T. (L)

5 2.37 .23% AT .70% .94% 1.17
10 3.77 .37% L T4% 1.11 1.49 1.86
15 4.94 L49% .97% 1.46 1.95 2.43
30 7.84 LTT% 1.54 2.32 3.09 3.86
50 11.02 1.09 2.17 3.26 4.34 5.43
1L ¢, = 1.8/(3.31/R)%/3

= 2/3 ,_, . .
(2) Cpp = 0.8(Rm/Tr) (rm/Rm), Equation (12)

* Controlled by '"not less than 1.0"
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a conservative result as compared with the one test model, i.e.,

2/3
_ 6.125\2/3 / 4.26\ _
CopKoy = 1.6 ( 0.5) \To3s) = 2-96

The test data (Weldolet, Table 1) gives stress indices of 2.15 for

M /Z_, 0.62 for M _/Z_, and 2.09 for M_/Z_.
x' r y' “r z' “r

Resultant Moment

Equations (9) through (12) of B31l.7 introduce the moment load by
the use of the resultant moment, Mi' This permits a concise presentation
of the equations but may impose a limitation on refinements of the simpli-
fied analysis. It should be noted that the piping system analysis gives
one (or three, for branch connection points) orthogonal sets of moments
of each point. If stress indices were available for each moment direction
(as they are for elbows or curved pipe), then each moment could be multi-
plied by its appropriate stress index, thus eliminating some of the

conservatism introduced by using the highest stress index for each moment.

The simplified analysis, as applied to branch connections, is
conservative because (1) it is assumed that maximum stresses due to the
various loads all occur at the same point on the component and are aligned
so as to add to each other, and (2) for moment loadings, the highest stress
index for moments on the branch is used for all three moments on the branch
and similarly for moments on the run. Some balance to this conservatism

is applied because:



41

(1) The stress indices for moment loadings are actually repre-
sentative of maximum principal stresses--not stress inten-
sities. However, in most tests the maximum* principal
stress was also the maximum stress intensity, i.e., the
principal stresses at the point were of the same sign and
elsewhere on the component the principal stress differences
were smaller than the maximum¥* principal stress.

(2) 1If two orthogonal moments, Mi and Mj’ actually produced
identical stress intensities at the same point on a component,
then the stress at that point would be C

M./Z + C, M,/zZ.
i j

2 2

However, use of the resultant moment would give a stress

of CZA/E? + M? /Z. These two are identical only if M,

i
or Mj = 0. The maximum discrepancy occurs where Mi = Mj

for which we obtain o = 2 C, M, /Z vs. /2 C, M,/Z. Accor-
dingly, use of the resultant moment can, for certain moment

combinations, decrease the conservatism of the simplified

analysis.

Bz-Indices

The Bz-indices are intended to represent an ultimate load as
represented by the development of a plastic hinge through the body of the
component. Neither theory nor test data exists for "limit' moments on

branch connections in either heads or cylinders. Some theory and

% Maximum here is with respect to location on the surface of the component,
not maximum vs., minimum principal stress at a single point on the surface
of the component.
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(18,19,20)

test data indicate that the limit load on an elbow can be con-

servatively estimated by using 0.75 times the elastic stress index. That
is, the elbow will collapse when the maximum elastic stress produced by

the moment reaches 1.33 times the yield strength of the elbows material,

Because some analogy between elbows and full size tees was
established by Markl(ls), and for lack of any better guidance, the pro-

posed B,-indices for branch connections are also proposed to be 0.75 times

2

the Cz-indices for branch connections. A lower limit of B2 = 1,00 is

necessary to conform with the B, -indices for straight pipe. It is be-

2

lieved that these Bz-indices are highly conservative but can be used in
B31.7 because, at least so far, there have been no indications that

Equation (9) of B31l.7 presents a limitation to water~cooled reactor

piping designs.
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Summary and Example

The piping system flexibility analysis is assumed to give the

sets of moments shown below:

Mys
M3
M,
Mx 0 ® Mxz
Mz, M;o

[ 2 2
My, _—\/ﬁXB + My3 t M,
I£|M, 4| = v, |+ \Migl , M;_ =0

1 TR P T I

]

smaller of IMill or IMizl

where 1 = x, y, or z

M =‘\/M2 + M2 + M2
T XY yr zZr

B2b = 0,75 C2b but not less than 1.0

B2r = 0,75 C2r but not less than 1.0

Gy = 3(Rm/Tr)2/3 (rr;l/Rm)l/2 (T, /1) (xj/x,) but not less than 1.5
Ky = 1.0

Cyp = 0.8 (Rm/Tr)2/3 (ré/Rm)

The product of C2 2
a minimum of 3.0
K = 2.0
2r

K shall be
r
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Moment loading terms of Equations (9), (10), (11), and (12)

of B31.7
Mr
Eq. (9) SbM = BZb 7 + BZr 7
b r
Mb Mr
Eq. (10) and (12) SnM = CZb 7 + CZr 7
b r
Mr
Eq. (11) SpM = CZbKZb 7 + CZrKZr Z;
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Example

Branch Connection

0.500"

Run Pipe: 12.75" 0.D., x 0,500" Wall; Rm = 6.,125", Tr

Branch Pipe: 4.50" 0.D. x 0.237" Wall;r$ = 2,131", T 0.237"

’7b

Reinforcing: Weldolet as shown in Figure 3; rp = 2,90"

Results from the Piping System Flexibility Analysis

For a loading condition applicable to Equation (10) and (11) of
B31.7 the piping system is assumed® to give the moment ranges (in-1b)

shown below

21,300
21,300
21,300
-456,300
435,000
-15,300
-6,000
326,500 ~347,600
Stress Indices
B2b =0.75 C2b = 2.457
These are not used in this example,.
BZr = 0.75 C2r = 1.110
_ 2/3 , 1/2 1 1 =
Cop = 3(R /T ) (x!/R ) (Tb/Tr)(rm/rp) = 3.276

* These moments were chosen so that a 4" std., wt. long radius elbow in the
branch pipe, subjected to Myj3, M3 Mz3,wou1d have a stress of 2.8 S, and
a 12" X.S. long radius elbow in the run pipe, subjected to Mgy, My1, Mz1,
would also have a stress of 2.8 S , where S = 17,300 psi for A106 Gr B
at 600 F.
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KZb =1.0

_ 2/3 ' _
C2r = 0.8 (Rm/Tr) (rm/Rm) = 1.479
K2r = 2,0

Calculation of MB and Mr

M, = 21.3% + 21.3% + 21.3% x 1000 = 36,893 in-1b
LRI R

|My1l + |Myzl > Moy M= 435,000

bt b+ hipl >y ¥ og 300

M_ =Vo2 + 4352 4+ 3262 % 1000 = 543,780 in-1b

Calculation of Secondary Stress for Moment Loading

36,893 543,780
= 22,972 232,700 _ i
S M 3.276 x 355+ 1.479 x ] 51,719 psi

(The value of SnM is equal to 2.99 x 17,300 as compared to
2.8 x 17,300 for elbows under analogous moments. See footnote

on preceding page.)

Calculation of Peak Stress for Moment Loading

S = 3276 % 1.00 x 36,893 | 3 02%3.780 _ 46 306 psi

3.22 56,7

In the second term, CZrKZr =1.479 x 2 = 2,958 is less than 3.0,

hence 3.0 is the required factor.
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. . . _ 1 _
(Entering Fig. 1.705.3(a) of B31l.7 with Salt =7 Sou =33,150

shows that the branch connection is suitable for up to 15,000

cycles of this particular loading.)
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STRESSES BY B31.1.0 POWER PIPING CODE

Paragraph 119.6.4 from B31.1,0-1967 is reproduced herein as
Figure 9, Paragraph (a) gives a set of rules which are directly appli-
cable to elbows or curved pipe., 1Its use for straight tees requires some
interpretation., Paragraph (b) gives equations for calculating Sb. Every-
thing is defined adequately except Z which, in the preceding paragraph (a),
is defined as '"section modulus of pipe, in3". Presumably, as used in
paragraph (b), Z is more specifically the section modulus of the run pipe.
The author would interpret paragraph (b) as requiring the calculation of

three values of S for run end 1, for run end 2, and for the branch., Now,

b’
presumably, one returns to paragraph (a), equation (8), to calculate SE'
The question arises as to what is St for M_ on the branch., 1Is it Mt3/22
or MtB/ZZb or perhaps Mt/ZZ', where Zé is the actual section modulus of
the branch pipe? These are minor points and could be cleared up with some

editing, There are, however, some more basic questions concerning these

code rules,

(1) Consider the moment Mbt acting alone on the branch, The bending

stress 1is either

i
bt bt M .
(a) Sb == = -Z:— if i tb < tH
'f'l']:'b lbt tb
(b)S=lthbt=Mbti -t—ll if i, t,. >t
b 1Tr2t Z, bt tH bt b H
b H

Case (a) gives a stress intensification factor of unity and forms

a lower bound for case (b). One could accomplish the same thing by giving
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119.6.4 Stresses.

(a) Calculations for the stresses shall be
based on the least cross sectional area of the
component, using nominal dimensions at the lo-
cation of local strain. Calculations for the ex-
pansion stress, Sg, shall be based on the modu-
lus of elasticity, Ec, at room temperature.

The expansion stresses shall be combined
in accordance with Formula (8).

JSs% + 45,2

Sg = Computed expansion stress, psi

Sg = ®)

where

Sy = Resultant bending stress, psi =

ViMy0% + (iMy,)?
Z

M

. . t
S, = Torsional stress, psi = By

My, plane of member,

= Bending moment in

in. 1b

My, = Bending moment transverse to plane of
member, in. Ib

M, =Torsional moment, in. 1b
Z =Sectional modulus of pipe, in.>

i =Stress intensification factor, Appendix D.

(b) Bending stresses for reduced outlet con-
nections shall be calculated in accordance with
the following equations, with moments as shown

in Fig. 119.6.4(b).

Sp = Resultant bending stress, psi

~ V lippMep)? + (ipy,)? for Header (Legs
= 7 1 and 2)

~ V GppMpp)* + (.M y,)* for Branch(Leg 3)
Zy
Zb = Effective section modulus for branch of

sy 2
tee, in. 7ot

A = Mean branch cross-sectional radius, in.

t = Effective branch wall thickness, in. =
Lesser of TH and (ibz) (tb)

ty, = Thickness of pipe matching run of tee or
header exclusive of reinforcing elements,
in.

FIGURE 9.

ORNL-IWG. T0-683L

t, = Thickness of pipe matching branch, in.
ipp = Stress intensification factor for in plane

bending moments = 0.75 iy, + 0.25

iy, = Stress intensification factor for out of
plane bending moments = { (Appendix D).
Allowable stress range, S4, and permissible

additive stresses shall be in accordance with
those in Par. 102.3.2(c) and (d).

FiG. 119.6.4(b). REDUCING OUTLET CONNECTIONS.

PARAGRAPH 119.6.4 FROM B31.1,0, POWER PIPING CODE
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only (b) with the restriction that (i tb/TH) shall not be taken as less

bt
than unity. One notes that for configurations where tb/TH is of the order
of 1/3 or smaller, the stress intensification factor is likely to be unity.
Comparisons of test data with the equation for case (b) indicate it may

(2D

be unconservative .

(2) The code rules assign a stress intensity factor of 1.00 for torsional
moments but because the stress is considered as a shearing stress, this is
equivalent to assigning a factor of 2.00 in relationship to stress intensity.

Available test data raise some doubts as to whether this is conservative,

(3) 1If the code is properly interpreted as requiring an independent check
of Sb for each of the three ends of the tee, using the set of moments at
each of those ends, then any interaction between stresses from moments

"rhrough-the-branch" and moments '"through-the-run'" would be ignored. This

would appear to be potentially unconservative for some configurations.

T S S S S S o R,
WOW W W W W W W W W W

The above comments on B31.1.0 rules are not intended to be a
serious criticism of those rules, since they are perhaps quite adequate
for most piping systems, but rather to indicate why the author proposes

a different set of rules for use in B31l.7 for class 1 nuclear power piping.
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FORCE LOADINGS

At a branch intersection point, such as point "0" of Figure 2(a),
the piping system analysis will give three orthogonal sets of forces in
addition to the three sets of moments. The question arises as to what,
if anything, should be done with these force loads. The piping system
analysis assumecs that these are forces at a point which, in terms of the
actual shell configuration of branch connections, is not even a point on
the physical structure. Accordingly, these forces have no direct physical
significance, However, if we imagine these forces as existing in the pipe
at some one or two pipe diameters from the run-branch axis intersection,
some physical significance can be attached to the forces, Assuming these
forces do exist some distance from the intersection point, it can be seen
that only one pair of forces can exist without accompanying moments; that

being Fx = -F i.e., forces through the run pipe. For small d/D branch

1 x2;

connections, the force Fy3 reacted by Fyl and/or Fy2 may exist without
significant accompanying moments. The remaining forces will necessarily

be accompanied by significant moments,

With respect to the moment-generating forces, it should be noted
that the moment itself is included in the set of moments at point"O0" of

Figure 2(a). That is, an equilibrium requirement is F£ = M.

TF
2 jPM

1




52

The basic question is whether there are significant stresses in branch
connections due to the shear force itself; e.g., would the stresses be

different in the two loading conditions sketched below?

Fjﬁ
g _—_

m( € fad g M /2 ZM
) / /M

o o
In ordinary beam theory (ignoring shear stresses), no difference in calcu-
lated stress would exist at point '"0", Including shear stresses would give

some difference; depending upon the ratio of depth to length of the beam.
There is a little test data pertinent to the question. The test models

of Table 1 were subjected to both force loads and moment loads., For these
particular test models, no significant difference could be detected from the
results. There are certain experimental difficulties associated with force=
load tests. 1In order to detect the shear load effect it is desirable to
introduce the shear force close to the branch connection., However, if
we do so then the particular method of introducing the force will affect

the stresses. For example, if we try to introduce the force uniformly
around the pipe circumference through a ring, then that ring would stiffen
the branch connection. A point load application might even more affect the
measured stress., Accordingly, it is necessary to apply the force to the
pipe some distance away from the branch; in this case the moment load is

sufficiently large so that it effectively masks any stress due to shear
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loading. A corrolary for actual piping systems is that unless there is

an anchor close to a branch connection, the moment-generating forces will
produce insignificant stresses as compared to the stresses produced by the
moment. If an anchor is close to a branch connection, then the stresses
(for both moment and force loads) will be dependent upon the geometry and
closeness of that anchor; none of the data discussed herein would be

applicable.

An axial force on the branch, F_,, will produce a moment in the

y3

run pipe; its magnitude will depend upon how far out the reacting forces

Fy1 and Fy2

site "L" of Table 3. The references do not indicate where or what kind of

are applied. There are some test data for Fy3 loading listed oppo-

reactions were used. Presumably, the reactions were far enough from the
branch connection so that they did not directly affect the stresses and
close enough so that the moment in the run pipe was insignificant. One
notes from Table 3 that the stress indices for axial force on the branch
are larger than for any moment locad. However, these are not indexed to the

same nominal stress. To compare Stresses® one may use the relation :

[a ]

1fF Zb

e

(13)

i M
m

°f £
a i

2
g

cl
5

g

At most points in many typical piping systems, the moment

M (in-1b) is 2 or more orders of magnitude greater than F (lbs), for which

4

*0 stress due to force load

stress due to moment load

QqQ
[}
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points the value of o_ would be negligible compared to T One can, of

f
course, postulate a piping system with a branch connection at some point
where the moments on the branch are of the same order, or even smaller

than F ré; in which e€ase a stress analysis considering oniy moments would

be uncomservative.

An axial load FX reacted by FX does not produce any moments

1 2

and any stresses from this loading will not be reflected by a stress analysis
considering moment loads only. There is a little test data of this type of
loading from the models shown in Table 1. The stress indices for an axial

force through the run were:

Model c/S @ Surface Gage No.
Steel, M'f'g A 1.89 0 I 18
Steel, M'f'g B 1.14 90° I 56 & 58
Copper-Nickel, M'f'g A 1.12 ~45° I 106
Weldolet : 2.96 90° I 510

where

o = maximum measured principal stress

S = F/A

F = axial force through the run

A = area of pipe = 2m RmTr

In summary of the discussion on force loadings.

(1) Forces Fyl’ le, Fy2’ Fz2’ Fx3’ and Fy3’ when»applied two or more pipe

diameters from the branch-run axis, generate significant moments; the stresses
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due to the forces are probably small as compared to those due to the

moment,

(2) Force Fy3’ in small d/D branch connections, may produce a significant
stress not included in stresses due to the accompanying moment through

the run.

(3) Force F reacted by force F does not produce a moment., However,

x1? x2?

limited test data indicate these stresses will not be significant in

most piping systems.

The author does not recommend inclusion of force loads in the
B31.7 simplified analysis of stresses in branch connections. It is believed
that the present factors and snalysis are sufficiently conservative to
compensate for possible stresses due to force loads. 1In this respect, the
B31.7 analysis is equivalent to the B31.1.0 analysis, which also does not

consider force loads in calculating stresses,
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RECOMMENDED CHANGES IN B31l.7

Table D-201, Note (5), Branch Components

Replace present text and equations with the following.

My3
Moments calculated
for point at inter-
st section of run and
branch centerlines
Mg ® My2

MZI MZZ
-~ L2 2 2
Mb ;\/&x3 + My3 + MzB
If: My, = b |+ v, 0, M =0
if: Mi3 < 'Mill + lMin’ Mir = smaller of IMill or ‘MiEI
where i = x, y, 2

For branch connections or tees, the Mi term or Equations (9),

(10), (11), or (12) shall be calculated by the following pairs of terms.

Hb M
r
Equation (9) B,, — + B, =—
2b Zb 2r Zr
M, M
Equations (10) & (12) C2b 7 + C2r 7
b r
Mb Mr
Equation (11) CZbKZb 7 + CerZr A
b T
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where
2
= 1 {
Zb ﬂ(rm) Tb
2
Zn =17 Rm Tr

For branch connections per subdiv, 1-704.3(3):

r', T!, R, and T are defined in Figure D-313
m b m r

For butt-welding tees per USAS B16.9 or MSS SP 48:

Yé = mean radius of designated branch pipe

Tg = nominal wall thickness of designated branch pipe
Rm = mean radius of designated run pipe

Tr = nominal wall thickness of designated branch pipe

Table D-201, Note (7)

Replace with the following.

BZb = 0,75 C2b but not less than 1.0
B = 0,75 C,  but not less than 1,0
2r 2r
N 2/3 . 1/2 ' '
C2b = 3(Rm/Tr) (rm/Rm) (Tb/Tr)(rm/rp)’ but not less than 1.5.
R, T, r', T' and r are defined in Figure D-313,
m’> "r’> "m’ b p g
KZb =1,0
C., =20,8 (R /T )2/3 (r'/R_), but not less than 1.0
2r ) m r m “m”’?
K2r = 2,0

The product of Cy Ky, shall be a minimum of 3.0.
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Table D-201, opposite "Branch connections per Subdiv. 1-704.3 and

under column K2

Replace "1,0" with "(7)".

Table D-201, Note (9)*%

Replace with the following.

B2b = B2r =0.75 C2b
C =C = 0,67 (R /T )2/3 but not less than 2.0
2b 2r ' mr ? tUe
Rm = mean radius of designated run pipe
Tr = nominal wall thickness of designated run pipe
bi = K2r = 1.0

Table D-201, Note (3)

Replace with the following.,

The stress indices given are applicable only to branch connec-
tions in straight pipe with branch axiés normal to the pipe
surface and which meet the dimensional requirements and limita-

tions of Par, D-313,1 and Figure D-313,

Figure D-313

Replace with Figure D-313 herein (page 60).

/3

* This is a change in form, not in values; i.e., 1.8/(4,4)2 = 0.67.
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(This new figure is almost identical with Fig. 1-704.3.3.1. The

differences are:
(1) D-313 includes a definition of rp

(2) D-313 is applicable to both branches to pipe and branches in

heads. The symbol, TS, is used for either Tr (pipe) or Ty (head).

(3) ro and r_ are not shown because they are not involved in the

stress indices.

4) d0 has been added to configuration (c¢), This is necessary for
defining ry.
It should be noted that Par, D-313.1 gives limitations on corner

and transition radii which are not included in 1,704.3.,)%

Par. D 313,1 (e)

Change r to r'.
m m

Par. D 313.1 (g)

Change last part from ".... larger of t/I or TSZ" to .... larger

of Tb/Z, (T, + v)/2 [for Fig. D-313 (c)] or TS/Z.

Par. D-313,2

Change r to r'
m m

1
Change tb to Tb

Add "y" to the list of symbols which "are defined in Figure D-313".

* This parenthetical note is not to be included in B31l.7.
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