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PREFACE

This report began as one of several scoping studies on various
aspects of nuclear power plant piping system design. The objectives of
those studies, which were informally identified as status reports, were
to identify and collect the pertinent literature on the subject and to
identify needed improvements in the design metheds and criteria. This
particular study of flexibility factors, however, quickly outgrew its
original purpose and has become a comprehensive discourse on the state
of the art with specific recommendations for developing needed improve-~
ments.

Even though this report does not recommend formalistic changes in
the flexibility analysis methods available to the designer, we feel that
publication at this stage of our study is timely because of the errors
and misconceptions that we have been able to identify and document.
Hopefully, this information will help designers to avoid potentially
costly mistakes. A follow-on report, which is currently beiung written,
will include specific recommendations for the desizn of piping systems.
Until that report is available, we recommend that designers exercise due
caution in the use of the currently available flexibility analysis
methods.

This report was prepared for the Office of Nuclear Regulatory
Research, U.S. Nuclear Regulatory Commission (NRC) under the ASME Code
Sect, IIL ~ Technical Assistance Project. D. Js Guzy was the NRC
project manager. We extend our gratitude to him for his enthusiastic
support. We also thank the reviewers of the report, especially those
who offered suggestions and/or constructive criticisms.
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REVIEW AND EVALUATION OF DESIGN ANALYSIS METHODS
FOR CALCULATING FLEXIBILITY OF. NOZZLES
AND BRANCH CONNECTIONS

S. E. Moore K. Mokhtarian
E. C. Rodabaugh R. C. Gwaltney
ABSTRACT

Modern piping system design generally includes an ana-~
lytical deterwmination of displacements, rotations, moments,
and reaction forces at wvarious positions along the piping
system by meaus of a flexibility analysis. The analytical
model 1s normally based on a strength-of -materials descrip-
tion of the piping system as an interconnected set of
straight and curved beams, along with "flexibility factors"
that are used to compensate for inaccuracies in the model
behavior, This report gives an in-depth evaluation of the
various analytical descriptions of the flexibility factors
associated with piping system branch connections and nozzles.
Recommendations are given for developing needed improvements.

1. INTRODUCTILON

Flexibility factors have been used in piping system design for many
years in the analytical determination of displacements, woments, and
forces at various positions along the piping system, as well as the
determination of reaction forces at the supports and anchors. The ana-
lytical model used in the design calculations is normally based on a
strength~of~materials description of the piping system as an intercon-
nected set of straight and curved beams with uniformally round cross
sections. Flexibility factors are introduced into the analytical wmodel
to correct, in a gross sense, for the differences in structural behavior
between the strength—of-materials model and the piping system components
that make up a real piping system. .The currvent interest in flexibility
factors for nozzles and branch connections comes most directly from
recent efforts to develop design criteria that will permit the construc~
tion of more~flexible nuclear piping systems and, thereby, reverse a
desizgn practice that is seen by many as being less safe and considerably
nore costlys

Flexibility factors under consideration in this report are for noz-
zles and branch connections within the plpiung system itself and for noz-
zles in cylindrical vessels that interact with connected piping systems.
An adequate characterization of the flexibility factors for both types
of nozzles is important to the development of improved design criteria
for flexible piping systems. The latter, however, may have the greater



impact on improving overall design practice. The traditional practice
has been to ignore nozzle flexibility at the piping-vessel interface and
to model the piping system termination as rigid. The resulting calcula-
tion produces higher reaction loads that must then be supported by addi-
tional pipe supports aand restraints or by stiffening the vessel shell.

The primary objectives of this report are to (1) summarize avail-
able data on flexibility factors for nozzles in cylindrical shell struc-
tures (pressure vessels and tanks) aad branch connections and tees in
piping systems and (2) compare those data with analytical methods for
calculating flexibility factors for use in piping system design analy-
ses, A later report based on the observations, conclusions, and recowm-
mendations of this report will present design practice guidance that
will provide a more accurate basis for the evaluation of piping systems
under both static and dynamic loadings.



2. BACKGROUND

2.1 DEFINITION OF NOZZLE FLEXIBILITY FACTORS

The most commonly accepted definition of a flexibility factor was
expressed by Markl in his discussion of piping flexibility aualysis1 as

the ratio of the rotation per unit length of the part in
question produced by a moment, to the rotation per unit
length of a straight pipe of the same nominal size and
schedule or weight produced by the same moment.

Figure 1(a) shows a simple one-dimensional model of a piping system
that can be used to illustrate the concepts and use of flexibility fac-
tors in a piping system analysis. This piping system consists of three
straight pipes (SP); an elbow (CP); a branch connection (BC); and three
anchors at points A, B, and C. The analytical model consists of three
round beams to represent the straight pipe segments; a curved bar to
represent the elbow; a rigid tee-joint at I to represent the branch con-
nection; and fixed end conditions at A, B, and C to represent the anchors.,

Flexibility factors for each component in the piping system can be
developed by considering the rotations (and displacements) of one end of
the component relative to the other end. TFor example, Fig., 1(D) shows
the analytical strength~of-materials model for a segment of straight pipe
of length L fixed in space at end A (x = 0) and loaded with orthogonal
monents Ml(L), MZ(L), and MS(L) at end B. The rotation of end B with
respect to end A in the direction of M1 that would be caused by the
moment MI(L) is given by the strength—of-materials foruula

L
() nom = T fo M (x) dx (1)

B

X

where E and 1, are the elastic modalus and the mowent of inertia about
the x axis, respectively. A flexibility factor k for a given piping
component is then defined, according to Markl, as

k, = 0,/(8)) (2)

nom ?

where (61)nom is given by the normalized form of Eq. (1), that is, L =1
or y = x/L evaluated at y = 1, and 8, is the actual rotation of the con-
ponent per unit length caused by the moment M, (L).

In general, the actual rotation Bl nust be determined by experiment
or by a rigorous theoretical analysis. Numerous experimental and theo-
retical studies of beam bending, however, confirm that the actual rota-
tion of the end of a cantilevered beam is adequately described by Eq. (1)
if the length is greater than several times the depth (or diameter) of
the beam. Thus, the flexibility factor kl associated with M; and 8, for
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Fig. 1. Strength-of-materials models for piping system components.
(a) One—dimensional beam model of piping system, (b) straight pipe,
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a straight pipe segment is
1 = 9 /(9 )nom = .O » (3)

The other two flexibility factors k2 and k3, associated with My, 8y and
M3, 83, respectively, are given by

k, = 8,/(8,) = 1.0,

and

ks = (8,/(8 )nom = 1.0 , (4)

where (8,) o is given by Eq. (1) with My, I, replaced by M,, I and
(ea)nom for the torsional moment M3 is given by

1 L 1.3 (&
(83) = My(x) dx == Ma(x) dx . (5)
0 0

Figure 1(2) shows the strength~of-materials beam model of an elbow
or curved pipe anchored at end A and loaded with a set of orthogonal
moments M (ao), M (ao), and M (ao) at end B. Both experimental and
theoretical studiés of curved pipe or elbows show that the in-plane
rotation 6, at end B with respect to end A associated with an in-plane
bending moment M, (a ) at end B is given by the rather simple expression

k2 a

__Z [¢]
8, =+ A M,R da , (6)

where R is the bend radius of the elbow centerline, k, is the in-plane
bending flexibility factor defined by k, = 62/(82)n0m, and (0,),,, 1s the
end rotation of a strength-of-matrials model of a curved bar. For an
elbow or curved pipe with zero internal pressure, subparagraph NB-3686,2
of the ASME Code* (Ref. 2) gives ky = 1.65/h, where h =t R/r?.

Complete expressions for out-of-plane and torsional rotations for
elbows in terms of flexibility factors k; and k, are somewhat more com~
plicated because an out-of-plane moment M, at the loaded end of a 90°
elbow must be balanced by a torsional moment at the reference end, and
vice versa. For a more in-depth discussion of flexibility factors for
elbows and curved pipe, see Ref. 3.

For branch counnections and tees, flexibility factors have been pre~
scribed in industrial piping codes since 1955; for Classes 2 and 3

*The terms ""Code" or "ASME Code," as used herein, refer to Sect.
11T of the ASME Boiler and Pressure Vessel Code, Nuclear Power Plant
Components., 2



nuclear power plant piping, flexibility factors have been included in the
ASME Code since 1971. 1In those documents, the flexibility factor is
given as k = 1. However, they do not define a streungth-of-materials
component model for which a nominal rotation enom cain be determined for
use with the flexibility factor definition, Eq. (2). As a consuguence
the intent of those codes has never been clear. Apparently, most piping
system analysts have intevpreted the codes to mean siwply that the junc-
tion between the branch and run centerlines is to be modeled as a rigid
joint, as indicated at Point I im Fig. 1(a). This interpretation, how-
ever, is completely inadequate to describs the actual behavior of branch
connections and tees in a real piping systen.

Figure 1(d) shows a schematic diagram of a branch counnection as
modeled in present day nuclear Class | piping system analyses. This
model has a rigid junction between the branch and run centerlines at
point P and a rigid linkage between points P and S equal in lenyth to the
run pipe radius. Additional nozzle flexibility can be introduced into
the model by including a point spring at S.

Markl's definition of a flexibility factor is not entirely adequate
for a branch connection modeled like Fig. 1(d) because there is no well-
defined "leagth of straight pipe" for which 8 op can be determined. To
accommodate this model, as well as the other piping system component
nodels, Markl's definition of a flexibility factor needs to be broadened
to sonething like the following:

A flexibility factor for piping system analysis is the ratio of
the angular rotafion or linear displacement of the point in
question produced by a moment or thrust load to the angular
rotation or linear displacement of the strength-of-materials
model of the part produced by the same moment or thrust load.

With this definition, enom can be determined precisely by analyzing the
one~dimensional strength-of-materials beam model of a branch connection
that is actually used in the piping system flexibility analysis; also,
the flexibility factor k as defined by Eq. (2) can be determined from a
knowledge of the real behavior of the structure.

Theoretically, there would be a 6 X 6 watrix of moment-~rotation
flexibility factors associated with the braanch connection wodel shown in
Fig., 1(d). Because the matrix is symmetric, there would be 21 indepen~
dent flexibility factors, 4 identically O from symmetry arguments, leav-
ing 17 non-zero flexibility factors to be determined from experimental or
theoretical studies. The limited available data, however, indicate that
only two of these, k., for in-plane and K, for out-of-plane moment loads
on the branch, are significant.

For Class 1 nuclear piping, the ASME Code now contains a precise
definition of the component model, as well as the two flexibility factors
ki and ko to be used for the analysis of branch connections. The
strength~of-materials model shown in Fig. NB-3686.5-1 of the Code and in-
cluded here as Fig. 2 includes a "point spring'" at S of negligible length

with a rotational characteristic equal to k enon’ where Onon’ given by
5 1)

= M(d/EL) (7)

nom
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Fig. 2. Definition of flexibility factors for branch connections,
from ¥ig. NB-3686.5~1, Sect. TIT, ASME Code (Ref. 2).

is the simple beam equivalent rotation for a one-diameter length of
branch pipe. The two flexibility factors ko and ki are given in sub-
paragraph NB-3686.5 of the Code as

ko = 0.1 (0/T)3/2 [(T/cy) /)12 (e/7) , (3)

b
i

= 0.2 (/1) [(T/ey) /p)1Y/2 (e/f1) (9)

where d,D and ©,;T are the outside diametzrs and wall thicknesses of the
branch and run pipes, respectively; t, is the nozzle reinforcement thick~
ness (shown in Fig. 3) for four commonly used nozzle designs.

The preceding discussion has been framed In terms of flexibility
factors because since 1955 the piping codes have given design guidance
for flexibility factors. Many current compuber programs for piping sys-—
tew analysis, bhowever, use a stiffness formulation rather than the flex-
ibility formulation used in the earlier analysis methods. A stiffness
formulation involves the iaverse of the flexipility (e,g., monment per
unit rotation rather than rotation per unit woment). When the design
suidance 1s given in terms of flexibility factors, as for elbows, for
example, these computer programs first evaluate Cthe flexibility matrix
and then form its inverse to obtain the stiffness watrix. The stiffness
matrix for Lrauch connections is formed In bthe same manner as for elbows.

2,2  SIGNIFLICANCE OF NOZZLE FLEXIBLLITY

The definition of flexibility factors for branch connections based
on the analytical model of Fig. 2,

6 =k (Md/EL,) , (10)
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gives the angular rotation of the branch caused by local distortion of
the intersecting shells in terms of the k factor and the nominal rotation
of a one-diameter length of branch pipe.

The influence of including branch conpection flexibility factors in
a plping system analysis will be different for different piping systems.
If k is small (e.g., 2 or 3) relative to the overall flexibility of the
branch pipe or if k is small relative to the flexibility provided by
other nearby piping components, such as elbows, then including k for the
branch connections in the piping system analysis will have only a minor
influence on the calculated forces, moments, and displacements. Con~-
versely, of course, if k for the branch connection is large relative to
the other piping system flexibilities, then it would have a major influ-
ence. The largest influence would be to reduce the magnitude of the
calculated forces, moments, and resulting stresses at the branch connec~
tion, If pipe supports were located nearby or if the terminal end of the
pilping system were actually a nozzle in a vessel instead of a rigid
anchor, then including a large value for k would significantly reduce the
calculated forces and moments acting on those supports. This, in turn,
might permit the elimination of some dypamic snubbers, massive pipe sup-
ports, or special shell reinforcements. The influence would be smaller
at more~distant locatious and would depend, as well, on how other flex-
ibilities (e.g., from elbows) were distributed in the piping system.

A recent sensitivity study on the influence of various factors that
might affect the accuracy of piping system analyses” showed that (1) the
influence of including appropriate flexibility factors for nozzles in
tanks and branch connections in vun pipes with large D/T ratios can be to
reduce the calculated moments and stresses by several orders of magnitude
and (2) it is unot possible to define a flexibility factor that is conser-
vative for either static or dynamic lcadings.

The reason that a conservative flexibility factor cannot be defined
is that a change in the flexibility of some portion of a piping system
leads to a change in loads on other portions of the piping system, in-—
cluding the possibility that loads and resulting stresses in other por-
tions of the piping will actually imerease with an increase in a given
flexibility factor rather than decrease as one might expect. Accord-
ingly, even for a static loading, cone caunot define a conservative flex-
ibility factor. For dynamic loadings, a change in flexibility will also
change the response frequencies of the piping system. If the forcing
fuoctions (e.g., from an earthquake) vary with frequency, then an in-
accurate flexibility factor may indicate that the piping response is off-
the~peak of the forcing functions; with an accurate flexibility factor,
however, the calculated piping response may be on-the-peak. Accordingly,
the best that can be hoped for is reasonable accuracy with a small amount
of uncertainty.

2.3 DIMENSIONAL PARAMETERS OF INTEREST

Various studles of nozzle flexibility indicate that reasonably
accurate design equations can be developed in terms of dimensionless
ratios of the characteristic dimensions of the nozzle and vessel or run
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pipe. Thesc include the diameter and wall thickness of the vessel or run
pipe (D,T); the diameter and wall thickness of the branch pipe (d,t); the
diameter, thickness, and length of the nozzle reinforcement (dn, t Ln);
and a characteristic axial length L for the vessel or run pipe.

To get a better understanding of the types and sizes of braanch cou-
nections and vessel nozzles that are actually used in nuclear power plant
construction, we asked a number of utilities, architect engineers, and
nuclear steam system supply (NSSS) vendors to provide actual design data
from one or two fypical nuclear plants of their own choosing. Seven
organizations responded with a substantial amount of dimensional and
design practice data.>” 1l 1n alphabetical order, they were Duke Power
Company; FRAMATOUE of Paris, France; General Electric Company; Sargent
and Lundy Engineers; Stone and Webster Engineering Corporation; Tennessee
Valley Authority; and Westinghouse Electric Corporation. Duke Power
Company also provided a complete listing of the nozzles in the auxiliary
tanks and vessels for one of their modern nuclear power plants.

Analysis of the survey data indicates that branch connections are
used in straight pipe that ranges in diameter from 1 to 42 in. nominal
pipe size (NPS) and wall thicknesses that range frow sched. 40 to
sched. 160. The vange of diameter~-to-thickness ratios for the run pipes
is ~5 € D/T < 115. Branch sizes cover the couplete parameter range
0.02 < d/D < 1.0 with most of the smaller—size branch connections
d € 2 in. made from welded-on American National Standards Institute
(ANS1) standard half-couplings or welding bosses. The wall thickness for
half-coupling or welding bosses is considerably greater than for the
corresponding nominal pipe size.

Branch connections larger than 2 in. in diameter are usually made
with ANST standard or Manufacturers Standardization Society (MSS) stan-
dard butt welding tees; specialty product coatoured rfittings, such as WFI
International Vesselets or Bonney Forge Sweepolets; or specialty product
reinforced fittings, such as WFL Pipettes or Bonney Forge Weldolets. The
ANSI and MSS standard butt welding tees range in size up to the maximum
run pipe sizes but are restricted to branch-to-run diameter ratios in the
range of ~1/3 < d/D < 1.0. The specialty product fittings are wormally
used with run pipe sizes larger than 4 in. (NPS) for branch coannections
with d4/D less than ~0.8.

Diameter—to-thickness ratios for the branch d/t, including nozzle
reinforcenent, cover about the same range as for the run pipe with, how-
ever, more usage in the smaller values d/t < 5 because of the greater
wall thickness of half-couplings and welding bosses (2 < d/t < 100).
Branch thickness—to-run thickuness ratios t/T seem to be fairly evenly
distributed over the range 0.2 < t/T < 2.0.

For nozzles in reactor pressure vessels and steam generators, the
utility data indicate that the dimensional ratios fall within the same
parameter ranges as for branch connections. For nozzles in the nuclear
plant auxiliary tanks, however, the parameter ranges are somewhat dif-
ferent, The one nuclear plant for which we have data has ten ASME Code
Class 2 or 3 auxiliary tanks ranging in diameter from 2 to 40 ft (24~ to
480-in. OD) with wall thicknesses ranging from 7/32 to 5/8 in. The
diameter-to—~thickness ratios D/T are fairly evenly distributed between
~75 and 2000. The minimum and maximum nozzle diameters range between 1/2
and 30 in., essentially independent of the tank diameter, so that the

n!
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ratios (d/D)max and (d/D)min decrease with increasing D/T (Fig. 4). The
range of nozzle diameter—to-thickness ratios d/t is fairly evenly dis-
tributed between ~5 and 100 over the full rauge of D/T (Fig. 5). The
range of mnozzle thickness-to-vessel thickness t/T is shown in Figs. 6 and
7 as a function of D/T and d/D, respectively. 1In both figures, t/T is
somewhat randomly distributed between 0.2 and 1.5, about the same range
as noted for branch connections in pipe. Figure 7 also shows that most
of the nozzles in the auxiliary tanks are thinner walled than the vessels
({iee., t/T < 1.0), reflecting the need for structural stability in the
tank wall rather than internal pressure resistance as a major design
criterion, »

Another dimensional parawmeter is of primary interest to both braach
connections in piping and nozzles in vessels; that is, the axial distance
along the run or vessel from the branch/nozzle to the first major discon-
tinuity. In piping, this distance L/2 might be the distance [rom the
branch centerline to the nearest support or the next branch coanection or
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other piping component. In vessels, L/2 might be the axial distance from
the nozzle centerline to the vessel head(s), shell stiffner, or major
discontinuity. This distance is important because the amount of coun-
stralnot provided at the pipe/vessel "ends" will have some influence on
the local flexibility at the branch/nozzle-pipe/vessel intersection. If
L is long enough, it should be possible to separate the local and global’
bending effects and, thus, treat the nozzle as "isolated." If L is not
long enough, then some consideration must be given to the pipe/vessel
"end" boundary conditions. For example, Bijlaard's theory (discussed
later) puts a practicable limit on L/R of 4.

For branch connections in pipe, the axial distance to the first
major discontinuity will often be 4R or greater. For nozzles in vessels,
however, L/R > 4 will be the exception rather than the general rule. The
larger—diameter auxiliary tanks discussed above, four exanple, were gener-
ally less than twice as tall as their diameter. 1In many cases, the
nozzles are loncated very close to either the top or bottom heads. Thus,
L/R may not be a significant parameter for piping; for vessel nozzles,
however, it probably will be.
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3. METHODS FOR ESTIMATING NOZZLE FLEXIBLLITY FACTORS

Analytical methods for calculating piping design flexibility facrors
have been developed in the past frow three basic sources: thin-shell
theory, finite—element analysis, and experimental load-displacement data.
The purpose of this section is to introduce those methods that, in the
authors' opinion, are most useful for design purposes. TLater in this
report, we will compare the various methods with available benchmark data
as a basis for further development work. The methods discussed here are
(1) the ASME Code equations,2 (2) Bijlaard's theory,12 and (3) Steeles'
theory.13,1* Two studies on the flexibility of nozzles in spherical
shells are also discussed briefly.

3.1 ASME CODE EQUATIONS

As noted earlier, subsubparagraph NB-3686.5 of the ASME Code gives
equations for calculating branch connection flexibility factors for in-
plane and out-of-plane moment loads. The bhasis for those equatious
[Egs. (8) and (9) in Sect. 2] was given by Rodabaugh and Moorel!® in
1979. Briefly, they are '"best-fit" equations based on finite-element
analyses of 25 nozzle-reinforced models (see Table 12 of Ref. 15). The
types of reinforcemeni considered were those shown earlier ia Fig. 3.

The Code equations are limited to isolated radial nozzles with
D/T < 100 and d4/D <€ 0.5. They were validated by cowparison with inde-
pendent finite—element analyses of five other models and with experimen-
tal data from ten test models with dimensional ratios D/T < 100 and
d/D < 0.64 (see Table 15 of Ref. 15). Because the equations were empiri-
cally developed from a limited data base, extrapolation to nozzles with
d/D > 0.5 or D/T > 100 is prohibited by the Code (NB-3686.5). [Note:
The paragraph reference given in NB-3686.5 should be NB-3683.8(a) rather
than NB-3338.]

3.2 BIJLAARD'S THEORY

In the wid~1950s, Prof. Bijlaard of Corunell University published a
series of papers on the stresses and displacements in a thin-walled
cylindrical shell, simply supported at the ends and loaded with either a
radial point load or a distributed load on a small, rectangular region
centered midway hetween the ends. The loading on the rectangulatv region
could be distributed in an arbitrary mauner, but he discussed in detail
only those three cases that represent a thrust load and in-planc and out-
of-plane moment loadings on the rectangle (Fig. 8). His theoretical
solution,!? based on the equations of shallow-shell theory, was given in
terms of infinite double Fourier series that are conditionally convergent
with the number of terms required for a stable solution dependent mainly
on the length—to-radius ratio a = L/R and tne diameter-to-thickness ratio
D/T of the cyliandrical shell. Bijlaard was aware of the limitations of
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Fig. 8. Bijlaard's loading assumptions for thrust and for in-plane
and out-of-plane woments on a nozzle. (a) Uniform radial loading,
(b) longitudinal mownent loading, (¢) circumferential moment loading.
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his theory but essentially dismissed the matter by pointing out {cor-
rectly) that for engineering structures of common interest, his solution
was relatively easy to use aand gave results of acceptable accuracy. (See
the discussion in Ref. 12.) 1In later p\,tblicat:ionsls"19 Bijlaard gave
extensive numerical results obtained using L/R = 4 and D/T < 100.

Although Bijlaard's theoretical model does not include either an
opening (hole) in the cylindrical shell or an attachment to the cylin-
drical shell, his solution has been used extensively during the past 30
years as the theoretical basis for calculating bLoth flexibility factors
and maxinum stresses in nozzle-cylindrical vessel structures. In 1967
Rodabaugh and Atterbury (R&A)20 yged Bijlaard's theory, along with other
thin—shell theory solutions and available experimental data, as reference
material for developing flexibility design guidance for the ASML Code.
That guidance was extended in 1977 (Ref. 21) and again in 1979 (Ref. 15)
to the present Code c¢juations.

In 1965 the Welding Research Council (WRC) published Bulletin
No. 107 (Ref. 22), which includes a detailed methodology for calculating
stresses caused by out—-of-plane moments, in~—plane mownents, and radial
loads on nozzles in cylindrical shells. The design data given ia WRC-107
are based in large part on Bijlaard's theory but include large empirical
adjustments to account for the shell opening and the discontinuity
stresses at the nozzle—shell junction, as indicated by the experimental
data available at that time. 1t is, therefore, not correct to state or
to imply that Bijlaard's theory and WRC-107 are equivaleunt. It is only
correct Lo state that Bijlaard's theory was used as a guide in developing
the desizn method. As additional experimental data have beceme avail-
able, WRC-107 has been revised several times since 1965 with the latest
revisinon published in 1979. Tt is still limited, however, to parameter
values of d/D < 0.5 and D/T < 600,

3.2.1 Murad and Sun (M&S) Design Charts

Although Bijlaarl's theory gives displacements that are readily
translated into flexibility factors, WRC-197 does not give any flex-
ibility data or flexibility desizn guidance. In 1984 46523 evaluated
Bijlaard's displacenent equations to obtain design curves Ifor radial
thrust and for in-plane and out-of~plane mounents over the range of
diameter-to-thickness ratios 20 < B/T < 390 and d/D ratios from 9.05 to
0.55. They also included the influence of internal pressure. In all
cases, they used an axial length parameter of L/R = 4. Their curves for
the zero intermal pressure case are iacluded here as Figs. 9—ll.

The parameters used by M&S in Figs. 9 and 10 for the moment load-
ings can be converted to flexibility factors consistent with the Code
definition by the following:

v o= (a3/K) wE (d/D)2 (e/TY/(M/T) , (11)

where a3/K = R3/KC or a3/K = R3/KL and B8 = d/D.
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3.2.2 LUGS Computer Program

Because Bijlaard's theory does not consider the existence of an
opening in the cylindrical shell, it is wore appropriate for the design
of solid attachments than for the design of nozzles. In 1974 Dodge?2Y
and Rodabaugh, Dodge, and Moore2® evaluated Bijlaard's equations, in-
cluding certain modifications suggested by the reviewers of Bijlaard's
original paper, and developed guidance for the design of lug attachments
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to straight pipe. The couputer program LUGS,Z6 written by Dodge, calcu-
lates the displacements, as well as the stresses, in the cylindrical
shell so that flexibility factors, counparable to those obtained from
M&S's design charts, can be obtained. The computer program LUGS also
considers the length parameter L/R as an independeni variable so that
its influence on the flexibility can be studied. The flexibility factor
9" = 8/(M/ER3) given in the program output can be converted to the Code
definition by

k= 0 (4/D)2 (¢/T)/ (/1) . (12)

Flexibility factors based on Bijlaard's theory are compared in
Table 1 as calculated by cach of the three methods — R&A, M&S, and

Table 1. Comparisons of flexibility factors based
on Bijlaard's thecry (t/T = 1, L/R = %)

Out—-of-plane moment In~-plane wonent
D/T 4/D ko ki
R&A” ues?  Lues®  R&A M&S  LUGS
20 0.05 1.1 0.9 1.0 <1.0 0.62 0.67
0.10 3.3 2.6 3.0 2.0 1.9 1.8
0.20 8.5 745 8.1 4.0 3.8 3.8
0.30 L14.0 11.8 13.6 5.0 5.0 5.1
0.50 20.0 17.8 2344 4.9 5.4 5.7
50 0.05 5.7 hod 4.9 3.4 2.9 3.2
0.19 16.0 13.0 14.0 3.4 7.0 7.6
0.20 36 33 34 13 12 12.7
J.30 50 45 52 13 13 13.8
0.50 57 57 74 9 10 11.7
100 0.05 20 16 L7 11 9.8 10.2
0.10 50 43 45 23 20 20.6
0.20 100 94 29 27 27 27.4
0.30 135 120 137 22 23 25.3
0.50 130 130 168 15 17.4

From design charts, R&A20 with Bijlaard's
parameters B = 7/8 d/D, a = L/R = 4,

bFrom desizn charts, M&S23 with Eq. (11) of text,
Bijlaard’'s parawmeters 8 = 7/8 d4/D, a = L/R = 4.

CFrom LUGS computer program,2® with Eq. (12) of text,
Bijlaard's parameter B = 7/8 d/D, a = L/R = 4,



LUGS —~ for the parameter ranges 20 < D/T <100 and 0.05 < d/D < 0.5 for
t/T = 1 and L/R = 4. Each of the methods gives essentially the same re-
sults for d/D € 0.3; the differences for d/D = 0.5 are attributed to the
number of terms evaluated in the solution series.

To study the influence of the length parameter a = L/R on k, we
permitted the LUGS program to compute a value a*, using a convergence
algorithm built into the program. The results, over the same range of
parameters as Table 1, are given in Table 2. The calculated flexibili-
ties are obviously influenced by L/R, apparently much more for k_ than
k, and for the larger values of D/T and d/D. This suggests that any de-
s1zn method based on Bijlaard's theory should be tempered by comparison

with experimental data over the full range of intended application.

Table 2. Influence of L/R on computed flexibility factors
based on Bijlaard's theory and LUGS program

Out-of-plane moment In~plane moment
D/T d4/D
L/R kg L/R k, L/R kg L/R K,
20 0.05 4 1.0 7.4 1.1 4 0.67 7.4 0.67
0.10 3.0 3.3 1.78 1.79
0.20 8.1 9.4 3.8 3.8
0.30 13.6 16.6 5.1 5.1
0.50 23.4 31.2 5.7 5.8
50 0.05 4 4,9 10.4 5.5 4 3.2 10.4 3.2
0.10 14,0 16,3 7.6 7.6
0.20 34.2 43.3 12,7 12.9
0.30 52 72 13.8 14.0
0.50 74 127 11.7 12.2
100 0.065 4 17 13.4 19 4 10,2 13,4 9.9
0.10 45 53 20.6 20.7
0.20 99 131 27.4 27.8
0.30 137 209 25.3 25.5
0. 50 1568 355 17.4 18,6

3.3 STEELES' THEORY

Because of the inhersat limitations of Bijlaard's theory aand the
need for more—accurate design tools for cylinder—-cylinder lutersectious,
especially for large~diameter, thin-walled vessels, the WRC Pressure
Vessel Research Committee (PYRC) has been sponsoring both theoretical
and experimental work on the problem for a number of years. One of
those efforts resulted in the development by Steele and Steelel3, 1% of
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Stanford University and Shelltech Asscciates of a new and novel solution
to the thin-shell theory equations for intersecting right circular cyl-
inders (nozzles in cylindrical vessels). Although their thecretical
solution is currently limited to d/D ratios of 0.5 or less, it overcomes
many of the shortcomings of Bijlaard's theory. Whereas Bijlaard's
theory is for a rectangular surface area loading on the cylinder,
Steeles' theory is for two intersecting cylindrical shells, which is
more appropriate for the study of nozzles in cylindrical vessels and
straight pipe. Steele also used a different and more compact formula-
tion of the thin-shell theory and a better~behaved series representation
for the solution.

3.3.1 FASTZ Computer Program

Steele and Steele wrote a couputer program for calculating the
stresses and deformations in the nozzle and in the vessel for interqaal
pressure and for forces and moments applied to the nozzle. The axial
length of the vessel and a number of different boundary conditions at
the vessel ends are input parameters. The cowputer program is marketed
through Shelltech Associates under the acronym FAST. The program is
extremely fast (2~ to 3-CPU s per casc on an IBM 4381 Model Z computer)
and is well suited for conducting parameter studies, as well as individ-
ual analyses. The FAST2 computer program used in this study and owned
by CBI Na-Con, Inc., is an improved and proprietary version of
Shelltech's program. All of the FAST2 data given in this report were
obtained by CBI under subcontract to Oak Ridge National Laboratory
(ORNL).

3.3.2 WRC Bulletin No. 297

WRC Bulletin No. 297 (Ref. 27), published in August 1984, is an
extension of WRC-107, developed by the PVRC Subcommittee on Reinforced
Openings and External Openings (S/C ROEL) to cover large—diameter thin-
walled vessels, D/T < 2500, as well as the vessels covered in WRC-107,
D/T < 600. This new bulletin (WRC-297) incorporates the design wethod-
ology of WRC~107 in a more compact format and includes methods for cal-
culating stresses in the nozzle, as well as ia the vessel. The design
stress curves given in WRC-297 are applicable to uniform wall-thickness
nozzles like those shown earlier in Fig. 3(d) or Fig. 3(b) if L. is suf-
ficiently long. WRC~297 is based on Steeles' theory and numerical
values calculated with the FAST computer program, as well as on a meager
amount of experimental data for large D/T vessels.

Although the bulk of WRC-297 is concerined with calculating stresses
for nozzle intersections {55 design charts), a limited amount of flex-—
ibility design guidance is given ian Figs. 59 and 60, included here as
Figs. 12 and 13. Both figures give stiffness values as a function of
three dimensionless parameters: A = (d /D) ¥D/T, A = (L/D) ¥D/T, and
T/t. The stiffness parameters given in®these figures, "a" for radial
thrust load (Fig. 12) and [M/(ET36)] for woment loadings (Fig. 13), can
be converted to ASME Code compatible flexibility factors {as discussed
in Sect. 2.1) in the following manner. For radial load W, we define the
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flexibility factor k, by

§ =k (Wd/EA ) , (13)
W I

where 8 is the radial shell displacement in the longitudinal plane at the
nozzle intersection and A_ is the cross-sectional area of the nozzle,
given by An = mdt. Then W for radial loads is given by

ky = (1/a) (n/4.95) (D/T) (t/T) AM/2 | (14)

where a is obtained from Fig. 12. For in-plane and out-of-plane moment
loadings, the flexibility factors, as defined by Eq. (10) (Sect. 2.2) and
with I, = (n/8) D3T, are given by

K, = (BT30/0 (1/8) (D/D)Z (4/M? (/D) , (15)

-y

where (ET36/M) is obtained from Fig. 13 for either in-plane moments
M= M or out-of-plane moments M = M..

Figure 12, for radial thrust loading, gives stiffness values as a
function of the two dimensionless parameters A and A, said to be valid
for "stiff" nozzles with thickness ratios t/T > 1.0. Accordingly, no
design guidance i1s given for nozzles with t/T < 1, which is probably more
coamon in design (see Fig. 7). Indeed, Fig. 12 is based on the results
Jiven by Steele for a rigid nozzle (i.e., solid rod) in an early progress
repurt28 to PVRC 8/C ROEL (see Fig. 5 of that report). Unfortunately,
WRC~-297 does not discuss the sizgnificance of the parameter T/t on the
radial stiffness. We, therefore, question whether its significance has
been adequately investigated.

Figure 13 gives stiffness curves for both in-plane mouwent (M;) and
out-of-plane moment (MC) loadings. For in-plane moment, the guidance is
fairly broad, provided, of course, that the user is satisfied that A » 20
is appropriate for his application. The trend of decreasing flexibility
with increasing branch wall thickness t appears reasonable. There is a
problem, however, with this figure. Because it gives only two curves,
for T/t = 0.2 and for T/t = 10, it is difficult to interpolate with any
assurance of accuracy. For example, if A = 1.0 and T/t = 1.0, the stiff-
ness value obtained from the figure probably lies in the range of 2 %
0.5; that, however, is an uncertainty of 50%Z. In subsequent comparisons
with test data, it will be necessary to interpolate between these lines,
and it should be understood that such comparisons involve large uncer-
tainties in the WrRC~297 data.

For out—-of-plane mom=nts, Fig. 13 gives the choice of either using
the two A 2 100 lines with interpolation on T/t between 0.2 and 10 or
using the single line for A = 14, provided that t » T. For A > 100,
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Fig. 13 indicates that decreasing values of t gives decreasing flex~
ibility for out—of~plane moments (Mc)' This trend is opposite to that
for in—plane moments and intuitively appears questionable.®

There is another problem that is potentially more serious with both
figures: the number of independent parameters appears to be deficient.
In these figures, the stiffness values are givea as a function of three
independent dimensionless parameters: A = (dO/D) /67T, A= (L/D) /ETT,
and T/i, involving the five dimensional variables D, T, 4, t, and L. An
important theorem in dimensional ana1y51829 states that the number of
dimensionless parameters in a complete set is equal to the total number
of variables minus the rank of their dimensional matrix. Because all
five variables involve only the dimension of length (mass and time are
not included), the rank of their dimensional matrix equals one. Hence,
for every set of vessel end boundary conditions, four independent parame-
ters are needed to compose a complete set,

In their 1983 paper, Steele and Steelel" stated that four parameters
are significant: A, T/t, d/t, and A. Only in the extrewe cases when
T/t >> 1 or T/t <K 1 will the specific value of d/f becouwe insignificant.
However, because both Figs. 12 and 13 claim to be valid for T/t = 1, the
curves are not unique for different values of d/t. Because WRC-297 does
not recognize this problem, it might be unwise to use the stiffness
curves for design until the question is resolved.

*See discussion in "SUMMARY" Sect. 12.1.
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4, BENCHMARK DATA

4,1 EXPLRIMENTAL AND ANALYTICAL DATA

Benchmark data, c¢onsidered appropriate for development of nozzle—to-—
cylinder flexibility factors, are not very plentiful. In a few cases,
displacement or rotation data have been obtained specifically for deter-—
mining flexibility or stiffness. But in most cases, the experimental and
analytical studies of branch connections or vessel nozzles have been
directed at determining the stresses. Displacement data either were not
obtained or were obtained only as auxiliary information.

Existing experimental data that we consider appropriate for flex—
ibility studies are contained in Refs. 30~47. These 18 reports span the
time from 1953 to 1986 and include studies on the behavior of unrein-
forced branch connections, branch connections with various types of re-
inforcements, solid attachments, forged piping tees and drawn outlets,
and specialty product nozzle or branch connection fittings. The data
that were available before 1978 (Refs. 30~39) were used by Rodabaugh and
Moorel!® in the development of the present (1986) ASME Code flexibility
equations for Class 1 branch connections.

Most receantly, Moffat and Kirkwood"” provided experimental flex-—
ibility factors for each of the three branch noment loadings,Mib, Mob’
and Mtb and for each of the three ruu moment loadings Mir’ Mor’ and Mtr
for four unreinforced full outlet models (d/A = 1.0; /T = 1.0) with
11.4 < D/T € 4l1.4.

Three of the models, reported in Refs. 41—44, with five different
nozzles had diameter—~to-thickness ratios (D/T) large enough to be classed
as thin-walled tanks. Steele and Steelel used data from Ref. 41 in
their experimental validation of the FAST computer program.

Finite—-element displacement data that have been adequately bench-
marked against experimental data are given in Ref. 15, We have also used
the finite~element displacement data given in WRC-297 (Ref. 27), even
though they were not properly benchmarked, because they provide the only
reference information for vessels with D/T > 2500.

4.2 TFLEXIBILITY FACTORS FROM TEST DATA

4,2.1 Tests for Models with D/T < 100

Figure 14 shows a schematic arrangement that is representative of
all of the test models with D/T < 100 considered in this report. Figure
14(a) indicates by scale that the length of the run pipe is about four
diameters loung with the nozzle at midlength. The branch pipe is ~4d
long. These lengths are intended to be long enough that the influences
of the end restraints on the local deformations at and near the branch
intersection are mnegligible (i.e., infinite effective length), In some
of the tests on small 4/D branch connections, both ends of the run pipe
were restrained. However, for J4/D'< 1/3, it probably is not significant
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whether one and ovr both ends were restrained. The loading in Fig. 14(a)
is for an in-plape moment; the loading in Fig. 14(d) is for an out-of-
plane woment test,

1f properly determined, the deflection at point P in the direction
of the load widll provide the data needed to determine the flexibility
factor. One major problem in obtaining flexibility displacement data is
to ensure that the measured model displacewnents are isolated from the
displacements of the loading frame because they are very likely to be of
the same order of magnitude. If the loading frame is significantly more
rigid than the test assembly, the displacement measuring device [dial
gage or linear variable differential transformer (LVDT)] can be supported
from the loading frawe. For the out-of-plane test illustrated in Fig.
14(b), however, where a vertical post is used to support the loading
device, the loading frame (post) may be nearly as flexible as the test
assembly. In that case, if the dial gage is supported from the loading
frame, it will not be possible to obtain an accurate displacement
measurement for the test assembly.

A guitable alternative is to support the dial gage fron an appro-
priate reference point on the test plece itself, such as point G, or GO
in the figure. The reference point should be sufficiently far from the
nozzle intersection that the local effects have damped out. The dial
gage suppork frame itself only needs to be sufficiently rigid to resist
the small forces, on the order of an ounce, needed to actuate the dial
ZAga

Having appropriately installed deflection or votation measuring
devices, rhe next step is to load the model over a range where the loads
and displacewents are linearly related. Figure 15 shows the load-dis-
placenent data obtained by Khan"® from one of the WFI test models. Those
data may then be used in conjunction with the nominal displacement/
votation calculated from the "point spring” strength-of-materials nmodel
to determine a numecvical value for the test specimen flexibility factor.

For the in—plane bending test illustrated in rFig. 14(a), the nominal
deflection of the strength~of-materials wodel without a point spring is
given by

2 3
G“/F = [2412/(2Lb) + 22/(3Ib} + 131125/Ir]/h > (16)
where Ib’ Ir are the mownents of inertia of the branch, and run and £f~15

are the dimensions shown in the figure. The difference between the mea-
sared deflection § and the nominal deflection Gn, which we will call the
excess deflection

§,/F = (8, — 8 )/F , (17)

is the deflection due to the poiat spring. The point spring rotation is
then
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8/F = (8, — §.)/(FL,) . (18)

For bending moment evaluation, the rotation with regpect to the moment
acting on the point spring 6/M_ is needed to be consistent with the ASME
Code (see Fig. 2). 1In this case, Mo = Flg. Accordingly,

0/Mg = (8, — 8 )/ (Fay8¢) (19)

and Ms is the value of the branch moment at the outside surface of the
run pipe. The final step in determining the flexibility factor is to
normalize Eq. (19) with respect to a one~diameter length of branch pipe,
as defined earlier by Eq. (10) in Sect. 9. Thus,

ko= [(8, — 8 )/(FLae)1/(d, /61,) . (20)

To go through this process, the test report must either state the
modulus of elasticity of the test specimen material or, generically, the
material so that E can be estimated (e.g., for carbon steel, E = 3 x 107
psi). In addition, of course, the test data report must describe the
test specimen in sufficient detail so that the lengths £f~£6 can be
deternined.

If k is a large value, the measured displacement & will be signifi-
cantly larger than Gn’ and accuvate test values of k can be established.
Conversely, of course, for small k extremely accurate experimental tech-
niques must be used to establish even an approximate value of k. Roughly,
at best, experimental k's should be considered as k £ 1. For example, an
experimentally determined k of 1 might lie between 2 and 0, but a care-
fully determined k of 40 should lie between 41 and 39. For larger k's,
perhaps a wore realistic estimate of the accutaéy would be 0% (e.g.,

40 = 4).

4.2.2 Tests for Models with D/T > 900

To our knowledge there have only been five nozzle flexibility tests
in very large D/T thin-walled cylindrical vessels. Four of these, iden-
tified as CBI-1, -2, -3, and ~4, were tested by Chicago Bridge and Iron
Co.#1-%3 The fifth model, identified as LPV2, was tested at the Uni-
versity of Waterioo by Schroeder.*" The nominal dimensions and dimen-
gionless parameters of these wodels are given in Table 3.

The test model for CBI~3 (Fig. 16) consists of a 60~ by 60~in.
curved panel with the edges attached to channels. The test model for
CBI-4 used the same curved panel but with a larger nozzle. The panel for
models CBI-1 and -2 was 134 by 134 in. The LPV2 test model also used a
curved panel, 80 in. in the longitudinal direction and semicirtrcular
(120n = 377 in.) in the circumferential direction.



Table 3. Nominal dimensions for nozzles in very large diameter,
thin-walled, cylindrical tanks

Model  Ref. (12.> (i’rl:.) (i&) <§n.) (ii.) A A% T/e 4/

CBI-1 41 310.5 0.295 3.5 0.187 134 0,346 13.99 1.583 17.72
c3I-2 41 310.5 0,296 8.63 0.322 134 0.867 13.99 0.919 25.80
CBI-3 42 251 0.,0993 2.51 0.0523 50 0,492 12.02 1.899 46,99
CBI-4 43 251 0.,0993 i2.55 0.0523 50 2.503 12.02 1.899 238.96
Lev2 44 240 0.25 1.00 0.25 80 0,097 10.33 1,000 3.00

I\ = a,/0/0/T, A = L/D/D/T.

[43
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Reference 42 states: "The entire (panel) assembly was then anchored
securely in a vertical position to a large four-poster jacking frame,
roughly 89 in. hizh by 85 in. wide and 68 in. deep . . . Strain gages
and deflection sensors were then placed on the shell," The deflection
monitors, as judged by Fig. 9 of Ref. 42, appear to be placed on the
inside of the shell, adjacent to the inwardly protruding nozzle. The
point of support of the deflection monitors (trausducers) is unot appar-
ent, but considering the seeming rigidity of the frauwe relative to the
center of the panel, deflections of the support points for the deflection
transducers are probably not significant. Presumably, similar test appa-
ratus was used for CBI-1 and -2,

Figures 17 and 18 show the test arrangemcnt used for LPV2, The dial
gages were supported from the concrete floor (Fig. 18).

Figure 19 shows measured deflections and rotations for CBI-3 from
Ref. 42. The displacement/load relationships are reasonably linear for
M, and My but not for radial load. Results for CBI-4 from Ref. 43 are
similar. Figure 20 shows the radial load plot. Steelel3 includes a
tabulation of the displacement-rotation parameters for all four CBIL
models. We have checked the original references, and approximately agree
with Steele's moment parameters. We will discuss the nonlinear aspect of
radial loading later in this report.

Figure 21 is representative of the displacement load data provided
by Schroeder*" for LPV2. The data are summarized in Table 4. No mention
is made of linearity of displacement/loads, but, as can be seen in
Table 4, both positive and negative loads were applied, and they are in
reasonable agreement with each other. Because the displaceuents were
neasured at the end of an 1l.5~in. leugth of nozzle, the nowinal dis-
placements must be subtracted from the measured displacements to obtain
the etffect of local displacements; this, along with a reduction to
Steeles' stiffness parameters and to k-factors, has been done in Table 4.

For radial loads, Schroeder's load-—displacement curves for outward
loading and inward loading, respectively, both give a displacement of
§ = 0.106 in. for a force of 1330 1b. Steeles' parameters are then

(W/8) (4.95 ET2)/DA0:S) = 1.043 . (21)

Figure 22 shows data for a torsional mowent frowm Ref. 44. However, the
significance of these data are not apparent because the author states:

For the application of the twisting couple an attachwment was
screwed to the threaded end of the nozzle and the twistiung
couple was applied at a distaiice of 22 inches from the ves-
sel, Thus, the rotation given in [Fig. 22 herein] has sig-
nificance only for the rotation of the twisting couple, and
is not directly related to the angle of twist at the end of
the nozzle, which is only 11.5 inches long.
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loads on Schroeder's model LPV2

Test data summary for nozzle moment

" g 4 e“b B ¢
. Wl m e e
Fig. Ne. Load (ia.-1b) (rad.) (rad.) {(rad.) d k
24 +M 1880 0.0395 0.0157 0.0238 0.169 17.5
25 M, 1850 0.0409 0.0154 0.0255 0.157 19.0
32 +Mi 2100 0.0359 0.0175 0.0184 0.243 12.1
33 M 2060 0.0360 0.0172 0.0188 0.234 12.6
“em = measured rotation.
ben = nominal rotation ML/EIn with L = 11.5 in.,
E =3 x 107 psi, I = (n/64)(1.0"* — 0.5%) = 0.04602 in.
c = —_
ee = 6m en.
dSteeles' stiffness parameter, M/(ET308), with T = 0,25 in.

e, -
k = ee/(Mdo/EIn)'



40

ORNL -DWG 87-4638B ETD

) X
FREE BODY OF BSUSPENDED LEVER
SUSPENSIOM
POINT OF
LEVER AR ROTATION OF
SUSPENDED LEVER
NOITLE ——

<
A
i
o
o
2
5

0.002 in.
DiAL. GAGE MNa. | AND 2 ARE

931in FROM VESSEL

DISPLACEMEMT AND ROTATICHM OF NOIILE END
TeI720 in-ibs

Fig. 22. Torsional moment rotation data for Schroeder's model LPV2
from Fig. 13, Ref. 44.



41

5. BRANCH MOMENT FLEXIBILITY FACTORS COMPARED WITH TEST DATA

The various methods discussed earlier in Sect. 3 for calculating
piping design flexibility factors are compared with the available data
base in this section and in the following four sections. The comparisons
discussed in this section are for both in-plane and out-of-plane woment
loadings on the branch, for unreinforced and reinforced branch connec-
tions, for braach connections with d/D < 0.5 and those with d4/D > 0.5,
and for branch connections made with ANSIT standard tees and those made
with specialty fabricated reinforcements. This breakdown of branch con-
nection types corresponds roughly with the design practice discussed in
Sect. 2.3, as well as with the available test data.

5.1 UNREINFORCED BRANCH CONNECTIONS WITH d/b < 0.5

The available test data, along with dimensional parameters and flex-
ibility factors calculated by the various methods, are summarized in
Tables 5—7. We have also included data from three drawn outlet models
because the nozzles are essentially unreinforced [see Fig. 23(a)].
Superscripts 1 or 2 on the values given for L/D indicate whether one or
both ends of the run were restrained (fixed) during the test. 1If both
ends were restrained, as indicated by a supersecript 2, the FAST2 analysis
nsed L/D as given. If, however, only one end was restrained during the
test, L/D for the FAST2 analysis was based on assuming that the distance
from the nozzle to the free end was four times the distance from the
nozzle to the fixed end. Both ends were then restrained in the analysis.
The data in Tables 5 and 6 were from model tests with D/T < 100 for which
the ASME Code equations were developed. The data in Table 7 on models
with D/T > 900 are outside the intended range of the Code equations.

Both Bijlaard's basic theory and Steeles' theory are applicable to all of
the test models. The design methods based on these theories (M&S aand
LUGS) and (WRC-297 and FAST2), however, have certain limitations, as dis-
cussed earlier. This fact is reflected by the absence of an entry in the
tables; there are no entries for M&S in Table 7 because the design charts
are limited to branch connections with D/T < 300.

At first glance it is apparent that all five design methods give
flexibility factors that differ from the test data by various and seem-
ingly random amounts. Because the amount of data is clearly insufficient
to do a meaningful staristical analysis, we have used a "ratio-of-sums"
method to calculate a goodness—of~fit value for comparison. The calcu~
lated~to~test ratios (CTRs) of the sums are deemed to be more informative
than the individual ratios because they weight the measure in proportion
to the magnitude of the k factors. We consider CTR values between 0.5
and 2.0 as indicating reasonably good correlation. Values >2.0 or <0.5
clearly indicate poor correlation.,

The CTR values shown in Tables 5 and 6 for models with D/T < 100
show that the Code equations are in reasonably good agreement with the
test data for both out—of-plane moment (ko, Table 5) and in—plane monent
(k;, Table 6); CIR = 1.04 and 0.71, respectively. In fact, all five



Table 5., OQut—-of-plane moment flexibility factors for unreinforced
F y
branch connectious (d4/D < 0.5, D/T < 100) — conparisons
with test data

Model parameters K

P\efo O

No. D/T  d/D t/T L/o%*  Test Code? M&s© Locs? WRC-297%  FAST2
30 75 0.18  0.76  9.12 31 25.0 34 59.0 57 37.6
34 78 0.13  0.45 2.12 11 17.0 15 18,9 24 14,6
33 93 0.12  0.42 1.42 10 20.5 15 19.6 26 19.6
33 93 9.18  0.75  1.42 27 33.5 41 54,2 79 38.1
15 99 0.50  0.50  3.9! 60 50,0 2 83.0 160 74,4
15 49 0.13  0.32  3.9! bab 7.2 5.4 6.2 7.6 7.0
36£ 19 0.33  0.43  7.02 2.3 3.4 b5 6.2 7.4 5.1
357 1 0.41 9.56 5.32 11.8 8.7 14,0 15.8 27.0 13.1
357 15 0.42  0.28 5,32 1.7 2.2 3.0 b 34
Sums 161.2  167.5 181.0 265.9 392, 4 212.9
crrY 1.04 1.13 1.54 2.43 1.32

aSuperscripts 1 or 2 indicate whether one or both ends of the run were restrained
(fixed) during the test. Sece text for use of L/D in the analyses.

quuation (8) of text.
CEquation (11) of text and M&S charts;23 see Fig. 9.
dSee Sect. 3.2.2 and Eq. (12}.
®aquation (15) and Fig. 13 of text.
fThese models were drawn outlets; see Fige. 23.

9oTR is rhe ratio of the sum of the calculated values to the sum of the test
values.

[4



Table 6. In—-plane moment flexibility factors for unreiniorced
branch coanections (4/D < 0.5, D/T < 100) — comparisons
with test data

Ref. Model parameters k.

No. /T d/D t/T L/0%*  Test Code M&s® Lugs? WRC-297%  FAST2
30 76 0.18  0.76 9.12  17.0 5.7 12.0 15.4 16.0 10.6

34 78 0.13  0.45 2,12 5.6 3.8 7.1 8.0 8.1 6.6

33 93 0.12  0.42  1.42 4.0 4.2 6.8 8.9 9.1 8.3

33 93 0.18  0.75 1.42 8.0 649 12.0 18.7 17.0 13.0

i5 99 0.50 0.50 3.91 11.2 10.0 A 8.8 10.7 9.6

15 49 0.13  0.32  3.91 3.1 2.0 2.6 3.0 3.3 3.4

36£ 19 0.33  0.43  7.02 1.1 1.5 1.5 2.2 2.2 1.9

35, 3L 0.4l 0,56 5.3%2 2.7 3.1 3.4 4.7 3.5

359 15 0.42 0.28  5.32 i.1 1.0 1.2 1.1 1.2

Sums 53.8 38.2 49.8 70.9 67.5 5846

ctrY 0.71 0.94 1.32 1.32 1,09

aSuperscripts 1 or 2 indicate whether one or both ends of the run were restrained
(fixed) during the test. See text for use of L/D in the analyses.

quuation (9) of text.

®Equation (11) of text and M&S charts; 23 see Fig. 10.
dSee Sect. 3.2.2 and Eq. (12).

®Equation (15) and Fig. 13 of text.

.Fm 2 G
JThese models were drawn outlets; see Fig. 23.

gCTR ig the ratio of the sum of the calculated values to the sum of the
test values.

£y



Table 7.

Flexibility factors for unreinforced branch connections
(d/D < 0.5, D/T > 900)

Mode1l Model parameters ko for out—of-plane moment ki for in—-plane moment

(Ref.) D/T 4/D t/T L/o%  Test Code WRC-297 FAST2 Steeleb Test Code WRC-297 FAST2 Steete?
LPV2 960 0.0042 1.00 0.332 18 193 20 15.1 12 12.5 14 12.4

(44)

CBI-1 1050 0.011 0.63 0.432 52 284 75 56.7 55.4 32 17.5 44 39.9 38
(41

CB1-2 1650 0.028 1.09 0.432 310 595 580 278.3 296 140 36.7 200 142.8 153
(41)

CBI-3 2530 0.010 0.52 0.242 130 927 250 176.2 184 57 36.8 150 121.9 129
(42)

CBI-4 2530 0.056 0.53 5.242 310 2070 2200 712.3 740 240 82.4 330 269.8 280
(43)

Sunms 1320 4069 3125 1238.6 1275.4 481 185.9 738 586.8 588
CTR 3.08 2.37 0.94 0.98 0,39 1.53 1.22 1425

Asuperscripts ! or 2 indicate whether one or both ends of the run were restrained {fixed) during the test.

use of L/D im the analyses.

bCalculated from stiffness factors given in Steele and Steele. !3

See text for

V2
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methods appear to give reasonable agreement with the test data for in~
plane moment ki, and only the WRC-297 method appears not to correlate
with the test data for out-oi-plane moment k . The LUGS program consis-
tently gave higher flexibility factors than the M&S design charts because
of the influence of the length parameter L/R, discussed earlier in Sect.
3.2. The M&S charts were all developed for L/R = 4, whereas the LUGS
results were calculated using L/R from the test specimens.

The data in Table 7 for models with D/T > 900 indicate that the Code
equations do a rather poor job of representing the test results (CIR =
3.08 for k_ and 0.39 for ki). This is not surprising, however, because
the Code equations were developed empirically from D/T < 100 data; the
D/T > 900 data did not exist at that time. Bijlaard's theory (LUGS pro-
gram) also does a poor job because of convergence problems for large D/T
models and because the M&S charts are limited to D/T € 300. Table 7 does
not include results from Bijlaard's theory. The WRC-297 method fails to
correlate with the test data for k_ (CTR = 2.37) although the values
calculated directly from Steeles' theory (FAST?) appear to give excellent
results (CTR = 0.94).

5.2 NOZZLE-RE[NFORCED BRANCH CONNECTIONS WITH d/D < 0.52

The available test data, along with flexibility factors calculated
by the various desizn methods, are summarized in Table 8. The model
parameters are summarized in Table 9, VNote that all of the branch con-
nections for which we have data are specialty product items sold commer-
cially by either Bonney Forge or WFI International. The WFL data only
became available receatly. All of the wodels were fully reinforced by
increased nozzle wall thickness to wmeet the ASME Code requirements
(NB-3643), except for the three items 45-15, -23, and -24, which wer=
experimental models with only 507 reinforcement. Table 8 includes three
pairs of nominally identical test models: 45-5 and -6, 45-7 and -8, and
45-17 and ~18., For each pair, the k_values are reasonably close, in-
dicating the reproducibility of the test results.

Because of the nozzle wall rainforcement, many of the test models
had mean diameter ratios d/D and outside onozzle diameker ratios d_/D that
are greater than the stated applicability of the Code equations [Egs. (8)
and (9)]. VNevertheless, the Code eguations gave reasonably good agrec-
ment with the test data (i.e., CIR = 0.94 for k_ and 1.07 for X,).

The values of k_ and k, given in Table 8 for Bijlaard's theory (M&S;
LUGS) are based on using dn'D rather than d_/D to calculate the parameter
B, although extrapolation of the M&S design curves was necessary for some
of the models; M&S curves extend to B = 0.55. Using d /D reduced the
calculated values for k significantly and briags thewm into better agree-—
ment with the test data, although for this limited set of data, the Code
equations still seem to correlate somewhat bettec,

The values of k, given in Table 8 under WRC-297 obviousl; do not
correlate well with the test data (CTR = 5.,58). This may be becaunse the
curves in the bulletin were not intended to apply to nozzle-wall-vrein-
forced branch connections. The bulletin curves are based on uniform wall
thickness branch connections that are effectively infinite in length.



Table 8. Flexibility factors for nozzle-reinforced branch coanections

{(d/b < 0.52, D/T < 100

Ref. Branch Ko for out-of-plane moment ki for in-plane moment

No. type - . . : . ; M v 31
Test Code M&S LUGS WRC-297 FAST?2 Test Code M&S LUGS FAST?2

39 12xawak 7.9 5.9 11 17.6 42 9.6 1.2 2.0 1.6 5.2 2.2

40 14X6 1w 10.2 8.1 15 12,2 44 14.4 2.5 2.6 2.8 3.9 3.0

45=5 8x3P°¢ 5.6 4.3 13 4.2 21 7.5

45-6 8X3p 4,8 4.3 13 7.5 21 7.5

45-7 8X4P 5.9 5.3 10 4al 32 8.2

45-8 8X4p 5.5 5.3 10 8.8 32 8.2

45-15 8X4pPp — 507 6.1 6.0 11 44 34 3.9

45-17  12x6v4 5.5 7.2 14 2.1 47 7.8

45-18 12%6V 4.9 7.2 i4 5.9 47 7.8

45=-23 12X6V — 504 2.0 2.8 2.7 2.1 2.4

45-24 12X6V — 507 6.2 8.1 16 8.1 50 9.2

37 12X4W 5.6 3.5 6.2 12.1 16 3.3 2.4 1.3 1.3 2.1 2.0

Sums 69.2 65.2 133.2 88.1 386 97.4 8.1 8.7 8.4 13.3 9.6

CTR 0.94 1.92 1.27 5.58 1.41 1.07 .04 .64 1.19

% indicates Boaney Forge Weldolet; see Fig. 3(e) for generic shape.
bIW indicates Bouney Forge welded insert; see Fig. 3{a) for generic shape.

Cp indicares WFI Pipette, fillet welded in place; see Fig., 3{(a) for generic shape.
d

V indicates WFL Vesselot, insert welded in place; see Fig. 3(a} for generic shape.

A



Table 9.

(d/D < 0.52, D/T < 100)

Dimensional parameters for nozzle-reinforced branch connections

- 5 5

Ref. Branch D d T t t L L Lo - . - - c
No. typed G2y 8y (dn.)  (in) By R (dn.y Ginay P /b /T e /T 4L/D

39 12X6W 12,75 6.625 0.375 0.280 1,19 2.375 48 96 33.0 0.513 0.747 3.173 0.683
40 14X61W 14,00 7.625 0.375 0,280 78 1.73 44,5 48 36.3 0.466 0.747 2.080 0.560
45-5 8X3p 8.625 4,250 0.322 0.216 0.591 1.75 18.75 31.25 25.8 0.396 g0.671 1.835 0.513
456 8X3p 8.625 4,250 0.322 0.216 0.591 1.75 18,75 31,25 25,8 0.396 0.671 1,835 0.513
45-7 8X4P 8.625 5.250 0,322 0,237 0.612 2,00 18,75 31.25 25.8 0.513 0,736 1.901% 0,632
45-8 8X4°? 8.625 5.258 0,322 0.237 0,612 2.00 18.75 31.25 25.8 0.513 0.736 1,901 0.632
45-15 8X4P — 507 8,625 5.000 0,322 G,237 0.487 2,00 IR, 75 31.25 25.8 0.513 0,736 1.512 0,602
45-17 12X6V 12.75 7.750 0.375 0,280 0.825 2,69 18,75 32,1 33.0 0.513 0.747 2.200 ¢, 624
45-18 12%6V 12.75 7.750 0.375 0,280 0.825 2.69 18.75 32.1 33,0 0.513 0.747 2,200 0.624
45-23 12X6V — 50% 12.75 7.375 0.375 Q0,280 0.638 2.69 18,75 32.1 33,0 0.513 0,747 1.701 0.593
45-24 12X6V — 50% 12.75 7.375 0.375 0,280 0.638 2.69 18.75 32,1 33.0 0.513 0.747 1.701 0.593
37 12¥4W 12.75 6,514 C.375 0,207 0.862 2,125 58 58 28,7 0. 346 0,552 2.301 0.487

95ee Table 8§ for nomenclature.

bLl and L, are the distances from the branch connection centerline to the ends of the run during the test. All
these tests were conducted with end 1 restrained and end 2 unrestrained.

a4 /o = d4/p + (2t /T — t/T)/(D/T).

1247
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The values given in the table are based on using dﬁ/D rather than do/D to
calculate the parameter A; that is, An = (dn/D) YD/T, and T/tn rather
than T/t to interpolate between the Bulletin curves (see Fig. 13). Using
dn/D rather than do/D reduces the calculated k_'s significantly and
brings them into better agreement with the test data, but using an in-
creased nozzle wall thickness ty decreases the stiffness parameter M/ET39
and, thus, increases k_ . This is opposite to what one would expect.*

On the other hand, the flexibility factors ko and ki obtained
directly froam 3teeles’ theory (FAST2) agree remarkably well with the test
data (CTR = l.41 for ko and 1.19 for ki). These results were obtained by
including the length of the nozzle wall reinforcement L1’ as well as the
other model dimensions in the analyses. From this, we conclude that L
may also be an important wmodel parameter, aad its influence should be
studied further.

5.3 UNREINFORCED BRANCH CONNECTIONS WITH 4/D > 0.5

Table 10 summarizes the available test data for unreinforced branch
connections with large-diameter branches (d/D > 0.5). None of the ana-
lytical design meithods for caleulating flexibility factors is applicable
for these models, including the Code equations. Nevertheless, we have
used the Code equations aand somewhat surprisingly found reasonably good
agreements with the test data. The one exception is the full outlet
(d/D = 1.0), 24- by 24-in. model (No. 30-2) where the test data gave a
significantly smaller out~of-plane flexibility factor than the Code
equations. Lf this one data point is neglected, CTR = 1.08 for ko'

The experimental out-of-plane flexibility factor ko for the two
other full outlet models, 47-1 and 47-2, agreed very well with the Code
equation. For in-plane bending, the Code equation agreed reasonably well
with the experimental data over the full range of d/D; CRT = 1.00 for ki'

Although there are only ten data points, the general trend is for k
to increase with increasing d/D and then to decrease at or near d/D = 1.0.
Although this may reflect a testing or test evaluation error, we think it
may be a real phenomenon. If one considers a trausverse section of a
branch connection with 4/D = 1,0, the branch pipe is tangent to the run
pipe, giving a wmembrane-like transfer of brauch load to the run pipe in
the trausverse plane. When d/D is <1.0, however, the branch is not tan-
genot to the run pipe, and more shell bending is involved. It is possible
that X incteases up to some value of d/D around 0.8 and then decreases
signif?cantly between d/D = 0.8 and d/D = 1.0. An analogous phenomenon
appears to exist for stresses caused by out—of-plane moments.

%See discussion in "Summary," Sect. 12.1.
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Table 10, Flexibility factors for unreinforced branch connections
(d/p > 0.5, D/T < 100)

’ k k.
Ref. Nominal Model parameters o i
No. size D/T  d/D c/T Test Code Test  Code
30-1 24 x 12 76 0.53 0.80 44 44,0 8.4 10.0
302 24 x 24 76 1.00 1.00 16 67.6 17 15.4
45-1 8 x 6 26 0.76 0.87 3.5 bed
45-2 8 x 6 26 0.76 0.87 11.2 11.4
453 12 x 10 33 0.84 0.97 13.1 17.9
454 12 x 10 33 0.84 0.97 12.8 17.9
36—-1 20 x 12 19 0.64 0.69 1.2 2.5
36-2 20 x 12% 19 0.64  0.69 3.5 5.9 1.8 2.5
47-1 10 x 10 41.4 1,00 1.00 28.0 26.6 8.25 8.28
472 10 x 10 24,7 1.00 1.00 13.1 12.3 7.67 4.94
Sums 141.7 203.6 47.8 48.0
CTR 1.44 1.00

(1.08)P

MModel 36-2 was a drawn outlet; see Fig. 23.

bCTR if model 30-2 is neglected.

5.4 NOZZLE-REINFORCED BRANCH CuNNECTIONS WITH d/D > 0.5

Table 11 summarizes the available test data for nozzle-reinforced
branch connections with large-diameter branches (d/bD > 0.5). All of
these data are for specialty product items sold by WFI,%S Pipettes indi-
cated by a "P" in the second column and Vesselets indicated by a "V."
Four of the items, 45-16, -22, 25, and -26, were experimental models
intended to test the influence of nozzle wall reiaforcenent; 50% indi-
cates that the nozzle wall provides only 50% of the Code-required rein-
forcement. Most of the flexibility data are for out-of-plane monents
with only two data points for in-plane nmowments.

None of the analytical design methods are applicable for these
models, including the Code equations, because of the large d/D ratios.
Nevertheless, the comparisons shown in Table 1l suggest that the Code
equations give reasonably good design guidance for d/D ratios up to abhout
0.75. The two data poiants, 45-13 aud ~14, for 4/D = 1.00 from two nomi~-
nally identical test models are so different that conclusions are not
possible for d4/D > 0.75. The other three pairs of nominally ideutical
models (45-9, -10); (45-11, -~12); and (45-20, —21) gave test results that
are in reasonably good agreement.
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Table 1l. Flexibility factors for nozzle-reinforced branch connections
(d/D > 0.5, /T < 100)

Ref. Brangh Model parameters ko k;

No. type B/T d/D /T /T Test Code? Test  Code®
45-9 8X5P 26 0.64 0.80 2.45 7.2 5.1

45-10 8X5P 26 0.64 0.80 2.45 6.3 5.1

45~11 8X56P 26 0.76 0.87 2,42 8.2 6.8

45-12 8X6P 26 0.76 0.87 2.42 7.4 6.8

45-13 8Xx8p 26 1.00 1.00 2.75 14.3 8.5

45-14 8X8P 26 1.00 1.00 2.75 5.3 8.5

45-16 8X6P — 50% 26 0.76 0.87 1.94 6.1 7.6

45-19 12X8V 33 0.67 0.86 2,86 2.2 2.8
45-20 12X8V 33 0.67 0.86 2.86 5.3 8.3

45-21 12X8V 33 0.67 0.86 2.86 6.0 8.3

45-22 12X8vV — 100% 33 0.67 0.86 3.19 4,8 7.8

45--25 12X8V — 50% 33 0.67 0.86 2.03 2.6 3.4
45-26 12X8V — 50% 33 0.67 0.86 2.03 6.0 9.8 :

Sums 76.9 82.6 4.8 6.2
CTR 1.07 1.29

% gstands for WFI Pipette, V stands for WFI Vessolet, and percentage
values refer to Code-required reinforcement.

quuation (8) of text,

eEquation (9) of text.

5.5 SADDLE-, PAD—, AND SLEEVE-REINFORCED BRANCH CONNECTIONS

The available experimental data for saddle-, pad—, and sleeve-rein-
forced branch connections are summarized in Table 12; the dimensional
parameters are given in Table 13. TFigure 23 shows the major design fea-
tures., Note that all the data are for branch connections with d/D < 100
that were obtained prior to 1962. Perhaps this reflects a lack of
interest in these types of branch conunections, and indeed our survey of
design practice in the nuclear industry indicated that the specialty
product reinforced branch connections were preferred. However, the
potential exists for using pad-reiaforced vessel nozzles at the vessel-
pipe interface for the design of more-flexible nuclear piping.“8

None of the analytical design methods considered in this report are
applicable to nonintegral reinforced branch connections. The two that
gave the best correlations are shown ia Table 12. The FAST2 analyses
ware made on integral reinforced models as shown in Fig. 24. The re-
sults, shown in Table 12, tend to agree quite well with the test data.



Table 12,
reinforced branch connections?
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Flexibility factors LDf saddle—, pad-, and sleeve-
{d/b < 0.52, D/T < 100)

—ofpls k, for in~plane
Ref. Nominal k,  for out-of-plane ; for in-plan B
No. size Test Code FAST2 Test  Code FAST2
Saddlag
31 12 x 4 18 31.8 6.0 4.5 7.66 2.13
32 24 x 4 15 25,0 12.5 1.5 5.70 2.68
32 24 x 8 22 35.8 11.5 2.1 8.15 3,29
32 24 x 12 12 44,0 16.5 2.8 10,00 3.50
35 16 x 6 3 8.7 2.4 1.3 3.07 0.99
Suns 70 145.3 48.9 12.2 34,58 12,59
CTR 2.08 0.70 2.83 1.03
Pads
32 24 x 4 20 25,0 14.9 hod 5.70 4,23
32 24 x 8 28 35.8 22.8 3.6 8.15 5.00
32 24 x 12 18 44,0 13.1 5.6 10,00 5.12
35 15 x 6 8.4 8.7 3.7 1.5 3.07 1.66
34 48 x 6 10 17.0 8.0 1.6 3.82 3,11
Sums 84.4 130.5 67.5 17.0 30.74 19.12
CTR 1.55 0.80 1.81 1.12
Sleeve
32 24 x 12 22 hb 5.6 10.00
Overall sums 176.4 319.8 116.4 34,8 75.32 31,71
Overall CTR 1.31 0.75 2.16 1.09

aSee Fig.

23 and Table 13 for dimensional

paraneters,

The Code equations tended to overestimate the flexibility by about a

factor of

2.

A frequent concern is how to adjust design guidance for integral
reinforced branch connections to apply to nonintegral reinforcements.

Some speculation is therefore appropriate.
attempt to find an equivalent pipe wall thickness, T

We might,

for example,

o that could be used

ia the Code equations to give a better estimate of the flexibility

factors.
First,
/Koo =

note from Table 12 that the overall CI'Rs

1.31 and kl /k

wgers the added subscrlpts

tively.

Then note that the Code equations

give the ratios

= 2.16 for out- oprlane and in-plane moments,

indicate "Code" and

"experinent,

[herein, Egs.

" respec-
(8) and (9],



Table 13. Dimensional parameters for saddle—, pad—, and sleeve-reinforced branch connections®
(d/D < 0.52, D/T < 100)

b b
Ref. Nominal D T d t L, Lo D t ; o~
No. size (ig.) (in.) (ig.) (in.) {in.) (in. (ig.) (ig.) B/T d/D v/t DP/dO tP/L
Saddles
31 12 x & 12.75 0.1875 4,500 0.165 24 24 7.313 0.368 67.0 0.345 0.88 1.625 1.96
32 24 x 4 24,00 0.312 4,500 0,237 75 150 9.625 0,344 75.9 0.180 0.76 2,139 1.10
32 24 x 8 24.00 0.312 8.625 0.250 180 48 17.250 0.438 75.9 0.354 0.80 2.000 1.40
32 24 x 12 24.00 0.312 12.750 0.250 109.5 109.5 23.750 0.438 75.9 0.526 0.80 1.863 1.40
35 i6 x 6 16,00 0.500 6.625 (¢.280 21 21 11,5625 0.500 31.0 0.409 0.56 1.755 1.00
Pads
32 24 x 4 24,00 0.312 4,500 0.237 36 192 7.750 0.375 75.9 0.18¢ 0.76 1,722 1.20
32 24 x 8 24,00 0.312 8.625 0.250 78 150 15,750 0.375 75,9 0.354 0.80 1.826 1.20
32 24 x 12 24.00 0.312 12.750 0.250 109.5 109.5 25.000 0.375 75.9 0.528 0.80 1.960 1.20
35 16 x 6 16,00 0.500 6,625 0.280 21 21 12,125 0.500 31.0 0.409 0.56 1.830 1.00
34 48 x 5 49,25 0.625 6.625 0.280 41 73 10,500 0.625 77.8 0.13¢ 0,45 1,585 1,00
Sleeve
32 24 x 12 24,00 0.312 12,750 0.250 109.5 109.5 e 0.375 75.9 0.528 0.80 e 1.20

%5ee Fig. 23 for identification of dimensions.

bAll of these tests were for nozzles in headers with both ends more or less restrained. L; and L; are the dis-
tances from the nozzle centerline to the ends of the header.

®The axial length of reinforcement for this model, L = 25,0 in.; Ln/do = 1,96,

€S
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can be written as
k, = T°3/2 g, (22)

where G_ and G, contain all the terms except T. Similatvr expressions can
be written for koe and kie in terws of the equivalent pipe wall Tg:

= -2 . - 3/2
koo =T.726, 3 kg, =T / Gy (23)

so that the CIR ratios give

(ko /kpo) = (T,/T)% = 1.81

and (24)

(ky /Ky = (Te/T)3/2 = 2.16 .
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The equivalent wall thicknesses are then
T, = (1.8DY2 T = 1,35 1 for k_ ,

and (25)
T, = (2.16)2/3 T = 1.67 T for k, .

Note that T, is considerably less than (t_ + T), which ranges from 2T to
2.96T for tﬁe models in Table 13. P

It is also informative to look at the saddle data and the pad data
separately because they are quite different types of reinforcement.

Type For ko For ki
of .
reinforcing CTR Te/T CTR Te/T
Saddles 2.08 1.44 2.83 2,00
Pads 1.55 1,24 1.81 1.49

As might be expected, these data indicate that saddles are more effective
than pads in reducing flexibility. Conversely, if one were interested in
retaining flexibility while increasing the bending strength of the branch
connection, then pads would be more effective than saddles. The relative
values of the parameters t_/T and D /dO shown in Table 13 probably both
influence this saddle*vs~pgd relatignship as well.

1f one were to seriously consider modifying the Code flexibility
equations to also cover nonintegral reinforcements, a much larger data
. base would be needed. Because the FAST2 computer program appears to fit
the existing data, an exploratory parameter study should be done to pro-
vide the needed additional data.

5.6 ANSI B16.9 TEES AND SWEEPOLETS

ANSI B16.9 tees are a class. of commercially available, butt-welding
tees fabricated in accordance with either the ANSI B16.9 or M3S-SP48
manufacturing standard.*%,50 These standards include overall dimensional
and basic pressure strength requirements, as well as controls for certain
manufacturing variables. 1In the design rules:for nuclear piping, ANSI
B16.9 tees are recognized as a class of piping products distinct from
other types of branch connections. By common usage, the term includes
only those tees that are characterized by a smooth transition region
between the branch and run outlets and are forged from a segment of
straight pipe using an external~surface die and some means for extruding
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the branch outlet. Machined tees and welded tee joints, as well as
specialty products that are welded to the run pipe, are not included.
The manufacturing standards include dimensional controls for tees with
d/D ratios between about 1/3 and 1.0.

Figures 25 and 26 are photographs of two of the tees that were
tested under the ORNL Piping Program.51 Figure 25 is a cut—-away model of
a 12 x 6 sched. 40 stainless steel tee (ORNL T-8) showing the character—
istic contour and wall thickness variation that is typical of reducing
tees. Figure 26 is an external view of a 24 x 24 sched. 40 carbon steel
tee (ORNL T-10) that shows the smooth transition and tangent intersection
at the side that is characteristic of full outlet tees.

Sweepolets are forged, smooth transition, specialty product items,
trademarked and sold by the Pressure Fittings Division of Gulf and
Western Manufacturing Company, that are insert-welded to straight pipe to

ORNL PHOTO 78304

Fig. 25. Epoxy model of a 12- by 6-sched. 40 ANSI Bl6.9 tee,
ORNL T-8.
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ORNL PHOTO 7887-79

Fig. 26. A 24— by 24-sched. 40 ANSI Bl6.9 tee, ORNL T-10, following
the fatigue-to—-failure test.

form a branch connection. The contour geometry is similar to that of
ANST B16.9 tees as shown in Fig. 27.

The available flexibility data are summarized in Table 14. All the
tests were conducted with one end of the rum pipe fixed; the flexibility
factors discussed here were determined from the displacement data using
the "point spring" branch connection model discussed in Sect. 4.l. These
"k'"'s are different from the flexibility factors given in Ref. 46 because
of the different strength-of-materials models used in analyzing the data.
The negative test value for the sched. 160 tee Tll simply reflects the
fact that the tee was heavier and consequently stiffer than the "point
spring" model used in analyzing the data.

Table 14 contains two evaluations for ORNL T-16“4® that was ordered
as sched. 10 with a nominal wall thickness of 0.250 in. Because of manu-
facturing practices (materials availability, scheduling, etc.), however,
the tee was actually formed as sched. 20, with a nominal wall thickness
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ORNL PHOTO 6628-87

Fig. 27. Specialty product branch connection insert Sweepolet, made
by the Pressure Fittings Div., Gulf and Western Manufacturing Co.
(formerly Bonney Forge, Inc.).

of 0.375 in. This procedure is permitted under the ANSI Bl6.9 Standard
as long as the welding ends are machined to match the smaller schedule
pipe that will be welded to the tee. This was done for ORNL T-16, but in
addition the wall thickness of the body of the tee was also reduced by
through-boring the run to match the nominal inside diameter of sched. 10
pipe. This produced a variable wall thickness tee that is not typical of
either sched. 10 or sched. 20 ANSI Bl16.9 tees. The test model was fabri-
cated using sched. 10 pipe welded to the tee.

Comparisons of the experimental flexibility factors with the Code
branch connection formulas given in Table 14 show that those formulas
overpredict the flexibilities by wide margins (CTR = 6.94 for k, and 2.14
for k,). The test values are relatively low, however, and the main mes-
sage 15 that the flexibility of Bl6.9 tees is not likely to be signifi-
cant in the design of typical piping systems.



Table l4.

Flexibility factors for ANSI Bl6.9 tees and Sweepolets

Nominal wall

§§f. N:?;Zal thickness Model parameters Kk, ki

NPS (Run Bfanch D/T d/D t/T Test? Code® Test®  Code?
in.) (in.) ‘

37 12 x 10 0.500 0.500 24,5 0.837 1.000 44 11.8 4.8 4,66

37 12 x 10 0.500 0.500 24.5 0.837 1.000 7.6 11.8 4.5 4,66

37 12 x 10 0.429 0.450 28.7 0.836 1.049 7.3 15.2 4,2 5.56

46-T10 24 x 24 0.687 0.687 33.9 1.000 1.000 1.3 20.6 3.5 6.98
Sched. 40

46-T11 24 x 24 2.343 2.343 9.24 1.000 1.000 —O.3b 5.9 0.8 2.05
Sched. 160

46-T12 24 x 10 0.687 0.365 33.9 0.445 0.531 2.3 10.0 0.9 3.39
Sched. 40

46-T13 24 x 10 2.343 1.125 9.24 0.444 0.480 0.4 1.51 0.2 0.95
Sched. 160

46-16A° 24 x 24 0.375 0.375 63.0 1.000 1.000 1.8 51.2 6.0 12.8
Sched. 20

46-16B° 24 x 24 0.250 0.250 95.0 1.000 1.000 0.8 94,1 3.8 19,2

d Sched. 10

38 12 x 6 0.375 0.280 33.0 0.513 0.747 3.2 12.3 1.4 4,21
Sched. 40S

Sums 33.8 234.41 30.1 64.46

CTR 6.94 2.14

%Even though the ASME Code gives flexibility guidance for ANSI B16.9 tees, the data

were analyzed for this report as if they were branch connections as discussed in Sect.

bNegative numbers imply that the "point spring" in the model was stiffer than the
branch pipe.

CORNL T-16 was ordered as sched.
The displacement data were analyzed as if the entire

bored" to sched.
model was sched.

d

10 on the run.
20 for T-16A and as if the entire model was sched.

This is the only Sweepolet data that we have.

10 for T-16B.

3.1,

10, but was manufactured as sched. 20 and "through
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6. BRANCH MOMENT FLEXIBILITY FACTORS COMPARED
WITH ANALYTICAL DATA

6.1 FINITE-ELEMENT DATA

The available benchmark finite—element data and corresponding flex-
ibility factors are summarized in Tables 15—19. The finite-element
analysis (FEA) data listed in Tables 1518 for nozzles with D/T < 100 and
d/D < 0.5 were used earlier as the essential data base for the present
ASME Code flexibility factors. As one might expect, the comparisons are
very good between the Code equations and the FEA data shown in Tables 15
and 16 for the unreinforced branch connections and in Table 17 for the
nozzle-reinforced branch connections. Table 18 gives the dimensional
parameters for the models listed in Table 17. The overall CFR values for
the out-of-plane flexibility factor ko from Tables 15 and 17 are shown
below.

Overall CFRa values for ko

Code M&S LUGS WRC-297 FAST?2

UBC models 0.98 1.08 1.67 2.96 0.99
(Table 15)

S1 models 0.86 1.55 2.84 6.56 0.97
(Table 17)

P30 models 1.28 2.88 4,36 7.81 1.82
(Table 17)

ACFR is the ratio of the sum of the calculated
values to the sum of the finite—element values.

M&S design charts and the LUGS computer program, representing
Bijlaard's theory, both show good couparisons for the standard nozzle-
reinforced 51 models. Neither method is strictly applicable for the P30
models, however, because of the shape of the reinforcement. This shows
up as an extreme overestimate for the P30A model, as well as a general
overestimate for the other P30 models.

Steeles' theory, FAST2, shows very good comparisons for both the
UBC and S1 models, even though the dimensional parameters for a number
of the models were outside the theoretical thin-shell theory range. The
comparison for the P30 models is not so good, again because of the rein-
forcement shape. The Code equations do a better job for these models.

The WRC~297 method, based on Steele's theory, overestimated ko by a
counsiderable amount for all three sets of models. The wvalues shown in
Table 15 for the UBC models are based on the A » 100 pair of lines from
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i5. Out-of-piane moment flexibility factors for unreinforcead
branch comnections (d/D < 0.5, B/T < 100) — comparisons with

finite—slement data®

Model parametersb

Modal
No. /T d /D, t/T FEa Code &S LUGS  WRC-297  FAST2
UA 102 0.50 0.50 47.0 51.5 51 84.1 170 44,7
UB 82 0.50 0.50 37.2 37.1 36 653 120 36.3
Uc 42 0.50 0.50 16.2 13.6 17 28.3 46 18.3
UD 22 0.50 0.50 6.92 5.16 8 i2.04 17 8.57
UE 12 0.50 0.50 2.84 2.08 4,89 16 3.99
UF 12 0.08 0.08 1.96 0.33 .36 0.06 0.07
Sums 112.12 109,77 194.99 369.1 111.93
CFRC 0.98 1,04 1.74 3.29 1.00
J11 59.5 0.115 0.238 6.92 7.59 5.1 5.37 5.4 5.96
J22 20,0 0.020 0.020 0.00 0.18 0.0 0 0 0
J33 20.0 0.080 0.474 0.96 1.74 0.94 0.98 ) 0.02
J44 20.0 0.320 1.000 7.75 5.06 12.0 14.54 16.0 7.84
J3 49.0 0.114 0.840 10.10 10.60 13.0 13.72 15.0 10.08
Sumg 25.73 25417 31.04 34.61 38.40 23.90
CER™ 0.98 21 1.35 1.49 0.93
Overall sums 137.85 134.94 143,04 229.6 407,46 135,83
Overall CFR” 0.98 1.08 1.67 2.96 0.99
Ap11 the finite-element data in this table are from Refs. 15 and 21. The

nodels were analyzed with one end

bL/D

®CFR is the ratio of the sum
element values.

= 4,0 and 2.0 for the U

of the run fixed and

models and the J models,

the other end free,

respectively,

of the calculated values to the sum of the finite-

19



Table 16. In-plane moment flexibility factors for unreinforced
branch connections {(4/D < 0.5, D/T < 100) — comparisons with
finite-element data®

-

. 0

Model Model parameters ks

No. DO/T do/DO /T FEA Code M&S LUGS WRC-297  FAST2
UA 102 0.50 0,50 8,89 10.2 4,3 8.73 8.79
UB 82 0.50 0.50 7.68 8.2 4,2 7.82 7.38
uC 42 0.50 0. 50 4,58 4,2 3.2 5.08 4,28
un 22 0.50 0.50 2,65 2,2 1.9 2,96 2.51
UE 12 0. 50 0,50 1.50 1.2 1.54 1.5 1.53
UF 12 0.08 0.908 1,91 0.2 0.24 0,05 0,06
Suns 27.21 25.0 26.37 24,49
CFRC 0.92 0.57 0.97 0.90
Jil 59.5 0,115 0.238 3,99 1.97 2.4 2,64 2.8 3,22
J22 20,0 0.020 0.020 0 0.08 0 0 0 0
J33 20.0 0.080 0.474 0.75 0.78 0.6 0.63 0.61 0.60
Jh4 20.0 0.320  1.000 2.81 2.26 4,2 5.24 4,8 3,21
J3 49,0 0,114  Q.840 5.25 3.03 6.7 7.05 6.6 5.35
Sums 12,51 8,12 13.9 15,556 14.81 12.48
CFRC 0.63 1.0% 1,21 1.16 8.97
Ovarall sums 40.02 33.12 41,93 36,97
Overall CFR® 0.83 0.75 1.05 1.01 0.92

2411 the finite—element data in this table are from Refs. 15 and 2l. The
wodels were analyzed with one end of the run fixed and the other end free,

bL/D = 4.0 and 2.0 for the U models and the J models, respectively.

Crp 2 - .2 = - = _ . N .
CoFR ig tha ratio of the sum of the calculated values to the sum of the finite-
elemant values.
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Table 17.

Flexibility factors for nozzle-reinforced, finite-element models

(a/p < 0.5, D/T < 100)

—_nF—- -—

Model ko for out-of-plane moments ki for in-plane moments

No. FEA Code M&S LUGS WRC 297 FAST2 FEA Code M&S LUGS WRC 297 TAST2
S1A 17.8 17.5 34 62.1 160 18.04 2.70 3.46 2.3 5,36 3.2
S1B 14,5 13,1 24 47,3 115 14,84 2.42 2,90 2.1 4.63 2.62
SicC 6,32 5.43 10 19.3 41 6,56 1.46 1.68 1.3 2,62 1.43
S1D 2.33 2.33 8.0 14 3,10 0.72 0.99 1.31 0.82
S1E 0.69 1.06 2.5 4.6 1.68% 0.24 2.61 0. 46 0.57a
SIF 4,07 3.08 5.8 9.11 15.0 4,38 1.09 0.95 1.2 1.86 0.99
S1G 1.41 1,32 2.1 3.31 5,2 1.75% 0.49 0.57 0.5 0.80 0.50%
S1H 0.33 0.61 1.21 1.6 0.74% 0.07 0.35 0.32 0.28 0.274
311 2,11 1,27 1.6 2.11 3.2 1,424 1.14 0.39 0.6 0.72 0.58 0.,45%
S1J 9.95 0.55 0.5 .69 0.89 0.504 0,71 0.24 0.2 0.26 0.28 0.204
S1K 0.35 0.26 0.23 0.26 0.19% 0.28 0,15 0.09 0.08 0.09%
SIL 2,02 0.52 0.33 0.43 0.55 0.33% 1.85 0.16 0.2 0.20 0.19 0.15%
S1M 1,43 0.23 0.09 0.12 0.15 0,114 1.39 0.10 0.05 0.06 0.06 0.06%
SIN 0.81 0.11 0.04 0.04 0.04% 0.80 0.06 0.02 0.02 0.02%
Sums 55.12 47,37 156.41 361,49 53.68 15.36 12,61 18,71 11.37
CFR 0.86 1.55 2.84 5.56 0.97 0.82 0.64 1.22 0.74
P304 6.91 10,44 24 35.84 73,0 15.46 1.89 2.07 3.1 5.05 2.68
P30B 3,20 3,38 6.3 14,29 18,0 4.73 1.07 1,04 1.4 3.06 1.11
P30C 1,20 1.48 2.3 3.61 5.7 1,93 0.54 0.49 0.6 0.94 0.81 0.58
P30D 0.33 0.68 1.31 1.9 0.86% 0.17 0.39 0.38 0.35 0.33%
P30E 0.99 0,13 0. 04 0,05 0.04% 0.98 0.07 0.02 0.02 9, 03%
Sums 12,63 16.11 55.09 98.65 23,02 4,65 4.06 9.45 4,73
CFR 1.28 2,88 4.36 7.81 1.82 0.87 1.46 2.03 1.02
Sums 67.75 63,48 211.50  460.14 76.70 20.01 16,67 28,16 16.10
CFR 0.94 1.79 3,12 6,79 1.13 0.83 0.81 1,61 0.80

IModel parameters are outside Steele's theoretical limits.
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Table 18, Dimensional parameters for nozzle-reinforced, finite—element models®

Model DO 4 T t t L

Y D

%@ (1S (1) (in.)  (in.)  (imy  (ih,y M/Tod/de/T e /T 4/

S1A 10.0 5.0 0.098 0.049 0.3753 0.651 101 0.50 0.50 4,34 0.581
Sig 10.0 5.0 0.122 0.061 0.4282 0.7123 81 Q.50 0.50 4,01 0.593
S1icC 10.0 5.0 0.2381 0.1191 0.6285 0.9487 41 0.50 0.50 3.14 0.641
Sin 10,0 5.0 0.4545 0.2273 0.8862 1.2834 21 3.50 0.50 2.45 0.710
S1% 10.0 5.0 0.8333 0.4167 1.1832 1.7658 11 0.50 0.50 1.92 0.804
SiF 10.0 3.2 0.2381 00,0762 0.5333 0.7143 41 0.32 0.32 2.56 0,437
SiG 10.0 3.2 0.4545 0.1454 0.7545 0.9662 21 0.32 0.32 1,98 0.493
S1H 10,0 3.2 0.8333 0.2667 1,00090 1.9324 11 0.32 0.32 1.52 0.567
SiIT 10.0 1.6 0.2331 0.0331 0.4095 0.4658 41 .16 30,16 1.88 0.248
S1J 10.0 1.6 0.4545 0.0727 0.5772 0.6321 21 0,16 0.16 1.43 0.289
SiK 10,0 1.6 0.8333 0.1333 08,7667 0.3707 i1 .10 0.1% 1,08 G.342
S1L 18.0 G.8 0.2381 J.1091 3.3096 3.3081 41 7.08 0.08 1,38 D142
SIM i0.0 G.8 00,4545 0.0364 0.46317 0.42033 21 0.08 0.08 1.03 0.174
SiN 10.0 G.8 0.8333 0.0657 09,5333 0.6213 il 0.08 0.08 Q.72 0.204
P30A 10.0 3.2 0.098 0.0314 $0.2812 0.7444 101 0.32 0.32 3.19 0.380
P308B 10,6 3.2 .2331 0.0762 0.4310 1.1771 41 0,32 4,32 2.13 0.416
P230C 10.0 3.2 0.4545 0.1454 0.5818 1.564% 21 .32 0.32 1.50 0.457
P30D 16.0 3.2 0.8333 0.2567 0.7583 2.3543 il .32 0.32 1.23 G.515
P30R 10.0 0.8 0.8333 0.0667 0.3749 i.1771 11 0.08 0.08 0.53 0.169

“The S1 models look like Fig. 3{(a); the P30 nmodels look like Fig. 3(¢). See Ref. 15.

L/D = 4 for all these models. One end was fixed, and the other end was free for the finite-
element analyses.
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Table 19. Flexibility factors for nozzles in very large
diameter tanks™ — FEA models

Model Model parameters ko for out-of-plane moment ki for in-plane moment
No. D/T do/D t/T L/Db FEA Code WRC-297 FAST2 FEA Code WRC-297 FAST2
Bi 400 0.,0255 0.2 7.26 i8 57 21 18 12 6 9 11
B2 2,500 0.0102 0.5 2.91 210 893 260 200 122 36 130 119
B3 10,000 0.0051 1.0 1.46 1,400 7,140 2,000 1,250 746 101 1,000 782
B4 40,000 0.00255 2.0 0.73 11,000 57,100 16,000 9,168 5,600 571 8,200 5,981
Sums 12,628 65,190 18,281 10,636 6,480 714 9,339 6,893
CFR 5.16 1.45 0.84 0.11 1.45 1.06

%Taken from Appendix B, WRC Bulletin 297.27
b

Both ends of the vessel were restrained.
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WRC-297 Fig. 60 (Fig. 13 herein). If we had used the A = 14 line, even
though it is not applicable because T/t > 1.0, the estimated k_ values
would have been about 30%Z lower and would have agreed a littleobetter
with the FEA results. The reduction would need to be on the order of
300%, however, to agree as well as the Code equations.

The values shown in Table 17 for the locally reinforced Sl and P30
models were based on redefining the nozzle-diameter~to-shell diameter
ratio (d/D) and the wall thickness ratio (T/t) to account for the rein-
forcement; that is, we used T/tn and A = (dy/D) /E7f, where

d, = (d/D) + (2 ¢, /T — ¢/T)/(D/T) . (26)

As noted previously, however, using ty instead of t appears to be going
in the wrong direction.®* Both d, and t were also used in the M&S and
LUGS calculations.

Comparisons between the finite-element data and the various design
methods for the in-plane moment flexibility factor k., are shown in Table
16 for the unreinforced UBC models and in Table 17 for the nozzle-rein-
forced S1 and P30 models. The overall CFR values are shown below.

Overall CFR values for ki

Code M&S LUGS WRC-237 FAST?Z

UBC models 0.83 0.75 1.05 0.92
(Table 16)

SI models 0.82 0.64 1.22 0.74
(Table 17)

P30 models 0.87 1.46 2.03 1.02
(Table 17)

No CFR values are given for the WRC-297 method because the parameter
A = (d_ /D) VD/T is outside the range of the WRC figure for wost of the
models., The few wodels that fell within the range of the figure do not
give enough data for the CFR to be meaningful. Those WRC-297 k. values
that are included in Tables 16 and 17, however, agree vather weil with
the values calculated with FAST2. The design methods, in general,
appear to give reasonably good estimates for ki for the parameter range
b/T < 100, d4/D < 0.5.

Table 19 summarizes the finite-element data and comparisons for
nozzles in very large thin-walled vessels (tanks) from Appendix B of WEC

*See discussion ia the "Sunmary' section.



Bulletin 297. The two smaller D/T models, Bl with D/T = 400 and B2 with
0/T = 2500 are within the range of interest discussed in Sect. 2 of this
report. The other two, B3 and B4, with D/T values of 10,000 and 40,000
are not realistic structures but perhaps do provide some indication of
how the theories compare for those extreme D/T ratios. In making these
comparisons, however, remember that the FEA method is also subject to
error. Bijlaard's theory {s not applicable because of series convergence
problems for very large D/T.

The CFR values given in Table 19 show that the Code equations are
poor estimators for these very large D/T ratios, overpredicting ko and
underpredicting ki just like the earlier comparisons with test data.

Both FAST2 and WRC-297 are in reasonably gcod agreement with the FEA
data. This is a definite encouragement for Steeles' theory and the FAST2
computer program. We feel that it is fortuitous, however, for the WRC~-
297 method because of the better correspondence between the model
parameter A = 145 and the Bulletin curves for A = 100.

6.2 HANSBERRY AND JONES THEORY FOR ki

In 1969 Hansberry and Jones®? (H&J) presented a theoretical solu-
tion, based on thin-shell theory, for a small unreinforced branch con-
nection, d/D = 0.10, t/T = 1.0, with an in-plane mwoment acting oa the
branch and equilibrium reaction moments on both ends of the run (vessel).
They did not indicate the length of the run, but more than likely con-
sidered it as effectively infinite. For the FAST2 calculations, we used
a value of L = 100 in.; that is, L/D = 10. Several trial calculations
using L from 50 to 500 in. indicated that the effect of L/D had essen-
tially stabilized at L/D = 10.

In-plane flexibility factors k., converted from their paper for D/T
values ranging from 200 to 1000, are listed in Table 20, along with
values from the Code equation and FAST2. If we assume that the FAST2
values are more nearly correct, it is apparent that the H&J solution
underestimates k. by 20 to 50%. As before, the Code equation does a poor
job for this range of D/T, being even lower than H&J by about 50%.
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Table 20. TIn-plane moment flexibility
factors from Hansberry and Jones?
theory for unreinforced
branch connections
(d/D = 0.10; t/t = 1.0; L/D = 107)

k. for in—-plane moment
i . . C
D/T H/F ratio

H& 7 Code FAST2
200 16 13 32 0.50
300 35 19 49 0.71
400 52 25 66 0.79
600 82 38 99 0.83
800 103 51 130 0.79
1000 117 63 161 0.73

Sums 405 209 537
CHJR 0.52 1.33 Av 0.75

23ee Ref. 52.

bThe length of the run L was not
Ziven in Ref. 52. For the FASTZ calcula~
tions, L/D = 10 was used.

Cy/F ratio is ki (H&J)/k; (FAST2).
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/. FLEXIBILITY FACTORS FOR TORSIONAL BRANCH MOMENTS

Experimental data on the angular rotation of a branch connection or
nozzle due to a tersional moment on the branch are very sparse. Mills,
Rodabaugh, and Atterbury37 and Moore, Hayes, and Weed4® provided test
data for eighr ANSI Bl6.9 tees. In most cases, the measured torsiomnal
rotation O_ was of the same order of magnitude as the nominal rotation
6 , so that (8 — 8 ) << 8_. Thus, an accurate determination of the
"Eoint spring" model flexibility factor could not be made for the B16.9
tees.

Moffat and Kirkwood,“7 however, obtained experimental torsional
flexibility factors k for four full outlet unreinforced branch connec-
tion models (d/D = £/T = 1.0) that were of the same order of magnitude as
the in-plane and out—of-~plane flexibility factors noted below:

Model 1 2 3 4
D/T 42 .4 25.7 16.2 12.4
Kip 15.23 8.06 3.90 3.81
kob 28.04 13.12

kib 8.25 7.67

They also analyzed Model 2 by the finite—elewent method with essentially
the same results. These data indicate that torsional flexibility may be
significant in desigu for the larger d/D branch coanections.

Although Steeles' theory and the FAST2 computer code have the capa-
bility for calculating torsional flexibility factors kﬁ’ the nunetcical
parameter studies have not been done. For nozzles with very small d4/D,
however, an upper—bound solution might be appropriately developed by
modeling the cylindrical shell as an infinite flat plate with a round
hole of diameter d = Zri at the origin and a torsion monment load My uni-
formly distributed around the inside edge of the hole. Equilibrium con-
ditions would then require that

M o= SS(anZT) for r = r., to ™ , 27

where S, is the shear stress and T is the thickness of the flat plate
(cylindrical shell). For a differential element in cylindrical coordi-
nates, the shear stress is related to shear strain by

Sg = (d8)rG/(dr) , (28)
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where G is the shear modulus. Combining Egqs. (27) and (28) leads to the
simple differential equation ‘

do Mt
—— b (29)
dr  2mGTr3

which way be solved by integration over the range r; £ T < that is,

Mt o dr Mt 1
0 = [ -5 : (30)
26T Jr, 3

Additional test data and more-refined analyses are needed to ade-
quately answer the question of the design significance of torsional
flexibility, especially for d/D > 0.5.
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8. FLEXIBILITY FACTORS FOR RADIAIL LOADS

Axial stresses are not routinely evaluated in a piping system
design, primarily because they are generally <3000 psi in a properly
supported piping system. This value is not significant with respect to
either the allowable stresses or to the stresses caused by internal pres—
sure or moment loads. Axial loads, however, are routinely calculated in
the piping system analysis (flexibility analysis) and used in the design
of the supports. 1In addition, pressure vessels and tanks usually have
desigzn allowable radial loads for the nozzles that impose limits on the
axial loads from the attached piping. Recent reports on damage to piping
systems during earthquakes also suggest that the axial forces within the
piping may be importaat for dynamic loadings.

One important consideration in calculating radial loads on vessel
nozzles is the tendency of the attached pipe to shed additional load by
displacing laterally when the axial load on the pipe exceeds a critical
value. This critical load will depend on several factors, including the
straightness and length of the pipe between supports, the rotational
rigidity of the supports, and lateral loads on the pipe from dead-weight,
etc. A first approximation can be obtained frowm Euler's buckling equa-
tion for a hinged-end column:

W/A = sz/(Lc/rg)2 , (31)

where W/A is the axial compressive stcess ia the pipe, LC is the critical
buckling length, and

r, = (1/4) /ng:mgg (32)

is the radius of gyration of the pipe. For the particular case of W/A =
3000 psi, the associated critical pipe length, in feet, is given by

Lo = (n%8/3000)1/2 ¢ /12 . (33)
For sched. 40 pipe, Eq. (33) zives

Size (NPS) 2 4 3 16 24

L. EE 21 40 77 143 216

Considering that "straight" pipe is not very straizht and that a lateral
deadweight load exists for horizontal pipe runs, L,k from Euler's equation
will probably be largec than the actual critical buckling length of the
attached pipe. This potential nonlinearity should be remembered in the
following discussion.



72

Table 21 summarizes the available experimental data for thrust loads
in terms of rhe flexibility factor k, defined as [see Eq. (13) Sect.
3.3.2] '

k, = 8/(Wd/EA ) (34)

where 8§ is the inward radial displacement of the shell, d is the midwall
diameter of the attached pipe, and An is the cross—sectional area of the
attached pipe:

A, = /b (2 - dd) . (35)

Table 21 contains three sets of data. The first set is the four data
points obtained by Cranch3% in 1960 from tests on the 48-in.-diam by

Taple 21. Thrust-load flexibility factors — experimental data®
and analytical comrparisons

Model Mcdel parameters kw

(type) D/T d /D /T L/D Test Theory? LUGS WRC-297 FAST?
Attachment 1 77.8 0.136 0.448 2,143 77 84 92 40 81
(Trunion)
Attachment 2 77.8 0.136 0.448  2.143 110 86 92 49 84
(UBC)
Attachment 3 77.8 0.136 0.448 2,143 120° 70 92 40 63
(Pad)
Attachment 5 77.8 0.072 Solid  2.143 450 310 316 210 295
(Bar) bar
Sums 757 550 592 330 523
CTR 0.727 0.782 0.436 0.691
CBI-1 1050  0.0113 0.632  0.432 1200 1500 1200 1223
(1 1/8 in.)
CBI-2 1050  0.0278 1,088  0.432 1300 2100 1300 1475
(UBC)
CBI-3 2530  0.0100 0.527  0.239 21007 1700 2100 2327
(5/8 in.)
CBI-4 2530  0.0500 0.527  0.239  1300¢ 2800 <300 882
(1 in.)
LPV2 960  0.00417  1.000 0.332 1400 1500 1696
(UBC)
Sums 7800 6400 7603
CTR 1.25 0.82 0.98

2pata for the first four models are from Cranch,3“ data for the CBI models are from
Whipple et al.,*17%3 and data for model LPV2 are from Schroeder.'"

bThaary is Bijlaard's cited by Cranch3% for the first four models, and Steeles'!3 for the
CBIL models.,

cQuestionable data.

dNonlinear data; see Figs. 19 and 20.
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0.624-in.~wall vessel with five attachments, shown in Fig. 28, Attach-
ments 1-3 were made by welding 6-~in. NPS sched. 40ST pipe (dO = 6.625,

t = 0.280) to the vessel as shown. There was no opening in the vessel
wall for attachment 1 (Trunion), whereas for both attachments 2 and 3
there was an opening in the vessel wall equal in diameter to the outside
diameter of the pipe. Attachment 2 (UBC) was unreinforced, whereas
attachment 3 (Pad) was reinforced with a 10.5-in.-0D by 0.625-in.-thick
ring welded to the vessel and to the pipe. Attachment 4 had a rectan—
gular cross section and is not of direct interest here. Attachment 5
(Bar) was a 3.5-in.~diam solid round bar. Cranch's tests were conducted
both with and without internal pressure in the vessel (p = 193 and

0 psi). These are the only test data we are aware of that considered the
effects of internal pressure (see Sect. 9). Details of how the displace-
ments were measured or how the dial gages were supported were not re-
ported. The CBI models, tested by Whipple et al.*1 %3 and the LPV2 model
tested by Schroeder"* were discussed earlier.

Table 21 gives the nondimensional model parameters, the experimental
flexibility factors kw, and corresponding analytical k factors for zero
pressure. The experimental values for the four Cranch models appear to
be consistent except for the pad-reinforced attachment 3 that was re-
ported to be more flexible than the unreinforced attachment 2. Test data
for the pressurized case are in the proper order. The experimental
values given in Table 21 for CBI-3 and CBI-4 are Steele's interpretationl3
of the displacement data reported in Ref. 43 (see Figs. 19 and 20).
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The analytical values of given under the theory column of Table 21
are from Bijlaard's theory as cited by Cranch for the first four models
and from Steeles' theory as reported in the 1981 Shelltech progress report
to PVRC.!3 Reasonable correlation seems to exist between the "theory"
values and the experimental values in view of the three questionable data
points. Both Bijlaard's theory, as expressed in the LUGS computer pro-
Zram, and Steele's theory, as expressed in the FAST2 program, appear to
give reasonable correlations with Cranch's data; the WRC-297 results
appear to be low. We would expect the WRC-297 results for attachment 5
to agree much better because the design curves in the Bulletin were
derived specifically for a solid bar attachment. All three columns based
on Steeles' theory give good correlations for the large D/T models.
Bijlaard's theory is not applicable.
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9. INFLUENCE OF INTERNAL PRESSURE

Bijlaard's original paper12 includes an internal pressure term in
the general solution for the radial shell displacement w [Eq. (15),
Ref. 12]. Moreover, the influence of intermnal pressure is shown to be
nonlinear; for example, doubling the internal pressure P does not double
the influence of P on w. Both M&S23 and Dodge?® have included the pres-
sure term in their computer programs. M&S also provided design graphs
for P = 500 and 1000 psi, which illustrate the nonlinear influence of
pressure. Their choice of P as a general design parameter, however, is
not good because it does not normalize the design graphs with respect to
dimensions of engineering interest. For example, if D/T were 300, then
the only values that can be read directly from the graphs are for cases
with a nominal hoop stress of 75,000 or 150,000 psi, respectively.
Because the effect of pressure is nonlinear, interpolation between the
graphs is subject to counsiderable error. A better choice would have been
to plot curves normalized to PR/T.

Table 22 shows the influence of internal pressure on the thrust load
flexibility factor kw for four of the five attachments tested by Cranch. 3%

Table 22. 1Influence of internal pressure
on thrust-load flexibility factors

(p/T = 77.8)
k.

Model® PEes?;re - 5

ps Test? Theory LUGS®
Attachment 1 0 77 84 92
(Trunion) 193 73 68 31
Reduction 5.2%
Attachment 2 0 110 86 92
(UBC) 193 77 70 81
Reduction 30.07%
Attachment 3 0 120 70 92
(Pad) 193 41 53 31
Reduction 65.8%
Attachment 5 0 450 310 316
(Bar) 193 200 260 280
Reduction 55.6%
Sums 1148 1001 1115

CTR 0.87 0.97

“Tests conducted by Cranchau;

and Fig. 28 for model dimensions.

see text

bTheory is Bijlaard's cited by Cranch,3"

CLUGS is Bijlaard's theory programmed
by Dodge.26
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The pressure load of 193 psi that was used gives a nominal hoop stress of
PR/T = 7500 psi, which is well within the range of allowable design
stress. As may be seen, the internal pressure reduced k‘ by 5 to 60%.
Bijlaard's theory, as expressed under the “theory" and rics columns,
correlates quite well with Cranch's data and appears to do as well with
internal pressure as without it.

Table 23 shows the influence of internal pressure on the in-plane
(Mi) and out~of-plane (Mo) flexibility, as well as on the thrust leoad (W)
flexibility. Because Cranch did not test his model with moment loadings
on the attachment, all that we can show is the influence predicted by
Bijlaard's theory as expressed in his original paper and as programmed in
the LUGS computer program. The two sets of numbers tend to agree, with
LUGS giving slightly higher values because more terus were used in
evaluating the series. Both indicate that the internal pressure effect
on the flexibilities could be significant in design.

Table 23. Effect of internal pressure on flexibility

(8/M or &§/w) x 108

Att;zhgent R/T do/D figs PEES?;re
: pst Bijlaard LUGS
2 38.9 0.136 08 0 0.113 0.124
193 0.103 0.112
Reduction 8.8% 9,77%
My 0 0.043 0.046
193 0.041 0.045
Reduction 4.7% 2.27%
13 0 3.40 3.42
193 2.76 3.05
Reduction 18.87% 10.8%
5 38.9 0.072 M, 0 0.176 0.193
193 0.167 0.180
Reduction 5.1% 6.7%
M 2 0.090 0.102
193 0.087 0.101
Reduction 3.37% 1.0%
W 0 3.80 3.83
193 3.11 3.139
Reduction 18.2% 11.57%

Tests conducted by Cranch.3* See text and Fig. 28 for model
dimensions.
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How significant the influence of internal pressure might be for
large D/T tanks and vessels is, at this time, simply a matter of conjec—
ture because we have neither experimental data nor valid theory. We do
know that it could be significant for vessels with D/T < 100, and we know
that the influence is nonlinear, both with respect to D/T and P. From
the little data that we do have, however, we can guess that reasonable
design pressures might reduce the flexibility by about a factor of 3 for
out-of-plane moment and thrust loads and by about half that much (1.2 to
1.5) for in-plane moments. Obviously, if nozzle flexibility is to be
used in design to reduce the vessel-nozzle piping-support interaction
problem, the influence of internal pressure cannot be ignored. Addi-~
tional study is needed to provide appropriate design guidance.
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10. FLEXIBILITY FACTORS FOR RUN MOMENTS

So far we have been discussing flexibility factors associated with
applied branch moments that are reacted by moments at either one or both
ends of the run. There are also conditions in real piping systems where
the branch moments are so low that the moments at one end of the run are
reacted almost entirely by moments at the other end of the run. Under
those conditions, the existence of the branch might influence the flex~
ibility of the run pipe. To accommodate such a possibility in the piping
system flexibility analysis, we could put a "point-spring" in the
strength—of~materials flexibility model at the intersection of the branch
and run centerlines, that is, at point P in Fig. 1(e). Test data and
analyses could then be used to develop the run moment flexibility factors
associated with that point-spring.

For small d/D branch connections, it secems apparent that the only
run moment flexibility factor that might be different frow zerc would be
k associated with in-plane bending, M, in Fig. 1(e). Even kyv’ how-
ever, would be close to zero. For larger d/D branch connections, all
three flexibility factors might be different from zero as evidenced by
the experimental data of Moffat and Kirkwood“*”7 for full outlet (d/D =
1.0) unreinforced models:

Model 1 2 3 4
b/ T 42 .4 25.7 16.2 12.4
kxv 7.03 2.54 1,57 1.05
. o4 .
kyv 0.39 0.41 1.88
kzv 3.20 3.23 1.38 1.38

References 35 and 46 contain run-moment rotation data for ANSI Bl16.9
tees and for a WFIL Weldolet. Both types of branch connections are fully
reinforced; consequently, the derived experimental flexibility factors
are quite small and subject to large experimental errors.

If significant—for—~design run mowment flexibility factors do exist,
they are probably associated with unreinforced branch connectiouns with
large D/T and d/D ratios, for exawple, a 24 x 16 std. wt. fabricated
branch coannection., Our survey or industrial design practice discussed in
Sect. 2.3 indicated that these types of branch connections are not used
in nuclear power plant construction. We, therefore, conclude that
development of run-moment flexibility factors for vessel nozzles and
piping branch connections would have very low priority. [The development
of run—moment stress intensification factors (SIFs), however, is of
interest. ]
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11. NOZZLES IN VESSEL HEADS

For pressure vessels it is quite common to have nozzles in the
heads. The attached piping system then imposes moment and thrust loads
on the nozzles and there is potential for the same type of piplng sys~
tem—vessel nozzle interface problem that exists for cylindrical ves-
sels. Pressure vessel heads may be spherical, but more often they are
ellipsoidal or torospherical, consisting of a toridal knuckle at the
outer edge and a spherical control portion in the center. These are the
so—called flanged and dished heads.

In 1966, Rodabaugh and Atterbury®3 used Bijlaard's theory®" for
radial and moment loadings on a spherical shell to develop nozzle-to-
sphere flexibility design gulidance. The published result is a series of
ten design graphs for the parameter ranges 0 < D/T < 250, 0.01 < d/D <
0.5, and 0.01 < /T < 3.0. Because Bijlaard's solution was based on a
shallow-shell theory that is only generally valid for 4/D < 1/3, Roda-
baugh and Atterbury checked their design graphs, up to 4/D = 0.5, by
comparison with results from a general-purpose axisymmetric shell theory
computer program written by Kalnins®® that is not limited to shallow
shells. The difference between the two sets of results was consistently

Gb cos 0 = Gk . (36)

where Gb is the displacement given by Bijlaard's theory, Gk is the cor~

respoanding displacement given by Kalnins program, and 8 = sia™! (d/D) is
related to the nozzle—~to-sphere diameter ratio. For d/D < 0.5, the R&A
design curves overpredict the flexibility relative to the more accurate
Kalnins theory by <13.5%. Accordingly, the simpler R&A flexibility
curves were considered to be sufficlently accurate for design guidance.
In 1984, Batra and Sun®® (B&S) developed similar design guidance
but only for radial loading over the parameter ranges d/D < 0.1,
75 » D/T < 225, and 2.5 < d/t € 7.5. Their results were published as a
series of four design graphs that can be converted to flexibility fac—-
tors compatible with the R&A curves by:

k = mE (t/T)/(KR/t) , (37)
where KR is the B&S parameter
K, = (W/8)(e/T) (38)

in terms of the radial load W and the shell displacement §.

Apparently, B&S used a shallow shell theory that was similar but
not identical to the shallow shell theory used by Bijlaard. Comparisons
between the R&A and B&S flexibility factors, given in Table 24, show that
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Table 24, Comparison between flexibility
factors for radial loads on a nozzle
in a spherical shell

Kk
D/T d/D t/T @ - B
R&A% B&S
250 0.06 0.5 45 31
0.04 0.5 53 45
0.02 0.5 70 66
250 0.03 0.25 38 30
0.02 0,25 42 16
0.01 0.25 44 41
100 0.03 0.10 6.9 6.02
0.02 0.10 6.9 6.52
0.01 0.10 6.9 6.69
250 0.012 0.10 18, 17.
0.008 0.10 18. 17.
0.004 0.10 18. 17.

AR&A refers to Rodabaugh and
Atterbury®3 flexibility factors.

bB&S refers to Batra and Sun flex-
ibility factors as defined by Egs. (37) and
(38) of the text and the curves of Ref. 56.

the B&S curves generally give lower flexibilities. The differences, how-
ever, are not large enough to be significant in design (see Sect. 2.2).

The solutions of R&A33 and B&S®® are only applicable to isolated
radial nozzles in spherical shells and not to a cluster of closely spaced
nozzles or to a nozzle near to or in the knuckle region of a torospherical
head. Accordingly, an "isolation" condition should be kept in mind when
dealing with the flexibility of nozzles in vessel heads.

Because the geometry of isolated radial nozzles ia spherical shells
is axisymmetric, the theory is relatively simple. Further, results from
Bijlaard's theory can be easily checked agaiast results from general-
purpose thin-shell theory computer programs. Our study of nozzle flex-
ibility for cylindrical shells, however, suggests that internal pressure
may have a significant and nonlinear influence on the flexibility fac~
tors, especially for large D/T vessels. There is no reason to indicate
that the same type of influence will not exist for nozzles in spherical
shells. Unfortunately, Bijlaard's theory for spherical shells®" dnes not
include the internal pressure term, and most thin-shell theory computer
programs assume that lineat superposition is valid for combined loads.
Thus, if the influence of internal pressure on the flexibility of nozzles
in heads is to be studied further, some bhasic wmodifications need to be
made in the analytical tools. ©Nozzles in vessel heads are also just as
likely to be reinforced as the nozzles in the cylindrical body. Accord-
ingly, a general study should also include the effects of reinforcement.
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Test data on flexibility of nozzles in spherical shells are rela-
tively sparse. Although we did not conduct an exhaustive search, we have
identified only one set of data, reported by Da11y57 in 1963. 1In WRC
Bulletin 84, Dally reported the results of tests on six models, shown in
Fig. 29, one of which had an isolated radial nozzle in a spherical head.
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The other five models had torospherical heads. All the models were rein-—
forced in the sense that the nozzle~head intersection region contained
more material than needed to satisfy internal pressure membrane stress
design criteria. Dally's test data, therefore, gave some clues on the
effects of such reinforcing. Dally also compared his measured displace-
ments with those calculated by Bijlaard's theory with reasonable agree-

ment.
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12. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

12.1 SUMMARY

The study reported here was conducted primarily to (1) summarize
available flexibility data for nozzles in cylindrical shell structures
(pressure vessels and tanks) and branch connections and tees in piping
systems and (2) compare those data with available analytical methods for
calculating flexibility factors for use in nuclear power plant design,
This interest in flexibility factors comes directly from recent efforts
to develop design criteria for nuclear piping that will permit the con-—
struction of more flexible, less costly, and perhaps safer piping sys-
tems,

Flexibility factors under consideration are for nozzles and branch
connections within the piping system itself and for nozzles in cylindri-
cal vessels that interact with connected piping. An adequate charvacter-
ization of the flexibility factors for both types of nozzles is impor-
tant to the development of improved design criteria.

The analytical and experimental flexibility data summarized in this
report span a period of about 30 years of research, with the first
papers published in the early 1950s. Flexibility data reported in those
early papers, and most of the data reported since, were obtained as
auxiliary information in studies of stresses at the intersection of aoz-
zles in cylindrical shells. The first serious attempt to study nozzle
flexibility as a unique discipline was done by Rodabaugh and Atterbury?0
in 1967 as one in a series of studies on the structural behavior of re-
inforced openings in pressure vessels sponsored by the U.S. Atomic
Energy Commission through the PVRC, In that study, R&A collected and
evaluated available shell deformation data and compared those data with
analytical predictions based on theoretical deformation (and stress)
studies of spherical and cylindrical shells under local loadings con-
ducted by Bijlaardlz’ls"lg’51+ of Cornell University between 1955 and
1960, Although the agreement between the experimental data and the
theoretical predictions was far from exact, they were able to use the
results as reference material in the development of flexibility factors
for in~plane and out-of-plane moment loads on nozzles for use in the
ASME Code. That early design guidance was updated by Rodabaugh and
Moore in 1977,21 and again in 1979,15 to the present ASME Class 1 piping
flexibility factor equations. The ASME Code does not include guidance
for calculating nozzle flexibility for thrust loads on the nozzle.

In addition to the ASME Code equations for in-plane and out-of-
plane moment flexibility factors, direct evaluation of Bijlaard's theory
is available to the designer via design charts published by Murad and
Sun (M&S)23 in 1984 and the computer program LUGS by Dodge?® in 1974,
Both of these also permit consideration of thrust loads with and without
internal pressure.

Since 1979, some additional flexibility data as well as major new
theoretical work that permit consideration of nozzles in cylindrical
shells with much larger diameter-to-thickness ratios (D/T) have become
available. Steeles' thin-shell theory solution has the potential of
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providing the basis for the development of flexibility design guidance
for vessel and tank nozzles and piping branch connections with dimen-
sional parameters in the range 4/D < 0.5, D/T < 2500. This range of
dimensional parameters will cover the range of greatest interest for
nuclear power plant counstruction (see Sect. 2.3). Steeles' theory is
available to the designer in the form of a computer program, FAST2,
through Shelltech Associates, Stanford, Calif., and in the form of
design curves in WRC Bulletin 297,27 published in 1984.

An analysis of design data from a survey of seven different nuclear
power plant architect engineers or NSSS vendors indicate that essentially
two distinct dimensional regimes are of interest: one for branch connec-
tions in LWR piping and nozzles in reactor pressure vessels and steam
generators, and a somewhat different regime for lower-pressure vessels
and auxiliary tanks. For high-pressure vessels and pipe, the vessel (run
pipe) diameter-to-thickness ratio D_/T ranges from <10 to about 115; the
branch-to-run (vessel) diameter ratio d /D _ranges frow almost zero, for
drains and instrument connections, to about 0.5 for "standard" reinforced
nozzles or up to 1.0 for specialty product connections or ANST B16.9
tees; and the branch pipe diameter—to-thickness vatio d_/t ranges from <5
(a solid bar has do/t = 2,0) to about 100. The pipe {(vessel) length-to-
diameter ratio L/D is generally >4.0.

For low-pressure vessels and auxiliary tanks,; the diameter-to-
thickness ratios Do/T are fairly evenly distributed between about 75 and
2000; the range of d_/t is the same as for high-pressure vessels and
piping, that is, <5 to about 100. For low-pressure vessels and auxiliary
tanks, the diameter ratio d /D is not a constant, but decreases steadily
as D/T increases. The wall-thickness ratio t/T, however, is fairly con-
sistent with D/T and ranges between about 0.2 and 2.0. The length-—to-
diameter ratio of the vessels L/D ranges from about 0.25 to slightly
<{2.0. Note that this parameter range is less than essentially all the
available design data developed from Bijlaard's theory.

Also note that the parameter space of specific design interest for
both regimes is considerably smaller than indicated by the range of
variables plotted in WRC~297 Figs. 59 and 60. This point is especially
important, both for minimizing the cost of additional nuwerical studies
and for developing reasonably accurate design guidance.

The major portion of this report is a detailed evaluation of five
analytical methods for calculating nozzle flexibility factors for use in
design by comparison with experimental and analytical benchmark data.

The present study is considerably more extensive than previous studies
because we were able to include more types of nozzle reinforcement; more
loadings, that is, radial loads and torsional moments on the branch and
monents on the run; and the influence of internal pressure as well as a
wider range of dimensional parametets.

Tables 25.-and 26 summarize the goodness—of-fit CTR values for the
out-of-plane and in-plane moment flexibility factors, k  and ki, respec—
tively, for the five different design methods evaluated in this report.

A CTR value of 1.00 for a given data set indicates that the design method
gave flexibility factors that agreed, in an overall sense, with the
benchmark data. Values >2.0 or <0.5 indicate that the goodness—of-fit is
quite poor. The tabulated data given in the text for each data set must
be examined separately for evaluation of the data scatter. The CTR
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Table 25. Goodness-of-fit relative to benchmark data for
out—-of-plane moment design flexibility methods

e a
Dimensional Goodness—-of —fit values

Table Nozzle

in data Farameters Code Bijlaard's theory Steeles' theory
text b (NB-3686)

set

° 4/D D/T M&S LUGS ~ WRC-297  FAST2
T5 UBC-EXP <0.5 <100 1.04 1.13 1.64 2.43 1.32
T15 UBC-FEA <0.5 <100 0.98 1.08 1.67 2.96 0.99
18 RBC~EXP <0.52 <100 0.94 1.92 1.27 5.58 l.41
T17 RBC-FEA <0.5 <100 0.86 1.55 2.84 6.56 0.97
Ti7 RP30-FEA  <0.5 <100 1.28 2,88 4.36 7.81 1.82
Ti2 RSPS-EXP  <0.52 <100 1.81 0.75
T7 LDT-EXP <0.05 >900 3.08 2.37 0.94
T19 LDT-FEA <0.03  >400 5.16 1.45 0.82
T10 UBC-EXP >0.5 <100 1.08
Tll RBC—-EXP >0.5 <100 1.07
T14 B16.9T >0.4 <100 6.94

A5ze text for explanation of goodness-of-fit determination.

bThe first set of letters stands for nozzle type: UBC = unreinforced branch
connection; RBC = reinforced branch connection; RP30 = reinforced P30 models;
RSPS = reinforced, saddle, pad, or sleeve; LDT = large diameter thin walled. The
second set stands for type of data: EXP = experimental; FEA = finite-element
analysis.

Table 26. Goodness—of~-fit relative to benchmark data for
in-plane moment design flexibility methods

e a
Dimensional Goodness—of ~-fit values

parameters

Table Nozzle

in data Code Bijlaard's theory Steeles' theory
text b (NB~3686)

set

€ /b 0/T M&S LUGS WRC-297  FAST2
T6 UBC~EXP 0.5 <100 0.71 0.94 1.32 1.32 1.09
T16 UBC~-FEA <0.5 <100 0.83 0.75 1.05 1.01¢ 3.92
T8 RBC-EXP <0.52 <100 1.07 1.04 1.64 1.19
T17 RBC~FEA <0.5 <100 0.82 0.64 1.22 0.74
T17 RP30~-FEA <0.5 <1u0 0.87 1.46 2.03 1.02
Ti2 RSPS-EXP <0.52 <100 2.16 1.09
T7 LDT~EXP <0.05  >900 2,36 2.03 1.01
T19 LDT-FE <0.03 »400 0.11 L.45 1.06
T20 LDT~HJ 0.10 2001000 0.52 1.33
T10 UBC-EXP >0.5 <100 1.00
Tll RBC~EXP >Q.5 <100 1.29
T14 B16.9T 2.14

%5ee text for goodness—of-fit determination.
bSee Table 25 for nomenclature; HJ stands for Hansberry and Jones52 theory.

CThis value is for a reduced set of data since the WRC-297 curves do not
cover the models with D/T > 60. See Table 16 for more information.
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method for evaluating goodness—of~-fit is explained in more detail in
Sect. 5.1.

The numbers in Tables 25 and 26 indicate that the Code equations do
a good job of estimating k_ and k. for hoth unreinforced (UBC) and inte-
grally reinforced (RBC and RP30) mnozzles with dimensional parameters in
the range d4/D < 0.5, D/T < 100. This is no surprise because the data
base in this report is essentially the same as was used to develop the
Code equations. The Code equations also do a surprisiagly good job for
nozzles with d/D > 0.5 and D/T < 100 (data sets TI10 and Til). Those noz~-
zles are outside the dimensional parameter range previously wvalidated.
The Code equations do a poor job for nonintegral reinforced nozzles
(RSPS), for nozzles in large—diameter thin-walled vessels (LDT), and for
ANSI B16.9 tees (Tl4).

The two design methods based on Bijlaard's theory (M&S and LUGS)
both gave good results for in-plane moments (Table 26) for all the data
sets with d/D < 0.5 and D/T < 100 except for the T1l7 RP30-FEA reinforced
models. Bijlaard's theory is not applicable for nonintegral reinforced
nozzles (T12 RSPS-EXP) or for nozzles with 4/D > 0.5 or D/T > ~300. For
out-of-plane moments (Table 25) both wmethods gave good results for unre-
inforced nozzles (T5 and Tl15) but poor results for the reinforced nozzles
(T8, T17 RBC, and T17 RP30). We thus conclude that Bijlaard's theory is
not directly applicable for reinforced nozzles.

Steeles' theory (FAST2) gave good results for both out~of-plane
moment (Table 25) and in-plane moment (Table 26) flexibility factors for
all of the models with d/D < 0.5, except perhaps for ko’ T17 RP30-FEA,
where the CTR value shown in Table 25 is 1.82. These particular models
had a very compact reinforcement that thin-shell theory is not capable of
accurately representing. The Code equations do a better job for these
particular models because an additional variable r_ was included to
account for the reinforcement, Additional studies using FAST2 need to be
conducted to determine the most appropriate way to represent the effects
of reinforcement.

The WRC-297 method, based on Steeles' theory and design curves pub-
lished in Ref. 27, is completely inadequate for calculating out-of-plane
monment flexibility factors as shown by the large CTR values in Table 25.
None of the experimental data and only one set of analytical data (T19)
gave CIR values <2.00. That data set, however, was not benchumarked
against experimental data (it consists of four somewhat unrealistic
models with D/T values that range from 400 to 40,000) and was included in
our evaluations only because it gives some indication of the theoretical
limits of Steele's theory. For in~plane moment loads, Table 26 indicates
that WRC-297 does a reasonably good job for im-plane woment loads for
unreinforced nozzles with d/D < 0.5 and D/T < 100 but is not applicable
for reinforced nozzles.

Recent cortrespondence from Dr. Steele®8 and additional calcula=-
tions®? using FAST2 confirmed our suspicions concerning WRC-297 Fig. 60
(Fig. 13 herein). The curves given for out-of-plane moment loading were
inadvertently mislabeled. It was concluded, however, that even though
correcting the labels would result in more logical trends in the curves,
the designer would not have much better guidance than presently avail-
able. In view of this we did uot repeat our comparison calculations even
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Our overall conclusions and

recommendations for further work are unaltered.
Flexibility factors for radial loads on the nozzle are discussed in

Sect. 8. Although the

ASME Code does not include radial-load flexibility

guidance for either piping or vessel design, radial-load flexibility (or

stiffness) is expected
moment flexibility for
Both Bijlaard's theory
were able to find only
benchmark data for use

to be as important as in—plane or out—of-plane
the design of less rigid nuclear piping systems.
and Steele's theory are applicable. However, we
three sets of experimental data and no analytical
in evaluating the theories. One set, obtained by

Cranch3% in 1960 for comparison with Bijlaard's theory, includes radial
displacement data for five attachments on a single cylindrical pressure
vessel with D/T = 77.8. The other two sets include radial displacement
data for five unreinforced nozzles obtained by Whipple et al.*!~%3 and
Shroeder'*" from tests on large~diameter thin-walled tank models with
dimensional parameter values in the range d/D < 0.05 and 9260 < D/T < 2530,

The CTR values from Table 21 in the text and summarized below indi-
cate that both Bijlaard's theory (LUGS) and Steele's theory (FAST2)

Bijlaard Steeles'
Nozzle
data LUGS WRC-297 FAST?2
Cranch 0.78 0.44 0.69
LDT 0.82 0.92

do a reasonably good job of estimating the radial load flexibility fac-
tor kW for Cranch's data (D/T = 77.8). Steeles' theory (WRC-297, FAST2)
also does a good job for the large-diameter thin-walled taank (LDT) data.
Bijlaard's theory is not applicable. FAST2 did a better job than
WRC-297 for Cranch's data because the computer program was better able
to model the test specimens. Even though the CTR values are all 1.0,
the extremely small amount of test data and its relatively poor quality
(see Sect. 8 and Table 21) wmake it impossible to draw more definitive
conclusions.

The influence of internal pressure on the nozzle flexibility is
discussed in Sect. 9. The available data (Cranch's model) are summarized
and compared with Bijlaard's theory in Tables 22 and 23 in the text.
Steeles' theory is not applicable. 1Indications are that internal pres-
sure might reduce the flexibility factors significantly for large D/T
vessels. If nozzle flexibility is to be used in design to reduce the
vessel-nozzle piping—support interaction problem inherent with stiff
piping systems, the influence of internal pressure cannot be ignored.
Additional theoretical development is needed, however, before appropriate
design guidance can be developed.

Flexibility factors for torsional moments on the nozzle and for
moments on piping runs are discussed in Sects., 7 and 10, respectively.
Neither of these would appear to be significant for design, except per-
haps for large d/D.
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Flexibility factors for nozzles in spherical and torospherical heads
are discussed in Sect. 1ll. The design guidance given by Bijlaard's
theory>" appears to be adequate for isolated, unreinforced nozzles for
both thrust and woment loads. The theory does not include the internal
pressure term, however, and there is reason to believe that its influence
could be significant in design.

12.2 CONCLUSIONS

In brief, our evaluations of the available design analysis methods
for calculating flexibility factors for branch connections in piping and
nozzles in vessels with attached piping show the following:

1. The ASME Code Class | piping flexibility factors for iam~plane and
out-of~plane mowment loadings on the branch are the best available
design guidance for both reinforced and unreinforced branch connec-
tions and vessel nozzles within the parameter range d/D < 0.5, D/T <
100. The ASME Code equations are not adequate for nozzles with D/T >
100. The Code does not include flexibility guidance for thrust loads
on the nozzle.

2, ®Bijlaard's basic theory and the derived design methods for calculat-
ing flexibility factors for in-plane mowent, out—of-plane monent, and
thrust loads on the nozzle appears to be adequate for unreinforced
nozzles but not for reinforced nozzles. Bijlaard's theory is not
applicable for nozzles with d/D > 0.5 or D/T > ~600.

3. Steeles' basic theory appears to be adequate for calculating flex-
ibility factors for in-plane moment, out-of-plane moment, and thrust
loads for unreinforced and for some types of integrally reinforced
nozzles within the paraweter range d4/D < 0.5 and D/T < ~2500. Non-
integral reinforcement and some integral reinforcement designs are
problem areas., The flexibility guidance, based on Steele's theory
given in WRC Bulletin 297, is totally inadequate.

4, Flexibility factors for torsional moment on the branch may be small
and not significant for design, except possibly for large d/D. Addi-
tional experimental data and/or theoretical studies are needed to
explore the significance of torsional flexibility over a wider range
of parameters.

5. Flexibility factors for moment loading on the ruu are probably not
significant for design purposes, except possibly for large d/D. Some
additional study is needed to confirm this conclusion, however.
Moments on the vessel ends are not a design consideration.

6. Internal pressure equal to the design pressure will affect nozzle
flexibility for the thipner walled vessels and auxiliary tanks that
are used in a nuclear power plant. Bijlaard's theory includes the
nonlinear internal pressure effect, but Steele's theory does not.

7. Flexibility factors for isolated radial nozzles in spherical and
torospherical heads developed from Bijlaard's theory appear to be
adequate for thrust and moment loads. Additional theoretical work is
needed, however, to include the effects of internal pressure that we
believe could be significant.
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12.3 RECOMMENDATIONS

To develop improved flexibility guidance for the design of more
flexible nuclear piping systems, it is apparent that a considerable
amount of additional work is needed. To reach that goal we recommend
the following:

l. Use Steeles' theory, FAST2, to conduct two separate parameter
studies designed to cover the ranges of interest for nuclear power
plant construction (see Sect. 2.3):

(a) One study designed specifically for branch connections in
straight pipe and nozzles in pressure vessels. The dimension-
less parameter ranges are:

5 € DO/T < 120,
0.01 < dO/D < 0.5,
2 < do/t < 100,
L/D » 4

where L/D is the length-~to~diameter ratio of the analyzed
model.

{b) A second study designed specifically for unozzles in thianer-
walled vessels and auxiliary tanks. The dimensionless parame-
ters and ranges are:

75 < D/T < 2500,

2 < dj/t < 100,

0.2 < ¢/T < 2.0,
0.2 < L/D > d /D < 2.0.

Both parameter studies should be run for three loadings on the noz-—
zle: thrust and in-plane and out-of-plane moments.

2., Using the results from item 1, develop simple design guidance equa-
tions similar in format to the ASME Code Class 1 piping flexibility
factor equations. Because four independent dimensionless parameters
are involved, there does not appear to be any simple way to present
the results in accurate graphical form without the need for exten-
sive interpolations. Moreover such interpolations are time-consum-
ing and subject to error. Even at the expense of some loss in
accuracy, simple design formulas are preferred to design graphs.

3. Develop corollary parameter studies to investigate the influence of
reinforcement design. Two such studies would be (a) to characterize
the influence of nozzle reinforcement length and (bH) to characterize
the influence of vessel pad reinforcement. Using the results from
those studies attempt to wmodify the formulas developed under item 2
in as simple a fashion as possible to characterize reinforcement
effects. Some suggestions are given in the text.

4, Conduct corollary parameter studies to identify the influence of
torsional moments on the branch.
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7.
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Modify Steele's basic theory to include the nonlinear effects of
internal pressure and incorporate the modifications into the FAST
computer programs. Because pressure effects are nonlinear, super-
position 1s not permissible. The basic differential equations need
to be modified, and a particular solution needs to be developed,
Exploratory numerical studies would then need to be conducted to
determine how best to include the effect of internal pressure in the
design guidance.

todify Bijlaard’s theory for spherical shells to include the io-
fluence of internal pressure and proceed as discussed under

item (5).

Develop criteria for defining au "isolated" nozzle in a spherical or
torospherical vessel head.
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